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ABSTRACT 
 
Recently a new set of tests has been introduced in Euro 
NCAP that assesses the performance of front seats and 
head restraints in relation to the risk of whiplash-
associated neck disorders in low severity rear-end 
collisions. In the absence of a clearly understood and 
generally accepted cause for these symptoms, the aim of 
this new procedure is to reflect real world seat 
performance, to highlight seats with known good and 
poor performance and to provide the maximum 
incentive to manufactures to move towards best practice 
in seat design.  
 
Based on real world evidence and a review of the state-
of-the-art in dummies, whiplash test experience and the 
real-world performance of commercially available seats 
on the market, a test procedure and criteria were 
developed that take into account both geometrical 
aspects and dynamic performance of the seat in three 
meaningful test severities.    
 
Being one of the most comprehensive “whiplash” 
assessments of its kind, the paper provides the 
background and technical details to the procedure as 
well as a synthesis of the first results. The results 
highlight the potential for further improvement in the 
performance for the majority of car seats on the market 
today. 
 
INTRODUCTION 
 
Established in 1997, the European New Car Assessment 
programme provides consumers with a safety 
performance assessment for the majority of the most 
popular cars in Europe. Thanks to its rigorous crash 
tests, Euro NCAP has rapidly become the driver of 

major safety improvements to new cars. Rather than 
focussing exclusively at life threatening injuries, the 
intention from the start has been to encourage 
manufacturers to make improvements in all areas 
and to avoid concentrating attention on any 
individual area of the car [1].  
 
So far, Euro NCAP has assessed the protection for 
car occupants in frontal and side impact as well as 
the protection afforded by the car’s front to 
pedestrians. However, it has not included a rear 
impact test, yet.  The interest to actively address the 
problem of “whiplash” associated neck injuries, 
which represent a low threat to life but high risk at 
injury, was first raised in 2000 as part of Euro 
NCAP future development strategy.  
 
The Whiplash Problem 
 
Whiplash associated neck injuries in car collisions 
constitute a serious problem with immense 
implications for the individual as well as for the 
society. Whiplash neck injury, caused by sudden 
neck distortion, particularly occurs in low speed 
rear-end collisions and is the most commonly 
reported injury in crashes today [2]. Whiplash or 
cervical vertebral column injuries are notoriously 
underreported in accident statistics as after the crash 
the problem may not manifest itself immediately 
and the vehicles are often still in driveable 
condition. In many instances police attendance 
and/or tow away is not required and therefore these 
cases and any subsequent treatment to the injury are 
not included in the national accident statistics.  
 
The rate of claims related to whiplash associated 
injuries reported by the motor insurance industry is 
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generally considered to be a better indicator of the 
magnitude of the problem in Europe.  Statistics from the 
Comité Européen des Assurances [3] show that four 
countries have a very high rate of claims for whiplash 
associated injuries, including the United Kingdom (76% 
of bodily injury claims), Italy (66%), Norway (53%), 
and Germany (47%), compared to an average of 40% in 
Europe. Figure 1 shows the overall cost of whiplash 
trauma, expressed as a percentage of the overall cost of 
bodily injury for a number of Western-European 
countries [4]. According to this analysis, the country 
with the highest costs for whiplash claims is the United 
Kingdom (50% of all costs related to bodily injury). 
 

0%

10%

20%

30%

40%

50%

60%

DE FR NL NO GB IT

Ave
rag

e

 
Figure 1. Cost of whiplash trauma as percentage of 
total bodily injury cost (from [4]). 

It is well understood that whiplash claims are in part the 
result of the legal system of compensation. Regardless, 
whiplash remains the most frequently reported injury on 
European roads. As whiplash associated injury leads to 
long term consequences, with 10% of people suffering 
long term discomfort and 1% permanent disability, 
addressing “whiplash” injuries, their causes and 
prevention has been an important priority for the 
European Commission in the last decade. 
 
Development of Whiplash Testing 
 
Whiplash may occur in all impact directions but the 
injury is most frequently observed and its risk most 
effectively addressed in rear-ends impacts. For this 
injury type, no biomechanically based safety regulations 
exist, mainly as a consequence of the limited (or 
inconclusive) knowledge available on whiplash. 
Research has demonstrated that in the event of a rear-
end collision the vehicle seat and head restraint are the 
principle means of reducing neck injury however [5].  
 
Starting from the assumption that lowering the loads on 
the neck lessens the likelihood of whiplash associated 
injury, first stand-alone test methods for seat and head 
restraint have been derived by the International 
Insurance Whiplash Prevention Group (IIWPG) [6] and 
the Swedish Road Administration (SRA) [7, 8], 
respectively. Both, however, adopted a different 
viewpoint in selecting the relevant seat performance 

parameters, one putting heavy emphasis on real 
world validation (IIWPG), and the other on 
plausible hypotheses regarding the causes of 
whiplash associated injury (SRA).  
 
Euro NCAP set up a Whiplash group in 2002 with 
the intention of developing a test that could 
compliment the existing whole vehicle consumer 
crash tests. In 2008, Euro NCAP completed its 
work and formally included the whiplash test as 
part of the new car assessment programme. This 
paper describes the Euro NCAP whiplash 
assessment test procedure, its background and the 
points rating system.  The paper also reports on the 
first series of results publish under this new scheme.  
 
EURO NCAP WHIPLASH TEST 
PROCEDURE 
 
The overall objective of the Euro NCAP whiplash 
seat assessment procedure is to reduce real world 
whiplash associated injuries in EU-27 by promoting 
the best practice in seat design amongst 
manufacturers and by increasing consumer 
awareness. With no significant advancement in 
knowledge of the injury mechanisms of whiplash, 
and little difference shown in real world 
performance of the two existing test procedures [9], 
the proposed Euro NCAP test is effectively a 
combination of the earlier IIWPG and SRA 
procedures with further refinements. For the time 
being, the focus is on whiplash protection of the 
driver and front passenger.  
 
Methods 
 
The “best practice” approach aims to promote seat 
and head restraint designs that reduce the distance 
between the head and head restraint that will 
support the head early and/or absorb energy so that 
the differential movement between the head and 
neck is lowered, and hence the risk of whiplash 
associated injury is reduced. As the overall 
performance of the seat system is governed by both 
geometric and dynamic characteristics, the 
assessment includes a static and dynamic part.  The 
use of sled testing, as opposed to whole vehicle 
testing, was found most straightforward, cost 
effective and acceptable for this purpose.  
 
The seat is mounted on the sled to a standardised 
method that approximates the basic geometry of the 
subject vehicle. The seat mount brackets replicate 
the correct seat rail angle and distance to the floor 
pan of each subject vehicle. The seats are set to 
achieve a 25º±1º torso angle of the H-point manikin 
fitted with an HRMD. 
 
     Static Assessment – Euro NCAP’s geometric 
assessment is based upon the procedure for static 
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geometric evaluation of head restraint geometry 
established by RCAR (Research Council for Auto-
mobile Repairs) to encourage positioning of head 
restraints closer to the driver’s head. Ideally the head 
restraint should be high enough to protect tall occupants 
and be at small distance to the head (small back set).  
Euro NCAP’s criteria for geometry are more demanding 
than those used previously by other rating systems. 
 

 
Figure 2. SAE J826 H-point manikin combined with 
Head Restraint Measuring Device (HRMD). 

After the seat is mounted onto the sled and set correctly, 
a modified SAE J826 H-point manikin is employed 
combined with the Head Restraint Measuring Device 
(HRMD) [10, 11] (Figure 2) and is used to assess the 
design position of the head restraint with respect to the 
head. Furthermore this measurement is used to define 
the H-point, head restraint geometry and other 
parameters used in set up of the test dummy. The Euro 
NCAP whiplash test protocol calls for three 
measurements on each individual seat and specifies 
maximum permissible skew (i.e. the positional 
differences between the left and right-hand H-points) on 
each installation, plus a maximum variation between the 
three drops. Consequently, static repeatability is 
controlled and dynamic variation due to a single 
outlying static measurement is rendered unlikely.  
 
As a majority of motorists are still putting themselves at 
risk of neck injuries because of incorrectly positioned 
head restraints, Euro NCAP also assesses “worst case” 
geometry (or “ease of use”) of the head restraint. This is 
achieved by checking whether the head restraint can be 
correctly positioned for different sized occupants, 
preferably without specific action from the occupant 
other than simply adjusting the seat track position to 
suit the leg length. 
 
     Dynamic Assessment – In the absence of a process 
to define representative vehicle specific pulses, the use 
of generic sled pulses has been preferred. Instead of 
using a single sled pulse, Euro NCAP has adopted three 
tests of different severity to avoid sub-optimisation to a 
single pulse and to ensure seat stability at a higher test 
severity. These pulses cover the range of speeds at 
which the highest risk at short and long term injury is 
observed and at which severe neck injury claims peak, 
as shown by Folksam [12] amongst others. 

Accident data suggests whiplash tests should 
include crashes in the 16 km/h range (10 mi/h). The 
first pulse used is at 16km/h ΔV pulse with a 5.5g 
mean acceleration, representative of one of the 
crash scenarios in which whiplash associated 
injuries would occur. This pulse, originally double 
wave in shape but simplified to a triangular pulse, 
has been used by IIWPG. The two other pulses used 
are trapezoidal in shape and simulate a “low” 16 
km/h ΔV (peak 5g) and “high” 24 km/h ΔV (peak 
7.5g). The latter pulses have been defined and 
exclusively used by SRA.  
 
The three pulses, shown in Figure 1, are termed 
“low” (16km/h, SRA), “medium” (16km/h, IIWPG) 
and “high” (24km/h SRA) within the Euro NCAP 
whiplash scheme. Time corridors and requirements 
for ΔV, ΔT, average mean acceleration and 
acceleration at T0 have accurately been defined to 
control the input pulses [13]. 
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Figure 3.  Three sled pulses used in Euro NCAP 
whiplash testing. 

All testing is carried out with the BioRID 50th 
percentile male test dummy developed to mimic the 
human response in low to moderate speed rear 
impacts (Figure 4) [14]. This dummy is considered 
the most human-like dummy available with respect 
to human response corridors and in comparison 
with other candidate dummies [15]. Since 2000, 
various design iterations of the dummy have been 
released following the recommendations by the 
BioRID Users Group and others. Euro NCAP 
prescribes the use of the BioRID-IIg or subsequent 
versions.   
 
For the dynamic test, the head restraint is positioned 
in mid vertical and horizontal position where locks 
are fitted. If no locking is present under the 
definition of the test procedure then the most down 
and rear position is used. The BioRID is seated 
according to positioning data from the static 
measurements. Three individual tests are run using 
new identical seats using each of the three pulses. 
At each run, dummy variables (as well as the seat 
back angle deflection at the high severity test) are 
taken. 
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Figure 4. Cross-sectional view of the BioRID upper 
torso, showing its segmented spine for human-like 
response and seat interaction. 

     Performance Criteria – As the injury mechanism is 
not well enough understood, the assessment is based on 
7 seat performance criteria which are not fully 
confirmed by biomechanical research: head restraint 
contact time, T1 x-acceleration, positive upper neck 
shear force, positive upper neck tension force, head 
rebound velocity, NIC and Nkm. This set of variables, 
referred to as seat performance criteria or seat design 
parameters, is a combination of the parameters used by 
IIWPG [6] and SRA [7] to rate seats. While some of 
these criteria correlate to hypothesised whiplash injury 
mechanisms, there is still debate in the international 
research community on the validation of those criteria. 
All seat design parameters however encourage the 
basics of energy absorption by the seat and head 
restraints that are close to the occupant’s head and for 
that reason these parameters are used collectively by 
Euro NCAP. 
 
WHIPLASH RATING SCHEME 
 
Points Scoring 
 
    Sliding Scales – The Euro NCAP assessment applies 
a sliding scale system of points scoring, which involves 

two limits for each seat design parameter. Two 
performance limits (lower and higher) are set at the 
70th percentile and the 5th percentile values 
respectively of the variable distribution observed in 
an earlier 31 car seat program undertaken jointly by 
Thatcham, Folksam and SRA [16]. The more 
demanding “higher” performance limit (HPL) 
below which a maximum score was obtained, and a 
less demanding “lower” performance limit (LPL) 
above which no points are scored. These limit 
values, representing the range in performance of 
seats currently on the market, are given in Table 1 
for each of the seven measured variables for each 
test pulse.  If the test value recorded falls between 
the lower and upper limits, the points score is 
calculated by linear interpolation. 
 
     Capping – For the first 5 variables in Table 1, 
the score is “capped” at the 95th percentile value 
(CL) of the above variable distribution, meaning 
that if any single measured variable exceeded the 
95th percentile limit, then a zero score is recorded 
for the complete test. For T1 acceleration and head 
restraint contact time, a slightly more complex 
approach is required. If both head restraint contact 
time and T1 acceleration were worse than the lower 
performance limit and either one of these variables 
exceed the 95th percentile, then capping is applied 
and the score is also zero for that test.  
 
The purpose behind capping is to avoid trade-offs 
between seat design parameters where one or more 
parameters would be allowed to “max out” while 
keeping others low. This, for instance, would be the 
case where low Fx or NIC would be achieved by 
allowing more seat back deflection thus raising Fz 
during extension. Capping therefore encourages a 
proper balance between the seven seat performance 
criteria. 
 
     Whiplash Raw Score – The maximum score for 
each parameter is 0.5 points. For each of the pulses, 
the score for each of the seven parameters is 

Table 1.  
Higher performance, lower performance and capping limits for low, medium and high pulses  

Low severity Medium severity High severity 
Criteria Units 

HPL LPL CL HPL LPL CL HPL LPL CL 

NIC m2/s2 9.00 15.00 18.30 11.00 24.00 27.00 13.00 23.00 25.50 

Nkm - 0.12 0.35 0.50 0.15 0.55 0.69 0.22 0.47 0.78 

Head rebound velocity m/s 3.0 4.4 4.7 3.2 4.8 5.2 4.1 5.5 6.0 

Fx upper N 30 110 187 30 190 290 30 210 364 

Fz upper N 270 610 734 360 750 900 470 770 1024 

T1 acceleration up to head contact g 9.40 12.00 14.10 9.30 13.10 15.55 12.50 15.90 17.80 

Head restraint contact time ms 61 83 95 57 82 92 53 80 92 

Seatback deflection deg n/a n/a 32 
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For both types of systems, Euro NCAP currently 
allows the geometric assessment based upon the 
deployed geometry considering the system always 
deploys in a stable position prior to the head 
contacting the head restraint [

calculated. The scores for the NIC, Nkm, head rebound 
velocity, neck shear and neck tension are summed, plus 
the maximum score from either T1 acceleration or head 
restraint contact time. There is a maximum possible 
score of three points for each test pulse, hence 9 for the 
overall series of dynamic tests.  

13]. As proof of 
proper functioning, tests such as the low speed 
bumper test (RCAR) [To calculate the raw whiplash score, the overall 

dynamic score is combined with the result from the 
geometric assessment. The static assessment of design 
head restraint position can either add or reduce the score 
with maximum one point, depending on how well 
aligned the position is with respect to the head. In 
addition, for seats that score well dynamically, per seat 
an additional 1/n points can be gained for the “worst 
case” geometry or ease of adjustment (where n=the 
number of front seats). 

17] are considered where the 
5th percentile female Hybrid-III dummy is used.  

 
Finally, the score can be reduced where excessive 
dynamic deflection of the seat back was observed 
during the “high” severity test (minus three points) or 
where there is evidence of exploiting a dummy artefact 
(minus 2 points). These latter modifiers have been 
introduced to prevent occupant ramping, which in 
extreme case can lead to occupant ejection, or 
compromise of rear seat passenger space and to 
discourage seat designs that intentionally misuse 
dummy features to enhance the performance. The 
dynamic test points combined with the assessment and 
modifier points (whether positive or negative) form the 
Whiplash Raw Score (Figure 5). 
 
     Scaled Points –The overall whiplash raw score is 
scaled to four points, which is the final score for the 
seat and the maximum contribution of the whiplash test 
to the Adult Occupant Protection score (maximum 36 
points) of the overall rating of the vehicle. The points 
are scaled to balance whiplash protection against the 
various other forms of protection assessed in the other 
Euro NCAP tests. For the purpose of graphical 
representation, the final four point score is divided into 
three coloured bands. A score of 0 to 1.49 scaled points 
is coloured “Red” or “Poor” (different from other 
assessments where “Red” is zero points only), a score 
of 1.50 to 2.99 is coloured “Orange” or “Marginal”, and 
finally a score of 3.0 to 4.0 is coloured “Green” or 
“Good”. The coloured bands are used as an additional 
indicator to raise public awareness and aid 
understanding of whiplash protection.  
 
Provisions for Proactive and Reactive Seats 
 
As a result of encouraging seats to offer better whiplash 
protection, new systems have been introduced on the 
market for which the head restraint position and/or seat 
geometry is actively altered as a result of the impact. In 
case where such a system is activated by the inertia of 
the occupant’s body mass the term “reactive” is used. 
Systems that not use the occupant’s energy to activate 
the system but require an external trigger (i.e. by a 
sensor) to deploy are referred to as “proactive”. 

 
VALIDATION 
 
In the final phase of the development of the Euro 
NCAP whiplash test and assessment procedure, a 
number of critical aspects have been thoroughly 
validated. These include the reproducibility in 
dummy positioning and accuracy of geometric 
assessment, the feasibility of sled pulse corridors, 
the repeatability of dummy measurements in 
relation to the limits and the discriminating 
resolution of the rating limits correlated to field 
data.   
 
Reproducibility of Static Measurements  
 
The test procedure involves the definition of seat 
geometry and dummy seated position. The static 
measurement has a significant influence on the 
dynamic test result and the overall score. The 
repeatability and reproducibility of the static 
definition is therefore critical to the testing process. 
Static measurements may differ due to variations in 
set up process, variations in measuring equipment 
and production variation in the seats themselves. 
Static measurement variation can be characterised 
both in terms of its repeatability and reproducibility 
using individual seats, and also across a production 
batch of seats.  
 
According to the protocol, head restraint geometry 
is defined by height and back set and is achieved 
after setting the seat and installing the SAE manikin 
and HRMD in a closely prescribed manner. In order 
to understand and control the potential variations in 
testing, an inter-laboratory harmonisation process 
was undertaken in 2006 involving Thatcham, 
ADAC, BASt, IDIADA, TNO and UTAC. One 
typical issue noted within this phase was that the 

Low  
Pulse  
≤ 3 pts 

Medium 
Pulse  
≤ 3 pts 

High  
Pulse  
≤ 3 pts 

Whiplash 
Raw Score 
≤ 3 pts 

“Worst Case” Geometry & 
Easy of Use 
≤ 1/n pts/seat 

Static Geometry  
-1 to +1 pt 

Dummy Artefact Modifier 
-2 pts 

Seat Back Opening 
Modifier 
-3 pts (High pulse only) 

Final Scaled Score  
≤ 4 pts 

Figure 5. Whiplash Points Calculation. 
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build condition of the SAE manikin was often away 
from the RCAR standard, for instance with head room 
probe still attached. Secondly, the installation process 
was frequently not followed exactly, adjustments being 
made to seat position mid process, and either excessive 
or inadequate forces and support being applied such that 
a consistent H-point position was not achieved. This 
study highlighted that in order to minimise inter-
laboratory differences, the SAE manikin and HRMD 
needed to better controlled and installation procedures 
should be more strictly adhered to.   
 
To improve the static repeatability, various process 
controls were subsequently introduced and a new 
certification process for the SAE manikin and HRMD 
was defined [18]. In the final phase of harmonisation, 
three examples of a further seat model were once more 
measured by each laboratory. Across four of the 
participating laboratories, the average back set and 
height could be controlled within a window of ±2 mm 
variation in both measurements, showing that where the 
protocol is followed exactly, repeatable and 
reproducible static measurements could be obtained. 
 
Sled Pulse Corridors  
 
Zuby et al. [19] have shown that differences in pulse 
shape affect the dummy response for a given seat test. 
Consequently, the Euro NCAP pulse corridors were 
designed with the most stringent limits possible taking 
the known capability of the various test equipment used 
into consideration.  
 
Firstly, a procedure to time index all data to a common 
point was adopted to avoid any influence on the time 
base. Every sled pulse must be individually time-offset, 
such that all data then passed through 1g at a common 
timing. If the process documented in the Euro NCAP 
whiplash protocol [13] is followed, a “time offset” 
value for any given test can be determined and the 
windows for corridor compliance and data analysis can 
be predictably defined. Very close control of speed 
change (ΔV), acceleration (dA) and with pulse duration 
(dT) was targeted since variation in these values can 
lead to reduced repeatability and reproducibility and 
variations in final scores of the same seat tested at 
different locations.  
 
Furthermore, acceleration corridors were defined to 
replicate the maximum level of control as demonstrated 
by the various laboratories using different equipment 
(for example Figure 6). This definition was reached 
after taking into account various designs of “reverse 
acceleration” type sleds as well as hydraulically braked 
“stopping sleds”. Further acceleration controls were 
applied to a time window before the start of the test, and 
another immediately following the end of the pulse as 
these areas can affect the final result, either in terms of 
dummy pre-loading or position before test, or dynamic 
response during rebound. Additionally, these latter 

controls help to ensure that sled braking is 
significantly outside of the time window during 
which dummy criteria are assessed. All pulse 
requirements are given in detail in [13]. 
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Figure 6. Typical laboratory pulse compliance 
(high severity pulse). 

 
Repeatability of Criteria 
 
In 2007 the labs involved in Euro NCAP whiplash 
testing ran a round-robin test program using five 
different seats to prove out reproducibility between 
the labs and to fine-tune the testing protocol. Due to 
the high test complexity of the protocol and the, at 
the time, big differences in whiplash test experience 
between the labs, only a sub-set of the data 
collected qualified for further analysis. Using data 
from one particular seat (taken from the Saab 9-3 
model) and one representative pulse (medium 
severity), the reproducibility of the BioRID-II 
criteria was investigated. The Objective Rating 
Method (ORM) [20] [ 21] was applied to calculate 
correlations for pairs of scalars (peaks and timing) 
and curve shapes. According to [20], ORM > 65% 
indicate a high repeatability of results.  
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Figure 7. ORM values for BioRID-II criteria 
between the labs involved in whiplash testing. 

Figure 7 shows the ORM values for the correlation 
of ADAC lab results (arbitrary choice) with the 
other labs for some of the criteria investigated. The 
overall results indicated that with exception of the 
neck forces all criteria demonstrated good 
reproducibility between the labs. Acceleration peak 
values generally scored higher than 90%, while 
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Ratings timing and shape scored between 60% and 95%. Neck 
loads, in particular Fx, however scored generally much 
lower than 65% however, this result, although suspect, 
was found to be biased by the extremely low values 
found for this parameter in the tests of the Saab seat.   

 
Table 2 (Appendix) summarises the results for the 
31 seats released up to February 2009. A wide 
range of points scores were achieved ranging from 
0 to over 3.5 points. Some seats score zero points, 
the minimum possible. These seats typically score 
some points in certain criteria, but are capped due 
to exceeding the capping limit for one or more 
criteria. On the other hand, there are seats scoring 
over 3 points. In these cases the seats tend to score 
over 2 points for each of the test pulses, then have 
positive modifier scores added for ease-of-use 
and/or good geometry.  

 
Rating Limits Related to Real-world Performance 
 
Recent studies have shown a correlation between 
whiplash consumer crash testing by IIWPG and SRA 
and real-world injury outcome [9, 22]. Both these 
studies indicate that a seat rated as “poor” have a higher 
risk of whiplash associated injury compared with seats 
rated as “good” but there is little resolution between 
“acceptable” and “marginal” rated seats in the real 
world. The three coloured bands used for the Euro 
NCAP whiplash points, effectively combining the two 
middle sections as one, therefore are expected to 
correlate better to the resolution found in the analysis of 
real world whiplash claims. 

 
In this series of tests, all seats rated as “good” 
featured certain “anti-whiplash” design 
characteristics shown to offer greater levels of 
protection in real world crashes. These include 
passive energy absorbing seats, re-active seats or 
re-active head restraints.   

RESULTS  
DISCUSSION   

Test Series  
The initial testing for Euro NCAP indicates that a 
wide variety of seats designs are in current 
production and that there is a large distribution in 
the scores achieved in the Euro NCAP test 
procedure. Some new models being launched and 
are able to achieve a score of over 3.5 (out of 4), a 
promising trend that illustrates that manufacturers 
are readily able to achieve high points scores using 
existing designs. However some new models are 
shown to score poorly, suggesting that these 
designs require development to offer improved 
whiplash protection. This testing provides a span of 
results from zero to over 3 points (over 75% of the 
available whiplash points) for new model seats that 
are representative of the range of new seats found in 
the real world.  

 
The first official round of testing was carried out during 
2008 with 25 seats tested for publication in November 
2008. A further six seats were tested between 
November 2008 and January 2009 and were released in 
February 2009. All systems tested were driver seats 
taken from the best selling, basic safety specification 
variant of the car tested by Euro NCAP. These cars 
included supermini’s, small family and large family 
cars, small MPV’s and small and large off-roaders. 
Each seat was assessed according to Euro NCAP 
Whiplash test and assessment protocol Version 2.8 [13].  
 
Description of Seats 
 
Various seat designs are included the first series of 
whiplash testing carried out.   

Within the first phase it became apparent that 
consideration should be given by manufacturers as 
to the availability of positive modifier and 
assessment points, such as “ease of adjustment”. 
Qualification for these points resulted in at least one 
manufacturer achieving a “good” rating since they 
help to ensure that a wide range of real world users 
are given protection from whiplash associated 
injuries.  

 
     Passive Seats – A seat that uses passive foam 
technology to absorb the energy of the crash and allows 
the occupant to engage the head restraint without neck 
distortion. 
 
     Reactive Head Restraints – A head restraint that 
automatically moves up and forward during  
the crash, actuated by the weight of the  
occupant in the seat.  

Every “good” rated seat scores over 60% of 
available geometry points in this phase of testing. 
Every “poor” rated seat conversely scores less than 
20% of the available geometry points. This 
highlights the importance of geometry in seat 
design for manufacturers based on historical studies 
that link geometry to protection against whiplash 
associated injury [

 
     Re-active Seats – An entire seat and head restraint 
that absorbs the energy of a rear end crash.   
 
    Pro-Active Head Restraints – A head restraint that 
automatically moves up and forward at the start of the 
crash, actuated by crash sensors on the bumper or 
within the car 5, 23, 24]. Another trend 

revealed in the testing is that any seat dynamically  
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negative geometry points score. While negative 
geometry points are not necessarily a predictor of 
capped dynamic performance, a common trend was 
observed.  

 
Members of the Whiplash Group: 
 
Euro NCAP

 
 

J. Ellway (Secretary) 
Last but not least, continued analysis of real world 
injury claims collected by Folksam, etc. show that seats 
that have done well in the tests, have lower real world 
injury claims. This suggests that a “best practice” test 
procedure can be a useful way forward even where 
injury mechanisms are not well understood. 

A. Hobbs (Retired) 
M. van Ratingen (Chair 2007-2008) 
 
Members and laboratories 
M. Avery (Thatcham) 
P. Gloyns (VSC, on behalf of ICRT) 

 W. Klanner (ADAC, retired, Chair 2002-2007) 
CONCLUSION  A. Lie (SRA) 
 B. Lorenz (BASt) 
Development of the Euro NCAP test procedure has 
built upon existing whiplash test experience and real 
world field studies. The procedure combines facets 
from IIWPG and SRA assessment programs with 
further additions. In the last phase of the development, 
where the focus was on repeatability and reproducibility 
of results, a significant step forward was made 
collectively in defining dummy test position procedures 
and pulse definitions.  The test procedure is now 
presented as version 2.8 [

F. Minne (UTAC) 
R. Moran (DfT) 
J. Roberts (VSC, on behalf of ICRT) 
R. Satué (IDIADA) 
O. Vázquez (CTAG-IDIADA) 
T. Versmissen (TNO) 
 
Industry 
C. Adalian, PSA Peugeot Citroën 

13] with minor refinements 
forthcoming as part of Euro NCAP’s standard review 
process. 

R. Sferco, Ford Motor Europe 
 
The members of the group would like to thank the 
members of IIWPG, SRA and Autoliv for their 
support and valuable input.  Euro NCAP thanks Ed 
Giblen at Thatcham for his help and technical 
contribution.  

 
The Euro NCAP whiplash test procedure encourages 
best practice in vehicle design to prevent whiplash 
associated injuries. This is necessary since no injury 
mechanism for whiplash has neither been identified nor 
validated. The initial tests indicate that a wide range of 
results are possible, from 0 to over 3.5 points, 
confirming that some seat designs still need 
improvement for whiplash protection.  
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APPENDIX 

Table 2.  
Euro NCAP Whiplash Test Results November 2008 – February 2009  

Final 
Scaled 
Score 

Raw 
Whiplash 

Score 

High 
Severity 

Mid 
Severity 

(unscaled) 

Low 
Model Severity 

(unscaled) 
Geometry Restraint Type 

(unscaled) 
Volvo XC60 3.544 9.746 1.909 3 2.876 0.961 Passive 
Alfa Romeo MiTo 3.349 9.209 2.503 2.355 2.47 0.881 Reactive 
Toyota Avensis 3.344 9.196 2.731 2.274 2.191 1 Reactive 
VW Golf 3.306 9.092 2.514 2.051 2.527 1 Passive 
Audi A4 3.155 8.675 2.346 2.594 2.135 0.6 Passive 
Opel/Vauxhall Insignia 3.064 8.426 2.339 1.94 2.147 1 Reactive 
Renault Koleos 2.938 8.081 2.404 2.641 2.444 0.592 Passive 
Toyota iQ 2.706 7.44 1.699 2.136 2.157 0.448 Passive 
Lancia Delta 2.616 6.693 1.979 1.818 1.637 0.759 Reactive 
Subaru Impreza 2.458 6.759 2.396 1.998 2.276 0.089 Passive 
BMW X3 2.44 6.71 2.484 2.264 2.112 -0.15* Proactive 
Renault Kangoo 2.378 6.54 1.75 2.237 2.022 0.531 Passive 
Renault Mégane 2.376 6.533 1.451 0.888 2.194 1 Passive 
Honda Accord 2.26 6.214 1.903 2.205 1.67 0.436 Reactive 
Skoda Superb 2.217 6.096 2.428 1.331 1.656 0.681 Passive 
Hyundai i30 2.212 6.083 0.935 2.005 2.471 0.672 Reactive 
Ford Fiesta 2.207 6.07 1.755 1.871 1.969 0.475 Passive 
Mazda 6 2.073 5.701 2.41 1.659 1.84 -0.208 Passive 
Mitsubishi Lancer 2.04 5.609 1.697 2.05 1.866 -0.004 Passive 
Seat Ibiza 1.963 5.397 2.192 1.244 1.639 0.322 Passive 
Mercedes Benz M Class 1.824 5.017 1.086 1.523 1.715 0.693* Proactive 
Dacia Sandero 1.582 4.349 1.058 1.793 1.304 0.194 Passive 
Daihatsu Cuore 1.1 3.025 2.21 2.086 1.729 0 Passive 
Citroen Berlingo 1.043 2.868 0.526 1.235 0.982 0.125 Passive 
Hyundai i10 0.938 2.579 1.173 0 1.814 -0.408 Passive 
Citroen C5 0.57 1.568 0.471 0.44 0.513 0.144 Passive 
Ford Kuga 0.444 1.222 0.238 0.713 0.36 -0.089 Passive 
Citroen C3 Picasso 0.338 0.93 0 0.571 0 0.359 Passive 
Daihatsu Terios 0 -0.054 0 1.455 1.63 -0.139 Passive 
Suzuki Splash 0 -0.336 0 0 0 -0.336 Passive 
Peugeot 308CC 0 -0.233 0 0 0 -0.233 Passive 

 
*Geometric assessment based on “undeployed” head restraint. Result under review as part of 2009 protocol update. 
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ABSTRACT 
 
The performance of a vehicle’s seat back in rear impact 
accidents can significantly affect occupant kinematics 
and resulting injury potential.  The only current United 
States (U.S.) government regulation addressing seat 
back strength is outlined in Federal Motor Vehicle 
Safety Standard (FMVSS) 207, Seating Systems [1].  
The test method outlined in this regulation is only 
partially predictive of seat performance in dynamic 
and/or real world impacts.   Many seats continue to 
demonstrate gross deformations or catastrophic failures 
with potentially injurious occupant kinematics under 
the impact conditions of the FMVSS 301 Fuel System 
Integrity testing [2].  The Quasistatic Seat Test (QST) 
methodology, which utilizes an Anthropometric Test 
Dummy (ATD) and applies the load to the seat back 
through the ATD’s lumbar spine, has been shown to be 
a predictor of seat deformation under dynamic loading 
[3].  Different seat designs tested utilizing the QST 
methodologies are presented. 
 
Additionally, sled tests conducted at impact levels 
consistent with FMVSS 301 severities are presented 
and analyzed regarding occupant containment and the 
degree of encroachment of the deforming seat back or 
front seat occupant into the rear occupant’s seating 
compartment.  Crash test data, including ATD injury 
measures, from tests performed for the development of 
the recently upgraded FMVSS 301 rear impact standard 
were reviewed.  Furthermore, an additional FMVSS 
301 test is presented wherein a QST compliant seat was 
utilized to evaluate changes in ATD kinematics and 
injury measures.   
 
INTRODUCTION 
 
While seat back strength and deformation 
characteristics are safety considerations for various 
impact modes, it is particularly important in a rear 
impact.  The FMVSS 207 compliance test, which calls 
for application of a point load at the uppermost cross 

member of a detrimmed seat back, requires a moment 
resistance of only 3,300 in-lbf (373 Nm).  This test 
has long been the subject of criticism in the 
automotive safety community for its low criteria and 
its failure to consider occupant kinematics or their 
influences on failure modes seen in dynamic or real-
world testing.  It has been noted that because of the 
way the point load is applied, seats tested via the 
FMVSS 207 methodology typically deform 
symmetrical, whereas in a purely rearward dynamic 
rear impact, seats will often twist or fail 
asymmetrically [4].  As such, there are a number of 
other test methods, whether quasi-static or dynamic, 
for quantifying the seat back performance of a given 
automobile seat in the rear impact mode.  
 
A debate exists over what seat back energy absorbing 
characteristics, generally stiff versus yielding, are 
most applicable for optimized occupant protection 
considerations.  Although not the subject of this 
work, data is presented from the analysis of a variety 
of test methods that depict seat back rearward 
deformation and the associated injury potential and/ 
or measurements.  From an automotive safety 
perspective, a real-world predictive test methodology 
is critical as serious and fatal injuries do occur when 
the front seat occupants experience excessive seat 
back deformations.  Such deformations also put the 
occupants seated behind them at risk. 
 
Quasi-Static Test (QST) 
 
The Quasi-Static Test, or QST, seat back test 
methodology is premised around using the occupant 
itself to load the given seat.  In this test, an 
uninstrumented test dummy (ATD) is forcibly 
pressed against the fully trimmed seat back in a 
manner consistent with the way that an occupant 
might load the seat in a real world collision [3].  This 
test yields data that includes not only the seat’s 
resistance to rearward bending, but also provides 
insight into the point and manner in which an 
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occupant will begin to ramp up the seat back as the seat 
back begins to yield or deform rearward.  This is 
allowed by virtue of the load application following the 
ATD as it ramps up and out of the seat.  This is 
accomplished by mounting the load applying hydraulic 
ram to a set of linear bearings that is free to move both 
horizontally and vertically during the application of 
load (See Figure 1). 

 

 
Figure 1.  QST Test Setup Diagram [5] 

The QST test pass / fail criteria, as designed by Dr. 
Viano while with General Motors in the early 1990’s, 
specifies:  

(1) 15,000 in-lbf (1700 Nm) Moment About H-
point 

(2) No Separation of Hardware Causing >450 lbf 
(2,000 N) Drop in Force in 50 milliseconds, 
and >10º Change in Seat Back Angle 

(3) Seat Back Twist Not to Exceed 15º for Seat 
Back Angles up to 60º 

(4) Head Restraint Height to B-Plane and Front 
Surface Within 0.8 inch (20 mm) of Back-of-
Head Ellipse for the 95th Percentile Occupant 

 
Sled Testing 
 
Sled testing offers the freedom to analyze occupant 
kinematics and restraint system performance for 
numerous impact modes and speeds depending on the 
test apparatus set-up.  Utilizing a sled allows for 
dynamic test results more consistent with that seen in 
real-world accidents while being able to reuse a vehicle 
buck (partial vehicle) or occupant compartment for 
multiple tests.  Once a sled fixture is set-up with a 
particular occupant compartment, variations in the 
occupant safety system can be tested to analyze 
differences occupant kinematics and/ or restraint 
performance. 
 
FMVSS 301/301R 
 
Federal Motor Vehicle Safety Standard (FMVSS) 301 
details the current U.S. mandated requirements for fuel 

spillage during and after a motor vehicle crash.  The 
standard currently has frontal, rear and side test 
procedures.  Of interest for this paper is the upgraded 
rear impact test procedure, which will be referred to 
as 301R.  Vehicles subjected to this testing that were 
manufactured prior to September 2006 were 
impacted in the rear by a flat, non-deforming barrier 
at 30 mph (48 kph) with 50th percentile ATDs 
positioned in the front outboard seating positions.  
The FMVSS 301R standard was upgraded in 2003 
and incorporated a phase-in such that vehicles 
manufactured after September 2008 are still required 
to have ATDs in the front outboard seating positions, 
however, the rear impact barrier is now deformable 
and required to be moving at a speed of 50 mph (80 
kph) with a 70 percent overlap with the vehicle (See 
Figure 2).  During the test sequence and for various 
time increments following the test, different fuel 
spillage requirements must be met.   

 

 
Figure 2.  FMVSS 301R Test Setup Diagram 
 
This upgraded test procedure requires the collection 
of valuable data regarding ATD injury measures, seat 
back rotation, driver belt load, and driver webbing 
motion that was not required in the earlier version 
[6].  Although the data is now collected, FMVSS 
301R does not include pass/fail criteria for seat 
performance or ATD measured injury levels.   
 
During the development of the FMVSS 301R 
upgrade, a series of rear offset tests were conducted 
at a speed of 50 mph (80 kph).  The publicly 
available data files for these tests were obtained from 
the NHTSA Crash Test Database and included 
instrumented ATDs and their associated injury 
measures.  This data is analyzed below.  
 
TEST RESULTS 
 
Quasi-Static Test (QST) 
 
Numerous QST tests have been performed.  As 
discussed above, this method loads the subject seat 
via a hydraulic ram by applying force through an 
uninstrumented ATD’s lumbar spine.  Prior to 
testing, each seat was inspected for defects before 
being mounted in the test fixture via their OEM 
(original equipment manufacture) seat track 
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mounting brackets.  Test instrumentation included 
angular transducers on both sides of the seat back, tri-
axial load cells at the seat/fixture interface, a load cell 
on the force applicator (ram), as well as displacement 
transducers on the ram assembly (See Figure 3).   
 
The data collected via this instrumentation provided 
insight into, not only the strength of the seat, but also 
how the failure pattern influences the occupant 
kinematics.  Detailed measurements were taken prior to 
initiation of force to document the initial geometry of 
the seat relative to the test apparatus and data recording 
instruments. 
 
Numerous QST tests have been performed on front 
seating position seats until catastrophic failure was 
experienced.  Results are reported in Table 1. 

 
 
 

 
Figure 3. QST Test Set-up 
 
 

 
Table 1.  

QST Test Results 
 

Seat 
Single or 

Dual 
Recliner 

Peak Force 
lbf 
(N) 

Peak Moment at H-
point Up to 60 deg 

in-lbf 
(Nm) 

Twist 
Angle Up 
to 60 deg 

deg 

Energy Up 
to 60 deg 

in-lbf 
(J) 

Left Front 
1993 Nissan Sentra Dual 1,547 

(6,884) 
9,454 

(1,068) 17 6,364 
(719) 

Right Front 
1994 Chevrolet Lumina Single 1,441 

(6,409) 
10,612 
(1,199) 16 14,923 

(1686) 
Left Front 

2003 Ford Ranger Dual 1,862 
(8,281) 

11,225 
(1,268) 6 15,387 

(1,739) 
Left Front 

1993 Nissan 240 SX Single 1,479 
(6,579) 

12,241 
(1,383) 20 19,495 

(2,203) 
Left Front 

1999 Honda Accord Single 1,562 
(6,948) 

13,230 
(1,495) 27 21,358 

(2,413) 
Left Front 

1993 Volkswagen Passat Dual 2,130 
(9,478) 

13,317 
(1,505) 25 19,189 

(2,168) 
Left Front 

2000 Ford Focus Single 1,894 
(8,425) 

13,542 
(1,530) 4 18,332 

(2,071) 
Reinforced 

1994 Pontiac Trans Sport 
Modified 
to be Dual 

2,994 
(13,317) 

16,092 
(1,818) 20 18,781 

(2,122) 
Right Front 

1996 Saab 900 Dual 2,839 
(12,629) 

17,235 
(1,947) 3 33,248 

(3,757) 
Right Front 

1998 Opel Astra Dual 2,792 
(12,421) 

19,935 
(2,252) 22 24,321 

(2,748) 
Left Front 

2003 Saturn Vue Dual 3,369 
(14,988) 

22,322 
(2,522) 30 27,716 

(3,131) 
Left Front 

2002 Chevrolet 
Trailblazer 

Single 2,747 
(12,219) 

34,522 
(3,900) 27 38,056 

(4,300) 

Left Front 
1990 Mercedes 300SL Dual 7,644 

(34,002) 
49,608 
(5,605) 32 62,012 

(7,006) 
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Figure 4 demonstrates characteristic pre- and post- QST 
test conditions of a single recliner seat.  As described, 
the QST fixture allows for asymmetrical deformation of 
the deforming seat structure as the ATD loads and 
ramps up the seat back.   
 

  
Pre-Test Post-Test 

 
Post-Test, Rear View 

Figure 4. QST Test: Chevy Lumina 
 
Sled Testing 
 
Four rear impact tests were conducted utilizing a 
deceleration sled.  The sled fixture includes a sled 
carriage that is accelerated by way of a falling mass 
suspended by a block and tackle arrangement (See 
Figure 5).  The sled is decelerated via an impact into a 
deformable barrier wherein the shape and depth of the 
barrier determine the crash pulse.  Fixture 
instrumentation includes high-speed camera 
documentation and tri-axial accelerometers.   

 

 
Figure 5.  Sled Test Setup Diagram  
 

A total of four impact sled tests were preformed with 
various combinations of seats and restraint systems.  
All tests included 50th percentile male ATDs.   
 
Tests 1 and 2 included two seats mounted side-by-
side on the sled fixture.  Each seat, therefore, 
experienced the same deceleration pulse and each 
was loaded by a 50th percentile male ATD.  In each 
of the first two tests, one of the included seats was 
designed with a single recliner mechanism whereas 
the second seat incorporated dual recliners.  Tests 3 
and 4 were run with only one seat at a time but under 
similar impact conditions in order to consider the 
effect of alternate restraint designs.   
 
     Sled Test 1 – For Sled Test 1, a production right 
front early 1990’s vintage Chevrolet Lumina seat was 
tested in conjunction with a reinforced right front seat 
from an equivalent vehicle.  The reinforced seat was 
originally equivalent to the OEM seat, but was 
reinforced with the addition of a second recliner 
mechanism.  The attachment of the recliners to the 
lower seat structure was also reinforced.  Lastly, the 
lower seat back cross member, which was originally 
a straight tubular structure, was replaced with a flat 
strap that could act as a pelvic catcher strap.  Figure 6 
shows the dual recliners with reinforcements and the 
pelvic catcher strap. 

 

    
Figure 6. Test 1 Reinforced Seat 

 
A 50th percentile Hybrid III male ATD with seated 
pelvis was placed in each seat and normally belted 
with the OEM restraint, which included a locking 
latch plate.  The OEM seat was set to its full rear 
track position.  In this position, the upper seat track 
was found to overhang the lower seat track 
significantly at the rear.  Recognizing this as a 
potential failure mode contributing to rearward seat 
back deflection, the lower seat tracks for the 
reinforced seat were mounted rearward of the OEM 
mounting position to eliminate the rear offset of the 
upper versus lower tracks.  The restraint anchorage 
positions relative to the ATDs were kept consistent 
for both seating positions.  The seat backs were set to 
a recline angle of 24 degrees from vertical and 
angular rate sensors were positioned on both sides of 
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the upper seat backs in order to document the dynamic 
seat deflection (See Figure 7).  The sled was accelerated 
to an impact speed of 15.8 mph (25.4 kph). 
 

 
Figure 7. Sled Test 1 – Pre-test Set-up 

 
Dynamically, the sled fixture sustained a maximum 
longitudinal deceleration of 15 Gs with a delta-V of 
19.5 mph (31.4 kph) after impacting the deformable 
barrier.  During the impact sequence, the OEM, single 
recliner seat back rotated rearward to 74 degrees from 
vertical on the left, recliner side, and 80 degrees on the 
right, simple pivot side, of the seat.  Post-test static 
measurements reported a residual seat back angle of 50 
and 65 degrees for the left and right sides, respectively.   
 
Data recorded during the test sequence noted that the 
reinforced, dual recliner, seat dynamically rotated 
uniformly on both sides of the seat to approximately 53 
degrees from vertical.  The post-test residual seat back 
angle was also uniform at 36 degrees from vertical.  
Figure 8 depicts the post-test seat back rearward 
deformation.  
 

 
Figure 8.  Sled Test 1 – Post-test  
(OEM shown on Right) 

 
     Sled Test 2 – Sled Test 2 incorporated a full vehicle 
buck rigidly mounted to the sled fixture.  A 1992 OEM, 
single recliner driver’s seat was tested alongside a 1989 
OEM, dual recliner right front passenger seat.  Both 
seats were positioned into the buck such that the 
restraint anchor points had the same relative position 

for both the ATDs.  The seat backs were set to a 
recline angle of approximately 20 degrees from 
vertical.  A 50th percentile Hybrid III male ATD with 
seated pelvis was placed in each seat and normally 
belted with the buck’s OEM passive restraint system 
(See Figure 9).  The sled was accelerated to an 
impact speed of 16.2 mph (26.1 kph). 
 

 
Figure 9. Sled Test 2 – Pre-test Set-up 
 
The impact resulted in a maximum longitudinal 
deceleration of 17.7 Gs with a delta-V of 20.1 mph 
(32.3 kph).  The maximum seat back deflections and 
resulting ATD movement is depicted in Figure 10. 

 

 
Figure 10. Sled Test 2 – Test Sequence  
Maximum Deflection (from Video Analysis) 

 
The ATDs’ heads were painted in order to identify 
head impact locations.  Figure 11 shows the post-test 
residual positions of the seat backs and ATDs.  The 
driver’s single recliner seat deformed such that the 
driver’s ATD was seen to ramp up the seat back with 
its head making contact with the left rear seat back 
and leaving the red paint transfer seen in Figure 11.  
This contact was of sufficient force level to deform, 
or bow out, the left rear seat back structure as seen in 
Figure 12.  In comparison, the right front, dual 
recliner seat prevented ATD contact with the rear 
seating compartment. 
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Figure 11. Sled Test 2 – Post-test, Red Transfer on 
Left Rear Seat from Driver’s Seating Position ATD 
Head Impact 
 

 
Figure 12.  Rear Seat Back Deformed from 
Driver’s Seating Position ATD Contact 
 
     Sled Test 3 & 4 – Tests 3 and 4 were conducted 
following an investigation and analysis of a real-world 
multiple-impact accident sequence wherein an early 
impact deformed the driver’s seat back fully before a 
later impact resulted in the belted driver’s full ejection.  
When the vehicle came to rest, the driver’s seatbelt was 
found buckled with the webbing roped in the D-ring 
such that approximately 62 inches (157.5 cm) of 
webbing was extended.  Load marks were identified on 
the lap belt components indicating webbing pass 
through from the shoulder belt into the lap belt during 
the accident sequence.    
 
Test 3 and 4 utilized the front occupant compartment of 
a similar 4-door Sport Utility Vehicle (SUV) to that of 
the real-world accident vehicle.  The buck was rigidly 
mounted to the sled fixture and subjected to rear 
impacts.  In both tests an OEM driver’s seat was set to a 
fully reclined seat position at the start of the test to 
consider the restraint system’s ability to prevent 
occupant ejection in the rear impact mode from a 
previously failed seat back.  Both tests utilized 50th 
percentile Hybrid III male ATDs with standing 
(pedestrian) pelvises.   

 
In Test 3 the ATD was restrained with the standard 
OEM restraint system which included a single pass-
through, sliding latch plate.  The seat belt was put on 
the ATD normally with the belt clamped at the D-
ring such that approximately 62 inches (157.5 cm) of 
webbing was extended, consistent with the above as-
found position in the real-world accident vehicle.  
The driver’s seat was then set to the fully reclined 
position.  Any loose webbing was shared between the 
lap and shoulder portions of the restraint system prior 
to impact.  The full recline angle of the seat was 
measured to be approximately 58 degrees from 
vertical (See Figure 13).   
 

   
Figure 13. Sled Test 3 – Pre-test Set-up 
 
In both Tests 3 & 4, the impact speed was measured 
at approximately 16 mph (25.7 kph).  Dynamically, 
the sled fixture sustained a maximum longitudinal 
deceleration of approximately 17.5 Gs with a delta-V 
of approximately 20 mph (32.2 kph) after impacting 
the deformable barrier.   
 
A review of high-speed film from Test 3 shows the 
ATD ramping up the seat back and moving fully into 
the rear compartment.  A high-speed camera focused 
on the pass-through latch plate showed more than 3 
inches (76.2 mm) of webbing passing through the 
latch plate and into the lap belt as the ATD ramped 
up the seat back (See Figure 14).  The ATD moved 
rearward, effectively unrestrained, until his feet 
caught the lap portion of the belt webbing (See 
Figure 15).   
 

 
Figure 14. Sled Test 3 –  
ATD Ramping During Test 
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Figure 15. Sled Test 3 – ATD Post-Test 

 
In Test 4, the configuration was similar to that of Test 
3, however, a locking latch plate replaced the OEM 
single pass-through, falling latch plate.  The shoulder 
belt was again clamped at the approximate 62 inch 
(157.5 cm) position.  The lap belt was adjusted on the 
ATD in a normally tight configuration with the seat in a 
normal and upright position.  The seat back was then 
again set to its fully recline position at an angle of 
approximately 58 degrees from vertical (See Figure 16).   
 

   
Figure 16. Sled Test 4 – Pre-test Set-up 

 
A film analysis of Test 4 demonstrates the locking latch 
plate was effective at maintaining the tight lap belt 
condition.  The tight lap belt was seen to limit the 
amount of ATD excursion and velocity into the rear 
occupant compartment (See Figure 17).  Figure 18 
depicts the ATD’s post-test position. 
 
 
 
 
 

 
Figure 17. Sled Test 4 –  
ATD Ramping During Test 

 

 
Figure 18. Sled Test 4 – ATD Post-Test 

 
FMVSS 301R 
 
During research to upgrade FMVSS 301 in the U.S., 
the government conducted a series of dynamic rear 
impact tests in order to determine what requirements 
would provide a reasonable crash simulation of real 
world rear impacts that resulted in fatal burn cases 
[7].  One tested crash scenario, which ultimately 
became the upgraded rear impact standard, was a 50 
mph (80 kph) deformable barrier rear impact with 
70% overlap.  These publicly available tests 
contained instrumented front seated ATDs.  Table 2 
below summarizes that data.   
 
 
 
 
 
 
 
 
 
 
 
 



 
Herbst  8 

Table 2. 
FMVSS 301R (50 mph/ 80 kph Deformable Barrier Rear Impact) – Data Summary 

 
Driver Right Front Passenger 

NHTSA 
Test No Test Details Vehicle 

HIC 
Chest 

Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC 

Chest 
Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 

2315 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 198 22.8 0.32 Yes 913 53.9 1.56 Yes 

2318 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 892 38.0 0.37 Yes 1191 60.4 0.85 Yes 

2397 50% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 721 44.9 0.79 Yes 1332 66.4 1.00 Yes 

2408 70% Right 
Side Overlap 

1996 Ford 
Mustang 2-dr 1586 41.8 0.68 Yes 583 53.6 1.09 Yes 

2432 70% Right 
Side Overlap 

1996 Suzuki 
Sidekick 389 39.5 0.60 Yes 569 39.7 0.51 Yes 

2438 70% Left 
Side Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.98 Yes 

2439 70% Right 
Side Overlap 

1996 Dodge 
Neon 739 22.2 0.29 Yes 1423 43.0 1.07 Yes 

2440 70% Left 
Side Overlap 

1996 Geo 
Prism 4-dr 829 37.2 0.92 Yes 604 19.6 0.23 Yes 

2445 70% Left 
Side Overlap 

1996 
Plymouth 
Voyager 

690 15.8 1.08 ** 1578 15.5 0.94 ** 

2925 70% Left 
Side Overlap 

1998 Chevy 
Metro 3-dr 1618 48.6 2.41 Yes 760 46.5 1.54 Yes 

2926 70% Left 
Side Overlap 

1999 Mazda 
Miata 2-dr 
Convertible 

1274 Data 
Error 1.98 Yes 914 Data 

Error 1.86 Yes 

2933 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 353 14.8 0.31 ** 1724 28.7 0.75 ** 

2960 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 758 32.0 0.75 Yes 2740 33.0 1.03 Yes 

2973 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 1063 23.5 0.53 Yes 2545 32.6 0.81 Yes 

2974 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 926 34.8 0.47 Yes 1793 58.3 0.69 Yes 

2981 70% Left 
Side Overlap 

1997 Chevy 
Camaro 930 45 0.23 Not Recorded 480 34 1.13 Not Recorded 

3427 70% Right 
Side Overlap 

1998 VW 
Jetta 
4-dr 

150 14 0.29 Not Recorded 560 15 0.30 Not Recorded 

3428 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 790 27 0.37 Not Recorded 310 39 0.51 Not Recorded 

3429 70% Left 
Side Overlap 

1998 Ford 
Escort 4-dr 250 19 0.56 Not Recorded 1370 28  Not Recorded 

3430 70% Left 
Side Overlap 

1998 Nissan 
Sentra 4-dr 410 32 0.42 Not Recorded 420 21 0.38 Not Recorded 

3431 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 600 24 0.80 Not Recorded Over 

loaded 43 1.40 Not Recorded 
* Calculated utilizing Nij Version 8 
** Report is silent on rear compartment head strikes, however photographs indicate contacts likely  

 
 

Review of the test data indicates that virtually every 
ATD impacted some portion of the rear occupant 
compartment.  Fourteen (14) instances of Head Injury 
Criteria (HIC) measures above 1000 were recorded as 
well as twelve (12) Nij measures above 1.0.   
 
 

Although all of the above vehicles incorporated 
FVMSS 207 compliant seats, when loaded 
dynamically in a rear impact these seats consistently 
failed to prevent occupant excursion into the rear 
compartment and potentially injurious impacts with 
rear structures or rear seated occupants.    
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Table 3. 

Chevrolet Blazer FMVSS 301R Test Data 
 

Driver Right Front Passenger 
Test Vehicle 

HIC Chest Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC Chest Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
Karco Test No. TR-

P25021-01-NC 
70% Left Side 

Overlap 

1996 Chevy 
Blazer 4-dr 138 16.5 0.36 No 286 18.8 0.43 No 

NHTSA Test No. 
2438 

70% Left Side 
Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.99 Yes 

*Calculated utilizing Nij Version 8 
 
 
     QST Compliant Seat in 301R Test – After 
reviewing the data summarized in Table 2, the 
authors conducted an additional 301R compliance 
test with a vehicle similar to NHTSA Test No. 2438.  
The 1996 Chevrolet Blazer 2-door tested in NHTSA 
Test No. 2438 was equipped with FMVSS 207 
compliant seats.  A review of FMVSS 207 test data 
for that seat, as compared to a QST compliant 
designed seat, show that the QST seat is capable of 
resisting nearly three times the force of the Blazer 
seat and more than twice the energy.  In order to 
consider the relative performance of the simple 
FMVSS 207 designed seat versus a QST-type seat, a 
1996 Chevrolet Blazer was retrofitted with 1999 
Pontiac Grand Am OEM front seats and floor pan.  
These 1999 Pontiac Grand Am seats were designed 
and compliant with the above-described QST 
methodology.  The retrofitted Blazer was then tested 
pursuant to the FMVSS 301R protocol and the results 
were compared to NHTSA Test No. 2438 (See Table 
3).  
 
Analysis of the retrofitted 301R test data shows that 
the QST compliant seat provided effective ATD 
retention under the dynamic 301R test conditions.  
The ATD was not allowed to move into the rear 
occupant compartment and strike any rear structure.  
As such, the potential for significant injury was 
avoided as demonstrated by the several fold reduction 
in injury measures when compared specifically to the 
other Blazer test, and more generally, to most of the 
tests reported in Table 2.   
 
DISCUSSION/CONCLUSIONS 
 
Currently, and for the past several decades, the vast 
majority of vehicles being manufactured and sold in 
the U.S. use seats designed only to comply with the 

static seat strength requirements outlined in FMVSS 
207.  This static strength test has consistently been 
shown to be a poor predictor of dynamically loaded, 
and therefore real-world, seat performance.  Beyond 
the simple static test of FMVSS 207, several better 
and more real-world predictive test methodologies 
are available.  These include the QST methodology, 
dynamic sled tests, as well as full-scale crash tests.   
 
The QST test results, presented in Table 1, 
demonstrate a wide range of seat back strengths and 
deformation patterns.  H-point moments recorded up 
to 60 degrees of seat back deflection range from 
approximately 9,500 in-lbf (1,073 Nm) to above 
49,000 in-lbf (5,536 Nm).  The QST test results 
further indicate that a seat designed with only a single 
recliner on one side and a simple pivot hinge on the 
other, will consistently result in asymmetrical 
deformation from occupant loading on the seat back.  
In turn, this results in less-controlled occupant 
excursions.   

 
In contrast, dual recliner equipped seats provide an 
increase in seat back structural strength as compared 
to their single recliner counterparts.  This not only 
allows for increased occupant retention, but also for 
more uniform seat back deflection.  When these 
features are combined with occupant retention 
devices, such as the pelvic catcher strap, rearward 
excursion of the occupant towards, and into, the rear 
occupant space is much more effectively controlled.  
 
Consistent with previous work [3, 4], good 
correlation was seen between the seat back deflection 
recorded in the QST tested Chevrolet Lumina seat 
and its sled tested equivalent (Sled Test 2) (See 
Figure 19).   
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QST Sled Test 

Figure 19: Chevrolet Lumina QST and Sled 
Tested Seat Comparison 
 
As the various dynamic sled and crash tests 
demonstrate, when the seat back fails, the restraint 
system can be compromised to the extent that 
dramatic occupant excursion into the rear seating 
compartment, or beyond, is allowed.  Occupant 
restraint in rear impacts relies, therefore, first upon 
maintaining the integrity of the seat, and secondly, 
upon maintaining the effectiveness of the seat belt.  
The locking latch plate has been shown to be 
effective at maintaining a tight lap belt, and thereby, 
inhibiting ATD ramping in the event of catastrophic 
seat back failure.   
 
The upgraded FMVSS 301R test methodology 
provides valuable data regarding seat back 
performance, occupant kinematics and injury 
potential in the rear impact mode.  The recent 
addition of instrumented ATDs provides a new level 
of insight into occupant motion and injury potential.  
The vast majority of the 301R data reviewed 
demonstrated that the seats’ rearward deformations 
allowed the ATDs to ramp up the seat backs exposing 
them to potentially injurious impacts with the rear 
compartment.  An alarming number of HIC and Nij 
values above the accepted injury thresholds were 
recorded.   
 
FMVSS 301R testing has demonstrated that dynamic 
loading of production seat structures designed to 
provide effective occupant retention also provide 
improved injury measures and decreased potential for 
injurious contacts.  These stronger seats limit ATD 
excursion into the rear seating compartment thereby 

also reducing injury potential to rear seated 
occupants.  Well designed, current production seats 
are capable of managing the energy levels seen in the 
upgraded FMVSS 301R 50 mph (80 kph) offset rear 
impact test.   
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ABSTRACT 
 
The BioRID-II rear impact dummy is used for 
assessing the level of protection of car seats against 
whiplash associated disorders (WAD) for many 
years. This level of protection is evaluated in 
consumer tests. For these tests comparatively low 
thresholds were introduced. Many questions which 
are related to injury criteria and their respective 
biomechanical tolerance levels remain unresolved. 
These low load ranges hold a claim against a high 
robustness of measuring devices used with respect 
to repeatability and reproducibility. However, 
especially the low load range and the low signals 
from the sensors show a certain variation. 
Therefore, a reliable assessment of the level of 
protection of car seats is difficult. 
 
The presented study is focused on the assessment 
of repeatability and reproducibility of the 
BioRID-II. A series of sled tests with eight 
individual BioRID-IIg dummies were conducted 
under well defined and controlled boundary 
conditions. The dummies were placed in four hard 
bucket seats to ensure stable test conditions and to 
avoid any variation generated by regular car seats. 
Variations caused by the seats and the seating 
procedures were minimized by testing every 
dummy in each seat. Particular attention was paid 
to very accurate test reruns to keep the test 
variations as small as possible. 
 
Dummy certification tests prior and after the test 
series were conducted to determine possible 
changes of the dummy performance induced by the 
test program. 
 
 

 
Finally, the study was completed by running 
simulations and parametric studies with the FAT 
BioRID-II FE-model. The objective of this 
computational investigation was the identification 
of potential causations for the variances particularly 
seen in the upper and lower neck responses. 
 
INTRODUCTION 
 
Whiplash associated disorders (WAD) are 
characterized by a collection of symptoms that 
usually occur due to sudden extension and flexion 
of the neck. Typically, WAD are mainly sustained 
in rear-end collisions of car accidents. The severity 
of the WAD experienced by the passengers may 
not be related to the speed of the cars involved in 
the accidents or the amount of physical damages to 
the car. Therefore, it is possible that already low 
impact speeds can produce enough energy to cause 
WAD in occupants, whether or not they wear seat 
belts. 
 
WAD sustained in rear-end accidents are still a 
major concern in road traffic safety. In recent years, 
many research activities were undertaken to 
investigate the injury mechanism and injury criteria 
related to whiplash associated disorders. Although, 
the underlying injury mechanism of WAD is still 
not fully understood, several injury predictors are 
proposed. Some of these injury predictors show 
good correlation with real world accident studies 
and seem suited to assess the risk of WAD. 
However, due to the complex nature of the injury 
even for those criteria uncertainties remain with 
respect to the threshold values suggested. Despite 
these uncertainties, there are indications that an 
improved seat design reduces WAD. Most of the 
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car manufacturers have begun to improve the seat 
design or implement various whiplash protection 
devices in their products in order to reduce the risk 
of WAD. The introduction of consumer rating 
programs for rear impact loading conditions 
attempt to give an assessment for the potential risk 
of WAD. 
 
The BioRID-II dummy is widely introduced as a 
measurement tool to assess the potential risk of 
WAD of car seats under dynamic test conditions. 
The development of the BioRID was started in 
1995 with the aim to get a dummy with humanlike 
kinematics primarily in a rear-end impact and 
secondarily in frontal impacts. In 2002 the 
production version BioRID-IIa with a fully 
articulated humanlike spine was released from 
Denton Inc. In terms of improvements to be 
addressed on the dummy, many updates took place 
which leads to the current build level version G 
released in 2003, the BioRID-IIg. It is out of 
questions that the BioRID-IIg dummy shows good 
biofidelic kinematics based on the detailed 
designed spine with large degree of freedom. 
However, the combination of variations of the 
dummies, car seats and test conditions with a very 
low load level can possibly lead to considerable 
variations of the dummy responses which have 
often been reported. For the development of head 
restraint systems, it is essential to have also a 
reliable development tool available with a 
minimum of measurement variances under 
identical test conditions. 
 
This study deals with the investigation of the 
repeatability and reproducibility capabilities of 
eight different BioRID-IIg dummies under well 
defined boundary conditions in sled tests. In 
addition the dummy responses were applied to 
different rating schemes to demonstrate the 
variations of rating results, even under well defined 
boundary conditions. Certification data prior and 
after the test series were also analyzed to keep 
records on possible changes of the dummy 
performance due to the test program. The data 
obtained in the test series were used to investigate 
differences in testing and numerical simulation. 
 
APPROACH 
 
The scatter of the BioRID responses in whiplash 
test scenarios is often discussed and analyzed [1, 2, 
3]. However, influence of test sub-systems like 
dummy, seat or test facility on the global variances 
remains open. This study is purely focused on the 
dummy. 
The main influence parameters in a whiplash test 
are positioning of the dummy, variances of the 
crash pulse and last but not least probably 
variances of the seat. These factors were eliminated 

by testing each dummy on every seat, by running 
three repetitions of each test set-up and finally, by 
the use of race car seats. These hard bucket seats 
withstand dozens of tests without any damage. So 
there was no need to replace the seats after each 
test.  
In total eight BioRID-IIg were analyzed in this 
study. So the total number of tests per dummy is 
12. At the end there is a very unique sample of 96 
dummy data sets with comparable boundary 
conditions. This is sufficient information to analyze 
the repeatability as well as the reproducibility of 
the BioRID. 
 
METHODS 
 
Many of the studies on repeatability and 
reproducibility suffer on the unknown variations of 
vehicle seats. Therefore, it was decided to use hard 
bucket seats coming from racing cars. As these 
seats withstand whiplash tests without any damage, 
it was possible to use them during the whole test 
program.  
Furthermore, the seats fitted almost perfectly to the 
BioRID. Its posture was very stable and it was easy 
to place the dummy into the seats. The backrest 
supported the whole back of the dummy. 
Every dummy was checked and certified by the 
dummy manufacturer prior to the test program. 
After completion of the test program the dummies 
were checked and certified by the manufacturer 
again by conducting an initial and outgoing 
certification tests, to detect possible changes in the 
dummy performance respectively hardware. 
 
Geometric Measurements 
 
The seats were measured with the SAE-J826 H-
Point Manikin with Head Restraint Measuring 
Device (HRMD) in order to determine the H-Point 
and the backset of each individual seat. The backset 
is defined as the horizontal distance between the 
rearmost located point of the head cap and the 
related contact point at the head rest. 
 

 
 
Figure 1.  Hard bucket seat with H-Point Manikin 
and HRMD. 
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Figure 1 shows the H-Point Manikin with HRMD 
seated in the hard bucket seat exemplarily. 
 
The seats and dummies were equipped with 
markers fixed to the surfaces to pick up geometric 
dimensions by a 3D measurement system. This 
geometric data was used for the numerical 
simulation to place the dummy FE model at exactly 
the same position as the BioRID-II in the sled tests. 
Figure 2 shows the markers on the seat and the 
dummies. 
After completing half of the tests, a static check of 
the seats by using the H-Point Manikin with 
HRMD and the 3D measurement system were 
conducted to ensure consistent test conditions and 
reveal possible damages on the seats. 
 

 
 
Figure 2.  Markers for 3D geometric measurements. 
 
 
Sled Tests 
 
The dynamic testing was performed by using a 
HyperG220 acceleration sled on which the four 
hard bucket seats were rigidly mounted. A 
trapezoid sled pulse SRA16 (5 g, Δv=16 km/h) 
according to the draft Euro NCAP testing protocol 
v2.8 Draft [4] was used for all dynamic test runs. 
This pulse was chosen because of the low severity 
loading condition to avoid possible damages to the 
seats. The pulse characteristic is demonstrated in 
Figure 3. 
 

 
 
Figure 3.  Sled Pulse (SRA16). 
 

Particular attention was paid to very accurate test 
repeats to ensure good repeatability of the sled 
pulse over the complete test series. 
 
Each dummy was positioned according to the data 
obtained from the SAE H-Point Manikin related to 
the individual seat. Pelvis belts were used to keep 
the dummies seated during the deceleration phase 
of the sled. These belts were laxly tightened to 
avoid any influence on the dummy response. 
Figure 4 shows test set-up. 
 

 
 
Figure 4.  Test set-up. 
 
 
In total 24 sled tests were conducted. Four 
dummies were tested simultaneously on the sled. 
Each dummy was tested three times on each seat. 
The complete test matrix is shown in Table 1. After 
each test the dummies were removed from the 
seats, checked and adjusted to the basic settings. 
After three test repetitions the dummies were 
moved to the next hard bucket seat and positioned 
according to the static measurement values 
obtained for the particular seat. 
 

Table 1. 
Test matrix 

 
Dy 1 Dy 2 Dy 3 Dy 4 Dy 5 Dy 6 Dy 7 Dy 8

Test 1 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 2 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 3 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 4 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 5 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 6 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 7 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 8 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 9 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --

Test 10 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 11 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 12 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 13 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 14 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 15 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 16 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 17 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 18 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 19 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 20 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 21 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 22 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 23 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 24 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3  

 
All eight BioRID-IIg dummies were equipped with 
the instrumentation as shown in Table 2. 
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Table 2. 
BioRID-II instrumentation 

 

Location Measurement Dimension

ax Head acceleration [g]
ay Head acceleration [g]
az Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
ax C4 Cervical Spine acceleration [g]
az C4 Cervical Spine acceleration [g]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
az T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]
az T1 Thoracic Spine ri acceleration [g]
ax T8 Thoracic Spine acceleration [g]
az T8 Thoracic Spine acceleration [g]
ax L1 Lumbar Spine acceleration [g]
az L1 Lumbar Spine acceleration [g]
ax Pelvis acceleration [g]
ay Pelvis acceleration [g]
az Pelvis acceleration [g]

T1

T8

L1

PELVIS

HEAD

UPPER NECK

C4

LOWER NECK

 
 
 
The sled was equipped with two triaxial 
accelerators mounted on the front and rear side of 
the sled frame. All seats were instrumented with 
two triaxial accelerometers located on the middle 
and upper part of the backrest as well as with an 
uniaxial accelerometer on the rear left seat rail. 
 
The time of the head-contact events was obtained 
by using thin metal foils which were fixed on the 
head rests and the dummy head caps. 
 
Four on-board high speed (HS) video cameras were 
mounted on the sled to record videos from each 
seat position. In addition one HS video was 
positioned on 45 degrees on the front side to get an 
overview of the complete test scene. All videos 
were recorded with 1000 frames per second. 
 
Simulation 
 
Numerical simulations were used to analyze the 
causes of variations and to identify possible 
problems and dummy artifacts. 
All simulation runs were conducted with the 
release 2.5 of the FAT LS-DYNA BioRID-II 
dummy model. It was positioned in pre-simulations 
by using the seating protocols obtained in the sled 
tests. Therefore, all pre-stresses of dummy and seat 
were considered in the simulations runs. The 
computational model of the sled test set-up is 
shown in Figure 5. 
The geometry of the computational model of the 
hard bucket seat is based on 3D scans of the 
hardware. The seat was already validated in a 
previous study but its performance was verified 
with the signals of the accelerometers mounted at 
the backrest. 

The average crash pulse of the 24 sled tests was 
used as baseline pulse for all simulation runs. 
 
 

 
 
Figure 5.  Computational test set-up. 
 
 
Methods of Evaluation 
 
As the total number of data sets is very extensive, 
the right methods of analysis and evaluation of the 
data has to be chosen. At first, the curves and their 
maximum and minimum peaks were analyzed 
globally to get a first impression on the total scatter 
of the data. Furthermore, the absolute scatter of the 
signals (e.g. peak force) is important because 
consumer tests are more focused on these values. 
Additionally, the injury criteria NIC and Nkm were 
calculated with respect to consumer tests. NIC 
considers the relative acceleration between head 
and torso. The equation of NIC is shown in (1) 
 

2))(()(2.0)( tvtamtNIC relrel +⋅=
       (1) 

 
Whereas NIC is focused on the measured 
accelerations, Nkm evaluates the upper neck shear 
force and the neck extension/flexion moment (2). 
 

intint

)()(
)(

M

tM

F

tF
tN yx

km +=                  (2) 

 
The coefficient of variation (CV) was the second 
method of evaluation. CV is the quotient of root 
mean square deviation and sample mean. It is 
proportional to the scatter of the data. Table 4 [7] 
shows the classification of CV used in repeatability 
analysis. CV is calculated for the maximum and 
minimum peak of a signal. Depending on the 
meaning of the signal either the CV at the 
maximum or minimum peak is used for the 
subsequent analyzes. In case of using the 
coefficient of variation of the minimum peak, the 
absolute value is used. 
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Table 4. 

Rating scale to assess repeatability 
 

CV  =  3% 3% < CV = 7% 7% < CV = 10% CV > 10
good acceptable marginal not acceptable  

 
 
Finally, a new approach was used to evaluate the 
global variations of response signals objectively. 
The so-called CORA software [5] provides an 
objective evaluation of whole response curves 
coming from any source. The method combines 
two independent sub-methods, a corridor rating and 
a cross-correlation rating. The corridor rating 
evaluates the fitting of a response curve into user-
defined or automatically calculated corridors. The 
cross-correlation method evaluates phase shift, 
shape and size. These two sub-methods are 
essential because the disadvantages of each sub-
method are compensated by the other method. The 
rating results ranges from “0” (no correlation) to 
“1” (perfect match). 
CORA was developed to evaluate the level of 
correlation between two curves and not to evaluate 
variances of a set of curves. To enable the usage of 
CORA anyway, the dummy responses could be 
compared with the responses of an ideal BioRID. 
Since no ideal BioRID responses were available, 
this limitation has to be bypassed by grouping the 
test results. At first, the mean responses of the 
twelve tests of every BioRID were calculated. 
Afterwards CORA evaluated the level of 
correlation of one dummy specimen to the group of 
the remaining seven dummies. This grouping was 
done for every dummy.  
At the end there are eight CORA results per 
channel. The variances of a signal can be assumed 
as small if the eight ratings are close together. In 
this context the CORA rating is only an indirect 
measure of the scatter of the BioRID responses. 
The introduced method only analyzed the 
reproducibly of the BioRID.  
To get a better understanding of the BioRID, the 
signals were spilt into sub-sections. The correlation 
was calculated before the head contact (0-70 ms), 
during the head contact (70-130 ms) and for the 
rebound (130-250 ms). Additionally, the analysis 
was done for the whole test (0-250 ms). This split-
up helps to detect the crucial phases of the tests for 
variations of the dummy responses. 
 
RESULTS 
 
The dummy responses in the incoming inspection 
after completion of the test series are almost 
identical to those of the certification prior the tests. 
It can be assumed that the performance of each 
BioRID was constant during the whole test series. 
 

In spite of the detailed check of all dummies by the 
manufacturer, there are differences in the hardware. 
The pelvis foam of three dummies was clearly 
stiffer than that of the others. Especially the pelvis 
acceleration is influenced by this stiffness. 
However, the influence on the dummy responses 
decreases from pelvis to head.  
The check of the stiffness of the pelvis foam is 
obviously not covered by the dummy certification 
procedures. 
 
The stability of the hard bucket seats did not 
change during the all test runs. No permanent 
deformations were observed. This was 
demonstrated by comparing the 3D measurement 
results of the static check after half of the tests with 
the initial measurements. In addition, the 
comparison of the backrest accelerations did not 
reveal any significant performance changes. 
 
The 2D measurement values obtained from the 
seating position of the individual BioRID show 
good repeatability which is evident for the high 
accuracy of the test set-up. Figures 6 and 7 give an 
impression on the scatter of the backset and the H-
Point of the dummies. 
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Figure 6.  Backset distribution. 
 
 
The backset of most of the dummies were achieved 
with almost the same value. Only dummy 7 shows 
a slightly larger range of scatter. However, the total 
value of variation is within 4 mm which is still a 
good repeatability.  
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Figure 7.  H-Point distribution. 
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Figure 7 shows the H-Point location for all 
dummies in one out of the four seats exemplarily. 
However, identical positioning accuracy was 
achieved on all seats. The small distribution range 
illustrates the good repeatability and reproducibility 
of the H-Point positioning achieved in this test 
series. 
 
The basic condition to evaluate the repeatability 
and reproducibility capability of the tested 
BioRID-IIg is to ensure identical test runs. Figure 8 
shows all sled pulses plotted in one chart. 
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Figure 8.  Repeatability of all sled pulses. 
 
 
The graph shows good repeatability of the sled 
pulses. This is also confirmed by the coefficient of 
variation (CV) evaluation. The CV=1.83% 
emphasize good repeatability according to the 
rating scheme (Table 4). 
 
For the repeatability and reproducibility analysis of 
the BioRID-IIg responses, a limited number of 
sensors were chosen which are also being used to 
determine the protection potential of car seats 
against WAD. The dummy responses are shown in 
Table 5. 
 

Table 5. 
BioRID-II responses used for evaluation 

 
Location Measurement Dimension

HEAD ax Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]

T8 ax T8 Thoracic Spine acceleration [g]
PELVIS ax Pelvis acceleration [g]

UPPER NECK

LOWER NECK

T1

 
 
 
Two methods were applied to evaluate the 
repeatability and reproducibility of the BioRID-IIg, 
the coefficient of variation (CV) method [6] and 
CORA. Figure 8 to 10 show exemplary the scatter 

of the upper neck shear force (Fx), the 
flexion/extension moment (My) and the lower neck 
tension force (Fz). Every color of the shown figures 
represents a specific dummy. 
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Figure 8.  Repeatability of upper neck Fx. 
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Figure 9.  Repeatability of upper neck My. 
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Figure 10.  Repeatability of lower neck Fz. 
 
 
At first, the CV method was applied. Figure 11 
shows the repeatability results of the BioRID-IIg 
on all four seat positions. The accelerations head-
ax, T1-ax and T8-ax show low variances on 
average. The rating according Table 4 can be 
qualified as good to acceptable. The NIC which is 
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derived from these accelerations (head-ax, T1-ax) 
show a slightly decreased repeatability result and 
can be rated acceptable to marginal. The 
repeatability variances of the pelvis-ax acceleration 
are slightly higher and show a ranking range from 
acceptable to marginal. This slightly higher scatter 
is caused from differences in the pelvis flesh 
stiffness. The load cell responses of the upper and 
lower neck show clearly higher variances. In 
particular the variances of the upper neck shear 
force (Fx) as well as flexion/extension moment 
(My) and the lower neck tension force (Fz) exceed 
the not acceptable threshold considerably. The 
repeatability of the criterion Nkm depends on these 
signals. Hence, there is a wide dummy-specific 
range of the CV rating which moves within 
acceptable to considerable not acceptable. 
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Figure 11.  CV repeatability evaluation. 
 
 
In Table 6 the reproducibility evaluation is 
presented based on the coefficient of variation 
method (CV). The results are similar to the 
repeatability evaluation described before. Again, 
the forces and moments exhibit the highest 
variances. 
 

Table 6. 
CV evaluation of the used BioRID-IIg on all seats 

 
D1 thru D8

NIC 8,06%
Nkm 15,26%
Head-ax 4,95%
T1-ax 8,92%
Upper Neck Fx 13,86%
Upper Neck Fz 9,11%
Upper Neck My 36,85%
Lower Neck Fx 10,93%
Lower Neck Fz 17,39%
Lower Neck My 11,11%
T8-ax 5,67%
Pelvis-ax 10,85%  

 
 
Figure 12 illustrates the CV reproducibility results 
of Table 6 again. 
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Figure 12.  CV reproducibility evaluation. 
 
 
It can be clearly seen, that almost all forces and 
moments exceed the threshold of CV=10% which 
is rated as not acceptable (Table 4). In particular 
the upper neck flexion/extension moment (My) 
shows the highest variances. This high scatter 
decreases the Nkm reproducibility automatically to 
not acceptable as well. The acceleration values 
change within the range 0% to 10% of CV (good to 
marginal).  
 
The second part of the dummy response evaluation 
was conducted by using the objective rating tool 
CORA. As already mentioned, the level of 
correlation of every individual dummy specimen to 
the group of the remaining seven dummies was 
evaluated which resulted in eight CORA results of 
each channel considered. Hence, this evaluation 
method is focused on the reproducibility 
characteristic of the dummies used. It can be 
assumed that the variance of a signal is small if the 
eight ratings are close together.  
 
Table 7 shows the subsections of the signals being 
evaluated. 
 

Table 7. 
CORA - Interval of evaluation 

 
# Description Time [ms]
1 T0  to  Time before Head Contact 0  -  70
2 Time of Head Contact to Time before Head Rebound 70  -  130
3 Time of Head Rebound to End of Test Interval 130 - 250
4 Complete Test Duration 0 - 250  

 
 
Each of the time intervals were evaluated with 
CORA independently.  
 
The evaluation of the acceleration responses of the 
BioRID-IIg are demonstrated in Figure 13 to 16. In 
general, the time intervals before the head contact 
(0-70 ms) as well as head contact (70-130 ms) 
demonstrate a good correlation for all dummy 
acceleration responses considered in x-direction. In 
the rebound phase (130-250 ms) a decrease of the 
correlation can be clearly seen. However, 
considering the time interval of the whole test 
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duration (0-250 ms), the correlation show almost a 
perfect match and do not exactly reflect the 
findings in the time subsections described before.  
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Figure 13.  CORA evaluation of head-ax. 
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Figure 14.  CORA evaluation of T1-ax. 
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Figure 15.  CORA evaluation of T8-ax. 
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Figure 16.  CORA evaluation of pelvis-ax. 
 

Figure 17 to 22 show the evaluation of the upper 
and lower neck load cells. The upper neck load cell 
exhibits a lower correlation in the time interval of 
the head contact (70-130 ms). In particularly the 
upper neck moment My exhibits poor correlation 
(Figure 19) with large variances of the signals.  
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Figure 17.  CORA evaluation of upper neck Fx. 
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Figure 18.  CORA evaluation of upper neck Fz. 
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Figure 19.  CORA evaluation of upper neck My. 
 
 
The signals within the time interval before the head 
contact (0-70 ms) show good correlation.  
 
The lower neck load cell responses exhibit a 
similar correlation like the upper neck load cell 
which is shown in Figure 20 to 22. In contrast to 
the upper neck load cell, the lower neck tension 
force (Fz) shows a lower correlation in the head 
contact time interval along with a clear increase of 
the scatter (Figure 21). However, the lower neck 
moment (My) demonstrates a much better 



Bortenschlager 9 

correlation than of the upper neck load cell in this 
particular time interval.  
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Figure 20.  CORA evaluation of lower neck Fx. 
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Figure 21.  CORA evaluation of lower neck Fz. 
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Figure 22.  CORA evaluation of lower neck My. 
 
 
The correlation shown in the rebound phase (130-
250 ms) exhibits a decreased correlation in 
particular Fx. 
 
In contrast to the consideration of the measurement 
responses in the respective subsections of 
evaluation, the overall ranking over the complete 
test duration (0-250 ms) shows an almost good 
correlation and comparable low deviations for all 
measurement responses.  
 
The evaluation of the injury criteria NIC and Nkm 
according to CORA is shown in Figure 23.  
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Figure 23.  CORA evaluation of injury criteria. 
 
 
It can be seen that the NIC achieves a good 
correlation with very minor variances. In addition, 
the spreading of the correlation dots indicate small 
variances respectively a good reproducibility. On 
the contrary Nkm demonstrates a low correlation 
with high variances of the reproducibility. These 
results correspond with the findings obtained by the 
CV evaluation method. 
 
Simulation 
 
The computational model of the test set-up was 
used to investigate the causes of the scatter of the 
upper and lower neck responses. Figure 24 give an 
impression on these variances. Dummy 4 and 8 
(blue and black curves) seem to be the most 
extreme specimen of the eight BioRID. Especially 
the variances of the curves of the lower neck 
tension force (Fz) and the upper neck 
flexion/extension moment (My) are remarkable. 
They are purely related to the specific dummies 
because of the chosen test methods. 
 
 

D8
D4

 
D8
D4

 
 
Figure 24.  Neck responses of all 12 tests with dummy 
4 and 8. 
 
 
Various parts of the computational BioRID were 
analyzed to find the cause of those variations. At 
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first, attention was paid to potential secondary load 
paths around the load cells. It is possible to 
generate the scatter with the model in principle by 
modifying some parameters. However, as the 
values of those parameters exceed any plausible 
dimension to get these effects, secondary load 
paths could be excluded as cause of the variations. 
So the focus was on parts which were not exactly 
represented in the computational model of the 
BioRID. The probably most important differences 
between hardware and model were found in the 
muscle substitute unit. As showed in Figure 25, the 
modelling technique of this component does not 
exactly match the physical properties. 
 

 
 
Figure 25.  Muscle substitute of physical dummy and 
simulation model. 
 
 
The end of the cable is attached to a slider that 
moves inside a bush. The pretension of the cable is 
adjusted by a spring that is compressed between 
slider and top of the bush. If the cable moves, the 
slider moves inside the bush. The spring is either 
loaded or unloaded. 
The simulation model works in a simplified way. 
The system of slider, bush and spring is replaced 
by a system made of springs only.  
However, the simplified muscle substitute unit of 
the model works well globally but some local 
effects are missing. So the friction between slider 
and bush is not realized in the model. Thus, the 
effects of friction were introduced to the muscle 
substitute unit. In a first attempt the friction force 
was set constant to investigate its general influence 
on the neck responses.  
As the charts of Figure 26 indicates, friction effects 
of the muscle substitute unit (red curves) could be a 
cause of the scatter seen in physical tests. The 
green curves show the responses of the standard 
BioRID model without additional friction effects. 
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Figure 26.  Results of BioRID simulation by using 
different friction values. 
 
 
Friction between slider and bush reduces the peak 
of the lower neck force Fz. The upper neck moment 
My is influenced by this effect too. Its secondary 
peak drops from a positive value to a negative one. 
Compared to that, the friction has a very limited 
influence on the other dummy responses. 
The definition of friction in the modified model is 
initially done in a simple way to investigate its 
influence on the dummy responses. This can be the 
causes for the strong negative peak of My value at 
110 ms. However, the timing of the observed 
changes of the signals are identical to that in the 
tests. 
 
DISCUSSION 
 
This study clearly shows significant influences of 
the dummy on the test results. Especially the neck 
responses can be linked to a specific dummy. As 
these variations are not seen in the certification 
tests, it is questionable if the current test procedure 
for BioRID certification is sufficient to check the 
dummy performance. Furthermore, this procedure 
checks the kinematics of the spine without any 
limitation of the head’s motion. In vehicle test 
applications, the BioRID is used in a totally 
different environment. The neck extension is 
limited by a head rest. Therefore, the range of 
motion of neck as well as the characteristics of the 
measured signals differs significantly to those in 
the certification test. So it is not ensured that all 
BioRID have got a similar performance in the 
actual whiplash tests. 
 
Although all dummies were certified by the dummy 
manufacturer itself, different pelvis flesh stiffness 
was observed. This stiffness influences the pelvis 
accelerations and decreases from pelvis to the head. 

 steel cable 
physical dummy FE - dummy 

 

springs 

cable and spring 
guide, moves with 
spring deformation friction area 
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In general it is essential that the certification 
procedure ensures consistent build levels.  
 
The choice for the hard bucket seats was based on 
the fact to gain as less as possible variances from 
the seat itself. On the other hand, this seat does not 
falsify the variances of the dummy as it usually 
happens with standard vehicle seats. In contrary to 
that, the hard bucket seats are very stable and may 
amplify dummy artifacts. However, it is clear that 
the kinematics of the head is somehow different to 
that in standard vehicle seats. The head tends to roll 
forwards around the OC joint when contacting the 
almost rigid head rest of the hard bucket seat and 
the flexion increases. Therefore, the absolute 
variances of the dummy responses are probably not 
representative to standard vehicle seats. 
 
The accelerations of the dummies indicate the 
global kinematics as reproducible. However, not all 
signals especially neck forces and moments do 
reflect this finding. 
 
The study examine significant differences in 
variances during the three phases of a test – before 
head contact, during head contact and during 
rebound. Whereas the reproducibility in the first 
and last phase is quite good, the dummy responses 
scatter significantly during the head contact phase. 
However, the global correlation of the dummy 
responses is good, because the relevant test phase 
(70-130 ms) is quite short compared to the duration 
of the whole test (250 ms). This result does not 
exactly reflect the findings during the head contact 
phase which allows the conclusion that the global 
correlation makes no sense in this context. 
Obviously, some external boundary conditions 
which can not be directly influenced induce high 
variances of dummy responses. For example very 
minor changes of the head impact conditions such 
as head angle or impact location can cause these 
differences.  
 
In this study the injury criteria are not criticized as 
well as their relevance to WAD is not discussed at 
all. However, the measurement signals to be used 
to calculate these criteria are subjected to high 
variances. Hence the criteria scatter, too. These 
variances can also be seen in tests with vehicle 
seats. [2, 3]. 
 
For a reliable assessment of the protection potential 
of car seats against WAD, it is essential that the 
criteria used are obtained from test data of high 
reproducibility. Any rating procedure has to 
identify good as well as poor protection potential of 
car seats reliably. Otherwise, the meaning of such a 
rating procedure is very limited. 
 

The focus of the numerical simulation was on the 
investigation of the scatter of the neck responses. 
Previous studies [3] checked the influence of 
tighten or loose spring-damper systems on the 
dummy responses. The effects on the neck 
responses could not be reproduced by varying 
initial conditions of the springs and dampers. Also 
the assumption of the existence of secondary load 
paths around the neck load cells could not be 
verified by parametric studies with the BioRID 
model.  
Finally, in-depth analyses indicate that variations of 
the friction inside the muscle substitute unit might 
be the cause of the neck response variations. The 
friction force could be influenced by the 
smoothness of the surfaces of slider and bush as 
well as by tolerances of the size of both parts, 
resulting in jamming between slider and bush. As 
this friction effect seems to be essential, these parts 
should be checked dynamically in one of the 
dummy certification procedures. However, these 
first findings have to be verified in further 
investigations. 
 
CONCLUSIONS 
 
This study comprises the evaluation of eight 
individual BioRID-IIg dummies under well defined 
testing conditions. Despite minimizing the 
variances from the test environment, large scatter 
of dummy responses were found. It could be 
examined that the distribution of the scatter is 
dependent on the different kinematics phases 
(before head contact, head contact, rebound phase) 
during the test event.  
The highest variances of the dummy responses 
were detected during the time interval where the 
head is in contact with the head rest. Especially the 
forces and moments of the upper and lower neck 
load cells showed the highest variances, whereas 
the accelerations are almost good repeatable and 
reproducible. 
 
The BioRID certification procedure only assesses 
the head/neck kinematics without head contact. The 
certification data do not show high variances of the 
signals. The analysis of the test data confirms that 
the variances of the dummy responses are very low 
before the head contacts the head rest. This 
particular time interval is comparable to the 
certification tests where no head contact occurs. 
However, the highest variances happen at the time 
interval of the head contact. It is questionable if the 
current certification procedure is sufficient to check 
the dummy performance for the current whiplash 
test procedures. 
 
The numerical simulation could clearly show a 
similar effect on the variances of the neck load 
cells by varying the friction force of the muscle 
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substitute units. This can be a potential cause for 
the significant variances seen in the tests. However, 
further investigations are needed to confirm this 
finding. 
 
Most of the injury criteria are derived from peak 
values, when the signals show the highest values. 
Unfortunately, this happens usually during the head 
contact time interval, when the BioRID exhibits the 
highest variances of the responses. Therefore, it is 
all the more important that a whiplash assessment 
procedure should not be based on such high 
variable parameters in order to get repeatable seat 
assessments. 
 
OUTLOOK 
 
As mentioned above, some items need to be 
investigated in the future. At first, the assumption 
that changing friction inside the muscle substitute 
unit causes the variation of some neck responses. 
This has to be done with the BioRID model as well 
as with the dummy parts. These parts could be 
checked separately in a simple component tests.  
Secondly, the current certification procedures 
should be discussed with the dummy manufacturer 
and users to include some additional checks of the 
consistence of the build level. Furthermore, any 
update should replace or supplement the current 
dynamical certification test by a test with more 
application-oriented loading conditions. Such an 
improved test would probably cover the mentioned 
friction-related problems too. 
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ABSTRACT 
 

Crash test dummies act as a surrogate for humans in 
high loading conditions. Their anthropometry and 
properties have been retrieved in extensive research 
in the field of biomechanics. Accessibility to 
technical drawings and other specifications of crash 
test dummies is normally limited to their 
manufacturers. Furthermore, the hardware is 
affected by manufacturing tolerances, especially the 
complex shapes of dummies. Nevertheless reliable 
numerical simulation models are needed to support 
virtual engineering processes. 

In order to build up a Finite-Element-Method 
(FEM) simulation model, a process was defined to 
retrieve all relevant data by investigation of the 
hardware. The BIORID-II dummy was chosen to 
demonstrate this process. 

In a first step, it was necessary to capture the 
geometry of the BIORID-II. It is important to 
identify not only the exact geometry of every single 
part but also the assembly to know about the initial 
position. Different measuring methods such as 
optical 3D scanners, photographic analysis and 
manual measuring methods were used for this 
purpose. Based on these geometrical data FEM 
meshes were created. 

In a next step, functional characteristics of 
subassemblies were analyzed by separate testing. In  

case of the BioRID II - Dummy, the behavior of 
different springs, dampers and cables were 
determined, especially the characteristic of the 
materials. In the spine of the dummy several pre-
stressed elements made of hyper-elastic materials 
exist, therefore not only the behavior of the material 
but also the initial condition were important. 

For validation purposes, three different tests have 
been used: the prescribed calibration test, an 
additional sled test, both with the torso only, and a 
sled test with a car seat and the whole dummy. The 
numerical simulations showed good accordance in 
comparison to both hardware tests and component 
tests. The calibration test was passed. 

INTRODUCTION 

According to the Economic Commission of Europe, 
about 14.9% of accidents in Europe are rear 
impacts [10]. 

 

Figure 1: Fraction of rear-end collisions (1/2) 
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Figure 2: Fraction of rear-end collisions (2/2) 

In Figure 1and Figure 2 the fraction of rear-end 
collisions relative to the number of accidents in 
different countries is shown. 

Within these accidents, the risk for so-called 
Whiplash Associated Disorders (WAD) [8] is two 
times higher than in two- way traffic  
(see Figure 3 [9]). 

 

Figure 3: Appearance of Whiplash Associated 
Disorders according to accident types [9] 
The black column shows the number of all involved 
belted occupants, the white column the number of 
involved belted occupants with a WAD injury. The solid 
line shows the fraction between these two numbers. 
WAD injuries are two times more frequent in rear end 
collisions compared to frontal and side collisions.  

The injury mechanism has not been definitely 
clarified yet, and is still under investigation. 
Research in biomechanics, carried out by Chalmers 
University of Sweden and Denton ATD [2], has 
resulted in the development of the BioRID II 

dummy. This manikin reproduces the typical 
kinematics of a human being in a straight, two 
dimensional rear end collision. For development of 
systems for neck protection, dynamic testing (e.g. 
the new Euro-NCAP whiplash assessment) [7] is 
widely used by automotive industry. Yet, 
requirements of time-to-market and cost-efficient 
development processes also require numerical 
simulation models of the BioRID II. 

The present paper describes a method how to build 
up a numerical FEM model based on investigation 
of the hardware. This approach was chosen for two 
reasons: First of all, technical drawings and other 
specifications of dummies are usually not 
obtainable outside of the manufacturing company. 
Secondly the properties of the hardware are 
affected by manufacturing tolerances.  

The BioRID II dummy was used for demonstration 
of the process described here. It is based on the 
Hybrid III Dummy and modified in the following 
body regions [2] (see Figure 4): 

 

Figure 4: BioRID II Dummy, configuration [2] 

The extremities were adopted from this dummy, 
torso and the head/neck region were redesigned: In 
the BioRID II a new articulated spine with 7 
cervical, 12 thoracic and 5 lumbar vertebrae was 
implemented. The neck contains a pre-stressed 
system with cables, springs and dampers to 
reproduce the behavior of muscles. Cervical 
vertebrae made of rubber belong to this pre-stressed 
system. The silicon flesh of the torso contains a 
water filled bulb to represent soft tissue. Head and 
pelvis are based on the Hybrid-III design and were 
modified for connection to the new torso. 
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METHODOLOGY  

For carrying out the investigation a hardware model 
of the BioRID II dummy was available. The 
proposed process can be described by a modified 
V-model approach, see Figure 5. It starts by 
disassembling the hardware into subsystems and 
components. All parts are modeled and simulated. 
Suitable experiments from component to system 
level provide data for verification of the model at 
all levels.  

Figure 5: Working process (V-model approach) 

 

Starting from the complete hardware, the dummy 
was modeled, simulated and verified at different 
levels of complexity (component, subsystem and 
system level) 

The whole process is divided into five main steps: 

- Capturing the geometries 

- Translating geometries to CAD data 

- Generation of the FEM meshes 

- Development of the single components 

- Validation of the model 

 

Capturing the geometries 

In a first step, the geometry of the dummy was 
digitized. Therefore both the surfaces of every 
single part and the shape of the assembled object 
were captured. 

Most of the outer parts of the dummy are made of 
soft materials. So it was decided to use a contactless 
method for recording the outer shape of the whole 
dummy to avoid influences due to compression of 
single parts. An optical 3D scanner had been 
selected because of its fast mode of operation (see 
Figure 6).  

 

Figure 6: Optical 3D-scanner Atos III (GOM) 

To capture the parts, the dummy was disassembled 
completely. Every single part was examined to 
decide for the adequate method for capturing its 
geometry. Simple shapes like cylindrical bolts were 
measured by using manual procedures. More 
complex parts were digitized by using the 3D 
scanner (see Figure 7). 

  

Figure 7: 3D- scan of the dummy head  

The torso of the dummy presents the most complex 
component. It is too unstable to catch the whole 
part with the 3D scanner with a single scan. 
Therefore it was necessary to turn it around. That 
movement caused deformations and it was not 
possible to get consistent measurement data. To 
identify the outer geometry manual as well as 
scanner based methods were used in conjunction 
with geometrical matching concerning the attached 
parts. The internal parts like the water bulb were 
captured by using x-ray in combination with the 
above mentioned methods (see Figure 8).  
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Figure 8: X- ray photograph of the torso  

 

Translating geometries to CAD data 

It appeared that the accuracy of the geometries 
provided by the 3D system was limited for creating 
FE meshes. Because of the complexity of the 
generated geometry it is intricate to use them as 
base for meshes. So the next step was to develop a 
CAD model based on the available geometrical data  

 

Generation of the FEM meshes 

The CAD data provided a suitable base for the 
meshing process and a complete FEM mesh of the 
dummy was built. 

Again, the torso was the most challenging part for 
meshing. It was necessary to use 3D elements 
(solids) to represent it in the FE model  
(see Figure 9). Due to its complex shape automated 
meshing routines could not be used to build up the 
mesh so it had to be done manually. 

   

Figure 9: FEM-mesh of the torso  

 

Development of the single components 

To reproduce the behavior of the dummy in FEM 
simulation it was necessary to determine the 
characteristics of materials and its functional 
subassemblies.  

First of all the material had been characterized. 
Therefore several hardware tests with the different 
materials like the silicon of torso and extremities 
and the bumpers at the spine were carried out: a 
pendulum was used to identify the dynamic 
behavior of the materials at different strain rates. 

 

Figure 10: Pendulum for material tests from 4A 
(formerly A.P.E.) 

For this reason defined material samples had been 
loaded dynamically by a pendulum. The 
deceleration of the pendulum was used for the 
determination of the material data (see Figure 10). 

In a next step the components like the springs at the 
spine were tested concerning their behavior. 
Because of some known characteristics [4] it was 
agreed on skipping testing of the rotational damper. 

 

Validation of the model 

To validate the model on system level three tests 
were chosen: 

- Denton calibration test [3]  

This test is prescribed to calibrate the 
hardware dummy within its designated 
loading conditions. The torso is mounted 
onto a rack without pelvis and extremities. 
A pendulum accelerates the rack according 
to a predefined acceleration pulse. Several 
dummy responses have to stay within 
prescribed corridors. Tests and simulations 
were performed according to the official 
calibration protocol data. [5]. 
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- Sled tests with torso only 

These tests had been performed with a 
special defined configuration. It is similar 
to the Denton calibration test but an 
adjustable headrest is included. The 
acceleration was oriented at the trapezoid 
shaped pulse of the EuroNCAP procedure 
for seat tests [7]. 

- Sled tests with whole dummy and car seat 

To validate the behavior of the model in a 
realistic environment, testing data of sled 
tests were provided by the project partners. 
The tests included a whole dummy inside 
of a car seat. 

 
RESULTS 

 

The project’s aim was to build up an accurate FEM 
model of dummies based on inspection of the 
hardware. The model should achieve the following 
defined criteria: 

- The model’s geometry in the model should 
fit to the hardware 

- The components should reproduce the 
characteristics of the hardware 

- The subsystems should reproduce the 
characteristics of the hardware 

- The dynamic behavior of the whole model 
should reproduce the behavior of the 
hardware 

 

Geometry 

The overlay of captured geometry and mesh shows 
the accordance of single parts and assembly (see 
Figure 11). 

 

Figure 11: Accordance of CAD- Data (base of 
the mesh) and captured geometry  
The transparent parts represent the captured geometry, 
the opaque parts are showing the FE mesh 

 

Validation tests on component level 

For material tests, original components were used 
to derive the properties of the FEM material model. 
Figure 12 shows the accordance between test and 
simulation by the example of the torso flesh 
material. 

 

Figure 12: Accordance of simulation and test 
The continuous lines show test results, the dotted lines 
show the according simulations 

 

The behavior of the rotational damper- sub- model 
fits to the specified corridors (see Figure 13). The 
neck springs have been tested by static charging 
tests. 
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Figure 13: Characteristic of the rotational 
damper with 9kg- charging; limits according  
to [3] 

 

Validation tests on subsystem level 

In the present case study “BioRID II” it was 
essential to implement pre-stress in the spine 
subsystem. Therefore simulation models were 
prepared to simulate the pre-stress in the neck by 
emulating the assembly process (see Figure 14). In 
a first step the spine subsystem was assembled 
without stressing the bumper elements of the 
vertebrae. This was followed by a second step 
where the spine was positioned into its design 
position, thereby stressing the bumper elements.  
Then, these results were used to create a model for 
finding the balanced state of equilibrium. 

 

First step: assembly: The bumper is built in without 
deformation 

 

Second step: The vertebra is rotated to initial 
position, so the bumper is pre- stressed 

Figure 14: Setting up pre-stress in bumpers 

Validation tests on system level 

To validate the dynamic behavior three tests were 
used. 

 Denton calibration test - For this test, the 
torso of the dummy was mounted on a rack without 
pelvis and extremities (see Figure 15). 

 

Figure 15: Experimental design of the Denton 
calibration test [1]  

A pendulum accelerates the rack to get a defined 
longitudinal acceleration. The sled acceleration and 
velocity were preset in the simulation according to 
the calibration test [5].To pass this test it is 
necessary that several dummy responses stay within 
defined corridors, Figure 16 shows the location of 
these signals. In Figure 17 to Figure 21 the results 
of the FEM simulations are illustrated, all dummy 
responses pass the requirements. The requirements 
can be differentiated in a “peak corridor” 
requirement where signal peaks have to be within 
certain limits without respect to timing and a “tube 
corridor” requirement where signals have to be 
within a corridor with respect to time. 

 

Figure 16: Location of the analyzed values  
Here the measured values are shown (compare to  
Figure 17 - Figure 21) 
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Figure 17: Acceleration of the 1st thoracic 
vertebra (Denton calibration test) 
The initial peak of the T1 acceleration in longitudinal 
direction is within the peak corridor (dotted line).   
 

 

Figure 18: Rotation of the 1st thoracic vertebra 
(Denton calibration test) 
The rotation of T1 stays within the tube corridor (dashed 
line) with respect to timing. 

 

Figure 19: Relative rotation between head and 
4th cervical vertebra  
The initial peak of the relative rotation between head and 
C4 passes requirements of the peak corridor (dotted  line) 
and the tube corridor (dashed line) in the later phase of 
the movement. 

 

Figure 20: Relative rotation between 4th cervical 
and 1st thoracic vertebra (Denton calibration 
test)  
The initial peak of the relative rotation between C4 and 
T1 passes requirements of the peak corridor (dotted line) 
and the tube corridor (dashed line). 

 

Figure 21: Relative rotation between head and 
1st thoracic vertebra (Denton calibration test)  
The relative rotation between head and T1 stays within 
the tube corridor (dashed line). 

 Sled tests with torso only - These tests were 
done to retrieve reliable validation data. For this 
reason a reproducible test-setup was chosen that 
was similar to the Denton calibration test, but 
includes an adjustable head restraint (see Figure 
22). The rack was accelerated by a sled system 
(HyperG, [6]). The preset pulse is shown in  
Figure 23. 

2 
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Figure 22: Configuration of the sled test 

 

Figure 23: Acceleration of the sled test 

For validation purposes, the results of the 
simulation are compared to the measurement data 
of the hardware test. Exemplarily, the accelerations 
in longitudinal direction of head, C4, T1 and T8 
and the force in longitudinal and vertical direction 
between head and C1 are illustrated in Figure 24 to 
Figure 29. 

All calculated dummy responses correlated to the 
experimental results in a satisfying manner. 
Experiments which showed the repeatability and 
reproducibility of the experiments were not 
performed within the scope of the project. 
Magnitude of peaks and the overall time history of 
the simulated dummy responses are expected to fit 
within the accuracy of repeated tests. For the 
accelerations of the different vertebrae some higher 
frequency oscillation is observed. 

 

Figure 24: Acceleration of the head x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the head 
acceleration in longitudinal direction coincide 
sufficiently. 

Figure 25: Acceleration of the 4th cervical 
vertebra x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the C4 
acceleration in longitudinal direction coincide 
sufficiently. Higher frequency oscillation in the 
experiment is observed. 

Figure 26: Acceleration of the 1st thoracic 
vertebra x (sled test) 
Again, peak acceleration and time history of FEM 
simulation (solid line) and experiment (dashed line) of 
the T1 acceleration in longitudinal direction coincide 
sufficiently. 
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Figure 27: Acceleration of the 8th thoracic 
vertebra x (sled test) 
A similar behavior as observed for C4 and T1 is also seen 
in T8 longitudinal acceleration. 

Figure 28: Force between head and the 1st 
cervical vertebra x (sled test) 
Time history of the shear force between head and C1 
show good accordance. The head restraint contact can 
bee seen between 100 and 125ms. 

Figure 29: Force between head and the 1st 
cervical vertebra z (sled test) 
Time history of the axial force between head and C1 
show good accordance for the peak values. Minor 
deviation in the initial compression phase is observed. 

 

The overall comparison between simulation and test 
showed that the model was able to reproduce the 
dynamic behavior of the hardware dummy in a 
satisfying manner.  

 

CONCLUSIONS 

Numerical FEM models of crash test dummies such 
as the BioRID II are a suitable tool for the 
development of vehicle safety systems. The 
BioRID II model allows for cost effective 
parameter studies for an improved head restraint 
and seat design. In order to predict the risk for 
Whiplash Assocociated Disorders (WAD) in a 
satisfying manner, high requirements on the 
prognosis quality of dummy responses are essential. 
In particular, modeling of the BioRID II is a 
difficult task because of the lack of geometry, 
material and other property data. Furthermore, the 
complex design of the articulated spine with pre-
stressed elements requires a high level of detail in 
the model. In the present study a development 
process has been shown which is following the V 
model approach. The modeling of the dummy is 
based on the hardware which was disassembled and 
investigated. The full system of the dummy was 
broken down into subsystems and components. 
Modeling and simulation were performed on the 
corresponding level. The geometry of each 
component, the subsystem and full system was 
received by a combination of 3D scanner methods 
and manual measurements. Validation tests on 
different level of complexity were performed to 
retrieve reliable validation data.  
Following this process of validation on different 
levels a FEM model with satisfying prognosis 
quality with respect to dummy kinematics, 
responses and injury criteria was built. 
The limitation of this study is mainly related to 
further experimental test data. On the one hand 
repeatability and reproducibility tests to investigate 
the spread in the dummy responses would be 
helpful; on the other hand additional tests with 
other loading conditions would further improve the 
results.  
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ABSTRACT 
 
The JNCAP intends to introduce a minor neck 
injury protection performance evaluation test 
method within the JNCAP program. Our research 
began with a 4-year project in 2005. In the first 
year, we conducted rear-end vehicle collision tests 
using a MDB to ascertain vehicle rear crash 
characteristics. In the second year, we conducted 
crash tests to allow changing the test conditions 
such as braking effect and excluding the influence 
of the MDB honeycomb. Basic data collected 
included floor G during a crash and measurement 
of the dummy injury level. In the third year, we 
conducted dynamic component sled tests to select 
an actual vehicle crash test or sled test. As a result, 
we found that the vehicle seat structure has a 
greater influence on the results than the vehicle 
structure. Additionally, in examining the sled 
acceleration pulse which represents the vehicle 
crash, we found that the crash characteristics of 
recent vehicles exhibited a triangular pulse rather 
than a trapezoidal pulse in the actual rear-end 
vehicle crash test. Delta-V is determined based on 
the cumulative figures for the rear-end crash 
accident speed rate. In the final year, all research 
results and conclusions were incorporated in our 
test protocol, and trial tests were conducted using 
the draft test procedure, which consists of the 
dynamic component sled test with a generic 
triangular pulse of delta-V=20 km/h. Effective 
evaluation indices will be finalized using recent 
biomechanical information. We will then publish 
all research results and present our final proposal. 

 
1. Background 
 
Thirty percent of traffic accidents in Japan are 
rear-end collisions and more than 90% of 
involved drivers sustain a neck injury1. When 
focusing on long-term injuries resulting from 
vehicle collisions during the decade from 1992 to 
2002, the rear-end collisions were second and the 
most common were head-on collisions. The 

number of rear-end collisions increased annually 
and in 2002 comprised 24% of all accidents 
resulting in long-term injury2. Comparison of 
traffic accident injuries reveals that rear-end 
collisions are responsible for 38% of all injuries, 
resulting in 456,421 victims. This is now the most 
common type of traffic accident and the human 
loss has reached 288.8 billion Yen, second only to 
pedestrian-vehicle accidents. Neck injuries, 
specifically, account for 76% of rear-end collision 
injuries3.  
Technical countermeasures, such as the neck 
injury reduction seat, are gradually becoming 
more common in the market. The JNCAP will 
introduce an assessment program for neck injury 
protection performance in rear-end collisions to 
reduce neck injuries, popularize protection 
devices, and promote technological improvement.  
 
2. Prerequisite condition 
 
Dynamic evaluation will be introduced using an 
improved biomechanical rear-end collision 
dummy. Based on our study, the BioRID IIg was 
selected; it has been studied in the global 
technical regulation No. 7 (gtr-7) and is used by 
the Euro NCAP and IIHS. Due to budget 
constraints, we try to avoid overlap with 
regulations and the NCAP. Static geometric 
measurements for head restraints, which are based 
on the gtr-7, will be stipulated in national 
regulations in the near future. Therefore, we will 
not include this evaluation. Although it is 
preferable to use multiple pulses to eliminate 
pinpoint countermeasure, we intend to select a 
single pulse for evaluation for economic reasons. 
Our main goal is the reduction of long-term 
injuries, as a part of a broader aim to reduce fatal 
or serious injuries. 
 
3. Considerations in introducing dynamic 

collision test    
   
At first, the appropriateness of conducting a 
rear-end collision vehicle crash test was examined 
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as a part of the program. We initially considered 
using the frontal collision test car for the rear-end 
collision test due to budget constraints. However, 
industry experts strongly opposed using the same 
vehicle for both frontal collision and rear-end 
collision tests because damage from the first 
collision could influence the results of the second 
collision. This idea was therefore discarded.  
The influences of vehicle and seat structures were 
then examined because Haland et al.4 reported 
that seat structure is a greater factor for neck 
injury from rear-end collisions than vehicle 
structure. As a first step, we studied the crash 
pulse of a Moving Deformable Barrier (MDB) 
crashed into the rear of test vehicles (see Figure 1). 
Test results are shown in Table 1 and Figure 2-1, 
2-2 and 2-3. 

 

Figure 1. Test car vs. MDB rear-end collision 
Test 
In these tests, Case 1 and 3 showed 2-peak pulses, 
which were also reported by Avery (2001) 5, but 
case 2 did not, possibly because the mass of the 
tested vehicle was much heavier than that of the 
MDB and this influenced the energy-absorbing 
characteristic of the MDB. In the MDB barrier 
test, the crash pulse may have been affected by 
the barrier characteristics, and may have included 
tire influences because the brake was applied in 
the crashed test vehicle. 
 

   
 

Table 1. Acceleration pulse produced by 
MDB-to-car crash 

Tp: Time when acceleration became minus, after 
more than 90% speed change was recorded.                         

Conditions were modified to eliminate these 
influences by conducting the test using a Moving 
Rigid Barrier (MRB). Figure 3 shows the exterior 
of the MRB, which has a mass of 1110 kg with 
plywood. 

 
Figure 2-1. Acceleration pulse (MDB to car test, 
delta-V=23.4 km/h) 

 
Figure 2-2. Acceleration pulse (MDB to car test, 
delta-V=15.5 km/h) 

 
Figure 2-3. Acceleration pulse (MDB to car test, 
delta-V=16.7 km/h) 

 

MDB to Car Case 1 Case 2 Case 3 
 Filter Value Time  

(m sec) 
Value Time 

(m sec) 
Value Time 

(m sec) 
Peak Vehicle C.G. Ax (g) CFC20 14.7 44.1 13.3 35.2 10.8 47.4  
Peak Vehicle C.G. Ax (g)  CFC36 15.5 43.0 14.4 34.7 11.8 45.4 
Peak Vehicle C.G. Ax (g) CFC60 15.7 43.6 16.3 35.6 13.1 42.9 
Mean Vehicle C.G. Ax G) 
(Tzero –TP) 

- 7.31 87.1 
(Tp) 

7.18 58.2 
(Tp) 

5.51 85.9 
(Tp) 

Vehicle C.G. Vel. Change (km/h) - 23.4 147.9 15.5 80.9 16.7 85.5 
Impact speed (km/h) - 30.2 - 30.2 - 30.3 - 
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Figure 3. MRB (Moving Rigid Barrier) 
In the MRB test, masses of the three test vehicles 
were adjusted to the same mass and the brake was 
not applied to conduct the tests under conditions, 
which permitted the characteristics of the vehicle 
structures to be evaluated easily. The MRB test 
results are shown in Figure 4-1, 4-2 and 4-3. 
The two-peak characteristic was not observed in 
the change of vehicle acceleration; case 1 and 3 
showed a high peak in the initial stage, but case 2 
showed a trapezoidal shape without a clear peak. 
One reason that case 2 produced a different 
acceleration pulse may be that the vehicle had a 
bumper crash box that absorbed energy during the 
rear-end crash (see Figure 5). 

 
Figure 4-1. MRB-to-car test 1 (delta-V=17.2 
km/h) 

 
Figure 4-2. MRB-to-car test 2 (delta-V=17.9 
km/h) 

 
Figure 4-3. MRB-to-car test 3 (delta-V=17.6 
km/h) 

 

 
Figure 5. Photo of bumper crash box 
 
Next, we studied the feasibility of conducting sled 
test for neck injury protection performance 
evaluation based on the results of the MRB test. 
For the sled pulse, the MRB test pulses of case 1 
and 2 were used. Five seats were used, including 
the seats of case 1 (A seat) and case 2 (B seat), as 
well as three evaluated by the IIHS; two better 
performing seats (D and E) and one poor 
performance (C). Figure 6-1 shows comparisons 
of the Euro NCAP pulses and actual vehicle crash 
pulses, and Figure 6-2 shows comparisons of the 
Euro NCAP pulses and the re-produced sled 
pulses. 

EuroNCAP High・Medium・Low pulse and vhicle's pulse A and B
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Figure 6-1. Comparisons of Euro NCAP pulses 
and test vehicle pulses of seat A and seat B  

 

EuroNCAP High・Medium・Low pulse and sled simulated pulse A and B
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Figure 6-2. Comparisons of Euro NCAP pulses 
and sled-simulated pulses of seat A and seat B 
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Table 2. Sled test conditions 

 

  
Figure 7. Sled test 
 
 
 
 
 

  

 

 
Tests were conducted under these conditions 
using a BioRIDⅡg dummy, the same as used in 
the vehicle crash tests (see Figure 7).  Sled 
pulses shown in Figure 8-1 and 8-2 and five 
different seats were employed under the same 
condition. Table 2 shows the testing conditions 
described above. 
Figure 9 shows comparison of dummy response 
using a triangular pulse and the test results of 
vehicle A. Table 3 shows the dynamic responses 
of the dummy of the sled test (A seat) and vehicle 
A test. In the table, MY shows a slightly different 
behavior, but the sled test reproduced nearly the 
same results as the vehicle test. Table 4 shows a 
comparison of the head contact times of the sled 
test (seat A) and vehicle A test. 
 

 
Figure 8-1. Sled acceleration pulse (triangular 
pulse) 
 

 
Figure 8-2. Sled acceleration pulse (trapezoidal 
pulse) 
 

 
Figure 9. Dynamic responses of main body 
regions of dummy (Comparison of triangular 
pulse vs. vehicle test results) 
 
 
 
 
 
 

Dummy Pulse Target speed 
(km/h) 

Test No Type of seat 

 
 
 
 

BioRID Ⅱg 

 
Triangular 

Pulse 

 
 

17.2 

2007-A-11 Passive seat 
2007-B-11 Normal seat 
2007-C-11 Normal seat 
2007-D-11 Whips seat 
2007-E-11 Reactive seat 

 
Trapezoidal 

Pulse 

 
 

17.9 

2007-A-12 Passive seat 
2007-B-12 Normal seat 
2007-C-12 Normal seat 
2007-D-12 Whips seat 
2007-E-12 Reactive seat 
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Table 3. Dynamic responses of dummy 
(comparison of triangular pulse and vehicle 
test results) 

 
 

 
Table 4. Head contact time for sled test and 
vehicle test (triangular pulse vs. vehicle test 
results) 

       
 
 
 
 
 
 
                                                     

Unit:msec 
 
Table 5. Dynamic response of dummy 
(trapezoidal pulse vs. vehicle test) 

 

 
 
 
 
 

Table 6. Head contact time for sled test and 
vehicle test (trapezoidal pulse vs. vehicle test 
results) 

Unit: msec 

 
Figure 10. Dynamic response of dummy main 
regions (comparison of trapezoidal pulse vs. 
vehicle test results) 

Figure 10 shows the dynamic response of the 
dummy using a trapezoidal pulse and the test 
results of vehicle B. Comparing sled test to the 
vehicle test, the maximum values of FX and FZ 
are markedly different. This means reproducibility 
of the sled test was insufficient, perhaps because 
the sled machine did not accurately simulate 
acceleration of the vehicle crash. Table 5 shows 
the dynamic response of the dummy of the sled 
test (B seat) and vehicle B test. Table 6 compares 
the head contact time for the sled test (B seat) and 
vehicle B test. Table 7 and Table 8 show the 
dynamic responses of the dummies in the sled 
tests using triangular pulse and trapezoidal pulse 
to compare the five different seats. We compared 
the seat of vehicle A using a triangular pulse to 
the seat of vehicle B using a trapezoidal pulse, 
then compared the seat of vehicle A using a 
trapezoidal pulse to the seat of vehicle B using a 
triangular pulse. The test results show that seat A 
tended to have lower dummy response levels, 
whereas seat B had higher values. In these tests, 
we found and confirmed that the influence of the 
seat dominated the influence of the crash pulse (or 
vehicle structure). Additionally, the order of the 
seat performance did not change even when the 
triangular and trapezoidal crash pulses were 
exchanged. 

Test No Hx Acc. 
(m/s2) 

 

T1-R 
Acc. 

(m/s2) 
 

T1-L 
Acc. 

(m/s2) 
 

Upper 
FX 
(N) 

 

Upper 
FZ 
(N) 

 

Upper 
MY-Flx. 

(Nm) 
 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m2/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4 683.4 20.3 -6.0 17.4 18.2 
Vehicle test -195.0 -141.7 -142.5 161.8 664.9 24.2 -5.0 21.5 21.6 

 2007-A-11 Vehicle test 
Backset 53.0 50.0 

Contact start 64.3 64.0 
Contact end 147.0 160.0 

Contact Time 82.7 96.0 

Test No. Hx Acc. 
(m/s2) 

T1-R 
Acc. 

(m/s2) 

T1-L 
Acc. 

(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 

(Nm) 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m/s2) 

207-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 
Vehicle test -284.1 -201.3 -198.9 167.3 861.9 22.4 -10.2 40.2 40.3 

 2007-B-12 Vehicle test 
Backset 79.0 80.0 

Contact start 78.0 72.0 
Contact end 143.0 148.0 

Contact Time 65.0 76.0 
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Table 7. Dynamic response of dummy (triangular pulse) 

 
Table 8. Dynamic response of dummy (trapezoidal pulse) 

 
As a result, we decided to introduce the sled test 
method for the evaluation of neck injury 
protection performance. We also compared injury 
levels using the triangular pulse and the 
trapezoidal pulse shapes. We expected test results 
using the triangular pulse to show a higher level 
of neck injury than the trapezoidal pulse, but the 
results were the opposite. The reason may be that 
not only peak acceleration but also average 
acceleration has some influence. 
 
4. Study of test crash pulse 
Through these vehicle tests, we found that many 
recent vehicles have a crash pulse characteristic 
with a triangular pulse or a 2-peak pulse, and the 
dummy response with a triangular pulse has better 
reproducibility than an actual rear-end vehicle 
crash. 

  
Based on this finding, we studied maximum 
acceleration, average acceleration and duration 
time as shown in Table 9-1, 9-2 and 9-3. Neck 
injury frequently occurred in rear-end crashes 
which had delta-V= 10~20 km/h. We conducted 
vehicle tests using this range of delta-V, and had 
gained the maximum acceleration of 100~130 
m/s2, average acceleration of 45~70 m/s2, and 
duration time of 80~110 ms (see Table 10). 
Next, we studied the influence of delta-V in neck 
injuries because delta-V is influenced by the mass 
of crashed vehicle.  We found that increasing 
delta-V tends to provide higher dummy response 
values (see Figure 11, 12 and Table 11, 12). 
Figure 11 shows  selected sled pulses and 
Figure 12 presents the dummy dynamic responses 
of three different delta-V pulses. 

 

  
Figure 11. Sled pulses 

 
Figure 12. Dynamic response of main region of 
dummy 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4  683.4 20.3 -6.0 17.4 18.2 
2007-B-11 -316.8 -152.5 -151.0 237.6 1402.4 30.1 -9.0 23.7 24.3 
2007-C-11 -341.6 -151.7 -150.7 441.2 1470.6 26.2 -5.3 36.2 36.3 
2007-D-11 -188.5  -95.6 -99.1  76.1  520.9 20.5 -5.5 13.4 14.4 
2007-E-11 -190.9 -134.5 -134.7  -0.6  504.2 15.6 -4.2 15.6 15.9 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ex
t. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-12 -202.1 -175.7 -166.0 253.3  770.8 26.8 -6.6 21.8 22.1 
2007-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 

2007-C-12 -360.5 -159.2 -165.9 472.2 1570.4 25.3 -4.0 45.6 45.6 
2007-D-12 -194.0 -110.9 -111.1  73.4  484.6 23.6 -6.8 16.3 16.0 

2007-E-12 -199.3 -140.3 -136.5  -3.0  578.5 16.5 -3.1 20.1 19.7 
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Table 9. Maximum acceleration, average acceleration, duration time 
Table 9-1. Car-to-Car Test (tested by ITARDA) 
Car to Car Filter Case 1 Case 2 Case 3 Case 4* 
Max. acceleration (m/s2) CFC 60 101.9 162.7 162.7 53.9 
Ave. acceleration (m/s2) - 47.63 80.07 78.60 27.44 
Duration (ms) - 111.6 107.7 105.0 128.5 
Delta-V (km/h) - 19.0 27.7 23.2 12.6 
Collision speed (km/h) - 35.2 49.9 30.1 29.1 

* Note: In Case 4, the crashed car was a one-box type vehicle, which possibly nose-dived. 
 
Table 9-2. MDB to Car Test 
DB to Car Filter Case 1 Case 2 Case 3  
Max. acceleration (m/s2) CFC 20 144.1 130.3 105.8 
Ave. acceleration (m/s2) - 71.64 70.36 54.00 
Duration (ms) - 147.9 80.9 85.5 
Delta-V (km/h) - 23.4 15.5 16.7 
Collision speed (km/h) - 30.2 30.2 30.3 

 
Table 9-3. MRB to Car Test 
MRB to Car Filter Case 1 Case 2 Case 3 
Max. acceleration (m/s2) CFC 20 136.2 112.7 141.1 
Ave. acceleration (m/s2) - 60.17 79.16 69.19 
Duration (ms) - 109.9 90.9 70.0 
Delta-V (km/h) - 17.2 17.9 17.6 
Collision speed (km/h) - 35.1 35.4 35.5 

 
Table 10. Proposal   

Note: Collision tests results which have a 
delta-V=10 to 20 km/h, were reviewed, and the 
range of each item was examined. We focused on 
the car-to-car and MDB crash test results.  

 
Table 11. Dynamic response levels 

 
 

Test No. HX 
Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-21 -207.8 -120.6 -115.6 33.9 704.4 18.3 -4.2 16.2 16.3 

2007-A-22 -193.6 -133.9 -130.7 104.4 800.1 20.7 -3.8 17.9 16.7 
2007-A-23 -212.8 -154.3 -153.1 205.1 937.2 25.0 -6.4 18.8 19.2 

 
Table 12. Head contact time to head restraint 
 2007-A-21 2007-A-22 2007-A-23 
Backset 53.0 51.0 51.0 
Contact 
start 

78.0 70.6 71.0 

Contact 
end 

151.0 148.0 160.0 

Contact 
Time 

73.0 77.4 89.0 

Unit: ms 

 Proposal 
Max. acceleration (m/s2) 100~130 
Ave. acceleration (m/s2) 45~70 
Duration Time (ms) 80~110 
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Figure 13. Delta-V of crashed vehicle and 
driver injury 
(Crashed vehicle: passenger cars and mini 
cars) 
(Number of accidents for which delta-V was 
calculated: passenger cars (89 persons), mini cars 
(20 persons), from ITARDA Report 2007) 
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Figure 14. Pulses 
 

 
Figure 15. Removal of dispersion of Head 
Restraint Contact Time 
 

We focused on long-term injury to select the test 

delta-V because the goal of the JNCAP is the 
reduction of fatal or serious injuries. In addition, 
Kullgren6 recommended the use of delta-V=20 
km/h or higher for the evaluation of WAD2+ 
injury or injury lasting more than one month, and 
delta-V=20 km/h covers 70% of the neck injuries 
in Japanese rear-end crash accidents (see Figure 
13). Based on these results, we decided to select 
delta-V=20 km/h. Referring to the Europe and 
IIHS rear-end crash pulses, we decided to use the 
triangular pulse for the rear-end crash at 
delta-V=20 km/h, since it is similar to both the 
Euro NCAP medium pulse and IIWPG pulse (see 
Figure 14). Main dispersions are related to the 
dummies and the seats. We focused on the seat 
dispersion in an attempt to eliminate their 
influence. Dispersion of the seats is caused by 
deformation of the seat backs, and we hypothesize 
that this dispersion is representative of the 
dispersion of the head contact time in relation to 
the head restraint. Since the head restraint contact 
time (HRCT) and the dummy response values 
approach a linear relationship, we determined the 
CV (coefficient of variation) values of the dummy 
responses after having shifted the relation to an 
approximate straight line at which HRCT 
becomes constant (see Figure 15). 
 

 
Figure 16. Repeatability test Results (data at 
16 km/h are courtesy of JAMA and JASIC.)  
 

Although the repeatability of the BioRID was not 
considered a problem for the speed range of the 
test, some seat back deflection was found to enter 
a range of plastic deformation and broad 
dispersion at delta-V=20 km/h. This means that 
some existing seats do not have adequate 
countermeasure levels in this speed range. Given 
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these seat performance levels, we cannot 
objectively evaluate rear-end collision 
performances for all seats under the delta-V=20 
km/h condition (see Figure 16). For this reason, 
we will start the evaluation tentatively with the 
delta-V=17.6 km/h, which is 10% higher than the 
proposed future regulation level. 
Delta-V will be increased to 20 km/h after 3 years, 
when a dynamic test will be required for reactive 
seats under the regulation, and manufacturers will 
also have made improved and safer seats 
commercially available. 
 
5. Study of evaluation guideline 
Evaluation guidelines have been developed based 
on researched injury mechanisms utilizing 
research papers8 and volunteers test conducted by 
Ono et al.  
Deng (2000)9 and Yoganandan (2001)10 have 
reported their crash test using cadavers and found 
that injuries of the intervertebral discs and the 
facet joint capsule of the lower cervical vertebrae, 
especially, tearing of the soft tissues, occurred due 
to shearing and tension. Deng (2000)9 also 
reported that dynamic motion and strain rates 
influence the tearing of soft tissue in the cervical 
vertebra. Yoganandan (2001)10, Barnsley (1995)11 

and Lord (1996)12 reported that neck pain was 
related to intervertebral discs and facet joint 
capsule injury resulting from treatment of the disc 
joint block. Lee (2006)13 reported that strain of 
facet joint capsule was related to pain in his test 
using rats. The volunteer low speed mini-sled test 
conducted by Ono et al.8, in which they 
hypothesized that the strains on the facet joint 
capsule and the motion of the intervertebral disc 
were equivalent, measured the motion of the local 
transformation of the intervertebral disk using 
sequential cineradiography of the vertebral 
motion during impact. The maximum principal 
strain and principal strain rate, and the maximum 
shear strain and shear strain rate, were determined 
from these motions. Injury thresholds were 
defined by the strain value and strain rate at which 
volunteers felt some discomfort after the test (see 
Table 13). 
 
Table 13. Defined injury thresholds 
Principal strain value: 
0.06 or more 

Principal strain rate: 
2.68 or more 

Shear strain value: 
0.05 or more 

Shear strain rate: 
1.81 or more 

 
Since actual injuries often occurred in or near the 
C5~C6 region, the dummy can be used to 
measure the upper neck Fx, Fz, My, lower neck 
Fx, Fz, My, head G and T1G (see Figure 17 and 
18). We decided to use these factors and evaluate 

the load applied to the neck during the head 
contact to head restraint and seatback. 

          

Head Acceleration

T1 Acceleration

 
Figure 17. Dummy motion 1) 

Upper Neck Fx

Upper Neck Fz

Upper Neck My

Lower Neck Fx

Lower Neck Fz

Lower Neck My

 
Figure 18. Dummy motion 2) 
Neck injury occurred: 1) when the neck became 
S-shaped through transformation of the cervical 
vertebrae before the head contacted with the head 
restraint, and 2) after the head contacted with the 
head restraint to just before the neck attained 
maximum backward flexion. Neck injuries were 
evaluated in phase 1) using the index of NICmax 
proposed by Bostron et al7., and Ono8 reported 

NICmax correlated well with the maximum strain 
rate. Phase 2) was evaluated using the indices of 
the upper neck Fx, Fz, My, lower neck Fx, Fz and 
My, proposed by Ono8. The reasons for selecting 
these factors are shown in Table 14. 
Simulation analysis was conducted using accident 
data for the selected injuries indices, and risk 
curves of these selected indices were made using 
the analytical results. Due to unavailability of 
detailed accident data for neck injury, 1) we could 
not create all of the injury risk curves, and 2) due 
to the lack of the NIC and lower Fz, we could not 
identified 0% risk point. However, we specified 
the discomfort level of volunteers as the 5% risk 
and made injury risk curves. Additionally, when 
injury curves were unobtainable, we tentatively 
used other available injury indices, and made 
expedient injury risk curves (see Figure 19 and 
Table 15).  
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Table 14. Reasons to select following factors  

Figure 19. Risk curves of neck injuries 
 
Based on these injury risk curves, we developed a 
scoring method to evaluate the injury index using  

Figure 20. Sliding scale of injury indices and 
their scores 
 

a sliding scale method (see Figure 20 and Table 16). 
 
 

Index of injury Correlation 
with strain / 
strain rate 

Comments Overall 
decision 

Upper 
Fx 

Forward Marginal  Correlation coefficient is low, dispersion is large  No 
Backward Good Correlation of discomfort in volunteer test Yes 

Upper 
Fz 

Tension Good Correlation to strain of vertebra, strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation No 

Upper 
My 

Extension Marginal Purpose to evaluate control effect of neck upper motion  Yes 

Flexion Good Correlations with strain of vertebra and strain rate are high Yes 
Lower 

Fx 
Forward Marginal Correlation coefficient is low, dispersion is large No 
Backward Good Correlations with strain of vertebra and strain rate are high Yes 

Lower 
Fz 

Tension Good Correlations with strain of vertebra and strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation  No 

Lower 
My 

Extension Marginal Purpose to evaluate control effect of neck lower motion Yes 
Flexion Good Correlations with strain of vertebra and strain rate are high Yes 

NIC Max. Good Correlations with strain of vertebra and strain rate are 
high before the contact with head restraint 

Yes 

NIC Min. Poor No correlation No 
T1G Good Substituted by NIC (NIC included acceleration of T1, NIC 

can evaluate both head G and T1G)  
No 

Nkm Marginal Substituted by upper Fx, My No 
LNL Good Substituted by lower Fx, Fz, My No 
Rebound V Good Phase is different of max. strain and strain rate No 
OC-T1 Good This is displacement, substituted by lower Fx No 
Head-chest rotation 
angle 

Good This is rotational angle, substituted by lower My No 
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Table 15. Neck injury indices 
Index of injury Before correction (WAD2+) After correction (WAD2+) Remarks 

5% value 95% value 5% value 95% value 
Max. principal strain 0.08 0.24 0.08 0.24  
Max. shear strain 0.05 0.13 0.05 0.13  
Max. principal strain rate - 10.8 2.68 10.8 5%: refer volunteer data 
Max. shear strain rate - 5.8 1.81 5.8 5%: refer volunteer data 
NIC Max. - 30 8 30 5%: refer volunteer data 

95%: from Risk curve 
Upper Fx Backward - - 340 730 Substitute for Lower Fx 
Upper Fz Tension 475 1130 475 1130 From risk curve 
Upper My Extension - - 12 40 Substitute for Upper My 

Flexion 12 40 12 40 From risk curve 
Lower Fx Backward 340 730 340 730 From risk curve 
Lower Fz Tension - 1480 257 1480 5%: refer volunteer data 

95%: from risk curve 
Lower My Extension - - 12 40 Substitute for Upper My 

Flexion - - 12 40 Substitute for Upper My 
 
Table 16. 5%/95% values of WAD2+ injury of injury evaluation items 

 
Before finalizing the evaluation method, we 
studied weighting factors between NIC and the 
neck force/ moment. Using simulation results 
based on accidents data, we compared the points 
of the NIC and the points of the neck 
force/moment. We found that the neck 
force/moment scored only half the points of NIC 
(see Figure 21). This means that the neck 
force/moment has twice the influence of the NIC. 
Therefore, we determined the weighting factor as 
follows. 

 NIC : neck force / moment =1:2 
 

3.20

1.59

0

0.5

1

1.5

2

2.5

3

3.5

4

NIC NECK
FORCE/MOMENT

 
Figure 21. Comparison of NIC points and neck 
force/moment points in simulation 
 
 

 
Evaluation methods for 1) injury before contact 
with the head restraint evaluated by the NIC (full 
score of 4 points), and 2) injury during contact 
with the head restraint evaluated by Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension) 
(full score of 4 points); in case 2) worst points 
will be selected from the eight indices. Then, we 
added the NIC points and doubled the weighted 
neck force/moment points. Finally, we evaluated 
the total points, which included 12 points in all. 
 
6. Conclusion  
 
The JNCAP developed a rear-end collision neck 
injury assessment testing method, which will 
reduce long-term neck injuries in Japan, by 
including the selection of delta-V=20 km/h with 
triangular pulse after studying accident data and 
research, and based on available overseas studies. 
Due to the performance levels of some existing 
seats, it was difficult to conduct properly 
evaluations with delta-V=20 km/h in all cases due 

Neck injury evaluation items for rear-end collision WAD2+ 
5% Value 95% Value 

NIC (m2/s2) 8 30 
 
 
 

Neck 
force, 

moment 
 
 

Upper Fx(N) Backward 340 730 
Upper Fz(N) Tension 475 1130 
Upper My 

(Nm) 
Flexion 12 40 

Extension 12 40 
Lower Fx(N) Backward 340 730 

Lower Fz(N) Tension 257 1480 
Lower My 

(Nm) 
Flexion 12 40 

Extension 12 40 
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to the dispersion of the test results caused by 
plastic deformation of the seat structure. We will 
tentatively start with delta-V=17.6 km/h, but will 
return to delta-V=20 km/h after 3 years. 
Regarding injury indices, we used volunteer test 
results and accident reconstruction simulation on 
the supposition that intervertebral disc motion and 
strain of the facet joint capsule are equivalent.  
We selected injury indices NICmax, Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension).  
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ABSTRACT 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking was published on February 
27, 2009. This paper examines whether rear-mounted 
convex mirrors could provide an image with suffi-
cient quality that may be useful in aiding drivers in 
performing backing maneuvers.   
 
There are three main configurations of rear-mounted 
convex mirrors: a single “look-down” mirror, a single 
corner mirror, and a pair of cross-view mirrors.  
NHTSA measured fields of view and image quality 
of one look-down mirror and three pairs of cross-
view mirrors for passenger vehicle applications.  
Field of view and image quality were also estimated 
for one rear convex corner mirror based on previous 
research with that mirror relating to its use on me-
dium straight trucks.  Note that this study did not 
attempt to examine whether drivers will successfully 
use rear-mounted convex mirrors to successfully de-
tect obstacles or pedestrians behind a vehicle.  This 
question of potential overall effectiveness of rear-
mounted convex mirrors, relative to other solutions to 
expand the driver’s rear field of view, will be the 
subject of additional agency research. 
 
The useful fields of view (FOV) of the five rear-
mounted convex mirrors were determined.  The po-
tential backover risk reductions were estimated for 
the five mirrors studied, using only that portion of 
their FOV’s with an image quality rating of better 
than “impossible.”  The estimated potential backover 
risk reductions ranged from 33.4 percent (for the 
Toyota 4Runner rear cross-view mirrors) to 2.2 per-

cent (for the ScopeOut™ passenger car rear cross-
view mirror). 
 
INTRODUCTION 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking (ANPRM) that summarizes 
relevant research and outlines some of NHTSA ideas 
regarding how to respond to the Act was published 
on February 27, 2009. This paper examines whether 
rear-mounted convex mirrors provide an image with 
sufficient quality that may be useful in aiding drivers 
to identify and avoid rear obstacles.   
 
THE SAFETY PROBLEM 
 
In response to earlier legislation, NHTSA developed 
the Not in Traffic Surveillance (NiTS) system to col-
lect information about all nontraffic crashes, includ-
ing nontraffic backing crashes.  NiTS provided in-
formation on backing crashes that occurred off the 
traffic way and which were not included in NHTSA’s 
Fatality Analysis Reporting System (FARS) or the 
National Automotive Sampling System - General 
Estimates System (NASS-GES). 
 
Based on NiTS, NHTSA estimates that 463 fatalities 
and 48,000 injuries a year occur in traffic and non-
traffic backing crashes [1].  Most of these injuries are 
minor, but an estimated 6,000 per year are incapaci-
tating injuries. Overall, an estimated 65 percent (302) 
of the fatalities and 62 percent (29,000) of the inju-
ries in backing crashes occurred in nontraffic situa-
tions. 
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Table 1 shows the fatalities and injuries in all backing 
crashes.  Backover crashes account for an estimated 
63 percent (292) of the fatalities and 38 percent 
(18,000) of the injuries in backing crashes for all ve-
hicles (cars, light trucks or vans, heavy trucks, and 
other/multiple vehicles).  Other backing crash scenar-
ios account for an estimated 171 fatalities (37 per-
cent) and 30,000 injuries (62 percent) per year. 
 
Table 1: Fatalities and Injuries Due to Backing (All 
Vehicles) 

 All  
Backing 
Crashes 

 
Backover 
Crashes 

Non-
Backover 
Crashes 

Fatalities 463 292 171 
Injuries 48,000 18,000 30,000 
    Severe 6,000 3,000 3,000 
    Minor 12,000 7,000 5,000 
    Possible 27,000 7,000 20,000 
    Unknown 2,000 1,000 2,000 
Note: Numbers may not add to totals due to rounding. 

 
OBJECTIVES OF THIS RESEARCH 
 
Backover crashes are defined as backing crashes in 
which the backing vehicle strikes a pedestrian or 
pedacyclist.  Frequently this occurs because a driver 
did not see the person and was therefore unaware of 
their presence. All vehicles have “blind areas” behind 
them in which certain sizes of pedestrians cannot be 
seen by drivers either through direct vision or by 
looking in the rearview mirrors.    Improving drivers’ 
rear visibility so as to “fill-in” these blind areas may 
aid in reducing backover crashes. 
 
Adding rear-mounted convex mirrors is one possible 
means of improving drivers’ rear visibility to fill-in 
important portions of the blind zone.  In order to fur-
ther investigate the ability of supplemental rear-
mounted convex mirrors to fill-in parts of the blind 
zone, NHTSA conducted research aimed at answer-
ing the following questions for each of a selection of 
commercially-available mirrors: 
1. What additional area behind the vehicle does this 

supplemental mirror allow the driver to see?  In 
other words, what is the FOV of this supplemen-
tal mirror? 

2. What is the quality of the image seen in this sup-
plemental mirror at each point in its FOV? 

3. If this mirror is used optimally by drivers, what 
is their potential for reducing backover crash 
risk?  In other words, how important is that por-
tion of the blind zone filled-in by this mirror for 
preventing backover crashes. 

 

Note that this study did not attempt to examine 
whether drivers will successfully use rear convex 
mirrors to successfully avoid hitting pedestrians.  
Additional human factors research would have to be 
performed to resolve this question. This question of 
potential overall effectiveness of rear-mounted con-
vex mirrors, relative to other solutions to expand the 
driver’s rear field of view, will be the subject of addi-
tional agency research. 
 
REAR-MOUNTED CONVEX MIRRORS 
 
Supplemental rear-mounted convex mirrors are com-
mercially available, either as aftermarket equipment 
or original equipment (found on certain model years 
of Toyota 4Runner).  These mirrors are of three basic 
types: single look-down mirrors, single corner mir-
rors, and paired cross-view mirrors. 
 
Look-Down Mirrors 
 
A look-down mirror is a single exterior convex mir-
ror mounted behind the center of the vehicle near the 
top of the rear window.  The mirror’s convex surface 
points downward and is visible to the driver either by 
direct glance or in the interior rearview mirror.  
Look-down mirrors are sold as aftermarket accesso-
ries for vans and sport utility vehicles. 
 
NHTSA tested one aftermarket look-down mirror 
during this research, a K Source C088, which was  
mounted on a 2007 Honda Odyssey.  Figure 1 shows 
this mirror as tested. 
 

 
Figure 1: K Source C088 Look-Down Mirror 
Mounted on 2007 Honda Odyssey. 
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Corner Mirrors 
 
A corner mirror is a single exterior convex mirror 
mounted on an arm projecting from the top, left, rear 
corner of the vehicle. The mirror’s convex surface 
faces downward and is visible to the driver in the 
driver’s side rearview mirror.  Corner mirrors are 
aftermarket accessories most commonly used on de-
livery trucks and post office vehicles, but can be 
mounted on vans and sport utility vehicles. 
 
In 2007, NHTSA measured the FOV and image qual-
ity for a Velvac™ RXV 254 mm-diameter convex 
mirror mounted as a corner mirror on a 1996 Grum-
man-Olson 4x2 Step Van.  Results from the evalua-
tion of this mirror are contained in a report by Maz-
zae and Garrott [2].  In the current effort, the previ-
ously collected data on the Velvac™ RXV rear cor-
ner mirror was used to estimate the field of view and 
image quality for this mirror as mounted on a 2008 
Chevrolet Express van.  Figure 2 is a picture of this 
rear corner mirror mounted on this vehicle.  NHTSA 
did not retest the Velvac™ RXV rear corner mirror 
mounted on the 2008 Chevrolet Express but instead 
used linear extrapolation plus two dimensional inter-
polations to account for differences in vehicle size.  
Details of this extrapolation/interpolation process are 
provided below. 
 

 
Figure 2: Velvac™ RXV Rear Corner Mirror 
Mounted on 2008 Chevrolet Express. 
 
Rear Cross-View Mirrors 
 
Rear cross-view mirrors consist of two mirrors 
mounted either inside or outside the vehicle in such a 
way that one mirror reflects an area to the left-rear of 
the vehicle while the other mirror reflects an area to 
the right-rear.  Both mirrors (not necessarily at the 
same time) can be viewed by the driver either by di-
rect glance or by looking in the interior rearview mir-
ror. Rear cross-view mirrors are sold as aftermarket 

accessories for vans and sport utility vehicles, and 
can also be found as original equipment on some 
Toyota 4Runners. 
 
NHTSA tested three (one original equipment and two 
aftermarket add-ons) pairs of rear cross-view mirrors 
during this research.  The one original equipment 
pair, shown in Figure 3, consisted of two convex mir-
rors mounted on the C-pillars of a 2003 Toyota 
4Runner. 
 

 
Figure 3: 2003 Toyota 4Runner Rear Cross-View 
Mirror.  [3]  
 
The aftermarket rear cross-view mirrors tested were 
made by ScopeOut™.  A pair of ScopeOut™ mirrors 
for cars was tested on a 2006 BMW 330i.  This mir-
ror pair is shown in Figure 4. 
  

 
Figure 4: ScopeOut™ Passenger Car Rear Cross-
View Mirrors Mounted on 2006 BMW 330i. 
 
The other pair of aftermarket cross-view mirrors was 
the ScopeOut™ product designed for SUVs.  These 
mirrors were tested mounted on a 2007 Honda Odys-
sey.  This pair is shown in Figure 5. 
 

Figure 5: ScopeOut™ SUV Rear Cross-View Mir-
rors Mounted on 2007 Honda Odyssey. 
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MIRROR ADJUSTMENT FOR TESTING 
 
All mirrors were adjusted prior to making measure-
ments to provide what the persons conducting the 
tests considered to be the most useful mirror orienta-
tion.  Note that this is inherently a subjective process 
– different people may have differing ideas as to the 
most useful mirror orientation based on driver height, 
seating position, and other factors. 
 
MIRROR FIELD OF VIEW MEASUREMENT 
METHODOLOGY 
 
Measurements of mirror fields of view were made for 
the look-down mirror and the three pair of rear cross-
view mirrors using the same methodology published 
by Mazzae and Garrott [4].  Fields of view were 
measured with each vehicle positioned on a flat test 
surface covered with a grid of 30 cm squares.  The 
visual target was a 711 mm tall traffic cone with a 76 
mm diameter red, circular reflector sitting atop it. 
The combined height of cone and reflector was 747 
mm to simulate that of a standing 1-year-old child. 
This height was the average of the Center for Disease 
Control’s growth chart values for the 50th percentile 
standing height for a 1-year-old boy and 1-year-old 
girl [5, 6]. The 76 mm diameter reflector was some-
what smaller than that of the average 1-year-old 
child’s head (127 mm) [7]. 
 
Measurements were made with one person (the 
‘driver’) in the driver’s seat reporting whether or not 
they could see the reflector and a second person mov-
ing the visual target and manually recording whether 
or not the target could be seen at each location on the 
grid. The visual target was considered “visible” if the 
driver could see the entire reflector mounted atop the 
traffic cone.  
 
One driver was used: a 50th percentile male (175.5 
cm tall) [8]. The driver rested his weight fully on the 
driver’s seat and positioned his feet as close as possi-
ble to where they would be during driving. The sub-
ject wore lap and shoulder restraints. The driver’s 
seat and head restraint positions were adjusted to 
positions appropriate for his or her height. Head re-
straints for unoccupied seats were in their lowest pos-
sible (stowed) position. Any folding rear seats were 
in their upright (occupant-ready) positions. The vehi-
cle’s windows were clean and clear of obstructions 
(e.g., window stickers).  
 
Once the vehicle and driver were properly positioned, 
the FOV assessment began. A member of the re-
search staff placed the cone in a square and the driver 

reported whether or not they could see the reflector. 
The responses were recorded manually on a data 
sheet by the person outside the vehicle. 
 
MIRROR IMAGE QUALITY MEASUREMENT 
METHODOLOGY 
 
Measurements of the quality of images visible in the 
various rear mirrors were made for the look-down 
mirror and the three pair of rear cross-view mirrors 
using the same methodology as described in [2].  
This methodology is based upon a methodology 
originally published by Satoh et al. in 1983 [9].  This 
methodology has been used for other NHTSA re-
search that required the measurement of the quality 
of images seen in school bus cross-view mirrors and 
forms the basis for the school bus cross-view mirror 
test that is in S9 and S13 of FMVSS No. 111 (Gar-
rott, Rockwell, and Kiger [10]).   
 
There are two parts to the measurement of the quality 
of images visible in the various rear mirrors: (1) de-
termination of the minification of test objects that are 
viewed in the various rear mirrors, and (2) quantifica-
tion of the amount of image distortion. Minification 
is defined as how large objects appear when viewed 
in the mirrors.  Distortion is defined as how apparent 
shapes of objects change when viewed in the mirrors.   
 
Mirror image quality measurement was performed 
using a camera placed on a tripod in the vehicle at a 
selected driver eye position.  The driver eye position 
selected was that of a 5th percentile adult female 
driver.  This driver eye position was selected because 
it is the one used in FMVSS No. 111 for the school 
bus cross-view mirror compliance test.  Note that for 
convex mirrors, mirror image quality is relatively 
insensitive to driver eye position provided the 
driver can clearly see the mirrors. 
 
As specified in S13.4 of FMVSS No. 111 [11], the 
position of the image plane of the camera used to 
take the image quality determination photographs 
was determined by first adjusting the driver’s seat of 
the test vehicle “to the midway point between the 
forward-most and rear-most positions, and if sepa-
rately adjustable in the vertical direction, adjust to the 
lowest position.”  After making the necessary meas-
urements, the seat was removed from the vehicle.  
The camera was mounted on a tripod with the center 
of the image plane laterally at the center of the seat, 
longitudinally at the intersection of the seat cushion 
and the seat back, and vertically 686 mm above the 
intersection of the seat cushion and the seat back. 
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Image Minification Determination 
 
The driver’s expected ability to see child-size objects 
in various rear convex mirrors was measured using 
both the Hybrid III 3-year-old (H-III3C) Anthropo-
morphic Test Device (ATD) and the Child Re-
straint/Air Bag Interaction (CRABI) 1-year-old ATD. 
 
These ATD’s were placed at a grid of test locations 
that covered each mirrors’ FOV.  The spacing be-
tween grid locations was generally 60 cm either lat-
erally (across the width of the vehicle) or longitudi-
nally (in the fore-and-aft direction).  A 60 cm grid 
spacing was used to minimize the photograph ana-
lyzer’s workload based on the belief that it was not 
important to know distortion ratings with a higher 
spatial granularity.  Photographs were taken of each 
ATD at each test location.  Figure 6 shows a typical 
photograph of the 3-year-old ATD positioned behind 
the vehicle. 
 
At each grid location, the dummies were photo-
graphed by a camera mounted on a tripod in the pre-
viously described driver eye position.  To make it 
easier to measure minification, these photographs 
were taken using an up to 8x optical zoom. 
 
 

 
Figure 6: Typical Picture of 3-year-old ATD as Seen 
in 2003 Toyota 4Runner Rear Cross-View Mirror. 
 
The visual angle at the driver’s eyes that was sub-
tended by both the 1- and the 3-year-old ATD’s was 
determined at each test location.  While in principle 
measurements of apparent ATD size and optics could 
have been determined this, due to fears that the opti-
cal zoom being used when the needed photographs 
were taken might not provide exactly the anticipated 
magnification, a “Sizing Object” was used. 
 

The Sizing Object consisted of a 30 cm square piece 
of Styrofoam, the front of which was covered with 
orange construction paper.  Centered in the 30 cm 
square was a 15 cm square piece of blue construction 
paper.  The Sizing Object was placed immediately 
next to the mirror being tested, oriented so that the 
line of sight to the camera was perpendicular to the 
Sizing Object.  Only a portion of the Sizing Object 
was generally visible in the photographs that were 
taken to determine the subtended visual angles. 
 
To determine the subtended visual angle for each 
ATD at each grid location, the analyst first selected 
and measured the longest dimension of the ATD im-
age.  This length was called the Measured Length - 
Longest Direction and gives the best (easiest) case 
for the driver to see the ATD.  All measurements 
were made to the nearest millimeter and had an esti-
mated accuracy of ±0.5 mm.  In the direction perpen-
dicular to the longest dimension of the ATD image, 
the analyst then selected the point where the ATD 
image was the widest.  The resulting length was 
called the Measured Length - Shortest Direction and 
gives the worst (hardest) case to see the ATD. 
 
The known dimensions of the portion of the Sizing 
Object visible in each photograph were used to calcu-
late true values of each Measured Length - Longest 
Direction and Measured Length - Shortest Direction. 
 
The following equation, obtained from geometric 
optics, was used to calculate the subtended visual 
angles: 

( )⎟⎟⎠
⎞

⎜⎜
⎝

⎛
+

= −

ba
d1sin60θ  

where: 
 θ  is subtended visual angle in minutes of arc. 
 a is the measured distance from the driver’s eye-

point to the center of the rearview (either 
center mirror or driver’s sideview mirror) 
mirror. 

 b is the measured distance from the center of the 
rearview mirror to the surface of the rear 
convex mirror. 

 d is the measured ATD dimension.  This will be 
either Measured Length - Longest Direction 
or Measured Length - Shortest Direction. 

 and 1sin −  is calculated in units of degrees. 
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Table 1: Relationship Between Subtended Visual 
Angle, θ , and Subjective Degree of Image Visibility 

Level Degree of 
Image Form 

Degree of 
Image Size 

Visual 
Angle 

(minutes) 

5 Excellent No Image 
Small >50 

4 Good Small, but no 
Problem 20-50 

3 Fair 
Small, but 
Possible to 

Judge 
10-20 

2 Poor 
Small and 
Hinders 

Judgment 
5-10 

1 Very Poor Impossible 
to Judge 3-5 

0 Impossible Impossible <3 

 
 
Once the subtended visual angle had been determined 
for each grid location, Table 1 was used to determine 
a subjective degree of image visibility at each test 
location.  Note that Table 1 is taken from Satoh [9] 
except for the lowest line.  The final line was added 
by the authors so as to allow a subjective rating to be 
assigned at test locations for which the subtended 
visual angle was less than 3 minutes of arc. 
 
IMAGE DISTORTION 
 
The rear-mounted convex mirrors tested in this study 
are fairly mild convex mirrors with fairly large radii 
of curvature.  As a result, image minification, not 
image distortion tends to be the limiting factor for 
what drivers can see in these mirrors.  Therefore, for 
the sake of brevity, the image distortion methodology 
used and the results of the image distortion measure-
ments results will not be presented in this paper. 
 
REAR CORNER MIRROR EXTRAPOLATION/ 
INTERPOLATION METHODOLOGY 
 
As mentioned above, NHTSA did not retest the Vel-
vac™ RXV 254 mm-diameter rear corner mirror 
mounted on different vehicles but instead used the 
data that NHTSA had previously collected [2] with 
linear extrapolation plus two dimensional interpola-
tion to account for differences in vehicle size.  
 

The measured minutes of arc subtended by the test 
object were first linearly extrapolated to estimate the 
effects of differences in the driver eyepoint to side 
rearview mirror distance and side rearview mirror to 
rear corner mirror distance.  Linear extrapolation is 
believed to provide a correct result because the image 
minification measurements were made after the sur-
face of the rear convex mirror, after the non-
linearities due to the curved mirror shape had already 
been introduced.  Linear extrapolation is appropriate 
both before and after a flat mirror but not when a 
curved mirror lies between the driver and the measur-
ing point.  Note that the two distances involved were 
added together so only one extrapolation had to be 
performed. 
 
Linear interpolation (linear extrapolation at the edge 
of the measured data) was then used to reduce vehicle 
track width from the 7.0 feet for the step van to the 
6.0 feet more typical of light passenger vehicles. 

RELATIONSHIP BETWEEN PEDESTRIAN 
LOCATION AND BACKOVER RISK 

To better understand the importance of rear-mounted 
convex mirror fields of view providing the driver 
with visibility of specific areas behind the vehicle, 
Monte Carlo simulation was used to estimate the risk 
to a pedestrian at a specific location at the start of a 
backing maneuver.  Equating the Monte Carlo simu-
lation results with pedestrian backover risk as has 
been done for this paper depends upon one key sim-
plifying assumption:  that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver. 

There is some validity to this assumption.  Looking at 
convex mirrors typically takes drivers longer and 
requires more concentration than to look at a flat mir-
ror.  Therefore, drivers are more likely to do so ini-
tially rather than while in the midst of backing (a 
time with relatively high driver workload). 

However, some percentage of drivers will certainly 
look at a convex mirror during backing.  NHTSA 
currently does not have any data on how drivers use 
convex mirrors during backing.   

As mentioned above, Monte Carlo simulation was 
used to calculate a probability-based risk weighting 
for each square in a grid of 30-cm squares behind the 
vehicle.  Details of this Monte Carlo simulation are 
discussed in the Advanced Notice of Proposed Rule-
making (ANPRM) for Federal Motor Vehicle Safety 
Standard No. 111 on Rearview Mirrors [12].  Figure 
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7 (which is copied from the ANPRM except that the 
distance dimensions have been changed to metric 
units) shows the estimated backover risk for each 
location. 

 
Figure 7:  Summary of Simulated Relative Backover 
Crash Risk as a Function of Position 
 
REAR-MOUNTED CONVEX MIRROR FIELDS 
OR VIEW 
 

Figure 8 shows the measured FOV for the K Source 
C088 look-down mirror mounted on a 2007 Honda 
Odyssey minivan.  As this figure shows, the look-
down mirror FOV covers the entire width behind the 
vehicle beginning at 0.6 meters and extending to 3.9 
meters behind the back of the rear bumper.  In the 
zones 0.0 to 0.6 meters and 3.9 to 4.5 meters behind 
the rear bumper, some portions of the area behind the 
vehicle are in the FOV of this mirror. 
 
Figure 9 shows the measured FOV for the Toyota 
4Runner original-equipment cross-view mirror.  As 
this figure shows, this mirror’s FOV covers large 
areas to the left- and right-rear of the vehicle.  How-
ever, there is an area of non-coverage near the center 
of the vehicle.  Mirror coverage begins as close as 0.3 
m behind the left side of the rear bumper.  It begins 
further back on the right side, starting 1.2 m behind 
the right rear bumper. 
 
Figure 10 shows the measured FOV for the Scope-
Out™ car cross-view mirror pair mounted on a 2006 
BMW 330i passenger car.  As this figure shows, this 
FOV covers areas fairly far out on the sides of the 
vehicle on the left- and right-rear of the vehicle.  
There is a large area of blind area directly behind, 
and extending on both sides of the vehicle.  Mirror 
coverage begins 4.5 m to the left of vehicle center 
and, on the left, 0.6 m behind the rear bumper.  It 
begins 3.6 m to the right of vehicle center and, on the 
right, 0.9 m behind the rear bumper.  This mirror pair 
is intended to allow the driver to see a vehicle com-
ing towards him along the aisle of a parking lot; it 
may be effective for that application.  For backover 
prevention, it suffers from having a vertical cut-off 
due to the height of the BMW 330i’s rear window.  
This mirror should have a substantially larger FOV 
for children larger than a typical 1 year old child. 
 
Figure 11 shows the measured FOV for the Scope-
Out™ SUV cross-view mirror pair mounted on a 
2007 Honda Odyssey minivan.  As this figure shows, 
this mirror’s FOV covers areas on the left- and right-
rear of the vehicle.  There is a moderate area of non-
coverage directly behind the vehicle.  Mirror cover-
age begins 0.3 m to the left of vehicle center and, on 
the left, 0.9 m behind the rear bumper.  It begins 0.3 
m to the right of vehicle center and, on the right, 0.3 
m behind the rear bumper.  Again, this mirror is in-
tended to allow the driver to see a vehicle coming 
towards him along the aisle of a parking lot and it 
may be effective for that application. 
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The calculated FOV for the rear-mounted corner mir-
ror mounted on a 2008 Chevrolet Express covers the 
entire area directly behind the vehicle plus a consid-
erable distance on the left and right sides of the vehi-
cle back for a distance of approximately 3.9 m.  Note 
that image minification became so great near the 
edges of the mirror’s FOV that it was impossible to 
precisely map the edges of this mirrors FOV.  As is 
explained below, this mirror had a much smaller use-
ful FOV. 
 
ESTIMATED EFFECT OF THE LOOK-DOWN 
MIRROR ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the K Source C088 look-down mirror mounted on a 
2007 Honda Odyssey minivan (shown in Figure 8) 

was calculated.  This calculation found that, if the 
driver could use the entire measured FOV of the 
K Source mirror, and the assumption that the 
driver only looks at the rear-mounted convex mir-
ror one time, prior to the start of the backing ma-
neuver holds, this mirror has the potential to see the 
area associated with 20.8 percent of backover risk (as 
estimated using Monte Carlo simulation). This poten-
tial number may change based on the human factors 
aspects of how drivers use the mirrors. 
 
Unfortunately, there is a large amount of image mini-
fication near the edges of the measured FOV of this 
mirror.  There is also substantial image distortion, but 
not so much that drivers are thought not to be able to 
detect people behind their vehicle solely due to image 
distortion.  Therefore, an image quality graph was 
developed for the K Source C088 look-down mirror 
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mounted on a 2007 Honda Odyssey minivan based 
solely on image minification.  This graph is shown in 
Figure 12 and the key to this graph in Figure 13. 
 

 
Figure 12:  Image Quality Graph for K Source C088 
Look-Down Mirror on 2007 Honda Odyssey 
 
 

 
Figure 13:  Image Quality Key used for Figures 12 
and 14 
 
As Figure 12 shows, the image quality, based solely 
on image minification, for the K Source C088 look-
down mirror varies from “fair” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated in the center of the vehicle fairly close 
to the vehicle’s rear bumper. 
 
Areas around the edges of the K Source look-down 
mirror’s FOV have a minification rating of “impossi-
ble.”  In these areas, the driver has no chance of see-
ing a 1-year-old child.  (The driver’s chances of see-
ing someone in these areas improves as the person 
become larger.)  These areas of “impossible” image 
quality reduce the “useful” FOV of this mirror. 
 

Overlaying the areas of Figure 12 with a better than 
“impossible” image quality rating onto the backover 
crash risk graph (Figure 7) indicates that this area is 
associated with a backover risk (as estimated using 
Monte Carlo simulation) of 18.8 percent,, a small 
reduction from the all image qualities K-Source esti-
mate of 20.8 percent. 
 
As Figure 12 shows, there are substantial areas of the 
K Source look-down mirror’s FOV (everything more 
than 2.85 m behind the vehicle’s rear bumper) that 
have a minification rating of “very poor” or “impos-
sible.”  The sides of the FOV forward of this location 
also generally have these image qualities.  It is not 
clear whether a rapid glance by the driver prior to 
backing would really allow the driver to detect a 1-
year-old child if that child were in an area of “very 
poor” image quality.  Therefore, the backover risk 
reduction calculation for the K Source look-down 
mirror was also performed excluding all of the “very 
poor” image quality regions of the FOV.  This 
yielded an estimated potential backover risk reduc-
tion of just 10.1 percent, less than one-half the esti-
mate using the full FOV of 20.8 percent. 
 
ESTIMATED EFFECT OF THE REAR CROSS-
VIEW MIRRORS ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the three rear cross-view mirrors examined (shown in 
Figure 9, 10, and 11) was calculated.  Again, this 
calculation is based on the driver using the entire 
measured FOV of the rear cross-view mirrors, 
and the assumption that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver holds.  This 
calculation found that these mirrors have the potential 
to see the areas associated with the following per-
centages of backover risk (as estimated using Monte 
Carlo simulation): 

• Toyota 4Runner Mirror – 33.4 percent 
• ScopeOut™ Car Mirror – 2.2 percent 
• ScopeOut™ LTV Mirror – 9.1 percent 

 
Neither image minification nor image distortion ap-
pears to be substantial enough to cause problems for 
the driver for any of the rear cross-view mirrors stud-
ied.  Therefore, the useful FOV’s of these mirrors 
matches their measured FOV’s. 
 
ESTIMATED EFFECT OF THE REAR COR-
NER MIRROR ON BACKOVER RISK 
 
As discussed in [2], too much image minification is a 
problem for the Velvac™ RXV 254 mm-diameter 
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convex rear corner mirror that was evaluated.  Image 
distortion was not a problem.  Therefore, an image 
quality graph was developed for the rear corner mir-
ror mounted on a 2008 Chevrolet Express van based 
solely on image minification. This graph is shown in 
Figure 14. 
 
As Figure 14 shows, the image quality, based solely 
on image minification, for the Velvac™ RXV rear 
corner mirror varies from “poor” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated on the left side of the vehicle fairly 
close to the vehicle’s rear bumper (i.e., fairly close to 
the physical location of the actual mirror).  As the 
figure shows, the “useful” FOV for this mirror covers 
only about one-half the width of the vehicle. 
 
 
 

  
Figure 14:  Image Quality Graph for Velvac™ RXV 
Rear Corner Mirror on the 2008 Chevrolet Express 
 
As Figure 14 shows, there are large areas in the right 
portion and/or further away from the rear bumper of 
the Velvac™ RXV rear corner mirror’s FOV that 
have a minification rating of “impossible.”  In these 
areas, the driver has little chance of seeing a 1-year-
old child.  (The driver’s chances of seeing someone 
in these areas improves as the person become larger.)  
These areas of “impossible” image quality substan-
tially reduce the “useful” FOV of this mirror. 
 
Overlaying the areas of Figure 14 with a better than 
“impossible” rating onto the backover crash risk 
graph (shown in Figure 8) indicates a potential back-
over risk reduction for the Velvac™ RXV rear corner 
mirror of 10.8 percent. 

 
As Figure 14 shows, almost all areas of the Velvac™ 
RXV rear corner mirror’s FOV have a minification 
rating of “very poor” or “impossible.”  It is not clear 
whether a rapid glance by the driver prior to backing 
would really allow the driver to detect a 1-year-old 
child if that child were in an area of “very poor” im-
age quality.  Therefore, the backover risk reduction 
calculation Velvac™ RXV rear corner mirror was 
also performed excluding the entire “very poor” im-
age quality regions of the FOV.  This yielded an es-
timated potential backover risk reduction of just 0.9 
percent. 
 
CONCLUSIONS 
 
In summary, the useful FOV’s of five rear-mounted 
convex mirrors were determined.  The potential back-
over risk reductions were estimated for the five mir-
rors studied, using only that portion of their FOV’s 
with an image quality rating of better than “impossi-
ble.”  While data describing drivers’ ability to use the 
mirrors effectively is a critical part of effectiveness 
estimation, that aspect is not addressed here.  The 
estimated effectiveness of the technology itself 
ranged from 33.4 percent (for the Toyota 4Runner 
rear cross-view mirror) to 2.2 percent (for the 
ScopeOut™ passenger car rear cross-view mirror). 
 
NHTSA currently has no data as to how drivers may 
use rear-mounted convex mirrors immediately be-
fore, and while, backing.  Therefore, at this time, 
actual expected backover risk reductions due to rear-
mounted convex mirrors are not determinable.   
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ABSTRACT 
 
FMVSS 202a and the head restraint gtr specify a dynamic 
sled test with Hybrid III dummy as an alternative to static 
tests.  However, the poor biofidelity of Hybrid III 
dummy and the evaluation method based on the neck 
rearward rotational angle of the dummy during rear impact 
are urgent issues.  To solve these issues, a dynamic 
evaluation of OC-T1 displacement, corrected for the seat 
back rearward inclination (hereinafter called “dynamic 
backset”), using BioRID II which has superior biofidelity, 
was studied to establish a test method with higher 
effectiveness, repeatability and reproducibility. 
From dynamic Backset evaluations by dynamic tests and 

simulations using IIWPG crash pulse on various types 
of seats and analysis of real world minor neck injuries 
involving such seats in Japan, the following new facts 
were found. (1) Dynamic backset can evaluate the 
effectiveness of various types of seats with whiplash 
mitigation features, such as reactive, passive, and 
WHIPS, more accurately than neck rearward rotation 
of Hybrid III.  Since the seat effectiveness increases 
as dynamic backset decreases, it is appropriate for a 
dynamic evaluation parameter as an alternative of 
static backset tests. (2) By setting each seat back to its 
design torso angle, instead of 25 degrees for every seat, 
the variation in BioRID II installation is decreased, 
resulting in higher repeatability and reproducibility. 
(3) According to the correlation analysis among real 
world accidents, minor neck injury phenomena, and 
various evaluation indicators, reduction of dynamic 
backset has an inhibitory effect on occurrence of 
minor neck injuries. (4) Confirming the relationship 
between other injury criteria 

 

BACKGROUND 

 
As a result of the Global Technical Regulation for 

Head Restraints, ("head restraint gtr"), which was 
established at the UN ECE-WP29 meeting in March 2008, 
it became necessary to evaluate the effect of static backset 
between head and head restraint as part of the evaluation 
of the head restraint's protection performance from minor 
neck injury in rear-end collision. In view of the technical 
difficulty of properly evaluating the static backset of 

reactive and other non-static head restraints, discussion 
had to be directed to the possible development of a 
dynamic evaluation method alternative to the static 
evaluation method. However, it was difficult to get all 
contracting parties consensus for selecting one common 
dummy for dynamic evaluation. Therefore, it was decided 
that each contracting party could select FMVSS202a 
dynamic evaluation method by using Hybrid-III dummy 
or could develop unique evaluation method by using 
BioRID II dummy. In Japan, although the number of road 
accident fatalities has been on the decrease, the number of 
rear-end accidents is on a marked rise (See Figure 1) and 
there is an urgent need to establish an appropriate method 
of evaluating the vehicle's occupant protection 
performance against the minor neck injury. Consequently 
the Japan Automobile Manufacturers Association 
("JAMA") and the Japan Automobile Research Institute 
("JARI") are conducting a joint study on the dynamic 
evaluation method using BioRID II to help the Japanese 
government introduce measures to protect vehicle 
occupants in rear-end collisions, because we have already 
studied that BioRID II has more better biofidelity than 
Hybrid III. 
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Figure 1.  No. of accidents by accident configuration 
(as of end of December each year) 
 
Alternative evaluation method 

 
The dynamic evaluation method using BioRID II has 

been practiced by IIWPG, Folksam and ADAC. 
EuroNCAP is scheduled to apply it to neck injury 
assessment from 2009. However, in its study report on 
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neck injury, EEVC stated that there were still many 
questions remaining unanswered about actual whiplash 
associated disorders and that, to identify the neck injury 
mechanism involved, it would be necessary to determine 
appropriate injury parameters through the statistical 
analysis of both real world accident data and accident 
simulation data1). Similarly, Japanese researchers reported 
that the reproducibility of measurement values obtained by 
BioRID II was questionable at a time when measurement 
data by BioRID II are serving as the basis for the currently 
proposed injury parameters2). 

Consequently Japan and EEVC made a joint proposal 
at the UN/ECE/WP29/GRSP meeting in May 2008 to 
introduce into the ECE Regulation an alternative dynamic 
head restraint evaluation method using static backset and 
BioRID II as Phase 1 and to introduce into the gtr a 
dynamic evaluation method based on injury parameters as 
Phase 2. At the same meeting, Japan and EEVC proposed 
as Phase 1 evaluation method the OC-T1 displacement (“ 

dynamic backset”) evaluation incorporating the 
seatback angle correction by the ∆V=16km/h triangular 
pulse applied by IIWPG (refer to 3.3.1 for more details). 
Both proposals were accepted by UN/ECE/WP29/GRSP. 

In the present study, therefore, simulation and testing 
analysis of dynamic backset and also other evaluation 
criteria employed in neck injury assessment were 
conducted to examine the relation to static backset and the 
suitability of the proposed alternative dynamic evaluation 
method. 

 
Analytical Method 

 

A simulation and sled tests for the rear-end collision 
proposed by Japan and EEVC was applied to analyze 
following items. 

(1) Whether dynamic backset correlates with static 
backset, and can evaluate the effectiveness of various 
types of seats with whiplash mitigation features, such 
as reactive, passive, and WHIPS more properly. 

(2) Whether repeatability and reproducibility can be 
ensured.  

(3) Whether decrease in dynamic backset has an effect 
on decrease in occurrence of real-world minor neck 
injuries. 

 
Simulation Model of the Rear-end Collision Sled 

 

With MADYMO 6.4 employed as the solver, a 
simulation model of the rear-end collision sled was 
produced. The simulation model consisted of a dummy 
model and a seat model. Then, tests on parameters were 
carried out. 

Dummy Model - A BioRID II Facet Ver.2.23)  
developed by TASS (TNO Automotive Safety Solutions) 
was used as the dummy model of the present simulation 
study. In the preliminary test the dummy model data were 
compared with the experimental results of rear-end 
collision sled tests at ∆V = 8km/h and ∆V = 16km/h 
(Dummy test)4)  to examine the dummy's behaviors and 

impact responses (acceleration, neck load, moment). From 
the differences found between the dummy model's 
behavior and the experimental results, the stiffness of the 
joint between the dummy's seventh cervical vertebra 
("C7") and first thoracic vertebra ("T1") was reduced by 
50% from that of the initial dummy model (See Figure 2). 
Figure 3 shows the comparisons of post-improvement 
behavior. 

 

Occipital Condyle (O.C.)

First thoracic (T1)

Reduce joint stiffness
between C7 and T1 by 50%

 
 
Figure 2.  Spine of BioRID II facet dummy model 
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(a) Neck angle relative to T1 
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 (b) Head angle relative to T1 

 
Figure 3.  Movement of BioRID II dummy model 
 

Seat Model - The seat model was a simple model 
consisting of a head restraint, seatback, seat cushion and 
footrest. The contact stiffness of the seatback and head 
restraint and the joint stiffness of the seat and head 
restraint were calculated in advance from the results of 
static evaluation tests, and were adjusted to the results of 
the present rear-end collision simulation test at ∆V = 
16km/h. Figure 4 shows the adjusted values for the seat 
and the head restraint. 



  Asada 3 

 

(a)

(b)

(c)
(d)

 

  (a) Seat Joint Stiffness

-3000

-2000

-1000

0

1000

2000

3000

-20 -10 0 10 20
Angle(deg)

M
o
m
e
n
t
(N
m
)

 

  (b) Seatback Contact Stiffness
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(c) Headrest Joint Stiffness
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(d) Headrest Contact Stiffness
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Figure 4.  Property of seat and head restraint 

 
Sled test  

 
To examine the appropriateness of dynamic backset, 
repeatability of the test and reproducibility with different 
dummies, sled test was conducted using seats for mass 
production vehicles.  Sled acceleration pulse is the same 
as that used in Euro NCAP “medium severity pulse” or 
IIWPG Delta-V of 16kph pulse, as shown in Figure 5. 3 
types of seats with different mechanisms used in the test 
are: “A” for normal seat, “B” for passive seat, and “C” for 
reactive seat. Setting condition of seats and dummies is the 
same as that used in Euro NCAP, except that the seatback 
angle was adjusted at the design reference angle.5)  For 
each seat, reproducibility due to the use of different 
dummies was evaluated using 3 BioRID II (Level G) 
dummies.  In addition, test was conducted 3 times for 
each seat using one of these dummies to evaluate 
repeatability of the test.   
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Figure 5.  Sled Pulse 
 

Evaluation Method 

 

Evaluation of Dynamic Backset - Dynamic backset is 
defined as the maximum relative displacement of BioRID 
II's occipital condyle ("O.C.") and T1 in the vehicle 
longitudinal direction. To derive the value of dynamic 
backset, coordinates are converted in relation to the 
rearward inclination angle of the seatback and the 
following calculations were performed: a) Calculate the 
seatback angle from equation (1). b) Determine the angle 
variation from the original angle according to equation (2). 
c) Perform coordinate conversions in equation (3) and (4), 
and rotate the coordinate system in keeping with the 
variation of seatback angle. d) Subtract T1 from OC in 
equation (5). e) According to equation (6), subtract the 
OC-T1 reminder of the original dummy position from the 
OC-T1 reminder derived by formula (5). The final value 
thus obtained represents the amount of relative 
displacement. Figure 6 shows the conceptual drawing of 
dynamic backset measurement. 
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)(sin)(1)(cos)(1)('1 ttzTttxTtxT θθ Δ+Δ=  ········ (3) 

)(sin)()(cos)()(' ttOCzttOCxtOCx θθ Δ+Δ=  ········ (4) 

)('1)(')( D T1)-(OC txTtxOCt −=  ······························ (5) 

 (0)D)( D)( T1)-(OCT1)-(OC  T1)-(OC −=Δ ttD  ············ (6) 

The symbols in the above equations denote the 
following meanings: 

 
SBU: Target mark position in the upper part of seatback 
SBL: Target mark position in the lower part of seatback 
OC: Position of the dummy's occipital condyle 
Tl: Position of the dummy's first thoracic vertebra 

 
Note: The equations represent the visual observation 

of the dummy from its right side. The OC-T1 value 
obtained by dummy observation from its left side is 
derived by multiplying the OC-T1 value from the 
right side by a conversion value of -1. 
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Figure 6.  How to measure dynamic backset 
 
Parameter Study 

 

Discussion of Dynamic Backset - To determine the 
relation between static backset and dynamic backset, a 
simulation analysis was conducted with the amount of 
backset set at 5, 25, 45, 65 and 85mm. The ∆V = 16km/h 
acceleration waveform proposed by IIWPG6) was used as 
sled pulse. To analyze the effects of various seat design 
parameter on dynamic backset, the horizontal distance 
between head and head restraint (static backset +15mm), 
and distance from top of head (vertical distance between 
head and head restraint), seat hinge stiffness and contact 
stiffness of the seatback were varied from base model to 
80, 90, 110, and 120%. Figure 7 illustrates the definitions 
of the static backset and the distance from top of head.  
 

Distance from
top of head Static Backset

 
Figure 7.  Static backset measuring position 
 

Comparative Assessment of Other Evaluation 
Criteria - The neck evaluation criteria which will be 
included in the EuroNCAP assessment are NIC, Nkm, 
T1G (T1 x acceleration), UNFX (upper neck shear force), 
UNFZ (upper neck axial force), T-HRC (head restraint 
contact time), and Rebound V (head rebound velocity). In 
the present simulation study the amount of backset in 
relation to these parameters were calculated. 

 
RESULTS 

 

Relation between Backset and Dynamic Backset  

 
Simulation analyses - Figure 8 shows the simulation 

result of relation between static backset and dynamic 
backset, NIC and Nkm. It was found that every 3 indictors 
increased with the increase of static backset practically in a 
nearly linear proportion. However, in case of coefficient of 
determination between evaluation criteria and static 
backset point of view, dynamic backset shows the highest 
coefficient rate (R2) among all indicators as shown in 
Figure 9. 
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Figure 8.  Relation between backset and 
dynamic backset etc. 
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Figure 9.  Coefficient of determination between 
evaluation criteria and static backset  
 
Figures 10 shows the relation between dynamic backset 
and seat design parameters such as distance from top of 
head, seat hinge stiffness and seatback contact stiffness, 
respectively. When these seat design parameters are 
changed +/- 20% from base seat model, the static backset 
and seat hinge stiffness show higher influence to dynamic 
backset than others, and the seatback contact stiffness 
show lower influence to dynamic backset.  
Decrease in “horizontal distance between head and head 
restraint” simulates the effectiveness of active and reactive 
head restraints, decrease in “seat hinge stiffness” simulates 
the effectiveness of WHIPS seats, and decrease in 
“seatback contact stiffness” simulates the effectiveness of 
passive seats.  As the dynamic backset decreases in each 
of these cases, it was found that the effectiveness of 
various types of seats with whiplash mitigation features in 
the market can be reflected.  
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Figure 10.  Sensitivity analysis to Dynamic Backset 
 

Sled test analyses - In order to examine the 
simulated correlation with static backset for various 
types of seats with whiplash mitigation features in the 
market, either sled test was conducted or EEVC test 
data was used for 33 types of seats shown in Table 1.  
The result shows that for normal seat, there is a 

correlation with static backset as shown in Figure 11.  
And for both passive and reactive type of seats with 
whiplash mitigation features, there is a tendency to show 
smaller dynamic backset than a normal seat with the same 
static backset. 

 
 

 
Table 1  Sled Test Seat Specifications  

    

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33  
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Figure 11. Relation between static backset and 

dynamic backset 
 
Repeatability and Reproducibility study 
 

Seating condition - As it was found that the dynamic 
backset is relatively sensitive to static backset based on the 
above simulation result, the dummy seating procedure 
used by Euro NCAP was modified as follows in order to 
decrease variation. 

(1)  Seatback design angle: from 25 degrees for every 
seat to design reference angle.   

(2)  Backset tolerance: from +/-5mm to +/- 2mm. 
For seatback design angle, one of the studies reports 

that 25 degrees for every seat does not reflect the 
real-world usage, and the static backset, serving as a 
reference for installation of the BioRID II dummy, varies 
due to considerable variation during adjustment.7) 

Repeatability - Test was conducted 3 times for each of 
the 3 types of seats, and repeatability was evaluated using CV 
value as shown below. 
 

Repeatability C.V = ⎥
⎦

⎤
⎢
⎣

⎡

X

Sd  100 (%)  
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X = Average value of each dummy 

dS = Standard deviation of each dummy 

Admissible level: C.V < 10% 
 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 12. 
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Figure 12.  Repeatability Evaluation 
 

Reproducibility – Test was conducted 3 times with 3 
dummies for each of the 3 types of seats, and repeatability 
was evaluated using CV value as shown below. 
 

Reproducibility C.V = ⎥
⎦

⎤
⎢
⎣

⎡

G

b

X

S
 100(%)  

GX = Average value of 3 dummies 

 BS = 

2/1

⎥⎦

⎤
⎢⎣

⎡ −
n

MSWMSB
 

 MSB: Average square between dummies 
MSW: Average square within a dummy 
n: Number of repetitions of test 
Admissible level: C.V < 10% 

 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 13. 
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Figure 13.  Reproducibility Evaluation 
 
Correlation with Real-World Injury Rate 
 
First, by both simulation and actual testing, we 
examined correlation with IIWPG assessment rating, 
which has been used for evaluation of a number of 
seats and is utilized by NHTSA for review of 
dynamic assessment procedure 8). (See Figure 14, 15）
It was found that dynamic backset decreased with higher 
IIWPG rating. The IIWPG rating and dynamic backset 
indicated practically a linear correlation.  
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Figure 14.  Correlation between IIWPG rating and 
dynamic backset based on simulation  
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Figure 15.  Correlation between IIWPG rating and 
dynamic backset based on sled test 
 

Next, correlation was examined between dynamic backset 
and permanent disability ratio in neck due to rear-end 
collision in field, which is one of the major issues in 
real-world accidents in Japan (see Figure 16).  The result 
shows that there is a decreasing tendency in dynamic 
backset with decrease in residual disability ratio. 
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Figure 16.  Correlation between Dynamic Backset 
and Permanent Disability Ratio 
 

 

Comparison with Hybrid III Head Rearward Rotation 
Angle 

 

We examined correlation with dynamic backset in BioRID 
II by performing sled test to assess head rearward rotation, 
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using Hybrid III specified in FMVSS 202a for 7 different 
types seats. The result shows that there is a general 
correlation with dynamic backset as shown in Figure 17. 
However, WHIPS, showing too large head rotation angle 
in the case of Hybrid III , showed relatively smaller value 
in the case of dynamic backset. 

0

10

20

30

40

50

60

70

80

0 5 10 15 20 25 30 35
Hybrid Ⅲ Head Angle [deg]

M
ax

. H
ea

d
 O

.C
.M

ov
em

en
t [

m
m

]

Normal 

Reactive 

Passive 

WHIPS

 
Figure 17.  Correlation between Hybrid III head 
rearward rotation angle and dynamic backset 
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CONCLUSION 

 
From dynamic backset evaluations by simulations and 

sled tests using IIWPG crash pulse on various types of 
seats and analysis of field minor neck injuries involving 
such seats in Japan, the following new facts were found. 

 
(a) Relation between static backset and dynamic backset 

i) As the amount of static backset increased, the 
dynamic backset increased in a linear proportion. 
In the various evaluation parameters (dynamic 
backset, NIC, Nkm, UNFX, UNFZ, T-HRC, 
Rebound V and T1-G), dynamic backset indicated 
the highest correlation with the amount of static 
backset. 

ii) Dynamic backset can evaluate the effectiveness of 
various types of seats with whiplash mitigation 
features, such as reactive, passive, and WHIPS, 
more appropriately than head rearward rotation 
angle of Hybrid III.  

iii) By setting each seat back to its design torso angle, 
instead of 25 degrees for every seat, the variation 
in BioRID II installation is decreased, resulting in 
higher repeatability and reproducibility. 

iv) According to the correlation analysis with IIWPG 
assessment rating and filed accidents ratio, 
dynamic backset has an inhibitory effect on 
occurrence of minor neck injuries in real world.  

 
DISCUSSION 
 
Evaluation of dynamic backset found that assessment 
of seats with whiplash mitigation features is feasible, 
which is difficult to be assessed by static backset. 
However, assessment by dynamic backset is only 
possible for mainly Phase I in minor neck injury 
phenomenon as shown in Figure 18. For more proper 
evaluation of minor neck injury phenomenon, we 
believe it would be appropriate to evaluate by injury 
parameter taking Phase II and III also into account.  
Therefore, JAMA and JARI are working with 
Japanese Government and EEVC to promote head 
restraint gtr Phase 2 activities.  And in the future, 
we are aiming to establish more appropriate minor 
neck injury assessment procedure through such 
activities.  
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Head/Head restraint 
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Rebound
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Figure 17.  Minor Neck Injury Phenomenon 
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ABSTRACT 

Rear-end collisions account for a substantial 
amount of crashes. The vast majority of rear-end 
collisions occur at speeds up to 30 km/h, mostly 
in city traffic. A common cause of these crashes 
is driver distraction. A rear-end collision might 
lead to soft-tissue neck injuries for the occupants 
in both vehicles involved, as well as material 
damages. The objective of this study is to 
present and discuss the potential benefit of a 
production system helping the driver to mitigate 
and in certain situations avoid rear-end collisions 
in low speed. 

City Safety monitors the traffic in front with 
the help of a laser sensor that is built into the 
windscreen’s upper section. It can detect the 
rear-end of a vehicle in front of the City Safety 
equipped car. If the driver is about to drive into 
the vehicle in front and does not react in time, 
the car brakes itself. The scope for the system is 
every day low speed scenarios, like cues or 
entering roundabouts, situations where a large 
portion of collisions appear due to distracted 
drivers. City Safety is active at speeds up to 30 
km/h. If the relative speed difference between 
the vehicles is less than 15 km/h it can help the 
driver to avoid a collision completely. In relative 
speed differences above 15 km/h up to an 
absolute speed of 30 km/h the objective is to 
reduce speed as much as possible before a 
collision occurs. 

Independent evaluation has shown that this 
technology offers the potential benefits of 
reducing collisions, leading to a substantial 
reduction in car damage costs and injuries to the 
occupants. Based on available statistics and 
dose-response model techniques, the reduction 
of impact severity is estimated to have the 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world retrospective 
studies of the production system will enable 
more precise quantification of the effect in the 
future.  

 
 
 
 
 
 
 
 
 
 
 
 

INTRODUCTION 

Focusing on light vehicle crashes Najm et al. 
(2007) using the NASS/GES database, show that 
rear-end collisions are the most frequent among 
all crash types, accounting for 29% of all police-
reported crashes in the United States, summing 
up to approximately 1.8 million annually. In 
Japan, ITARDA data reveals rear-end collisions 
consistently being the most numerous of all 
types of crashes (Watanabe and Ito, 2007). In 
2005, they accounted for approximately 32% of 
all crashes, representing approximately 300,000 
collisions. The numbers of rear-end collisions in 
UK are around 26% of the approximately 2.7 
million motor crashes resulting in insurance 
claims, annually (Avery and Weeks, 2008).  

Studying German GIDAS data, Eis et al. 
(2005) found that most of the car-to-car single 
rear-end collisions occurred on urban roads. 
Using reconstruction techniques, Eis et al. show 
that approximately 70% of the striking cars in 
car-to-car single rear-end collisions have an 
impact speed lower than 30 km/h. Another 
German study found that the difference in speed  
between the vehicles at the time of the collision 
was less than 15 km/h in more than 70% of 496 
random sampled rear-end collisions involving 
personal injury (Langwieder et al. 1998). 

A typical causation of low speed rear-end 
collisions is driver distraction or inattention. In 
the so called US 100 car study, the first of its 
kind where detailed information on a large 
number of near-crash events is collected, nearly 
80 % of all crashes and 65 % of all near-crashes 
involved driver inattention just prior to the onset 
of the conflict (Neale et al. 2005). Inattention 
was a contributing factor for 93% of rear-end 
collisions. Half of these drivers did not brake 
before the impact. This is found in statistical 
crash data collections as well. Analyzing UK 
National accident database (STATS19) from 
2005, Grover et al. (2007) found that the drivers 
in 44% of the vehicles in the sample took no 
avoiding action prior to the impact. 
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For occupants in cars being impacted from 
the rear, soft tissue neck injuries are the most 
frequent injury type. Although usually not life 
threatening it can result in long term pain and 
disability. Seat technology such as WHIPS 
(Lundell et al. 1998) and SAHR (Wiklund et al 
1998) are developed and found very effective in 
reducing the risk of neck injuries in a rear-end 
impact (Viano and Olsén 2001, Farmer et al. 
2003, Jakobsson and Norin 2004, Kullgren et al. 
2007). Jakobsson et al. (2008), summarizing 
almost ten years of experience of Volvo cars 
equipped with WHIPS, stated that although the 
risk is higher in higher impact severity, a large 
number of occupants reporting neck injuries is 
found in impacts, only requiring repair of the 
bumper system. For total injury reduction, low 
impact severity events are just as important to 
focus. 

Also, for the occupants in the impacting car, 
there is a risk of sustaining injuries such as soft 
tissue neck injuries (Kullgren et al. 2000, 
Jakobsson et al. 2004, Jakobsson 2004). Airbags 
and seat belt pretensioners have been found 
effective in reducing AIS1 neck injuries in 
frontal impacts (Kullgren 2000), although this is 
not applicable at severities below activation 
levels. 

Ultimately, systems of avoidance would be 
optimal, eliminating the impact as such. In recent 
years, collision avoidance or mitigation systems 
have been introduced with the aim to alert the 
driver of an impending impact into the rear of 
the car in front. Forward collision warning with 
auto brake is such a technology (Coelingh et al. 
2007), warning the driver and pre-charging the 
brakes if there is a risk of running into the car in 
front and in case the collision is imminent 
applying the brakes to mitigate the impact. 

This study presents the most recent system 
put in production that can help the driver to 
avoid rear-end collisions in low speeds.  

   

CITY SAFETY - SYSTEM DESCRIPTION 

City Safety is a low speed collision 
avoidance and mitigation system with the aim to 
mitigate and in certain situations avoid rear-end 
collisions. The scope for the system is to assist in 
every day scenarios like cues, entering 
roundabouts or parking situations, scenarios that 
may end up in collisions due to drivers being 
distracted or inattentive, Figure 1. 

 

  
Figure 1. City Safety – a low speed auto brake 

system 
 

If the vehicle in front suddenly brakes and 
City Safety determines that a collision is likely, 
the brakes are pre-charged. If the driver remains 
inactive, the car automatically applies the brakes. 
If the relative speed difference between the two 
vehicles is less than 15 km/h then City Safety 
may help to entirely avoid the collision. In 
relative speed differences above 15 km/h up to 
an absolute speed of 30 km/h, the focus is on 
reducing speed as much as possible prior to 
impact. 

City Safety is always on at startup but the 
driver has the possibility to temporarily turn off 
the system if this is required in a specific 
situation, e.g. off-road driving. City Safety is 
developed to react to vehicles in front that are 
either at a standstill or are moving in the same 
direction as the car itself.  

Once the system has activated, the driver is 
given a message as shown in Figure 2. There is 
no warning given. To help prevent drivers from 
adapting their normal driving to the system it is 
deliberately designed to give a harsh/ unpleasant 
braking sensation, with brake activation that is 
intentionally set late to be outside the drivers 
comfort zone. 

 

 
Figure 2. City Safety activation message 

 

Sensor system 

The City Safety system actively scans the 
area in front of the vehicle through the use of an 
infrared laser sensor (LIDAR) integrated into the 
top of the windscreen at the height of the rear-
view mirror, Figure 3. The position ensures a 
clear view since the area in front of the sensor is 
cleaned by the windshield wipers.  
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Figure 3. Placement of City Safety laser 

sensor behind the windshield.  
 

The sensor utilizes 905 nm laser light. It has 
multiple IR laser channels to detect at which 
lateral position in front of the vehicle a potential 
target vehicle is placed. The transmitted laser 
light is reflected by the reflective surfaces of the 
target and the sensor uses the time of flight 
principle to calculate the distance to potential 
targets. In other words, the time from 
transmission to reception determines the distance 
to the potential targets. Relative velocity and 
acceleration is derived from multiple distance 
measurements. Vehicles within 10 m in front of 
the sensor are detected. 

 

City Safety Controller  

Scenario Detection 
City Safety has been developed to assist in a 

large number of real world situations addressing 
rear-end collisions, exemplified by; stationary 
and moving objects, straight roads and when 
negotiating a curve, different road conditions, 
speeds (<30 km/h) and car-to-car overlaps, day 
and night. Although the system can not detect 
distraction as such it is developed with 
distraction in real life driving situations in focus, 
exemplified by; the rush hour queue 'eyes and 
mind somewhere else', 2nd car in roundabout 
'finding your gap', parking lot driving 'finding 
the spot', city driving 'finding your way' and 
other in-car and road-side distractions. 

Continuously when driving, the path of the 
City Safety equipped vehicle (host) is calculated 
and a potential target vehicle in the host vehicle 
path is evaluated by the threat assessor (see 
Figure 4). Vehicle cut-ins and cut-outs are also 
treated as unique scenarios. 

 

Distance

Credible Imminent

Host Target

Distance

Credible Imminent

Host Target

 
Figure 4. Illustration of threat assessment 

 

Threat Assessment 
Based on the speed and acceleration of the 

host vehicle, the speed and acceleration of the 
target vehicle and their relative distance, the 
system makes 50 calculations per second to 
determine what deceleration would be needed to 
avoid a potential collision. The calculation 
includes compensations for system response 
times. 

The measured information is used to 
determine the probability of running into a 
stationary or moving potential target vehicle in 
the host vehicle path. If the calculated 
deceleration needed to avoid a collision exceeds 
a certain level without the driver responding, the 
system determines that the probability of a 
collision is credible. If the needed deceleration 
rises even higher it is judged to be imminent, see 
Figure 4.  

System Activation  
If the threat assessor is judging the collision 

probability as credible, the brake system is pre-
charged for faster brake response. If determined 
to be imminent, auto brake is activated and 
emergency brake assist sensitivity is raised. 

Once City Safety is activated it helps either 
to avoid or reduce the severity of the collision by 
automatically braking the car with on average 
0.5 g and reducing the throttle opening. At the 
same time, the brake lights are activated to warn 
the traffic coming from behind. The symbol as in 
Figure 2 will inform the driver about the 
activation. When a collision towards a stationary 
vehicle is avoided, the host vehicle is kept 
stationary by the brakes for approximately 1.2 
second, after which the brakes are released.  

Driver Override 
The system is overridden by the driver if 

he/she gives a large steering or throttle input, the 
system having calculated that the driver is taking 
evasive action and is aware of the situation. 

 

SYSTEM PERFORMANCE 

Verification methods 

To validate and verify the functionality of 
City Safety, extensive testing was carried out. 
The tests were performed on test tracks as well 
as in real traffic on public roads in order to:  
- verify that the system provides an 

intervention in the driving scenarios that 
constitute a high probability for a rear-end 
collision and does not fail to intervene in 
these collision scenarios, and to  

- verify that the system does not disturb the 
driver with false activations, under normal 
driving conditions.  
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Test track tests 
The positive system activation (intervention 

as intended) performance was verified in a large 
variety of rear-end collision scenarios performed 
at different test tracks. The scenarios were based 
on situations identified as frequent and important 
from real world driving situations. Numerous 
test set-ups were established using stationary and 
moving target vehicles of different sizes and 
shapes; a combination of straight roads and 
when negotiating a curve in different angles; a 
variety of different lateral offsets between host 
and target vehicle; varying roads, weather and 
light conditions in different accelerations and 
speeds. Differences in driver behavior were also 
considered.  

Special test equipment was developed and 
used for the different test purposes. Target 
vehicles were represented by large inflated 
balloon cars (Figure 5) and modified vehicles 
(Figure 6) that allow for possible collisions with 
the host vehicle. The balloon car can also be 
attached to a horizontal beam connected to a 
vehicle such that it also can represent a moving 
target in different scenarios.  

 

 
Figure 5. Target vehicle represented by an 

inflated balloon car. 
 

 
Figure 6. Target vehicle represented by a half 

real vehicle body. 
 

Public road tests 
Extensive testing on public roads was 

performed to verify that the system does not 
disturb the driver with false activations under 
normal driving conditions. During these tests, 
the system automatic brake intervention was not 
active. However, data was collected and 

analyzed with respect to whether an activation 
would have occurred or not. 

Normal driving conditions were defined 
using real-world user profiles. A profile 
represents the contextual conditions in terms of 
road type, lighting and weather condition as well 
as input from the driver population. A total of 
one million kilometer relevant data was 
collected, stored and analyzed. The data was 
collected in all major European cities, in 
Sweden, cities in Thailand, Malaysia as well as 
the west and east coast of United States. 
Emphasize was put on gathering information 
from different types of city traffic as well as with 
different types of driving attitude and other 
driver characteristics (age, experience etc). A 
blend of defensive and offensive drivers 
including professional were used. Tests were 
also run during extreme weather situations, such 
as desert heat and Nordic winter weather. 

The purpose of the testing was to gather data 
to provide input for the system performance 
when exerted to all possible situations in real 
traffic with the goal to ensure that false 
activation was minimized.  

 

EFFECTIVENESS 

Data from Germany indicates that in 
approximately 70% of car-to-car single rear-end 
collisions the striking car impacts with speeds 
below 30 km/h (Eis et al. 2005). Other studies 
claim that in approximately half of the cases the 
driver do not brake at all before the collision, 
mainly because of distraction (Neale et al. 2005, 
Grover et al. 2007). In these cases, City Safety 
could make a crucial difference. City Safety 
brakes the car automatically if the driver is about 
to drive into the vehicle in front. A collision can 
either be entirely avoided or if this is not 
possible, the damage to cars and people can be 
reduced, for absolute speeds up to 30 km/h.  

The area of predicting the real-life safety 
benefit of an active safety systems covers a 
broad variety of aspects from the driver-car 
interaction to issues such as socioeconomic 
impact by reducing accidents and occupant 
injuries. This area is complex and today 
impossible to cover completely. Even the more 
limited focus of a car manufacturer is wide; 
accident avoidance and accident severity 
reduction addressing both potential injury 
reductions in host as well as target vehicle are 
key areas. To this can also be added the potential 
savings in terms of car damage costs and repair 
time.  

A study by Thatcham stated that the City 
Safety system by preventing common low speed 
rear-end collisions, where soft tissue neck 
injuries typically occur shows great potential for 
reducing the burden on insurers and the wider 
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society (Avery and Weekes 2008). The authors 
estimate that the system, if available in all cars, 
could affect 210,600 collisions in the UK 
annually by preventing or mitigating the 
collision. This includes over 91,000 collisions 
involving soft tissue neck injuries estimated to 
save costs of 1.1 billion Euros. 

A study by IIHS in US estimates that systems 
focusing prevention or mitigation of frontal 
impacts by intervening in these situations 
address a very large amount of relevant 
situations (IIHS, 2008). No details are given in 
the study with respect to impact speeds or other 
circumstance, whereby no more detailed benefit 
estimation of what a system like City Safety 
would offer is to be found.   

A Volvo car equipped with City Safety offers 
a range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. 

 

Occupants in City Safety equipped vehicle 

Impacting a vehicle in front of you can be 
both a physically harmful and an emotionally 
unpleasant experience. By reducing the velocity 
prior to the impact, City Safety reduces the 
injury risks for the occupants, or even eliminates 
them completely if the collision is avoided. 

Using information from crash recorders, 
Kullgren (2008) found that long term (>1 month) 
soft tissue neck injury risks in frontal impacts are 
approximately 10% in 15 km/h change of 
velocity and 20% in 30 km/h. Crash recorder 
data from Volvo cars in frontal impacts confirms 
that there is an increased risk of soft tissue 
injuries with increased change of velocity 
(Jakobsson 2004). It is also seen that soft tissue 
neck injuries are found in very low speed frontal 
impacts. Jakobsson (2004) also concludes that 
not only the crash pulse measures influence the 
injury occurrence, but other parameters related to 
occupant and sitting posture are probably of 
equal importance. None of the two studies 
provide details enabling to sort out the rear-end 
collision types of frontal impacts as the City 
Safety target; making it difficult to quantify the 
total potential effectiveness of such a system. 
However, these overall facts and figures provide 
support that the occupants in the City Safety 
equipped vehicle have much to gain by avoiding 
or mitigating a potential low speed rear-en 
collision.  

 

Occupants in potential target vehicle 

For the occupants in the target vehicle, City 
Safety will offer a less severe impact or no 
impact, saving health, time and money. Soft 
tissue neck injuries are frequent in rear-end 

impacts, even at rather low impact severity 
(Jakobsson et al. 2008).  

Based on crash recorder data and long term 
neck injury risks in rear-end impacts, using dose-
response models, Kullgren (2008) has made 
estimates of the effectiveness of City Safety. 
Assuming that all rear-end impacts can be 
regarded as rear-end collisions and that the 
reduction in change of velocity would be 
approximately half of the reduction in impact 
speed, a system that automatically brakes in rear 
end collisions with 15 km/ at impact speeds 
below 30 km/h, has the potential to reduce the 
number of  injured occupants by 60%.  

 

Reduced owner costs 

Even collisions at the lowest speeds can 
result in significant costs and repair time. City 
Safety helps the owner to reduce time-
consuming contacts with the workshop and 
insurance company. This has been 
acknowledged by several insurance companies 
that are now providing incentives such as 
insurance premium discounts for cars equipped 
with City Safety. 

In UK, Avery and Weeks (2008) estimate 
that a system like City Safety would save a large 
amount of repair costs. They base the 
calculations on the fact that rear-end collisions 
account for 26% of the totally around 2.7 million 
motor crashes resulting in an insurance claim 
annually in the UK and that 75% of these occur 
at speeds below 30 km/h. Avery and Weeks 
estimate that in 30% the driver does not apply 
the brake, acknowledging that the estimate is 
currently conservative since insurance data 
indicates that for up to 50% of cases the driver 
does not apply braking. Based on these 
assumptions they identify 157,950 collisions that 
City Safety could help to prevent, with estimated 
savings of €590,101,200 and additional 52,650 
collisions with reduced repair costs estimated to 
savings of €196,700,400. 

 

DISCUSSIONS 

Soft tissue neck injuries as a result from rear-
end collisions is despite effective seats in the 
impacted car still a frequent and costly injury in 
car crashes. Adding to the fact that the occupants 
in the impacting car also can sustain neck 
injuries and the time and money needed to repair 
the vehicles, it is easy to understand the high 
benefit of avoiding or mitigating rear-end 
collisions. City Safety addresses the frequent 
low speed rear-end collisions, usually occurring 
in heavy city traffic and often when the driver is 
distracted in some way.  

Although City Safety is developed to react to 
vehicles in front that are either at a standstill or 
are moving in the same direction as the car itself, 
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it might also detect other objects like 
pedestrians, appearing in front of the car. 
However, the main recognition pattern used to 
develop the system is that of the rear end of 
another vehicle. Other systems with higher 
effectiveness for vulnerable road users are under 
development.  

City Safety does not offer a warning prior to 
activation. The reason for this is mainly the time 
available. At low speeds it is more effective to 
break to avoid a collision than to steer away 
from one making it possible to create a collision 
avoidance system by utilizing braking. City 
Safety is developed based on these principles. 
Other systems exists and are under development 
addressing other situations, where warning 
aspects are important. 

The system is designed to give a late, harsh 
and unpleasant braking sensation to prevent 
drivers from adapting their normal driving to the 
system. Avery and Weekes (2008) concluded, 
based on collision assessment tests by 98 drivers 
using City Safety equipped vehicle towards an 
inflatable target vehicle, that driver adaptation to 
the system seemed highly unlikely. 78% of the 
drivers felt the urge to brake when approaching 
the target and 95% of the drivers stated that they 
would not rely on the system during normal 
driving. Thus it seems that the system works as 
intended. 

The sensor behind City Safety offers not only 
the avoidance and mitigation aspect of safety, 
but also incorporates the functionality of further 
enhancing the passive safety by preparing the 
restraint systems in a frontal impact (so called 
Pre-prepared Restraints, PRS). This is a unique 
customer offer coupling active and passive 
safety using the same sensor technology 
hardware.  

Independent evaluation has shown that this 
technology offers great potential benefits in 
substantial reduction of injuries and damage 
costs. Estimates based on crash recorder data and 
dose-response techniques predicts an 
effectiveness of approximately 60% for long 
term neck injuries in the potential target vehicle. 
The availability of precise low speed collision 
data is limited and thus influences the 
possibilities to calculate an effectiveness figure 
for the occupants in the City Safety equipped 
vehicle with respect to risk of injuries. However, 
based on the relatively high risk of neck injuries 
even in low impact severity, it is realistic to 
estimate an almost as high effectiveness figure as 
for the target vehicle. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 

The system does not only include benefits 
with respect to injury prevention and risk 
reduction but also include benefits with respect 
to cost of ownership with reduced repair costs. 
Low speed rear-end collisions with drivers being 

distracted or inattentive are very frequent so the 
effectiveness of a system like City Safety has 
great potential with respect to savings in costs 
and time for the owner. Also, less than a year 
after introduction, there are several insurance 
companies worldwide offering discounts for the 
cars equipped with the system, and thus 
consequently adding extra savings to the owner. 

The estimated benefit calculations as 
presented in this study as well as by independent 
institutes in the United States (IIHS, 2008), the 
United Kingdom (Avery and Weeks 2008) and 
Sweden (Kullgren 2008) all identifies large 
potential benefits in reductions of crashes, 
injuries and thus reductions of costs and time 
savings both for the society and the individuals. 

 

CONCLUSIONS 

This study presents and discusses a new 
active safety system, City Safety. Being standard 
equipment in a Volvo model, it helps the driver 
to avoid rear-end collisions in low speeds. If the 
driver is about to drive into the vehicle in front 
and does not react in time, the car brakes itself. 
If the relative speed difference between the two 
vehicles is less than approximately 15 km/h then 
City Safety may help to entirely avoid the 
collision. In relative speed differences above 15 
km/h up to an absolute speed of 30 km/h the 
focus is on reducing speed as much as possible 
prior to impact.  

A car equipped with City Safety offers a 
range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. Also, City Safety helps the owner reduce 
time-consuming contacts with the workshop and 
the insurance company and saves costs for the 
repairs. In several countries insurance companies 
offer insurance premium discount, for cars 
equipped with City Safety. The benefit of such a 
system on the potential of soft tissue neck 
injuries in both the vehicles is obvious, and an 
important step towards prevention of neck 
injuries in minor impact severities. Independent 
evaluation estimates that City Safety has 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 
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ABSTRACT 
 
In 2002 the first bridge between active and passive 
automotive safety was built. The MY03 Mercedes-
Benz S-Class was the first car in the world that 
implemented preventive measures for occupant 
protection which took effect before the actual 
impact occurred. Meanwhile the name “Mercedes-
Benz PRE-SAFE® System” became well known. 
Since then many other cars from various car 
manufacturers have adopted this principle of a 
“natural protection reflex”. In order to detect 
dangerous situations or upcoming accidents, 
various sensor systems are being used in these cars 
today. In addition to sensors that keep an eye on 
the driving dynamics or on the driver reaction, the 
use of radar sensors or cameras has become 
common during the past few years. Almost all of 
those systems observe the area in front of the car 
and therefore address situations with an increased 
risk for a frontal impact. Very few systems 
presented up to now are capable to “look” 
backwards and thus detect an imminent rear 
impact. This paper presents the Mercedes-Benz 
approach to integrate this type of accident into the 
PRE-SAFE® System. The paper covers the issue of 
detecting collision objects on the basis of radar 
data. And it presents a cascade of precautionary 
actions that can improve occupant protection in 
rear-end accident situations. In particular, the 
purpose and benefit of a preventive increase of 
brake pressure is discussed, as well as taking into 
account further actuators such as a reversible seat 
belt pretensioner or an active headrest. In order to 
substantiate the benefit of such a system several 
evaluation charts on the reduction of the impact 
severity, the dummy loads and the estimated risk 
of whiplash injuries are included. Based on 
accident simulations there are also evaluations 
about the reduction of the “accident radius” and 
thus the risk of a secondary impact. Finally the 
question of an appropriate electronic architecture 
for such an integral safety system is touched upon. 
 
 
 
 

INTRODUCTION 
 
Federal German statistics on road accidents show 
that 15% of all car accidents belong to the category 
of rear-end impacts, making them the third most 
important impact scenario after frontal impacts and 
side impacts. 
A closer look into the “German In-Depth Accident 
Study” (GIDAS) which contains a detailed analysis 
and documentation of more than 17.000 road 
accidents that occurred in the regions of Hannover 
and Dresden, basically confirms this information. 
Focused on car collisions with injured occupants, 
the share of rear-end impacts is 16.4% (as of July 
2008). 
 
Figure 1: Car-collision configurations with 
injured occupants in GIDAS. 
 

 
 
Compared to frontal impacts or side impacts which 
usually emerge from a broad variety of initial 
situations, 80% of rear-end collisions result from 
only four preceding conflict situations: 
 

- Collisions in longitudinal traffic 
- Collisions in a traffic jam 
- Collisions with a vehicle that stopped at 

a traffic light 
- Collisions with a vehicle that is just 

about to turn left 
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ANALYSIS OF REAR-END COLLISIONS 
 
GIDAS also contains data about the overlap. An 
analysis of this information for rear-end impacts 
shows that an overlap of more than 90% is clearly 
the most frequent configuration in this accident 
type. 
Only 20% of all rear-end collisions occur with an 
overlap of less than 20%. 
 
Figure 2: Overlapping ratio in rear-end 
collisions 
 

 
 
The analysis of the velocity of the target vehicles 
in rear-end crashes shows that 72% of all rear-end 
impacted cars are at standstill (v = 0 km/h) at the 
time of impact. 
 
Figure 3: Target vehicle velocity in rear-end 
collisions 
 

 
 
 
PREVENTIVE OCCUPANT PROTECTION 
(PRE-SAFE®) 
 
In 2002 Mercedes-Benz launched the world’s first 
protection system that takes action before the 
actual impact occurs and thus improves the safety 
of car occupants preventively. The system called 
PRE-SAFE® uses sensor data from the Electronic 
Stability Program (ESP) and the Brake Assistant in 
order to detect dangerous driving situations in 
which it is likely that an accident might follow. 
Two examples of trigger situations for PRE-
SAFE® are when ESP detects severe skidding with 
strong under- or oversteer (beyond the threshold 

for ESP interventions) or when the Brake Assistant 
detects an emergency braking. 
Comparable to a natural protection reflex the car 
uses the remaining time before the impact to 
prepare itself and the occupants for the upcoming 
crash. 
Data from Mercedes-Benz accident research 
indicate that in almost 60% of all investigated real-
world accidents the duration of this pre-crash 
phase between the moment when a danger 
becomes imminent and the actual impact is longer 
than 1 second. PRE-SAFE® makes use of this time 
span which is much longer than the span of the 
actual crash itself. 
 
Figure 4: Basic idea of PRE-SAFE® 
 

 
 
The PRE-SAFE® master software is located within 
the ESP control unit and makes use of the CAN 
network which is standard in modern cars today. 
The system gathers data from various sensors and 
at the same time communicates with different 
actuators. Depending on the equipment available in 
the vehicle the system takes the following actions: 

- The seatbelts of driver and front 
passenger are tightened to a force level 
of 140 N in order to reduce belt slack 
and to keep the occupants in a safe 
position for potential restraint 
deployment. 

- The front passenger seat is moved to a 
more favorable position for possible 
restraint system deployment (in case it 
had been adjusted to a less optimal 
position before). 

- The side bolsters of the multicontour 
seat are inflated in order to improve the 
lateral support of the occupants and 
keep them in a safe position for possible 
restraint deployment. 

- When the system detects that a rollover 
crash might be imminent the sliding 
roof and the side windows are closed 
(until only a small gap remains) in order 
to minimize the risk that occupants are 
ejected from the car. 
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Figure 5: PRE-SAFE® system network 
 

 
 
These measures are aimed at reducing the risk of 
injury for the car occupants and enhancing the 
efficiency of the conventional restraint systems. In 
this way PRE-SAFE® virtually builds a bridge so 
to speak between Active and Passive Safety. 
All PRE-SAFE® measures are reversible, so they 
can easily (or even automatically) be reset in case 
the accident could successfully be avoided. The 
system is then ready for action again instantly. 
However PRE-SAFE® does not replace any of the 
conventional safety systems because it cannot 
detect each and every accident before it takes 
place. PRE-SAFE® is designed to provide 
additional safety in as many cases as possible. 
In 2005 the system’s capabilities to detect 
dangerous situations were expanded by making use 
of radar sensors that scan the area in front of the 
car. 
 
Figure 6: Use of environment observation for 
PRE-SAFE®  
 

 
 
While those sensors are mainly used for the 
application of an Adaptive Cruise Control (ACC), 
they can also provide data for Active Safety 
Functions like Brake Assist Plus or for collision 
mitigation systems like “PRE-SAFE® Brake”.  
A vehicle equipped with “PRE-SAFE® Brake” can 
detect objects in front of the vehicle and, when 
detected, can continuously measure the distance to 
those objects. When the system detects that this 
distance drops dangerously low, it starts a 
sequence of escalation steps: 

- 2.6 sec before a potentially imminent 
crash the driver gets a warning by 
optical and audible signals 

- 1.6 sec before the possible crash the car 
initiates an autonomous braking at a 
level of 40% of the maximum brake 
force. At the same time, the PRE-
SAFE® measures for preventive 
occupant protection are activated. 

- In case the driver still fails to react and 
take control the car automatically 
implements full braking 0.6 sec before 
the imminent impact, which at this time 
is unavoidable.  

As a result of the autonomous braking the system 
can reduce the impact energy by up to 55%.  
Further details on the PRE-SAFE® system were 
presented during the ESV 2005 Conference in 
Washington DC [1]. 
 
 
REARWARD ENVIRONMENT 
OBSERVATION 
 
Today a typical rear-end accident can not be 
detected by PRE-SAFE®. According to Figure 3 
many of these accidents take place while the target 
vehicle is at standstill, so the ESP sensors don’t 
indicate any driving dynamics. Objects 
approaching from behind can also not be detected 
by the present radar sensor equipment because 
these sensors typically are mounted in the front 
bumper or behind the front grille to observe the 
area in front of the car only. Even the sensors that 
are mounted in the corners of the rear bumper in 
some cars are not applicable to detect vehicles 
approaching in the same lane, because those 
sensors are designed and adjusted to monitor the so 
called “blind spots” beside the car on the adjacent 
lanes.  
On the other hand the high offset rates in most 
rear-end impacts (see Figure 2) provide relatively 
good conditions for rearward facing environment 
observation sensors. Therefore the Mercedes-Benz 
approach to integrate rear-end accidents into the 
PRE-SAFE® system is to mount a radar sensor in 
the rear bumper. The field of view of such a sensor 
should be adjusted mainly to the area right behind 
the car, since in most cases the impacting vehicles 
approach in the same lane. 
Regarding the necessary working range two main 
aspects have to be taken into account: 

1. Is the system designed to send any 
warning signals (either to the 
vehicle driver / occupants or to the 
driver approaching from behind)? 

2. Activation time of the actuators 
that are triggered by the system (i. 
e.: period of time that those 
actuators require to provide their 
functions). 

Both aspects are discussed below. 
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THE “WARNING DILEMMA” 
 
Any sort of warning only makes sense when it 
takes place early enough to leave sufficient time 
for appropriate and effective reactions.  
When a potential collision object approaches from 
behind there are two possible warning scenarios: 
Either the driver / occupants are warned – for 
example by visual, audible or haptical signals – or 
the warning is aimed at the driver in the 
approaching vehicle. 
In both cases the timeline is roughly the same. 
Mercedes-Benz studies with test subjects in a 
driving simulator showed that a warning should be 
triggered 2.6 sec before the predicted impact in 
order to leave enough time for average reaction 
delay and an adequate preventive action. 
At usual city speeds of 40-50 km/h this means that 
a warning has to start when the distance to the 
approaching vehicle is 29-36 m. In other words: 
The necessary extension of the “warning zone” is 
so large, that the detection of another vehicle 
within this zone will be a very frequent event (as 
the example scenario in Figure 7 shows). 
So the so called “warning dilemma” becomes 
obvious: On the one hand a warning only makes 
sense when it takes place early enough, on the 
other hand a warning should only be a rare event, 
because otherwise it would be annoying and would 
fail to generate the designated reaction. 
 
Figure 7: Necessary extension of the “warning 
zone” 
 

 
 
Due to this general dilemma the functional option 
of sending warning signals today is not the main 
focus of the Mercedes-Benz approach to improve 
safety in rear-end accident scenarios. 
 
 
RESTRICTIONS OF RADAR-BASED 
ENVIRONMENT PERCEPTION 
 
The design of a safety system that uses radar 
signals always has to keep in mind the limitations 
of this technology. 
The most relevant limiting factors are: 

- The degree of reflexion varies between 
different materials. Some materials (e. 
g., dry wood) poorly reflect radar beams 
and thus are more difficult for radar 
sensors to detect. 

- A cover of snow or dirt dampens radar 
beams. Thick snow covers can even 
make a sensor “blind”. 

- Radar technology does not provide any 
information about the mass of detected 
collision objects. 

- Present automotive radar sensors do not 
provide reliable information about the 
size of the detected objects. 

The first two points show that a radar sensor can 
not detect all collision objects. Radar data can 
therefore only provide additional assistance for 
occupant protection systems, but these systems can 
not be designed such that radar data is 
indispensable for their trigger decisions. 
The last limiting factor mentioned above also has 
an impact on the design of automotive safety 
systems based on radar sensors. Since the radar 
systems available for automotive applications 
today detect objects only in the form of a singular 
spot without any extension, it is impossible to 
definitively distinguish between objects that will 
actually hit the vehicle and objects that will only 
closely pass by. 
As a consequence a “grey area” will be inevitable. 
This means that for an object located in this grey 
area and approaching the vehicle, the system can 
not clearly predict if the object will hit the vehicle 
or pass by. 
Depending on the preventive measures to be 
triggered based on the radar information, the 
trigger strategy for objects in the grey zone may be 
different. If the impact (or rather the “annoyance 
potential”) of a certain measure is rather low, then 
it can also be activated in doubtful cases. If a 
certain measure causes a considerably adverse 
effect on the comfort of the driver or the occupants 
(like, for example, preventive seat belt tensioning), 
then the activation should rather be suppressed. 
This, however, means that there will be accidents 
in which the measure has not been activated even 
though it would have been useful. 
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Figure 11: The grey “may-trigger-zone” 
 

 
 
Regarding the PRE-SAFE® system, Mercedes-
Benz therefore has always made one thing 
absolutely clear: PRE-SAFE® only provides 
additional safety. It cannot and will not claim to 
detect every single accident in advance. In cases 
when the danger of an imminent accident can be 
detected early enough, PRE-SAFE® can provide 
additional protection. But there will also be 
accidents without a preceding PRE-SAFE® 
activation. In these cases the full range of all 
conventional restraint and protection systems 
remains available. 
Under this prerequisite radar sensors can be used 
for PRE-SAFE® in spite of their limitations.  
The idea is to provide additional safety whenever 
possible. Even when it is not possible to provide 
additional safety, the use of radar sensors for PRE-
SAFE® in rear-end collision situations still causes 
no harm. 
 
 
PRE-SAFE® REAR 
 
Given that an environment sensing system 
observes the area behind the car and can detect 
potential collision objects approaching from 
behind, it will be useful to calculate the “time-to- 
collision” (“TTC”) based on the tracking data of 
the observed object. This allows for the triggering 
of a sequence of measures within an integral 
escalation concept in a way that each measure can 
provide its protective function at the right moment 
in the potential crash sequence. 
At the present stage of discussion the Mercedes-
Benz approach mainly addresses the following 
steps. 
 
 
 
 
 
 
 
 
 
 

Figure 8: Functional options for “PRE-SAFE® 
Rear” 
 

 
 
Step 1: Increase brake force 
Analysis of rear impact crash test films showed 
that during the impact the inertial force led to a 
significant rearward movement of the occupants 
relative to the occupant compartment. This 
movement also includes the driver’s legs. Even if 
the driver has his foot on the brake pedal before the 
rear-end impact, the inertial forces of the crash can 
lead to a lifting of the foot from the pedal. In a 
heavy rear impact this lifting can reach an amount 
of more than 200 mm. 
 
Figure 9: Crash film analysis of the relative 
movement between leg and brake pedal 
 

 
 
So in a heavy rear impact (impact speed in the 
example: 50.7 km/h) the driver may not be able to 
keep his foot on the brake pedal even when he 
wants to. 
In a less severe rear impact the inertial crash force 
reduces the force that the foot exerts on the pedal. 
Unfortunately this inertial force effect has adverse 
consequences for the crash. Both during the impact 
itself and also during the following seconds it 
would be beneficial overall if the impacted car had 
applied the brakes as hard as possible (see separate 
paragraph on the benefits). Thus the active and 
preventive boost of the brake force in situations of 
an imminent rear-end impact is an advantageous 
PRE-SAFE® measure. Due to the usual time 
requirements for brake force enhancement, this 
measure should typically be activated at a time-to-
collision (“TTC”) of approx. 600 ms in order to be 
fully effective at the time of impact. 
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Step 2: Reversible seat belt tensioning 
The activation of reversible seat belt tensioners, 
which is mainly useful in situations with imminent 
frontal crashes, also makes sense when a rear-end 
impact is about to happen. The electric motor in 
such a belt system takes out the belt slack and thus 
fixes the occupants tighter to their seats and to the 
passenger compartment. This reduces any dynamic 
displacement and improves the efficiency of all 
conventional restraint systems and brings 
significant advantages in case a secondary impact 
should follow (which would usually be a frontal or 
side impact). 
With respect to the typical activation time of 
reversible seat belt tensioners this measure should 
be activated at a TTC of approx. 100 ms. 
 
Step 3: Activation of the active headrest 
The Mercedes-Benz approach also includes the 
activation of the headrest. Usually the airbag 
control unit triggers this headrest. For this trigger a 
relay switch is released and the headrest is moved 
forward and upward by means of a spring force 
within 30 ms. 
Since this system is also fully reversible, it can also 
be activated before impact The main benefit of this 
measure is that preventive activation fully avoids 
the usual trade-off from which acceleration-based 
trigger algorithms suffer. On the one hand the 
activation shall take place as early as possible, but 
on the other hand the acceleration signal usually 
only allows non-ambiguous classifications of the 
crash severity after several milliseconds. 
Another aspect is that a preventive activation of the 
headrest also avoids interference between the 
movement of the headrest and inertial forces 
affecting the seat during the impact. Triggering the 
headrest early enough before the impact guarantees 
a release movement unaffected by any impact-
related forces. 
 
Figure 10: Trade-off in the acceleration-based 
trigger decision for an active headrest 
 

 
 
With respect to the short activation time of the 
Mercedes-Benz active headrest, this measure 
should be activated at a TTC of approx. 50 ms. 
 
 
 

BENEFITS OF A PREVENTIVE 
ENHANCEMENT OF THE BRAKE FORCE 
 
1. Benefit during the impact 
 
Applying the brakes in the target vehicle in car-to-
car collisions influences the impact in various 
ways (compared to the situation with no brakes 
applied at all):  

- The net impact forces between the two 
vehicles are higher. 

- The deformations are higher. 
- Delta v and mean acceleration are 

higher for the bullet car. 
- Delta v and mean acceleration are lower 

for the target car. 
Since the forces imposed by brakes and tires are 
relatively low compared to the impact forces in a 
severe rear-end impact, the effects mentioned 
above can usually be disregarded in many cases. 
However: The slower the impact is, the more 
relevant these effects are. 
With regard to whiplash injuries it is important to 
note that these injuries can already occur at 
relatively low impact speeds. 
Various studies in the 1990´s investigated the 
relation between impact severity and the 
occurrence of neck injuries. Studies by McConnell 
et al (1995) [2], Eichberger et al (1996) [3], Ono 
and Kaneoka (1997) [4], Siegmund et al (1997) 
[5], Krafft et al (2002) [6] and Kullgren et al 
(2003) [7] allow us to reach the conclusion that the 
risk of whiplash injuries already rises significantly 
at a rather low impact level. The threshold found in 
these studies is at a level of delta v = 10-12 km/h 
for the target vehicle and a mean acceleration of 
only 4 g. 
At the ESV2005 conference Krafft et al [8] showed 
that even rather small differences in the mean 
acceleration obviously can make a big difference 
for the risk of whiplash injuries and especially for 
the duration of the symptoms. Table 2 (taken from 
the Krafft study) shows that only 0.4 g reduction in 
the mean acceleration can result in the reduction of 
symptom duration from 1-6 months to less than 
one month. And a reduction of 1.1 g in mean 
acceleration can result in being uninjured instead 
of suffering from neck pains for 1-6 months. 
 

H ig h  trig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s

H ig h  tr ig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s



Bogenrieder 7 

Table 1: Numbers of male and female drivers 
and front seat passengers and average delta v 
and mean acceleration for different symptom 
durations. 
 

 
 
So whiplash injuries typically occur at an accident 
severity level in which the occupants in the 
impacting cars usually can expect to remain 
completely uninjured. Even more: They still will 
not face significantly increased risk of injury when 
their impact becomes slightly harder because the 
car in the front applies its brakes. The appreciation 
of values here shows that the benefit for the 
occupants in the impacted car clearly outweighs 
the small disadvantage for the occupants in the 
second car. 
A Mercedes-Benz Crash Simulation showed which 
reduction in acceleration can be achieved when the 
brakes are fully applied in an impacted vehicle on 
a high grip surface (μ=0.95). In this example the 
modelled impacted car was a fully loaded 
Mercedes-Benz S-Class (m=2835 kg) hit by a 
moving deformable barrier (m=1367 kg) at a speed 
of 10 km/h. 
The black graphs in Figure 12 show that the 
maximum acceleration in the S-Class decreases 
from 3.8 g to less than 3 g. Following the results 
from Krafft this is a scale that can significantly be 
beneficial for the risk of neck pains and most likely 
can reduce their duration. 
 
Figure 12: Reduction of the acceleration of an 
impacted car by enhancement of the brake 
force 
 

 
 
 
 
 

2. Benefit after the initial impact 
 
The analysis in figure 9 shows that in a severe rear-
end impact it is likely that the driver’s foot will be 
lifted from the brake pedal. So during the few 
moments until the driver can react and put his foot 
back on the brake pedal again, his car will be 
pushed away and roll on freely. Any object in the 
impacted vehicle’s path will likely be hit, so that 
after the rear-end impact, a secondary frontal 
impact may follow. The car may even be pushed 
into the lane of oncoming traffic, so that this 
secondary impact may be very severe. 
If, however, the impacted vehicle could 
automatically apply and hold its brakes (either for 
a certain duration or until the driver touches the 
accelerator pedal), this would significantly reduce 
the risk of a secondary impact, simply by reducing 
the “radius” of the post-crash movement of the 
impacted vehicle. 
The benefit of this PRE-SAFE® brake-force 
enhancement in rear impacts was demonstrated in 
two different accident scenarios, using an accident 
simulation software. In a scenario in which the 
second car crashed at a speed of 30 km/h into a 
vehicle that was at standstill, the post-crash 
movement of the impacted car was reduced by 
70%. In a scenario with an impact speed of 50 
km/h, the reduction was still 35% (see figure 13). 
 
Figure 13: Reduction of the uncontrolled post-
crash movement of an impacted car by 
enhancement of the brake force 
 

 
 
 
SUMMARY 
 
In the most frequent rear impact scenarios the 
target vehicle is at standstill while the bullet 
vehicle approaches in the same lane. The crash 
mostly takes place with an offset ratio of 90% or 
more. 
In this constellation a pre-impact detection of the 
upcoming danger can neither be achieved on the 
basis of driving dynamic sensors nor on the basis 
of driver reactions. Instead of that the use of 
environment observation sensors will be necessary 
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for the activation of preventive protection 
measures.  
Today PRE-SAFE®, the preventive occupant 
protection system of Mercedes-Benz, is not able to 
detect an upcoming rear-end impact. But the 
integration of a rearward-facing radar sensor will 
enable the system to cover a considerable share of 
real world rear-end impact scenarios. 
When such a sensor detects a potential collision 
object a sequence of preventive measures can be 
activated. 
Especially the enhancement of brake pressure is a 
measure that can both reduce the risk of whiplash 
injuries and also the risk or energy of secondary 
accidents. 
In further pre-crash escalation steps the activation 
of reversible seatbelt tensioners and active 
headrests are additional measures that can improve 
occupant protection in real-world rear impact 
accidents effectively. 
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