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ABSTRACT 

The use of an appropriate Child Restraint Systems 
(CRS) is mandatory in Europe for children up to at 
least 135 cm. CRS are currently homologated 
according to the regulation ECE R44. A draft for a 
new ECE Regulation has been proposed. 
According to ECE R44, children with a weight 
between 9 and 18 kg shall use a CRS with integral 
restraint system, which are normally forward 
facing. Two architectures fulfilling the integral 
restraint system requirements can be found on the 
European market: 5-point-harness systems and 
shield systems. In principle the same systems can 
be homologated according to the future regulation. 

While shield systems were very popular in the 
beginning of the CRS epoch, they disappeared in 
the end of the 1990s. Today they are subject of a 
revival. Although a considerable number of shield 
systems are offered in the market today and it is 
estimated that they have today a market share of 
10% of the CRS group in question, they are seldom 
observed in field data, i.e. accident data and misuse 
studies, and biomechanical studies on the topic are 
limited. 

The aim of this study was to analyse the 
performance of shield and harness systems in 
dummy tests, to analyse the limited accident data 
available and discuss the possible impact on future 
child safety. 

While shield systems are advertised to protect the 
neck better than 5-point harness systems, this is 
overall not supported by the test results, especially 
for neck moments which appear to be higher with 
shield systems for most of the tests. However, for 
the long duration ADAC pulse shield systems show 
clearly lower neck loadings. Based on the observed 
injuries, it is questionable whether or not the Q 
dummy neck instrumentation is sufficient to fully 
understand the injury mechanisms. Mainly small 
children in forward facing CRS are suffering from 

neck injuries. These are mainly represented by Q1 
and Q1.5. These dummies only offer upper neck 
load cells, which is in principle compliant with the 
injury pattern observed for this age group. 
However, lower neck injuries are appearing to be 
more of an issue for shield systems. 

Dummy readings are also considerably higher for 
thorax and abdomen for shield systems than 5-
point-harness systems. Based on the limited 
accident data available, this seems associated with 
more frequent injury to these regions with shields. 

The head excursion, an important factor for head 
injuries, is lower for shield systems than for 5-
point-harness systems in dummy tests. 

Overall, the results from the current study do not 
clearly indicate a benefit of shields for the head and 
neck. However, they raise questions about possible 
risks to the thorax and the abdomen.   

INTRODUCTION 

The use of appropriate CRS is mandatory in Europe 
for children up to at least 135 cm. CRS are 
currently homologated according to the regulation 
ECE R44.  

According to ECE R44, children with a weight 
between 9 and 18 kg are supposed to use a CRS 
with integral restraint systems. Integral restraint 
system for the child means w.r.t. Regulation 44 that 
either belts, that are connected to the CRS restrain 
the child or the child is restrained by an impact 
shield that may be connected directly to the 
vehicle’s belt. Two architectures fulfilling these 
requirements can be found on the European market: 
5-point-harness systems and shield systems. 

 



  Johannsen 2   

harness system 
the child is restrained by the 

red 5-point-harness 

impact shield system 
the child is retrained by the 
blue impact shield which is 
secured by the red vehicle’s 

belt 

Figure 1. Types of integral CRS [TCS, 2012]. 

Shield systems were common in the past before 
being almost completely replaced by harness 
systems. Currently, shield systems are subject to a 
revival and becoming more and more popular 
either by combined group I/II/III CRS where the 
use of the shield is mandatory or by group I shield 
CRS only. However, 5-point-harness systems still 
represent the largest proportion of group I CRS on 
the road. 

Shield systems are advertised to offer better neck 
protection in frontal impacts than 5-point-belt 
harness systems. In recent European consumer 
information campaigns they are often rated good, 
e.g., the only good rated group I/II/III CRS in 2012 
were shield systems [ADAC 2012]. Following the 
success in consumer rating programs and in the 
market, the number of CRS manufacturers that are 
offering shield systems is increasing. 

The passive safety capabilities of CRS in Europe 
are mainly tested within the framework of UNECE 
Regulation 44, and the automobile clubs and 
Consumers International (CI) joint consumer rating 
programme. Both test procedures are using sled 
tests to assess the safety performance of CRS.  

The Regulation 44 procedure consists of a test 
bench that is decelerated according to a generic 
corridor representing an impact speed of 50 km/h. 
Dummy resultant chest acceleration, chest 
acceleration in Z direction (as a representative for 
neck loads) and head excursion are assessed. No 
sensors are used to assess the abdominal loading 
and chest compression, as the P dummies which are 
used do not have instrumentation in these regions. 
It is therefore unclear if a fully informed opinion on 
shields or harness systems can be made with these 
limitations. 

In the consumer rating procedure a specific car 
body is used and the acceleration of the sled is 
derived from the pulse of the car in Euro NCAP 
test (40% offset, 64 km/h, deformable barrier face). 
Dummy head and chest resultant acceleration, chest 

acceleration in Z direction, resultant neck forces 
and head excursion are rated. 

While P dummies are used for the regulatory 
assessment, the consumer rating programme 
utilises the newer Q dummies. In both test 
procedures, the dummies representing the smallest 
and the largest child for each weight group are used 
in the tests. That means that for Group I CRS the 
P3/4 and the P3 are used in Regulation 44 tests and 
Q1 and Q3 are used in the consumer rating 
programme, respectively. 

P dummies were developed in the 1970s for use in 
Regulation 44. Originally they were equipped with 
a three axial accelerometer in the chest. Later on it 
was possible to also equip the head and pelvis with 
accelerometers and to use a neck load cell. The P 
dummy spine consists of a central cable that is 
pretensioned and rubber discs around the cable. 
This construction allows flexibility of the spine. 
However, it also leads to some instability, 
especially for larger P dummies (e.g. the P10).  

Q dummy development was started in the 1990s in 
order to replace the P dummies in Regulation 44 
and consumer testing programmes. They initially 
aimed to be omni-directional i.e. suitable for 
frontal, lateral and rear impact tests. The Q 
dummies offer multiple instrumentation options: 
head, chest and pelvis three axial acceleration, head 
angular velocity, 6 axial neck load cell at upper 
neck and for Q3 and older also for the lower neck, 
lumbar spine 6 axial load cell and chest 
compression in X or Y direction [Johannsen, 2012]. 
Furthermore abdominal sensors were developed 
and used in Q3, Q6 and Q10 dummies [Beillas, 
2012a, 2012b]. In comparison to the P dummies, 
the spine of the Q dummies consists of a stiffer 
lumbar spine, a similarly rigid thoracic spine and a 
stiffer neck. For the Q dummies, frontal impact 
injury criteria including injury assessment 
reference values (IARV) are proposed for the head 
and the neck. In addition chest deflection has been 
proposed but no injury risk curve could be 
calculated based on the available accident 
reconstruction data [Johannsen, 2012].  

A head excursion assessment is also used in both 
UNECE Regulation 44 and the consumer 
information rating programme. It addresses the risk 
for head and neck injuries resulting from contact to 
car interior. 

Harness systems and shield systems interact in very 
different manners with the child, especially when 
skeletal load bearing structures are considered. 

Because is it flexible, the harness adapts to the 
shape of the child and potentially transfers loads to 
the most rigid structures in contact. The five point 



  Johannsen 3   

harness system has contacts with the clavicle, the 
rib cage, the abdomen and the pelvic bones. 
Similarly to the 3-point-belt for adults, main loads 
are expected to be transferred to clavicle, pelvis 
and rib cage. Loading of the abdomen is expected 
to be very limited as the contact to pelvic bone and 
rib cage prevent the belt from penetration into the 
abdomen.  

Because they are rigid and stop lower than the 
shoulders (Figure 1), shield systems are expected to 
interact very differently with the child. They could 
mainly load ribcage and abdomen [Mizuno, 2007]. 
In principle it is possible to design them in way that 
they are also loading the pelvic bone in order to 
prevent abdominal loading but this does not always 
seem to be the case [Tanaka, 2009]. There are no 
geometrical requirements for shield systems 
defined and they are assessed based on their 
dynamic performance. However, the body regions 
that should receive special attention for shield 
systems (chest and abdomen) are not adequately 
observed. Due to the main loading to the lower rib 
cage and the abdomen – i.e. regions that are not 
very stable or able to sustain large loads – thoracic 
and abdominal injury risk could be expected to be 
higher than with harness systems. 

However, despite the very different working 
biomechanical principles, there is only limited data 
supporting the use of a particular architecture or 
demonstrating its adverse effects. 

The objective of this study is to provide an 
overview of evaluation procedures and past results, 
recent observations from the field and new testing 
that could be relevant for the assessment of shield 
systems and 5-point harnesses. While the review is 
not exhaustive, it is hoped that it can provide 
material for the discussion on the respective 
performances, risks and possible benefits of the two 
systems and highlight future research needs in this 
area. 

METHODS 

Three aspects were considered when comparing the 
shield and 5-pt harness systems: 
1) Accident data, using the CASPER project 
accident database  
2) Test results, using new tests and a reanalysis 
from previous tests provided by third parties 
3) Results from misuse field studies. 
 

Accident Data 

The EC funded FP7 project CASPER involving 
numerous European stakeholders included specific 
tasks dedicated to road accident data collection. 
The resulting database also contained data from 

previous projects (CREST and CHILD) [Lesire, 
2013]. Analysis of the content is possible within 
the limitations of the case selection criteria used. 
The real world accident cases are collected and 
reviewed for quality and level of detail in order to 
ensure that information on child kinematics, injury 
causation, injury criteria and CRS performance 
(including misuse where understood) are available 
in order to support further activities in injury 
criteria, dummy/model development and the 
understanding of misuse.  

To achieve this case selection, criteria are used that 
generally favor more severe cases, in terms of 
injury and impact severity [Kirk, 2012]. To also 
provide a full range of data for injury criteria and 
an understanding across the injury severity 
spectrum, cases of high crash severity but low 
injury severity are also included. This has an 
implication for how the analysis should be 
interpreted as the database is not representative of 
the overall child car passenger crash population. 
However, the database can give an indication of 
which body regions are being injured in different 
CRS types or for different ages of children, and 
provides insight into restraint conditions that lead 
to injury.  

Overall there are 1301 restrained children in the 
combined database, 954 in frontal impacts, 341 in 
lateral impacts and 6 in rear impacts. Of these 
restrained children, 30% have a maximum 
abbreviated injury score (MAIS) of 3 or above. The 
CASPER accident database is using AAAM 
Abbreviated Injury Scale (AIS98) [AAAM; 1998] 
for coding of injury severities of all occupants.   

Comparative Test Series 

In order to compare the crash protection 
capabilities of different CRS, 5 test series were 
conducted and analysed or analysed based on 
available data. 

The first test series utilised an NPACS frontal 
impact test bench (also called new ECE test bench). 
The NPACS project defined a European protocol 
for the consumer oriented assessment of CRS, 
including a test bench design that represents the 
European fleet better than the ECE R44 test bench 
[Sandner, 2009]. The acceleration pulse was 
comparable with the one of a reconstructed 
accident (described later). In total 3 different 
harness systems and four different shield systems 
were tested with a Q1 dummy, representing the 
lower end of the child mass range for this 
installation mode. This configuration was selected 
because it resulted in the accident in severe child 
injuries at moderate crash severity level without 
misuse. 
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The second test series was similar to the first. 
However, a Q3 dummy representing the upper end 
of the child mass range for this installation mode 
was used. It needs to be mentioned that the test 
pulse was slightly less severe compared to that of 
series 1 as a result of a problem with the testing 
equipment. 

In series 3, two shield systems and one harness 
system were tested with Q1 and Q3 in 50 km/h 
rigid wall tests using a super mini test car that is 
ECE R94 compliant. This test configuration was 
chosen to analyse the CRS behaviour in high pulse 
loading test in a modern car. 

Test series 4 had its origin in the ADAC test 
programme using an Opel Astra body in white 
tested with the corresponding Euro NCAP pulse. 
The data was provided by ADAC for the purpose 
of this study. This test configuration is important 
for the design of CRS in Europe as the ADAC test 
is the most important consumer rating programme 
for CRS in Europe. 

Table 1. 
Injury criteria and corresponding load limits 

currently used or proposed for CRS assessment 
using Q1 and Q3 dummies 

Criterion Q1 limit Q3 limit Source 

Head a3ms 75 g 120 g CASPER 

Head 
excursion 

550 mm 550 mm ECE R44 

Neck FZ 1.2 kN  CASPER 

Neck FZ  1.7 kN EEVC 

Neck MY 64 Nm 96 Nm EEVC 

Chest a3ms 55 g 55 g ECE R44 

Chest 
deflection 

28 mm 25 mm EEVC 

Abdomen 
pressure 

 1.13 bar CASPER 

Test series 5 was performed by Dorel. All tests 
were in frontal impact, with the R44 or NPACS 
bench and the R44 or ADAC pulse. Four shield and 
three harness systems were tested. All 
configurations tested here represent the compulsory 
and the consumer requirements. 

A comparison of the pulses for all test series is 
provided in the Figure 2. For the analysis within 
this paper, the criteria and limits according to Table 
1 are used. The data sources are ECE Regulation 

44, EEVC proposals [EEVC, 2008] and the 
CASPER project [Johannsen, 2012]. 

 

Figure 2.  Pulses of all test series.  

Misuse Analysis 

An important real world issue in the area of child 
safety is the actual safety behaviour of children but 
also of the carer (normally parents). Most (approx. 
2/3) of the children travelling in cars are not 
correctly restrained [Hummel, 2008, Müller, 2012]. 
Incorrect restraint situations are non-use of CRS, 
incorrect installation of CRS or incorrect restraint 
of children in the CRS. 

To restrain children in harness systems two 
independent actions are required, fixing the CRS 
and restraining the child, while in shield systems 
CRS and occupant are secured by only one action. 
This means that the general misuse risk is lower in 
shield systems. However, not using the impact 
shield in a group I/II/III CRS is considered as 
severe misuse that might happen. The impact shield 
may be perceived uncomfortable by children and 
may result in resistive behaviour of the child 
against using the impact shield. 

For analysis of the misuse risk two databases were 
available. The first one was the CASPER misuse 
field study database that contains observations from 
Berlin (Germany), Lyon (France) and Naples 
(Italy) with approx. 100 cases per location 
(reported more in detail by Müller et al. [Müller, 
2012]). The second was the IBSR database with 
approx. 1500 observations from Belgium reported 
by Roynard et al. [Roynard, 2011]. Data collection 
was similar for both studies (e.g. the same form 
was used). Both studies did not focus on a specific 
CRS type and were collecting data of every child 
that should use a CRS based on national 
requirements. 

RESULTS 

Accident Analysis  

Typical injury pattern with 5-point harness 
For this analysis only cases collected during the 
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CHILD and CASPER projects are considered in 
order to consider mainly the most recent 
combinations of vehicles and CRS. There are 103 
children using forward facing child restraint 
systems with a harness, involved in a frontal impact 
of which 21 are not injured and 82 are injured. The 
injured children have in total 228 injuries of all 
severity levels. Of these children 44 have AIS2+ 
injuries with in total 116 AIS 2+ injuries. The 
simple distribution of age shows that most of them 
are 1 year old.  

Figure 3 shows how the 116 individual AIS2+ 
injuries for forward facing restrained children in 
frontal impacts are distributed across the body 
regions. For example, 51% of all the individual 
AIS2+ injuries for this sample are to the head. 

 

 

Figure 3.  AIS2+ injury distribution (%) for 
forward facing harness CRS – frontal impacts - 116 
AIS2+ injuries in total. 

It is clear that the head is the most injured body 
region for the children in this sample. The 
distribution of AIS2+ injuries between remaining 
body regions is then very similar (except for the 
pelvis and hip where there are no AIS2+ injuries).   

Of the casualties with AIS2+ head injuries, when a 
contact is identified (75% of cases), it is to the seat 
back in front in 48% of cases and to the B pillar in 
18%. 46 of the AIS2+ head injuries are to the brain, 
12 are fractures and 1 is a crush or penetrating 
injury. 17 children have just a brain injury, 5 just a 
fracture and 6 both types of injury. The injury 
causes to the extremities can be difficult to attribute 
but the seatback and the dashboard are given as 
possible causes. 

Injuries observed in shield cases (systems from 
group 1 and group2) Cases with shield systems 
are not very numerous in the complete CASPER 
accident database, as their revival is recent on the 
European market. Nevertheless, in the global 
sample 32 children involved in a frontal or lateral 
accident are using such a system. 90% of these 
children were included during the CREST project 

(1996 to 2000) so were naturally using older CRS 
in older cars. It is interesting though to summarise 
the injuries seen in these cases, as past experiences 
can point towards areas to investigate currently,  
for both new accident case investigation and 
testing. 5 are not injured, 14 are slightly injured, 4 
sustain injuries of MAIS2 level, and the remaining 
9 suffer of injuries with a score of MAIS3+. A list 
of 90 injuries is available. Among them 34 are of 
AIS2+, and their distribution across the children’s 
body segments is given in Figure 4. 

 

Figure 4.  AIS2+ injury distribution (%) for shield 
CRS – frontal and lateral impacts – 34 AIS2+ 
injuries in total. 

The head is the first body region on which 
moderate and severe injuries occur. It has to be 
noticed that in the present sample mainly brain 
injuries are present (12) without any fracture while 
in only one case a fracture occurred, without any 
brain damage. 

The chest and the thoracic spine are the second 
body segment in terms of numbers of AIS2+ 
injuries with 24%. Injuries to soft organs are 
always linked with fractures of ribs except in one 
case that is the only side impact case. Fractures of 
the rib cage or of vertebrae body are also noticed 
without implication of soft organs.  

For the abdominal area, injuries to soft organs 
occur both in frontal and side impacts. They are all 
of AIS2 level. 

The neck still represents a non-negligible part of 
severe injuries in shield systems, their outcomes 
being similar to the ones observed for harness 
systems, it is important to consider them.  

Injuries to limbs are less important than with other 
restraint systems. Only upper limbs fracture are 
recorded and in a few number. 

Also the injury pattern is interesting, while global 
analysis of injury distribution seldom showed rib 
fractures for group I CRS it appears that rib 
fracture is a more common chest injury pattern for 
shield systems.  
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Description of a case from the CASPER 
accident database (including its reconstruction 
illustrating the situation). This accident occurred 
during the day on a rural road. It involved only one 
vehicle that went out of its lane on a wet surface 
due to a sudden braking. The car went on the hard 
shoulder located on its right hand side and finished 
into a ditch where it sustained a frontal collision 
into a little bridge that goes over the ditch. Based 
on the deformation of the car and after the 
conduction of a computer simulation, the velocity 
change of the car (delta-v) during the crash has 
been estimated to 30 km/h. 

  

Figure 5.  View of the vehicle from the accident. 

The driver, a female aged of 30 years only suffered 
of bruises and scratches (AIS1). At the front right 
position a 14 month old baby weighting 11 kg was 
restrained in a Group I shield CRS approved 
according to R44/04, and correctly installed.  

 

Figure 6.  View of the CRS replaced at the seating 
position. 

During this accident, the child suffered severe 
injuries that were located at the level of the lower 
cervical spine (C5/C6) and at the level of the upper 
part of the thorax (fracture of 1st to 3rd ribs right 
side with right lung contusion).  

Although the car is was a model year 1995, the 
speed was quite low and only one longitudinal 
member was involved. The crash pulse was very 
similar to ECE R44 pulse, see Figure 7.  

 

Figure 7.  Comparison of accident pulse with ECE 
R44 pulse. 

Table 2.  
Summary of dummy readings from accident 

reconstruction 

Criterion unit value MAIS of 
corresponding 
body region 

head a3ms g 58 0 

HIC - 339 0 

neck FZ N 1317 5 

neck MY Nm 24 5 

chest a3ms g 31 3 

chest 
deflection 

mm 29 3 

The dummy readings show in comparison to the 
limits according to Table 1considerably high chest 
deflection (29mm) that is associated with rib 
fractures and high neck tension force and bending 
moment. Head and chest accelerations are rather 
small compared to the used and proposed limits 
(see above), see Table 2.  

Comparative Test Series 

Test series 1 Shield system 1 is the CRS used in 
the accident, shield system 2 is the successor 
model. Both are group I CRS only. Shield system 3 
and 4 are group I/II/III CRS. All tested shield 
systems restrain the shield directly with the car 
belt. The first harness CRS is an ISOFIX seat with 
support leg (SL) as anti-rotation device. It is 
expected that this CRS offers a good ride down 
behaviour that is comparable to the one offered by 
the shield systems.  
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Table 3. 
Results of test series 1 (Q1 dummy) incl. comparison with proposed limits according to Table 1 

 

harness 
ISOFIX 
SL 

harness 
belted 

harness 
belted 
budget 

shield 1 shield 2 shield 3 shield 4 Proposed 
limit 

head 
displacement 

[mm] 
320 370 330 250 260 270 290 550 

head a3ms [g] 64 51 115 69 43 62 51 75 

HIC 422 224 1186 365 176 307 681 n/a 

neck FZ [N] 1285 1061 1073 1520 969 928 1110 1200 

neck MY [Nm] 18 19 16 26 26 19 20 64 

neck NIJ* 2.1 1.8 1.7 3.1 3.2 2.6 2 n/a 

chest a3ms [g] 38 45 37 31 32 30 32 55 

chest deflection 
[mm] 

18 15 15 29 31 28 26 28 

chest VC [m/s] 0.19 0.09 0.09 0.16 0.18 0.16 0.17 n/a 

 
The belted harness CRS is a relatively simple seat 
that is fixed to the car using the car belt. There is 
no special pretension device for the car belt offered 
so a double belt slack from car belt and harness is 
possible. The third harness system is a budget CRS 
that is even more simple than the 2nd one. 

The analysis of test results of test series 1 shows 
that shield systems have a relatively small head 
excursion combined with small chest acceleration 
but high neck loads and high chest deflection 
(Table 3). Except for shield system 4, chest 
deflection exceeds the EEVC limit, (Table 1) which 
is not the case for any of the tested harness system 
CRS. Small chest acceleration and small head 
excursion can be considered as an indicator for 
good ride down behaviour (describing the effective 
use of the available excursion space). For the 
harness system, the picture is less clear. The 
ISOFIX CRS shows head excursion and neck loads 
at comparable levels as the shield CRS. ISOFIX in 
combination with anti-rotation device is similar to 
the tested shield systems only one belt slack – for 
harness systems coming from the harness. The 
budget harness system clearly exceeds the head 
acceleration limit according to Table 1.  

The neck injury criterion NIJ considering the 
parallel loading of the neck by axial force and 
bending moments is not yet established for Q 
dummies and following that it is not validated. 

Therefore only the comparison between the 
different CRS should be considered for information 
purposes. Normally a value of 1 is considered as 
NIJ load limit, which is in absence of validation not 
applicable here. NIJ is considerably higher for CRS 
with good ride down capabilities, i.e., harness 
system with ISOFIX and support leg and the shield 
systems than for the other two harness systems. 

While chest compression clearly discriminates 
between harness systems and shield systems there 
is no clear trend for the viscous criterion VC. 
Similar to NIJ, VC has not yet been established for 
Q dummies. 

Test Series 2 In order to assess the differences 
between harness systems and shield systems for the 
upper end of the child population that should use 
the CRS, size class tests with Q3 dummy were 
conducted. In addition at the time of performing the 
tests the Q3 was the only applicable dummy that 
could be equipped with the Abdominal Pressure 
Twin Sensors APTS to evaluate the abdominal 
injury risk. 

In this test series only harness system 2 was used 
for the comparison with shield systems. Shield 
system 4 was tested twice in order to check the 
repeatability. The test results of series 2 are shown 
in Figure 8. Similar to the Q1 results head 
excursion is better with the shield systems 
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compared to the harness system. For chest 
deflection all tested CRS exceeded the proposed 
EEVC limit. However, all shield systems’ chest 
deflection results are higher than the harness CRS 
deflection. In contrast to the Q1 results NIJ is 
smaller or similar for the shield systems compared 
to the harness system. Finally the abdominal 
pressure is much higher in the shield systems than 
in the harness system exceeding for shield system 1 
and 2 the proposed limit. It needs to be noted that 
the abdominal injury criterion and injury risk curve 
was established for booster type CRS and direct 
seat belt loading. It is not yet validated for shield 
systems. However, there is no indication that it 
might be different. 

 

Figure 8.  Test results of series 2 in comparison to 
harness system. 

Test series 3 In test series 3, shield system 1 and 
shield system 4 was compared with the harness 
system that was already used in the other two test 
series in 50 km/h rigid wall full frontal tests using 
an ECE R94 compliant super mini. In each of the 
three cars a Q3 dummy was seated behind the 
driver’s seat that was not occupied and a Q1 
dummy was seated behind the front passenger’s 
seat that was occupied by a 5th female dummy. No 
interaction between rear seat dummies and front 
seats took place. This test series should allow the 
assessment of the different seats in more severe 
conditions. As the assessment of head excursion is 
relatively difficult and inaccurate this important 
criterion was not included in the study. However, 
using an indicator it was possible to record that the 
Q3 dummy in the harness system exceeded the 550 
mm limit, while in all other tests this was not the 
case. 

The pulse in test series 3 was considerably higher 
than in test series 1 and 2, see Figure 9. This 
explains why the proposed limits were exceeded 
several times in test series 3, see Figure 10. 

Except chest acceleration, all measurements are 
higher or similar in the shield systems compared to 
the harness systems. In contrast to the results of test 
series 1 and 2 that are showing smaller VC values 
for shield systems VC is much higher for shield 

systems in test series 3, see Figure 10. Analysis of 
the video material suggests that the higher head 
acceleration results from a head impact to the 
shield. 

 

Figure 9.  Comparison of vehicle acceleration in 
test series 3 and sled acceleration in test series 1. 

 

Figure 10.  Test results of series 3 in comparison to 
harness systems. 

Test Series 4 The data provided is either of the 
same seats as used in the previous test series or 
CRS with similar architecture. In total 4 different 
harness systems and 3 different shield systems 
were available for Q1 and 3 different harness 
systems and 2 different shield systems were 
available for Q3, respectively. 

 

Figure 11.  Test results of series 4 in comparison to 
the average dummy reading, Q1 dummy. 
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Table 4. 
Summary of test series 5 results (frontal impact, Q3 equipped with APTS) incl. comparison with 

proposed limits according to Table 1 

Test CRS Condition 

Head 
Exc. 
mm 

HIC 
36 

Head 
a3m g

Chest 
a3ms 

g 

Pelvis 
a3ms 

g 

Neck 
force 
res. N 

Chest 
defl. 
mm 

Max 
abdo. 
press. 
bar 

Pulse R44, Bench R44, Q3 in sitting position 

4224 Shield 11 Isofix 397 481 53.6 39.9 51.5 1683 49 2.7 
4225 Shield 11 without Isofix 383 447 54.3 37.7 48.1 1655 50 2.7 
4226 Shield 12 Isofix 435 568 54.0 33.1 45.5 1864 40 1.8 
4227 Shield 12 without Isofix 438 708 62.3 37.6 46.1 2098 44 2.1 
4228 Harness 11 support leg Isofix 402 724 65.5 38.2 48.8 1962 33 0.3 
4229 Harness 12 Top-Tether Isofix 412 678 57.0 33.7 46.1 2283 33 0.3 

Pulse R44, Bench NPACS, lying position, no top-tether 

4329 Harness 13 Isofix 544 697 78.5 36.5 51 2535 35 0.4 
Pulse ADAC, Bench NPACS, lying position  

4332 Harness 13 Top-Tether Isofix 455 1284 75.6 61.4 54 2735 28 0.4 
proposed limits 550 n/a 120 55 n/a 1700 25 1,13 

 

 

Figure 12.  Test results of series 4 in comparison to 
the average dummy reading, Q3 dummy. 

The test data of series 4 confirms the findings of 
the previous test series w.r.t. chest deflection. In 
contrast to the other test results the neck tension is 
considerably lower for the shield systems than for 
the harness systems. For the neck bending moments 
no clear conclusion is possible. 

Test series 5 The main results from the test series 
5 are summarised in Table 4. For cases without 
misuse and with standard posture, there was no 
complete separation of the shields and harness 
results for head excursion, HIC, chest and pelvis 
acceleration and neck resultant force (meaning that 
the worst shield result was worse than the best 
harness). However, shields almost always had the 
best scores for these criteria. For the chest 
deflection and abdomen, the shield results were 
always worse than for harnesses, even in the case 
of misuse, and the difference was important (7 to 
19mm more for deflection, and 1.5 to 2.5 bars for 
pressure for the same test condition). Also shield 

11 had the best results for all metrics except for the 
pelvis, chest deflection and abdominal pressure. Its 
results were the worst of the series for chest 
deflection and abdominal pressure. 

Misuse analysis 

Analysis of the CRS checking field data shows 
only one shield system out of 300 children 
composing the CASPER sample . The system was 
correctly used. Similarly, at first, there was only 
one shield CRS in the Belgium sample, but it was 
used without shield although the child needed to 
use it according to its weight. In total the number of 
cases is too small to draw any conclusion, except 
that shield CRS are seldom observed in the three 
CASPER study regions and Belgium.  

Further analysis of the Belgium data shows that 
there were 14 children in group I/II/III CRS using 
them as group II/III although they would have 
needed to use group I configuration according to 
their weight, including the shield case. In total 60 
children were travelling in group I/II/III CRS of 
which 8 used it correctly in group I configuration. 

DISCUSSION 

Head Injury Risk  

Analysed test results show that the head excursion 
in shield systems is often smaller than in harness 
systems.  

Differences between the two architectures could be 
expected in the ride down phase. For harness 
systems that are fixed by the vehicle’s belt to the 
car, slack could be present in two locations (the 



  Johannsen 10   

CRS is not perfectly fixed to the car and the child is 
not perfectly fixed to the CRS). This behaviour can 
be minimised, for example by using ISOFIX with 
an anti-rotation device, static belt pretensioners at 
the CRS etc. For shield systems only the slack in 
vehicle’s belt is applicable as the impact shield is 
directly connected to it. This could contribute to 
reduce the head excursion leading to lower head 
impact risk for shield systems. 

It needs to be remembered however that dummy vs. 
human differences may affect these observations: 
the dummy thoracic spine is rigid, which may lead 
to a different kinematics when compared with 
children affecting head excursion and contact point. 
In particular, head contact on the shield seems 
possible based on human model simulations 
[Mizuno, 2007]. The dummy head also impacted 
the shield in one of the test series. 

Dependent on test severity, head acceleration is in 
most cases lower for shield systems (except the 
high pulse full frontal tests). There, higher dummy 
readings are resulting from head impact to the 
shield. According to Loyd et al. [Loyd, 2012] the 
head of the Q-dummies appears to be considerably 
stiffer than human heads in impact conditions to 
hard surfaces. This might result in an 
overestimation of the head acceleration in the cases 
with head impact to the shield. 

The analysed accident data does not show any 
significant differences between the CRS types 
w.r.t. head injuries. 

Neck Injury Risk 

The tests analysed do not show a clear trend w.r.t. 
the neck injury risk. Test series 1 suggests that CRS 
that are offering good ride down are more 
dangerous for the neck than CRS with worse ride 
down. Good ride down behaviour is applicable for 
ISOFIX CRS with anti-rotation devices and shield 
systems. It is expected that also belted harness CRS 
with car belt tensioning device will show the same 
tendency than ISOFIX CRS but none of these 
products were tested in this test series. While the 
low severity tests show that neck loading is less of 
an issue for Q3 in shield systems than for Q1 
dummy, it is the opposite for the higher severity 
tests of test series 3. The ADAC tests of test series 
4 show benefits for shield systems compared to 
harness systems independent of the dummy size.  

The few accident cases involving shield systems 
indicate that neck injuries that are reported for 
shield systems are mainly located in the lower neck 
[Otte, 2012]. This is completely different to 
children in harness type CRS. The Q1 does not 
offer a load cell at the lower neck, which means 

that the risk assessment with the Q1 dummy is not 
possible.  

Chest Injury Risk 

The occurrence of rib fractures in the 1 year old 
population is uncommon in the CASPER accident 
data base. The fracture in the reconstructed 
accident case therefore represents an atypical 
response, either due to the occupant characteristics 
or the rarity of the configuration (shields being 
uncommon in field observation). This second 
option could be supported by the measured chest 
deflection which clearly exceeds the values of the 
harness systems in test results. This is in full 
agreement with the results for Q3 in all test series, 
and the increased risk of chest injuries in the 
available accident data. 

However, one may argue that chest deflection 
measured in harness systems is incorrect as the 
chest deflection measurement device is not loaded 
directly in these cases. Analysis of FE simulation 
results indicate that chest is deformed parallel to 
the initial shape so that only minor influence of the 
loading location is expected, see Figure 13. 

 

  
Q3 at t0 Q3 with maximum 

chest deflection 

Figure 13.  Deformation shape of Q3 dummy with 
5-point harness system. 

For the tests of the current study, there is clear need 
to assess both chest acceleration and chest 
deflection as there is no clear correlation between 
the two criteria. This finding is also supported by 
Tanaka et al [Tanaka, 2009]. While chest 
acceleration can be used as a global indicator for 
restraint system performance, it is expected that 
chest deflection and chest VC could reliable 
indicators for chest injury risks. However, no injury 
risk curve for Q dummies could be developed for 
3-pt belt restraint due to issues of interactions 
between dummy and belt (sliding) [Johannsen, 
2012]. It may be necessary to control both in 
certification tests as it is possible to design CRS 
that reduce chest acceleration by increasing chest 
deflection.   
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Abdomen Injury Risk 

In all tests using the APTS sensors, abdominal 
loading – as estimated using maximum pressure 
values – was much higher with shield systems than 
with harness systems. The abdominal pressures 
were consistently low with harness systems; i.e. 
below 0.5 bars, which is lower than most values 
obtained in 3-point belt tests and proposed 
tolerance levels [Beillas, 2012a, 2012b]. It was 
attributed to the fact that the harness loads are 
transmitted to the thorax and pelvis, and largely 
bypass the abdomen. This was also observed with 
harnesses in reconstruction tests, and correlate with 
a relative lack of abdominal injuries with this 
restraint system. 

For the shield systems, pressures were larger than 
1.8 bars, which are levels that were only observed 
for injury cases for 3-point belt accident 
reconstructions [Beillas et al., 2012]. Caution 
should be exercised though as the loading surfaces 
are different between shield and belt and the APTS 
response with abdominal sensors with shields needs 
further investigation. FE modelling of the dummy 
could be used to further investigate this issue but it 
seems safe to indicate that the level reflects a 
higher loading level of the abdomen. This level 
seems associated with a higher risk in the accident 
data sample. 

Geometrical issues with shield systems 

Based on the current data, a combined assessment 
of thoracic deflection and abdominal compression 
seems needed to ensure that thoracic and 
abdominal loading are acceptable, and that the 
loading is not directed to a region where no 
instrumentation is present. However, if this 
approach could be sufficient to evaluate loading 
path in tests with Q dummies, its efficiency could 
be questioned for children with different 
geometrical shapes. Shield shape may be optimized 
to distribute the loads across regions in the Q 
dummy. Important differences between the tested 
shield systems exist. Section pictures of shield 
system 1 and shield system 4 shows that the shield 
shape can explain the some of the differences in the 
test results, see Figure 14. Shield system 4 is 
designed to mainly load pelvis and rib cage of Q3, 
while shield system 1 does not load the pelvis at all 
but mainly abdomen and rib cage. 

  

Shield system 1, the pelvic 
bone is not engaged 

Shield system 4, the lower 
part of the shield engaged the 
pelvic bone resulting in lower 
thoracic and abdominal 
loading in Q3 test 

Figure 14.  Comparison of shield geometries. 

However, the performance may be degraded for 
example for obese children for which the abdomen 
would be more involved and the thorax less. 
Conversely, the thoracic load may be higher (and 
abdominal load lower) in underweight children. 
Also, while pelvis involvement would be important 
to reduce the loading to other regions, it is unclear 
if the dummy can represent the child variability in 
this region. Simulation studies using human models 
to describe the variability could help understanding 
this issue. 

Ejection Risk 

The 5-point-harness prevents ejection by coupling 
of the occupant to the CRS via both individual legs 
(due to the crotch strap) and both shoulders. With 
shield systems the only protection against ejection 
is coming from the impact shield that is coupling 
both legs together to the CRS. That means that the 
ejection risk is theoretically higher in shield 
systems compared to harness systems. However, 
the analysed accident data does not allow any 
conclusion w.r.t. differences in ejection risks 
between the two different CRS systems.  

Misuse Risk 

The available data is not sufficient to prove or to 
disprove the hypothesis of an increased risk not to 
use the shield. However, the analysed Belgium data 
suggests a higher risk for early group change in 
combined group I/II/III CRS. Early change from 
one CRS size group to the next is considered as an 
important injury risk [Jakobsson, 2005]. From the 
analysed data it appears that early change is more 
often observed in group I/II/III CRS than in group 
II/III CRS. It can be expected that the situation for 
shield type group I/II/III CRS will be identical. 

According to Mizuno et al. [Mizuno, 2007] shield 
systems appear to be less sensitive to belt slack 
than harness systems based on testing with Hybrid 
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III dummies and simulation with Hybrid 3 FE 
dummy model and Human Model. 

CONCLUSION 

In the current study, accident data, test data and 
misuse study results were analysed to compare the 
performance of shield and 5-point harness systems 
using Q dummies.  The results are somewhat 
limited by the relative absence of shield systems in 
real world observations, whether in misuse or in 
accident samples.  

While the data is limited, nothing clearly suggests – 
in field study or testing – a better performance for 
shield systems in general. To the contrary, limited 
accident data suggest different neck injury patterns 
for shield systems that cannot be evaluated with the 
current Q1 dummies, and possibly higher risks for 
the abdomen and thorax (but the sample size is 
very limited and older CRS were included in the 
sample). Dummy readings in tests do not 
demonstrate a general benefit of shield systems for 
the neck either, but the loading to the thorax and 
abdomen are much more severe than with 5-point 
harness. This is consistent with the accident analyse 
results (within the limitation regarding older CRS) 
and the results of other studies. This suggests that 
additional dummy readings especially for the trunk 
need to be considered in the evaluations.  

No conclusive data could be found in misuse 
studies regarding the potential benefit of shields but 
the sample size may have been too small to capture 
the limited market penetration. Studies specifically 
designed for that purpose may be required. 

In summary, based on the data that was analysed, 
the consequences of the current revival of shield 
systems on child protection cannot be determined 
with certainty. No clear benefit could be 
established from the observations and potential 
risks have been identified. It is also unclear if test 
procedures are sufficient for the evaluation of 
shield systems real world protection. Caution 
should therefore be exercised with these systems 
and studies should be performed (e.g. simulation 
with human models, accident data analysis, 
comparison of performance between older CRS for 
which accident data is available and newer CRS) in 
order to understand and detect as early as possible 
potential real world issues. 
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ANNEX 1:  
COMPARISON OF SLED TEST RESULTS 
WITH RECONSTRUCTION TEST RESULTS 

 

Figure 15.  Comparison of sled acceleration with 
tunnel acceleration. 

 

Figure 16.  Comparison of shoulder belt force. 

 

Figure 17.  Comparison of buckle force. 

 

Figure 18.  Comparison of lap belt force. 

 

 

Figure 19.  Comparison of head acceleration. 

 

Figure 20.  Comparison of neck tension forces. 

 

Figure 21.  Comparison of neck bending moments. 

 

Figure 22.  Comparison of chest acceleration. 
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Figure 23.  Comparison of chest deflection. 
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Figure 1. Pop-up hood system. 
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ABSTRACT 
 

Pop-up hood systems have been developed as a 
pedestrian protection technology for vehicles that 
have a narrow space between the inside surface of 
the hood and the rigid parts in the engine 
compartment. The aim of these systems is to help 
reduce the head injury criterion (HIC) by lifting up 
the hood and creating a greater distance to the rigid 
parts in the engine compartment. However, various 
issues have yet to be resolved in the adoption of 
these systems. The first category of issues is 
sensing-related, such as the method of 
distinguishing between collisions with pedestrians 
and roadside objects, and ensuring stable detection 
regardless of the location of the collision at the front 
of the vehicle. The second category is 
actuator-related, particularly the method of keeping 
the hood held up while ensuring that the impact 
energy of the collision with the head is absorbed. 
This paper describes the development of a pressure 
chamber type sensing system and push-rod type 
actuator that were designed to address these issues. 
 
INTRODUCTION 
 

Pedestrian protection is a key aspect of helping to 
reduce traffic accident fatalities. In 2011, pedestrian 
accidents in Japan accounted for 36.6% of all fatal 
traffic accidents, the largest proportion of any 
accident type. The proportion of pedestrian 
accidents in Europe is also significant. In the United 
States, while the overall relative proportion is low, 
approximately 4,500 people were fatally injured in 
pedestrian accidents in 2011, roughly 2.5 times as 
many as in Japan. Both Japan and Europe 
introduced pedestrian protection regulations in 2005. 
In addition, new regulations based on the Global 
Technical Regulations (GTR) that were approved in 
2008 are due to be adopted in Japan and Europe 
from 2013. 

Fatal injuries in collisions between vehicles and 
pedestrians are often caused when the head of the 
pedestrian strikes either the vehicle or the ground. 
In addition, a collision with a vehicle often results 

in the head of the pedestrian striking the hood [1]. 
This makes the hood and the surrounding area 
particularly important areas for head protection. 
Various impact absorption structures have been 
developed and adopted for vehicles [2]. The aim of 
many of these technologies is to absorb sufficient 
impact energy through the body structure. One basic 
approach is to create a space between the inside 
surface of the hood and the rigid parts in the engine 
compartment. For this reason, hood heights have 
been increasing in recent years. 

However, low hood styling is a requirement for 
sporty and other similar cars. For other vehicles as 
well, it may not be preferable to raise the hood 
height, even if rigid parts are positioned high in the 
engine compartment. To help meet these 
requirements, pop-up hood systems have been 
developed that forcibly lift up the hood after a 
collision with a pedestrian to create a larger space 
between the inside surface of the hood and the rigid 
parts in the engine compartment [3][4][5][6]. 
Pop-up hood systems consist of a bumper sensor 
that detects a collision with a pedestrian, an ECU 
that judges whether to operate the actuator, and an 
actuator that lifts the hood (Figure 1). 

However, these systems have the following two 
main types of issues. 

The first is distinguishing between collisions with 
pedestrians and collisions with roadside objects 
such as poles [7]. For example, a vehicle may 
collide with a roadside pole after departing from its 

ECU

Actuators

Vehicle speed signalBumper sensor

ECU

Actuators

Vehicle speed signalBumper sensor
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lane. In this case, the actuator should not lift the 
hood because system operation is not required. In 
contrast, however, the system should operate 
whenever the vehicle collides with a pedestrian. 
Similarly, stable detection is needed regardless of 
the location of the collision at the front of the 
vehicle. Various measures are being examined to 
address these issues. One proposal distinguishes 
between collision objects based on the 
characteristics of the shape of the signal inputted to 
the bumper after a collision with either a pedestrian 
or a roadside pole [8]. Another proposed method of 
distinguishing between collision objects focuses on 
differences in the bumper input width [9]. This 
paper describes a method that uses the concept of 
effective mass to address this issue. 

The second issue is the impact energy absorption 
performance of the hood after it has been lifted by 
the actuator. The function of the actuator is to 
instantaneously lift up the hood and then hold it in 
the lifted position. After lifting, the hood should 
also absorb the impact energy from the head. 
However, the impact energy absorption 
performance of the hood held in the lifted position 
may not be sufficient. Proposed measures that are 
being studied to address this issue include the use of 
springs to hold the hood up and to absorb the impact 
energy [10] and the use of a collapsible mechanism 
[11]. This paper describes the development of a 
push-rod bending method. 
 
DEVELOPMENT OF SENSING SYSTEM 
 
Bumper Sensor Configuration 
 

Sensing principle In pedestrian collisions, the 
legs of the pedestrian generally contact the bumper 
first before the upper body collapses onto the hood. 
In contrast, in a collision with a roadside pole, the 
pole collapses around the front of the vehicle 
because the bottom of the pole is fixed in the 
ground. From these characteristics, it can be 
assumed that the force in a pedestrian collision acts 
on the bumper for a longer period of time. In 
addition, the force acting on the bumper increases in 
accordance with the collision velocity, even with the 
same collision objects. Therefore, to distinguish 
between a pedestrian and a roadside pole, Equation 
(1) can be used to calculate the effective mass of the 
collision object from the force F and collision 
velocity v. 
 

v

Fdt
m ∫=              (1). 

 
Pressure sensor method The developed method 

uses a pressure chamber to obtain the force value 

used to detect the effective mass. The principle is as 
follows. The front surface of the bumper 
reinforcement contains an energy absorber, which 
helps to absorb the energy when the vehicle collides 
with the leg of a pedestrian. The example in Figure 
2 shows that the force-stroke (F-S) curve of this 
energy absorber increases in a relatively linear 
manner. Therefore, a proportional relationship 
between the volumetric changes in the pressure 
chamber and the input force can be established by 
installing a pressure chamber that deforms at a 
lower force than the absorber, in a position parallel 
to the energy absorber. The pressure chamber uses 
these characteristics to measure a value equivalent 
to the force. 

Following the layout of the energy absorber, the 
pressure chamber is located across the vehicle from 
the left to the right. As a result, energy absorber 
characteristics can be obtained regardless of the 
lateral position of the collision. This reduces the 
effect of the bumper collision position on the 
sensing performance. 

Equation (2) calculates the force F in accordance 
with pressure P. 
 

PP

P
KF

⊿

⊿

+
=

0
       (2). 

 
where, K is the proportionality factor, P0 is the 

atmospheric pressure, and ΔP is the change in 
pressure. 

The positional relationship of the pressure 
chamber and the energy absorber is as follows. The 
pressure chamber and energy absorber are located in 
front of the bumper reinforcement with the pressure 
chamber positioned above the energy absorber. This 
is because, in a pedestrian collision, the upper body 
of the pedestrian collapses onto the hood, making it 
more likely that force will be inputted to the top of 
the bumper. 

Figure 3 shows the bumper sensor configuration. 
The pressure chamber is provided from one end of 
the bumper reinforcement to the other in front and 
across the top of the reinforcement. Two pressure 
sensors that detect changes in pressure are located at 
the left and right of the pressure chamber. These are 
called the main sensor and the safing sensor. In a 

Figure 2. Example of absorber F-S curve. 
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Figure 3. Bumper sensor configuration. 

pedestrian collision, the pressure chamber deforms 
in accordance with the deformation in the energy 
absorber material below the pressure chamber. The 
changes in the pressure chamber when a collision 
occurs are detected by the two pressure sensors at 
the left and right. Both pressure sensors detect 
virtually identical changes in pressure. 
 
Sensing Performance CAE Study 
 

CAE study condition A CAE study was 
performed to verify whether the system is capable 
of distinguishing between pedestrians and roadside 
poles, and whether the system is capable of stable 
pedestrian detection, regardless of the collision 
position. 
For the pedestrian models, the study used a six-year 
old child (6YO) with a small physique that was 
regarded as difficult to detect, and a small female 
model dummy (AF05) created as part of the Total 
Human Model for Safety (THUMS) project (version 
1) jointly developed by Toyota Motor Corporation 
and Toyota Central R&D Labs. [12]. A roadside 
marker (RSM) was used for the pole model since a 
RSM is stiff and results in a large input force. For 
the collision velocities, a low input force of 25 km/h 
was selected for the pedestrian and a high input 
force of 55 km/h was selected for the RSM model. 
Two vehicle models were adopted for the 
calculations: a general sporty sedan (vehicle A) and 
a SUV type vehicle with a high bumper and ground 
clearance 100 mm higher than the sporty sedan 
(vehicle B). Table 1 shows the detailed study matrix 
including the collision objects, positions, velocities, 

and vehicles. 
 

CAE study results Figure 4 shows the calculated 
effective mass results. In cases 1 and 2 (collision 
with RSM model), the effective mass differed 
clearly from cases 3 to 7 (collision with pedestrian 
models). The differences in the collision object can 
be distinguished in these cases. The results show 
that a pedestrian collision can be detected even with 
different collision positions, pedestrian physiques, 
and bumper heights. 

Next, the study analyzed how the force inputted 
from the bumper cover acted on the pressure 
chamber and energy absorber. Figure 5 shows 
examples of bumper deformation at maximum 
pressure in cases 1 and 3. The figure shows the 
deformation 30 ms after the collision for the 6YO 
model and 10 ms after the collision for the RSM 
model. The results indicate that the pressure 
chamber was pushed firmly by the 6YO model, as 
intended by the developed system. In contrast, there 
was little pressure chamber deformation in the case 
of the RSM collision. Figures 6 and 7 show the 
input to the pressure chamber and the energy 
absorber below the pressure chamber in these 
collisions, respectively. In the case of the 6YO 
collision, the input to the chamber was large and 
continued for several tens of milliseconds. However, 
in the RSM collision, although chamber input was 
virtually zero, input to the energy absorber was 
large. As a result, the calculated effective mass of 

Chamber

Absorber

6YO RSM

Chamber

Absorber

6YO RSM

Table 1. CAE study matrix 

CASE Object Position Velocity Vehicle
1 RSM W=0 55km/h Vehicle A
2 ↑ W=400 ↑ ↑

3 6YO W=0 25km/h ↑

4 ↑ W=400 ↑ ↑

5 AF05 W=0 ↑ ↑

6 6YO ↑ ↑ Vehicle B
7 AF05 ↑ ↑ ↑

Figure 5. CAE results (Case 1 and 3). 

Figure 4. CAE study results. 
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the 6YO model was approximately 10 kg, compared 
to less than 1 kg for the RSM model. This shows 
that the system is capable of distinguishing between 
collision objects. 
 

Discussion In the CAE study, the effective mass 
of the AF05 model was calculated to be 14% lower 
than that of the 6YO model in the case of vehicle A 
(Case 3 and 5). After looking at the calculation 
model, the knee joint of the AF05 model was found 
to be exactly at the same height as the pressure 
chamber (Figure 8). 

The study assumed that the pushing force onto 
the pressure chamber was lower because the knee 
joint is narrower than the areas above and below, 
and because the knee joint bent after the collision. 
As a result, in the case of vehicle A, the AF05 
model was the most hard-to-detect (HTD) case. 
However, detection was not affected since the 
calculated effective mass was approximately ten 
times higher than that of the RSM model. 
 

Confirmation of Sensing Performance 
 

The sensing performance was then confirmed 
using an actual vehicle. A pedestrian was simulated 
using a 6YO dummy developed by Toyota Central 
R&D Labs. [13]. The collision velocities and 
positions were as follows: 25 km/h at the vehicle 
center and 400 mm offset from the vehicle center, 
and 40 km/h at the vehicle center. The collision with 
the RSM was conducted at 40 km/h at the vehicle 
center and 400 mm offset from the vehicle center. 
Figure 9 shows the effective mass of the collisions 
with the 6YO pedestrian dummy and RSM detected 
by the pressure sensor system. For reference, the 
figure also shows the effective mass calculated from 
the force acting on the bumper reinforcement 
measured using a load cell. 

The test results confirmed that the system could 
distinguish between a collision with a 6YO 
pedestrian dummy and a RSM. The results also 
confirmed that locating the pressure chamber at the 
top of the bumper reinforcement made it easier to 
distinguish the effective mass using the pressure 
sensor system than using load cell data. 
 
DEVELOPMENT OF ACTUATOR METHOD 
 
Actuator Configuration 
 

Figure 10 shows the actuator configuration. The 
push-rod is pushed up using a micro gas generator 
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Figure 6. Chamber input force (Case 1 and 3). 

Figure 9. Sensing performance results. 
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Figure 10. Actuator configuration. 
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(MGG). The rod lifts the hood by pushing up and 
deforming the hood hinge. After being pushed up, 
the rod holds its position by opening the C ring at 
the bottom of the rod. 

The hood is pushed up by 70 mm to create 
enough space under the hood to help protect the 
head of a pedestrian in a collision (Figure 11). 

When a pedestrian’s head impacts the hood, the 
end of the rod is pushed by the bottom surface of 
the hood hinge, bending the rod toward the rear of 
the vehicle. As a result, the hood moves down, 
helping to absorb the impact of the head collision. 

 
Impact Energy Absorption Performance Study 
 

The impact energy absorption characteristics of 
this system after the hood is lifted by the actuator 
were studied in a head impactor test. 
 

Head impact test condition An adult head 
impactor (4.5 kg) was used at an impact velocity of 
40 km/h and an impact angle of 65°. Three impact 
positions were selected: directly above the actuator 
rod and 200 mm and 400 mm further toward the 
vehicle center. 
 

Head impact test results Figure 12 shows the 
head injury criterion (HIC) in the impact tests at the 
three locations. In all cases, the HIC was less than 
1,000. Particularly, in the test for the position 
directly above the actuator rod, the rod bent toward 
the rear of the vehicle, lowering the hood and 
absorbing the impact energy. 
 

Discussion Although the rod bent backwards 
properly in the test directly above the actuator rod, 
the bend amount decreased as the impact position 
moved further away. The rod deformation in Figure 
12 indicates that the rod remained virtually vertical 
in the impact test 400 mm away from the position 
directly above the actuator rod. 

This is because the hood deforms in the area 

between the actuator rod and impact position. As a 
result, the absorbed energy increases gradually. 

 
CONCLUSIONS 
 

A pop-up hood system has been developed to 
help ensure pedestrian protection performance in 
vehicles that only have a narrow space under the 
hood. 

The sensing method uses a pressure chamber and 
pressure sensor to determine the effective mass of 
the collision object. This allows the system to 
distinguish between collisions with pedestrians and 
collisions with roadside objects such as poles and 
the like. The system detects pedestrian collisions 
stably, regardless of differences in the collision 
position or the vehicle shape. 

The actuator uses an MGG to push a rod upward 
and lift the hood. When a pedestrian’s head impacts 
the hood, the rod bends to absorb the impact. This 
method achieves stable impact energy absorption, 
regardless of the impact position on the hood. 
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ABSTRACT 

After a decade of reductions in passenger fatalities by 
improving vehicle crash safety, pedestrians now 
account for the majority of traffic accident fatalities in 
Japan. Collision Avoidance and Mitigation Systems 
(CAMS) are intended to monitor objects ahead 
including pedestrians, issue a warning to the driver 
upon detecting an object, and activate automatic 
brakes. CAMS are promising technologies for 
reducing pedestrian and motor vehicle accidents. 
However, there are currently no standardized test 
methods for evaluating their safety performance and 
they have been slow to spread in the market. This 
study proposes a protocol for evaluating the 
performance of CAMS, and estimates their effect on 
reducing pedestrian fatalities and injuries. 

We used two test vehicles with CAMS having 
different sensing systems. To investigate the collision 
avoidance performance of CAMS, a test vehicle was 
driven toward a pedestrian dummy which was set up 
on a test course, and the collision avoidance situations 
were recorded. Among various test conditions, 
daytime, dry road surface, side-facing pedestrian, 
black clothing (pedestrian), and center position (of the 
vehicle) were selected as standard test conditions. 

In evaluating the performance of CAMS, we used the 
criterion of whether or not a collision with the 
pedestrian dummy was avoided without any operation 
by the driver. The results showed substantial 
variability in collision and avoidance even under the 
same standard conditions. In order to include the 
uncertainty of the collision avoidance results, we 
assumed collisions to be probabilistic events. By 
applying a logistic regression model with “p” as the 
probability of pedestrian dummy collision and vehicle 
speed “x” as an explanatory variable when using 
CAMS under the standard conditions, we defined 
collision probability “p(x)” as the performance of 
CAMS. p(x) clearly shows the differences in 
performance between two vehicles tested. 

We analyzed factors contributing to the differences in 
performance. As the two main functions of CAMS are 
to detect pedestrians and to apply the automatic brakes, 
we used the warning timing as a measurement of the 

detection function, and the braking timing as a 
measurement of the automatic brake function. An 
analysis of the difference in collision avoidance 
performance between the two vehicle models showed 
that the timing of automatic brake activation is the 
cause of the difference. It was also found that in order 
to increase the collision avoidance probability, it is 
more effective to activate the automatic brake based 
on CAMS’ judgment, rather than to wait for the driver 
to respond to a warning. 

In the traffic fatality and injury data, we estimated the 
fatality reduction effect of CAMS by applying the 
defined accident avoidance probability of CAMS. Due 
to the performance of CAMS, the effect on reducing 
pedestrian fatalities is larger at low and medium 
speeds. CAMS also have a more significant effect on 
reducing severe injuries because the rate of severe 
injuries is higher at low and medium speeds where the 
CAMS collision avoidance probability is higher. 

INTRODUCTION 

The number of traffic fatalities in Japan has steadily 
decreased and reached a record low of 4,411 in 2012, 
even though the figure is still well over 4,000. 
However, pedestrian fatalities have relatively 
increased and have accounted for the largest 
proportion of traffic fatalities since 2008, overtaking 
vehicle driver and occupant fatalities. 

The Japanese government’s Ninth Fundamental 
Traffic Safety Program, which was drafted in March 
2011, set the goal of reducing the number of 24-hour 
fatalities (deaths within 24 hours after an accident) to 
3,000 or less by 2015 in order to make the country’s 
roads the safest in the world. In addition, the Ministry 
of Land, Infrastructure, Transport and Tourism 
(MLIT) proposed a numerical target of reducing traffic 
fatalities by approximately 1,000 by 2020 compared to 
2010 by means of vehicle safety measures. In order to 
achieve this target, it is essential to develop and 
encourage the use of various safety technologies. 

Collision Avoidance and Mitigation Systems (CAMS) 
are designed to monitor objects ahead including 
pedestrians, issue a warning to the driver if an object is 
detected, and activate automatic brakes if the driver 
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does not take action. The conventional systems are 
designed to mitigate damage and activate the 
automatic brakes only when a collision is unavoidable. 
However, the latest systems have been improved to 
avoid the collision itself. 

Although CAMS are promising technologies for 
reducing pedestrian/vehicle accidents, they have been 
slow to spread in the market. One reason is that there 
are currently no standardized test methods for 
evaluating their safety performance. In order to 
expand the use of CAMS, it is essential to establish an 
institutional basis or functionality such as safety 
standards or assessments, based on appropriate 
evaluation methodologies. 

This paper summarizes our study and proposes a 
protocol for evaluating the performance of CAMS. It 
also estimates the reduction in pedestrian fatalities or 
injuries by using CAMS. 

EVALUATION TEST 

TEST METHOD 

In this study, we define the performance of CAMS as 
the detection of pedestrians in the path of the vehicle, 
and collision avoidance by the activation of automatic 
brakes, excluding collision avoidance by braking 
action of the driver in response to a warning. Thus, we 
evaluate the functions of the systems only. 

As the test method, a test vehicle was driven toward a 
pedestrian dummy set up on the test course and the 
collision avoidance results were recorded (Figure 1). 

We also confirmed that the jigs for fixing the dummy 
did not affect the detection functions of the camera 
and radar system. 

Table 1 shows the test conditions. Daytime, dry road 
surface, side-facing pedestrian, black clothing 
(pedestrian), and center position were selected as the 
“standard test conditions” while assuming real-world 
traffic scenarios. 

 Figure1.  Test setup. 

 

Table 1 – Specifications of tested vehicles. 

Item Condition 

Test vehicle A (imported), B (domestic) 

Detection sensor 
(A) camera, laser and radar, 
(B) stereo camera 

Test speed 5–60 km/h (interval of 5 km/h) 

Environment day, night 

Surface dry, wet 

Dummy position vehicle center, offsets 

Dummy 
orientation 

front, side 

Dummy color black, white, gray, flesh-color 

TEST RESULTS 

VEHICLE SPEED AND COLLISION SPEED 

The collision avoidance results were largely dependent 
on the speed of the vehicle. A collision with the 
pedestrian dummy was more likely to be avoided at 
low speed, and the collision probability increased as 
the speed increased. 

However, the results were accompanied by uncertainty 
and variation even under the same conditions. The 
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Figure2.  Vehicle speed and collision speed. 

results were divided into three different patterns: i) 
collision was avoided, ii) collision occurred with 
deceleration, and iii) collision occurred without 
deceleration (CAMS was apparently not activated). 

COLLISION / COLLISION AVOIDANCE 

Figure 3 shows graphs of the results based on whether 
or not a collision was avoided. In the graphs, each 
point on the 1 or 0 line indicates a collision or stop, 
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respectively. For both Vehicles A and B, the results of 
collision or stop were variable and unstable at speeds 
of around 20 to 40 km/h. 
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Figure3.  Collision and stop distribution. 

DEFINITION OF PERFORMANCE 

USE OF LOGISTIC REGRESSION METHOD 

Since the uncertainty in the collision avoidance results 
seemed to be an inherent part of the performance of 
CAMS, we incorporated it in the definition of 
performance. To do this, we regarded collision 
avoidance as a probabilistic event. 

By applying a logistic regression model, in which “p” 
is the probability of collision with the pedestrian 
dummy, and vehicle speed “x” is an explanatory 
variable, when using CAMS under the standard test 
conditions, we defined the collision probability “p(x)” 
as the performance of CAMS: 
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where, c takes one of two values, 1 for collision or 0 
for collision avoidance. The parameter of this model is 
θ = (β0, β1), which can be determined from the 
experimental results. Collision avoidance is the 
exclusive event of “p(x)”; hence “1 − p(x)” indicates 
the collision avoidance probability. 

APPLICATION EXAMPLES 

In order to verify the effectiveness of the performance 
evaluation using this logistic regression model, we 
applied the model to several experimental results. 

DIFFERENCES BETWEEN VEHICLE MODELS 

Table 2 shows the parameters that were determined 
from the experimental results under the standard test 

conditions for both Vehicles A and B. The values in 
the table were confirmed to be statistically significant 
at the significance level of 5%. Figure 4 compares the 
performance for Vehicles A and B. 

The overall collision avoidance performance of the 
CAMS is higher in Vehicle A than Vehicle B. Vehicle 
A stably avoids collisions up to a speed of 20 km/h, 
and then gradually loses the ability to avoid collisions 
at speeds from 20 to 40 km/h. Thus, the performance 
of CAMS in Vehicle A was very sensitive to speed 
and had so-called “sharpness”. In contrast, the 
collision avoidance performance of the CAMS in 
Vehicle B showed a less sharp change up to a speed of 
40 km/h. 

Table 2 - Estimated model parameters 

 A B 

β0 −11.068 −3.329 

β1 0.335 0.165 
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Figure4.  Comparison of Vehicles A and B. 

DIFFERENCES BETWEEN DUMMY 

ORIENTATIONS 

We examined the performance difference for the 
identical CAMS under different experimental 
conditions. Table 3 and Figure 5 show the results for 
the identical CAMS in Vehicle B using different 
dummy orientations (front-facing and side-facing). 

Table 3 - Estimated model parameters. 

 Front Side 

β0 −5.242 −3.329 

β1 0.144 0.165 
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Figure5.  Performance comparison of dummy 
orientation. 

Collision with the front-facing dummy was more 
easily avoided than with the side-facing dummy. 
However, parameter β1, which indicates the sensitivity 
to vehicle speed, does not differ much between the 
two orientations. Meanwhile, parameter β0 (intercept) 
of the side-facing dummy is slightly higher than that 
of the front-facing dummy. Thus, the front-facing 
dummy is more easily detected, although the 
sensitivity to vehicle speed is the same in both 
orientations. 

ANALYSIS OF PERFORMANCE OF CAMS 

WARNING TIMING AND BRAKE TIMING 

As the two functions of CAMS are detection of 
pedestrians and automatic braking, we used the 
warning timing (TTC [s]) as a measurement of the 
detection function, and the braking timing (TTC [s]) as 
a measurement of the automatic brake function. (TTC 
means Time To Collision.) 

Figure 6 shows the distribution of warning timings, 
braking timings, and collision avoidance results under 
the standard conditions. As for Vehicle A, only the 
braking timing has a significant influence on the 
collision avoidance result and collision avoidance is 
achieved if TTC is longer than 0.6 second. In contrast, 
there is a positive correlation for Vehicle B between 
warning timing and braking timing, and collision 
avoidance is achieved if the warning timing is longer 
than 1.2 seconds and the braking timing is longer than 
0.6 second although collision avoidance is not 
constantly achieved and the results vary. 
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Figure6.  Warning timing, brake timing and collision 
avoidance. 

DRIVER’S RESPONSE TIME 

Figure 7 shows the distribution of ΔT which is the 
time between a warning being issued and automatic 
brake activation. The values of ΔT are distributed 
widely in the range between 0.0 second and 2.0 
seconds both for Vehicles A and B, while it is 
commonly considered that it takes at least 1.0 second 
for less attentive drivers to understand the meaning of 
a warning and respond to it appropriately. 

For Vehicle A, ΔT was shorter than 1.0 second in 75% 
of all cases. As Figure 6 indicates, that there is no 
correlation between warning 
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Figure7.  Distribution of ΔT. 

timing and braking timing; in many cases the 
automatic brake is activated without waiting for the 
driver to respond. Also, ΔT values vary widely and 

 
Avoidance 

Collision 
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there is no tendency of keeping ΔT values above a 
certain level in order to wait for the driver’s reaction. 
Thus, under the design specifications of Vehicle A’s 
CAMS, the priority is automatic brake activation. 

For Vehicle B, in many cases ΔT is longer than 1.0 
second. Compared with Vehicle A’s CAMS, Vehicle 
B’s CAMS tends to wait for more than a certain time 
needed for the driver to operate the brakes. 

 As a result of analyzing the difference in collision 
avoidance performance between the two vehicle 
models equipped with CAMS, the main factor is the 
timing of automatic brake activation. It is also found 
that in order to increase the collision avoidance 
probability, it is more effective to activate the 
automatic brake, rather than to wait for the driver to 
respond to a warning. On the other hand, designing 
CAMS focusing on automatic brake timing means 
reducing the time necessary for the driver to operate 
the brakes in response to a warning, which effectively 
means limiting the driver’s control. 

Naturally, there is a trade-off between maintaining the 
driver’s control and the collision avoidance 
performance of CAMS. Whether priority is given to 
the driver or to the system depends on the difference 
in safety concept or design philosophy. 

ESTIMATED EFFECTS 

We estimated the effects on reducing 
pedestrian/vehicle accidents based on the defined 
performance of the CAMS. 

ESTIMATES OF FATALITIES 

The Institute for Traffic Accident Research and Data 
Analysis (ITARDA) releases data on 
pedestrian/vehicle fatalities and injuries by four-wheel 
vehicles. According to this data, which is organized by 
hazard recognition speed, the number of fatalities 
during the 5-year period from 2006 to 2010 was 7,997 
and the distribution by hazard recognition speed is 
indicated by the bars in Figure 8. We define this 
distribution as N. 

By regarding the hazard recognition speed of “N” as 
the vehicle speed, the distribution of fatality reduction 
upon activation of CAMS, which is expressed by (1 − 
p(x)) N(x), can be calculated by multiplying the 
hazard recognition speed by the collision avoidance 
probability. 
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Figure8.  Distribution of pedestrian fatalities and 
probability of collision with CAMS. 

Figures 9 and 10 show the pedestrian fatality 
distribution assuming a 100% implementation rate for 
Vehicle A or Vehicle B, respectively. Pedestrian 
fatalities will be reduced by avoiding collisions. The 
pedestrian fatality reduction effects are greater at low 
and medium speeds at which the performance of 
CAMS is high. 

The expected reduction in number of fatalities can be 
calculated by the following formula, in which ΔN 
denotes the reduction in number of pedestrian 
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Figure9.  Estimated pedestrian fatality reduction for 
Vehicles A. 
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Figure10.  Estimated pedestrian fatalities reduction for 
Vehicles B. 



Page | 6 

fatalities, and p(x) denotes the collision probability for 
vehicle speed “x”. 

dxxNxpN ∫ −= )())(1(Δ
 

For Vehicle A, ΔN is calculated to be 2,611, giving an 
expected fatality reduction rate of 33%. For Vehicle B, 
ΔN is calculated to be 1,462, an expected reduction of 
18%. 

ESTIMATES OF SEVERE INJURIES 

We calculated the expected reduction in number of 
severe injuries using the same method as above. 
Figures 11 and 12 show the distribution of pedestrian 
severe injuries in 2009 and the results reflecting the 
reduction effect for Vehicles A and B, respectively. 
The severe injury rate is higher at low and medium 
speeds where the CAMS collision avoidance 
probability is higher. This produces significant effects 
at low and medium speeds, and so the reduction rate 
for severe injuries is expected to be 70% for Vehicle A 
and 45% for Vehicle B. 

The above estimates are based on the following 
assumptions: i) CAMS provides the same level of 
performance under various real-world traffic 
circumstances as under the basic conditions, ii) the 
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Figure11.  Distribution of pedestrian severe injuries 
by Vehicle A. 
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Figure12.  Distribution of pedestrian severe injuries 
by Vehicle B. 

number of fatalities or severe injuries in each accident 
case is counted as 1, and iii) the implementation rate 
for Vehicle A or B among the corresponding number 
of vehicles in the data is 100%. 

CONSIDERATIONS AND CONCLUSIONS 

In this study, by regarding collision avoidance by 
CAMS as a probabilistic event, we defined the 
expected collision probability obtained by regression 
calculation as the performance of CAMS. We also 
examined the variation in performance resulting from 
differences in vehicles or condition settings. We 
consider that this definition of the performance of 
CAMS brings the following benefits. 

The collision avoidance performance can be evaluated 
while taking into account the uncertainty in the 
collision avoidance results. The conventional safety 
standards regard the safety performance as being 
definitive. For example, in the area of crash safety, the 
standard requires limiting the injury value (HIC value 
for the head) to a certain level for a collision speed 
lower than a specified value. However, for CAMS, it 
is more realistic to consider collision avoidance as a 
probabilistic event due to the variation of real-world 
traffic circumstances and the related technical 
difficulties. 

The main focus of automotive safety has been shifting 
from crash safety (passive safety) to prevention safety 
(active safety). This indicates a shift from definitive 
values to values with uncertainty, and from certainty 
to uncertainty expressed by probability. 

In Japan, about 100 pedestrians are involved in vehicle 
accidents resulting in fatality or injury every day. We 
consider that the accident reduction effect of CAMS 
will become obvious as it spreads in the market, and 
the effect will converge with the performance (the 
expected value) shown by the regression line of this 
system (the law of large numbers). 

The collision avoidance performance can be defined 
for all speed ranges by using the logistic regression 
model. As a result, the effects on reducing pedestrian 
accidents, which are distributed over a wide speed 
range, can be evaluated for a broad range of speeds 
rather than just a specific speed. 

As a performance requirement of the safety standard, 
we propose limiting the collision probability to less 
than a certain value for a certain speed, or setting the 
expected value of fatality reduction by utilizing the 
wide performance range. 

Also, the performance of CAMS can be rated by 
expressing the safety performance as an expected 
value for damage mitigation, which is also useful for 
new car assessment programs. 
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FUTURE ISSUES 

In defining the safety performance by probability, the 
following issues should be considered. 

In principle, we regard collision avoidance as a 
probabilistic event for every case of CAMS activation, 
and so collisions due to a malfunction of CAMS are 
not distinguished from collisions as probabilistic 
events. As a result, defect investigations may not be 
fully implemented, leaving defective units uncollected. 
Therefore, it is necessary to establish an appropriate 
standard that parallels the stringent defect 
investigations and recall procedures. 

In this study, we proposed an evaluation method based 
on binomial values, namely whether or not collisions 
with pedestrians are avoided. The results show that if a 
collision occurs at a sufficiently low speed, the 
damage can be significantly reduced. It might be 
practical to set certain threshold values since minor 
collisions cause only small damage. Therefore, 
evaluation methods that consider the effectiveness of 
deceleration should also be considered. 

In the accident analysis results, pedestrian injuries are 
caused not only by colliding with vehicles, but also by 
hitting the road surface, curb, etc. upon falling after 
the collision. If we take this into consideration, the 
presence or absence of collision is still the highest 
indicator regardless of the collision level. 

The pedestrian dummy used in this study was the size 
and shape of an average Japanese man. This visible 
condition setting is valid for evaluating systems that 
incorporate a detection camera; however, its 
equivalence to the human body has not been fully 
confirmed for systems that incorporate detection 
laser/radar. To ensure accurate evaluation of the 
systems, it is necessary to use a pedestrian dummy that 
has radio wave properties (reflecting properties) 
equivalent to the human body. It is also important to 
use a dummy that incorporates motion since many 
real-world traffic accidents involve moving 
pedestrians. We will continue studying these issues in 
our work at NTSEL. 
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ABSTRACT 
 
Structural improvements at the vehicle front are 
state of the art in the field of pedestrian safety 
today and offer a basic passive protection. 
Meanwhile advanced safety systems have entered 
the market. Deployable systems, like the active 
bonnet or the windscreen airbag, further enhance 
the passive protection of passenger vehicles while 
systems of active safety such as autonomous 
emergency braking (AEB) are able to mitigate or 
even avoid an accident due to a reduction in 
collision speed. However, an integrated assessment 
of active and passive pedestrian safety is a current 
challenge. A procedure to assess and compare the 
safety potential as well as the effectiveness of 
active and passive safety measures on one scale 
was presented at the last ESV conference (paper 
11-0057) and has been further enhanced since then. 
In addition, an existing external test protocol for 
advanced forward-looking pedestrian safety 
systems has been implemented into the assessment 
procedure, which enables a vehicle-model-specific 
evaluation of active safety systems for children and 
adults. 
 
An important characteristic of the assessment 
procedure is its modular design, combining 
structural characteristics of a vehicle front with 
accident kinematics and accident research data. The 
procedure uses the results of the Euro NCAP 
pedestrian protection tests of the car to be assessed 
and adapts the HIC values to the real accident 
kinematics derived from numerical simulations. 
Kinematics parameters are the head impact 
velocity, impact angle and impact probability. The 
assessment procedure finally provides index values 
for children and adults, which indicate the risk for 
an AIS3+ head injury due to the primary impact 
depending on the collision speed. 
 
A first update to the procedure, which is already 
prepared for the Euro NCAP-GRID, has been made 

with respect to the pedestrian size distributions 
used to determine the impact probabilities for the 
particular wrap-around-distance zones of the 
vehicle front. Both distributions, i.e. for children 
and adults, are now based on current GIDAS data 
and establish a direct link to the actual accident 
situation. Further changes have been carried out 
regarding the weighting and adaptation of the Euro 
NCAP values, resulting in a new correlation 
between head impact velocity and HIC. At last the 
index calculation itself has been revised by the use 
of a more convenient injury risk curve. 
 
For active pedestrian safety systems the reduction 
in collision speed achieved within the particular test 
scenarios specified in the external test protocol 
forms the main assessment criterion. A 
methodology has been developed, which 
implements those test results according to their 
relevance into the assessment procedure and 
enables the calculation of a corresponding index 
value. A case example describing an AEB system 
equipped with a warning function has been defined 
in order to demonstrate the methodology. 
 
Index values are calculated for six real passenger 
car fronts, all representing different vehicle classes. 
Beside the basic vehicle, an active bonnet, a wind-
screen airbag and the generic AEB system are each 
assessed. The corresponding index values reveal, 
which pedestrian safety systems are most effective 
for the different vehicle classes as well as 
pedestrian groups. 
 
INTRODUCTION 
 
Due to increasing requirements from European 
legislation and in particular on the part of consumer 
ratings advanced pedestrian protection measures 
have gained relevance in the past few years. 
Structural improvements at the vehicle front offer 
only a basic passive protection and often implicate 
limitations with regard to design. Meanwhile 
advanced safety systems have entered the market, 
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which offer additional safety features. Deployable 
systems, like the active bonnet or the windscreen 
airbag, further enhance the passive protection of 
passenger vehicles while systems of active safety, 
such as autonomous emergency braking (AEB), are 
able to mitigate or even avoid an accident due to a 
reduction in collision speed. However, an 
integrated assessment of active and passive 
pedestrian safety is a current challenge. 
 
Within a joint research project of fka and the 
German Insurers Accident Research a procedure to 
assess and compare the safety potential of active 
and passive safety measures on one scale has been 
developed and presented at the last ESV conference 
[1]. Meanwhile some improvements have been 
made to the modular procedure, which will be 
illustrated within this paper. Since those changes 
solely affect individual modules, the procedure 
itself will only be summarised. For this reason it is 
recommendable to read [1] first. 
 
With regard to active pedestrian safety systems the 
reduction in collision speed forms the main 
assessment criterion. In [1] the evaluation of active 
safety systems has been generally demonstrated by 
the help of a simplified accident analysis. Based on 
given system specifications of different generic 
systems general speed reductions have been 
derived and transferred into according index values. 
However, a vehicle-model-specific assessment of 
real active safety systems requires relevant test 
scenarios as well as uniform and reproducible 
boundary conditions. Therefore an external test 
protocol has been implemented into the assessment 
procedure. With the help of a methodology, an 
active safety index is calculated based on the 
decelerations achieved in the different scenarios. 
 
Both the improvements made to the assessment 
procedure and the implementation of an existing 
external test protocol for advanced forward-looking 
pedestrian safety systems are described in the 
following. 
 
UPDATES TO ASSESSMENT PROCEDURE 

 
The assessment procedure combines structural 
characteristics of the vehicle front with accident 
kinematics and accident research data. It uses the 
results of the Euro NCAP pedestrian protection 
tests of the car to be assessed and adapts them to 
the real accident kinematics derived from 
numerical simulations. Kinematics parameters are 
the head impact velocity, impact angle and impact 
probability. The assessment procedure finally 
provides index values for children and adults, 
which indicate the risk for an AIS3+ head injury 
due to the primary impact depending on the 
collision speed. The whole process is automated to 

a large extend so that the user has not to know all 
the details behind it. 
 
The procedure is divided into six modules. Within 
the first three modules all vehicle characteristics 
required for the assessment are determined 
(Table 1). If desired, a seventh module allows a 
qualitative assessment of secondary impact. 
 

Table 1. 
Modules of the assessment procedure 

 

1 
Measurement and vehicle 
zoning 

Vehicle 
characteristics 

2 
Simulation and accident 
kinematics 

3 
Structural properties and 
passive safety systems 

4 
Weighting and adaptation of 
structural properties 

Assessment 5 Index calculation 

6 
Assessment of active safety 
systems 

 
A first update to the procedure has been made with 
respect to the pedestrian size distributions used to 
determine the impact probabilities for the different 
zones of the vehicle front. 
 
Pedestrian size distributions 
 
The correlation between wrap-around-distance 
(WAD) and body height derived from the 
simulations performed in module 2 is the first step 
towards WAD-zone-related impact probabilities. A 
second step combines this data with a pedestrian 
size distribution. Since the assessment is carried out 
for children and adults two separate size 
distributions have to be defined, which are now 
based on current GIDAS data to establish a direct 
link to the actual accident situation. Figure 1 shows 
the size distribution defined for adults while 
Figure 2 illustrates the corresponding WAD 
distribution resulting from the described procedure. 
 

 
 
Figure 1.  Pedestrian size distribution for adults 
(GIDAS, frontal accidents, n=685). [2] 
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Figure 2.  Relevance of WAD zones (adults, 
example vehicle). 
 
Besides impact probabilities simulation-based 
impact velocities and angles are automatically 
assigned to every WAD zone as well. In a next step 
the structural properties of the vehicle front have to 
be determined for all fields of the WAD zones. 
 
Euro NCAP-GRID procedure 
 
The structural properties are described by the Head 
Injury Criterion (HIC). These data is taken from the 
respective Euro NCAP spreadsheet of the car to be 
assessed. The recent introduction of the GRID 
procedure [3] facilitates the assignment of HIC 
values to the particular fields of the vehicle zoning. 
The tight grid of test points and the provided colour 
prediction for each point result in an improved 
mapping of the structural properties (Figure 3). 
However, this requires an adaptation of the vehicle 
zoning as well as the corresponding calculation of 
probabilities. The index values presented in this pa-
per are unaffected by this since the related vehicles 
have not been tested with the GRID procedure. 
 

 
 
Figure 3.  Vehicle zoning for Euro NCAP-GRID 
procedure (generic result). 

The GRID procedure is based on the existing 
reference lines of the child and adult test zones. 
Hence, position and dimension of the head test 
zone remain unchanged. In order to utilise the 
advantages of the close grid all WAD zones are 
adapted to the prescribed distance between the 
particular test points, which is 100 mm. The total 
number of WAD zones is thereby, under 
consideration of the two zones outside the Euro 
NCAP test area, increased from ten to thirteen. The 
new vehicle zoning is illustrated in Figure 3. The 
assignment of the kinematics parameters can be 
carried out as before. 
 
Since the dimension of the WAD zones in longitu-
dinal direction corresponds to the distance between 
the grid points a clear assignment of HIC values is 
ensured. Solely in the case that two points are 
exactly positioned on two adjacent reference lines, 
which for example applies to the points on the 
central longitudinal line, a rule has to be defined. 
Here, each grid point is assigned to the preceding 
WAD zone. The foremost point, which lies on the 
first reference line (WAD 1000), however forms a 
special case since there is no preceding WAD zone. 
Hence, the average value of the two points lying on 
the reference lines of WAD zone 1 is assigned. 
 
Longitudinal reference lines are not necessary since 
they arise from the constant grid. With regard to the 
calculation of the relevance factors (module 4) it 
should be noted that the number of grid points in 
lateral direction may vary, especially in the area of 
the A-pillars. Here, the GRID procedure provides 
additional points outside of the side test lines, 
which are represented by a dotted line in Figure 3. 
Those points lie on the intersections of the lateral 
grid lines and the side reference line (solid line). 
 
Weighting and adaptation of structural 
properties 
 
Within the fourth module of the assessment 
procedure the structural properties are combined 
with the accident kinematics. For the weighting and 
adaption of the HIC values several factors are 
defined. Those factors are integrated into the 
calculation formula of the head index (module 5). 
Each factor represents one of the kinematics 
parameters evaluated in module 2. 
 
The weighting of the particular vehicle fields with 
regard to the impact probabilities is carried out by 
relevance factors. Two relevance factors are 
defined, one for the lateral and one for the 
longitudinal direction. For the GRID procedure the 
relevance factor in lateral direction does no longer 
possess the same value for all WAD zones but is 
calculated by the number of grid points within one 
WAD zone. In case of the generic result in Figure 3 
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it amounts to 1/13 in the bonnet area and 1/15 in 
the windscreen area. Thus, the variable name 
changes to Rij,lateral. The relevance factor in 
longitudinal direction (Ri,WAD) remains unchanged 
and represents the impact probabilities of the 
particular WAD zones at a specific collision speed. 
 
The Euro NCAP tests are performed with definite 
boundary conditions, i.e. constant values for 
impactor velocity and angle [3]. The velocity factor 
(Vi,j) adapts the standardised Euro NCAP head 
impactor results to the maximal head impact 
velocities coming from the kinematics analysis. 
The definition of the velocity factor has been 
revised and adapted to the five colour scale of the 
GRID procedure. The velocity factor is based on 
analytical approaches and simulation results. 
Figure 4 illustrates the associated relationship 
between HIC value and impact velocity. The 
underlying family of curves is implemented into 
the index calculation. On the basis of the Euro 
NCAP result at the regarded test location it enables 
the automated determination of correspondent HIC 
values for both reduced and increased impact 
velocities without conducting further tests. With 
regard to impact velocities above 40 km/h it has to 
be assumed that the available deformation space at 
well tested points is still sufficient so that the head 
does not suddenly strike a hard point. The velocity 
factor is defined as quotient of the adapted and 
original HIC value at 40 km/h. 

 
 
Figure 4.  HIC-velocity diagram. 
 
The correlation between head impact velocity and 
HIC value is related to the stiffness at the test 
location. The behaviour for a stiff area with high 
HIC values is more dependent on impact velocity 
than for a flexible area. Although the presented 
velocity factor definition is primarily validated for 
the bonnet, the stiffness based approach behind it in 
principle allows an application to the windscreen 
area as well. Hence, and due to the complex and 
unpredictable behaviour of the windscreen, no se-
parate definition of the velocity factor is used here. 

Finally, the angle factor adapts the velocity-related 
HIC values to the maximal head impact angels of 
the particular WAD zones (Wi,WAD) as described in 
[1]. 
 
Index calculation 
 
The basis for the index calculation forms an injury 
risk curve. It assigns a probability for an AIS 3+ 
(Abbreviated Injury Scale) head injury, i.e. a severe 
to fatal injury (AIS 0 = uninjured, AIS 6 = fatally 
injured), to each HIC value. The originally used 
curve specified an AIS 3+ head injury risk of 24% 
for an HIC value of 1000. However, several studies 
show higher risk values for a pedestrian accident. 
In [4] and [5], for example, an AIS 3+ injury risk of 
50 to 60% is stated for the head impact of a 
pedestrian with respect to a HIC value of 1000. 
 
The risk curve used in the following is based on 
work done by the National Highway Traffic Safety 
Administration (NHTSA) regarding the head 
impact in the upper interior according to FMVSS 
201 [6]. It is illustrated in Figure 5 and provides an 
AIS 3+ head injury risk of 53% for an HIC value of 
1000. The associated function forms the basis of 
the index calculation and enables an automated 
assignment of injury risks to every field of the 
vehicle zoning. 
 

 
 
Figure 5.  Injury risk curve for an AIS 3+ head 
injury [6]. 
 
The index calculation is based on a totals formula, 
which sums up the HIC-dependent injury risk of 
the individual vehicle fields in consideration of 
their relevance. The head index reaches values 
between 0 and 1. Two equations have been defined. 
Equation 1 refers to all vehicles which have been 
tested by Euro NCAP before 2013 while 
Equation 2 comprises all necessary changes due to 
the introduction of the GRID procedure. The 
definition of the vehicle zoning is represented by 
the indices i and j. 
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HICij·Vij·Wi,WAD
൰ -0.00372 ·HICij·Vij·Wi,WADቇ
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(1) 
 

i Number of WAD zones in longitudinal direction 

Ri,WAD 
Relevance factor in longitudinal direction, 
dependent on WAD zone 

j Number of fields in lateral direction 

HICij 
Euro NCAP HIC value in particular field of 
vehicle front 

Vij Velocity factor in particular field of vehicle front 

Wi,WAD Angle factor in particular WAD zone 

Rj,lateral 
Relevance factor in lateral direction, 
constant = 1/12 

 

෍Ri,WAD

13

i=1

ۈۉ·
෍ۇ Rij,lateral

1+ exp ቆ൬3.39+
200

HICij·Vij·Wi,WAD
൰ -0.00372 ·HICij·Vij·Wi,WADቇ

ni

j=1 ۋی
ۊ

 

 
(2) 

 

ni Number of grid points in lateral direction 

Rij,lateral 
Relevance factor in lateral direction, 
dependent on number of grid points within one 
WAD zone 

 
The equations reveal how the data out of the 
particular modules goes into the index calculation. 
By means of the relevance factor in longitudinal 
direction the impact probabilities are assigned to 
each WAD zone. The velocity and the angle factor 
are directly integrated into the injury risk function, 
where they adapt the HIC values of the individual 
vehicle fields to the simulated accident kinematics. 
 
The whole assessment procedure is processed 
automatically with the help of MS Excel tools. The 
input needed for those tools are the corresponding 
impactor results stated in the Euro NCAP 
spreadsheet and the simulation data, i.e. head 
impact velocities, impact angles and impact 
positions of the different pedestrian models. 
 
The revised index calculation leads to increased 
head index values. Taking the experimental vehicle 
presented in [1] as an example, the head index 
value for children raises from 0.4 to 0.55 while 
adults show an increase from 0.45 to 0.63. 
 
The modules considered so far allow the assess-
ment of the passive safety of a vehicle front as well 
as implemented deployable systems depending on 
the collision speed. In order to use them for the 
assessment of active safety systems appropriate test 
results and a methodology to implement those 
results into the assessment procedure are necessary. 
This is the task of module 6. 

EVALUATION OF ACTIVE SAFETY 
 
The basis for the assessment forms the reduction in 
collision speed achieved by an active safety system 
and the associated changes regarding the head 
impact probabilities, velocities and angles.  
 
Velocity-related index calculation 
 
The correlation between collision speed and head 
index value illustrated in Figure 6 forms the 
interface between active and passive safety. In 
addition to the basic value at a collision speed of 
40 km/h further supporting points based on 
corresponding simulations are required. By 
interpolation between the respective supporting 
points an index value can be determined for every 
speed reduction within the regarded range 
(Figure 6). 
 

 
 
Figure 6.  Velocity-related index calculation. 
 
The index values given in Figure 6 are calculated 
for the basic version of the experimental vehicle, 
i.e. no additional safety systems are implemented. 
For children an assumed decrease in velocity of 
7.5 km/h leads to an index reduction from 0.55 to 
0.23. For adults the decrease of the injury risk is 
less pronounced. 
 
With the help of the velocity-related index 
calculation the safety potential of a speed reduction 
can be directly related to the passive vehicle safety. 
Thereby a direct link to an external test protocol for 
active pedestrian safety systems is established. 
 
External test protocol 
 
Within this paper the implementation of a test 
protocol developed by the vFSS (Advanced 
Forward-Looking Safety Systems) initiative is 
demonstrated but the use of other protocols is 
possible as well. The vFSS consortium comprises 
several automobile manufacturers, the German 
Federal Highway Research Institute (BASt), the 
expert organisation DEKRA and representatives of 
the German insurance industry [7]. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

20 25 30 35 40

H
ea

d
 In

d
ex

Collision Speed [km/h]

Adults
Children

- 0.32

Δvc = - 7.5 km/h

P
as

si
ve

 S
af

et
y

Active Safety

Experimental
Vehicle



__________________________________________________________________________________________ 
Hamacher 6 

All four test scenarios of the vFSS protocol 
(Figure 7) correspond to the general assessment 
scenario, which describes a pedestrian crossing in 
front of a vehicle driving with a velocity of 
40 km/h (perpendicular moving directions). 
Thereby, the comparability to the assessment of 
passive safety measures is guaranteed. 
 

 
 
Figure 7.  vFSS test scenarios. [8] [9] 
 
The tests are performed under defined boundary 
conditions and with the help of special test rigs. A 
distinction is made between scenarios with and 
without sight obscuration, which lead to a different 
time to collision (TTC). Furthermore, child and 
adult dummy targets are used. The child dummy 
target represents a 6 year old child running from the 
left while the adult dummy target simulates a 
walking 50th percentile male coming from the 
right. [9] 
 
For the testing of systems with warning and/or 
driver-triggered braking a robot is used which 
simulates a low-performance driver with a slow 
reaction time and an overly cautious braking. [7] 
To avoid that a system is only designed for the test 
parameters additional tests outside the defined test 
conditions, so called pin pricks tests, are intended.  
 
Generic AEB system 
 
The defined case example describes an AEB 
system equipped with a warning function. Does the 
driver not react to the warning or is a warning not 
possible any more, the system performs an 
automatic emergency brake with maximum 
deceleration 0.6 seconds prior to the collision. 
Furthermore, the generic system detects, despite the 
higher velocity of the child dummy target defined 
in the test protocol, children and adults equally. 
Thus, the speed reductions in the particular test 
scenarios are the same for both pedestrian groups 
since the other boundary conditions (TTC, vehicle 
speed) are consistent. 
 
In the scenarios with obstructed pedestrian (TTC = 
2700 ms) the braking robot reacts to the system 
warning and triggers the brake assist system. 
Although a low-performance driver is simulated a 

collision can be avoided by the initiated optimal 
deceleration. Accordingly, the resulting injury risk 
for scenario 3 and 4 is 0%. 
 
Assessment methodology 
 
The assessment methodology, which converts the 
speed reductions achieved within the particular 
scenarios into an active safety index, is illustrated 
in Figure 8 for children and in Figure 9 for adults. 
 

 
 
Figure 8.  Assessment methodology for children 
(generic test results, experimental vehicle). 

 

 
 
Figure 9.  Assessment methodology for adults 
(generic test results, experimental vehicle). 



__________________________________________________________________________________________ 
Hamacher 7 

For the test scenarios with unobstructed pedestrian 
(TS1 & TS2) a timely driver warning is not 
possible due to the short TTC of 1300 ms. The 
speed reduction arising from the automatic 
emergency braking at TTC = 0.6 s is 16.5 km/h, 
assuming a build-up time until maximum 
deceleration of 0.4 s [10]. 
 
Starting with the passive safety index at 40 km/h, 
partial indices are determined for the particular 
branches of the scheme and added up under 
consideration of their relevance (highlighted in 
dark grey). The percentage of frontal accidents 
which are not covered by the test scenarios is 
considered by a separate branch. Decisive is the 
lowest TTC defined within the test protocol. In the 
case of the vFSS protocol the lowest TTC is 
1300 ms. Due to the GIDAS database the 
proportion of frontal pedestrian accidents with a 
TTC below 1300 ms is about 20% [8]. Since the 
specified test scenarios do not prove an additional 
safety potential here, the passive safety index is 
used. This approach takes into account that an 
active safety system, in contrast to passive safety 
measures, cannot be effective in all frontal 
accidents. The general technical robustness of the 
system has to be verified prior to the assessment by 
appropriate “pin pricks tests”. 
 
With respect to the frontal accidents covered by the 
test protocol the probabilities of the different 
branches arise from the relevancies of the 
underlying scenarios (Figure 7). While for the 
children the relevancies of the corresponding 
scenarios are equal, the adults show a significantly 
higher relevance regarding the unobstructed 
scenario. The values given in Figure 8 and 9 are 
scaled to 100%. With the help of the correlation 
between collision speed and head index determined 
for the example vehicle (Figure 6) the speed 
reductions achieved in the particular scenarios can 
be transferred into corresponding index values. If 
the accident can be prevented, the index is set to 
zero. Below a collision speed of 20 km/h no further 
supporting points are provided. Here the index 
values are calculated by linear interpolation 
between zero and the index result for 20 km/h. 
Instead of using supporting points, it would also be 
possible to directly consider the actual test results, 
i.e. the achieved collision speeds, in the kinematics 
simulations and index calculation respectively. 
 
For the regarded example vehicle the equipment of 
the generic AEB system leads to a significant 
reduction of the head indices. For children a result 
of 0.15 is achieved while the adults reach a slightly 
higher value of 0.17. The reason for this is the 
poorer passive safety index calculated for adults. 
Thereby the partial indices, especially the important 
one defined for the unconsidered frontal accidents, 

are accordingly higher. In principle, however, 
lower values can be expected for adults compared 
to children due to the higher relevance of the 
unobstructed scenario which generally allows 
higher speed reductions up to a total avoidance of 
the collision. 
 
HEAD INDEX RESULTS 
 
In the following index values are calculated for six 
real passenger car fronts (Figure 10), all 
representing different vehicle classes (Compact 
Car, Sedan, Van, Sports Car, SUV, OneBox). 
Those classes are based upon a categorisation, 
which has been developed to consider the different 
front designs of modern cars and their impact on 
pedestrian accident kinematics. 
 

 
 
Figure 10.  Simulation models of vehicle class 
representatives. 
 
Three geometrical parameters are used for 
classification. The first one is the height of the 
bonnet leading edge (BLE), which has significant 
influence on the accident kinematics of a 
pedestrian. The WAD up to the bonnet rear edge is 
relevant for the location of the primary head impact 
relative to the vehicle front. The lower the value for 
this parameter, the higher is the probability for a 
head impact in the windscreen area. The third 
characteristic parameter is the bonnet angle, which 
has an effect on the pedestrian WADs. [1] 
 
Besides the pedestrian accident kinematics data, the 
structural properties of the vehicle front have a 
decisive effect on the head index result as well. 
Figure 11 illustrates the Euro NCAP test results of 
the different vehicle class representatives. The 
sports car is the only vehicle where generic test 
results in form of a classical A-pattern have been 
assigned according to the vehicle zoning (Figure 2). 
A representative out of this class has so far not 
been tested by Euro NCAP. The poor results of the 
sedan are not representative for the vehicle class 
but demonstrate the head index spectrum. The 
calculation of the leg index is described in [1]. 
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Figure 11.  Structural properties of basic vehicles 
(Euro NCAP, Sports Car with generic results). [11] 
 
In addition to the basic vehicle, an active bonnet, a 
windscreen airbag and the generic AEB system are 
each assessed. For the area protected by the inflated 
airbag HIC values of 500 are defined. In case of the 
active bonnet a value of 600 is assigned to the 
particular fields while the lateral and rear boundary 
areas keep their values. The corresponding children 
head indices are illustrated in Figure 12, whereas 
the adult indices are shown in Figure 13. The index 
values reveal, which pedestrian safety systems are 
most effective for the different vehicle classes as 
well as pedestrian groups. 
 
Head index results of the children 
 
For children the AEB system offers the highest 
safety potential across all vehicle classes. The 
implementation of an active bonnet is reasonable as 
well since it usually covers the most relevant 
impact areas for children, so that a high percentage 
profits from the reduced HIC values arising from 
the bonnet lifting. In case of the compact car the 
additional benefit of the active bonnet is limited 
due to the good test results in the bonnet area of the 
basic vehicle. Moreover, the lower HIC values 
achieved by the active bonnet are partially 
compensated by increased head impact velocities, 
which result from the steeper bonnet angle. 
 

 
 
Figure 12.  Head index results of the children. 

Noticeable are the comparatively high index values 
of the sports car. As mentioned above, the sports 
car is the only vehicle where generic test results 
have been assigned. However, the reason for the 
increased index values is not the definition of the 
structural properties but the occurring head impact 
velocities, which mainly lie above the collision 
speed. The low BLE height combined with a flat 
bonnet angle lead to a high rotational velocity of 
the pedestrian models and thus to high head impact 
velocities. 
 
As expected, a windscreen airbag offers little or no 
additional protection for children. The covered area 
is in most cases not relevant with respect to small 
pedestrian heights. 
 
Head index results of the adults 
 
Apart from the SUV, the indices calculated for the 
adults (Figure 13) turn out higher than the children 
values. This is due to the different impact areas of 
both pedestrian groups. Whereas the children 
predominantly impact in the bonnet area, the adults 
often strike the cowl, the A-pillars or the lower 
windscreen area, which are largely critical with 
regard to the structural properties. 
 
A windscreen airbag forms, in combination with an 
active bonnet, a highly effective safety measure for 
adults since it covers the most critical and at the 
same time the most relevant impact areas. The high 
relevance of the windscreen airbag also results 
from the forward displacement of the head impact 
locations caused by the deployed bonnet. Thereby 
the relevance of the cowl area increases signify-
cantly. According to this the benefit of a separately 
applied active bonnet, i.e. without airbag, is limited 
and can even have a negative effect on the index 
value. Moreover, there is an additional injury risk 
due to the gap at the bonnet rear edge. This is 
considered by the specification of a minimum HIC 
value of 1500 for those fields of the active bonnet. 
 

 
 
Figure 13.  Head index results of the adults. 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Compact Sedan Van Sports 
Car

SUV OneBox

Head 
Index

Basis
Active Bonnet
Active Bonnet & Windscreen Airbag
AEB SystemChildren

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Compact Sedan Van Sports 
Car

SUV OneBox

Head 
Index

Basis
Active Bonnet
Active Bonnet & Windscreen Airbag
AEB SystemAdults



__________________________________________________________________________________________ 
Hamacher 9 

The AEB system is very effective as well, even if it 
does not reach the low risk level of the windscreen 
airbag for the majority of classes. The reasons for 
this are the above mentioned good coverage of the 
relevant head impact areas by the airbag but first of 
all the insufficient passive safety the basic vehicles 
offer here. Decisive in this regard is the 
corresponding high partial index value for the 
unconsidered frontal accidents. This ensures that 
passive safety cannot be neglected in case that an 
active safety system is applied. 
 
Conspicuous are the comparatively low head 
indices of the SUV. Here, the calculated values 
reflect to some extent the positive Euro NCAP test 
results for this vehicle class. The large bonnet 
dimensions, i.e. long WAD up to the bonnet rear 
edge and according relevancies for adults, in 
combination with the possibility to establish 
sufficient deformation space generally provide 
favourable boundary conditions with regard to the 
head impact. Furthermore, the head impact 
velocities are comparable to a sedan car, for 
children they are even slightly lower. However, the 
injury risk due to the high BLE is neither reflected 
by the head nor by the leg index. The same applies 
to the related Euro NCAP component tests. 
 
The results in [12] show that, on average, head 
injuries are similar or slightly lower from contact 
with SUVs compared to cars, but injuries to the 
mid-body regions are substantially higher. Here, 
there is an increased risk due to the high BLE. The 
mid-body region is directly struck in the primary 
impact, leading to less rotation of the body. This 
increases the impact efficiency and the overall 
momentum transfer from the vehicle to the 
pedestrian is greater, whereas the additional mass 
of SUVs is not very significant for pedestrian 
injury causation. [12] Unfortunately, the mid body 
region is not or only insufficiently considered by 
the Euro NCAP tests and therefore hardly to be 
implemented into the assessment procedure. 
 
The problem of rating high fronted vehicles by the 
current component tests becomes apparent using 
the example of the Ford Ranger. The Ford Ranger 
is a Pick-up with a BLE height above 1000 mm. It 
falls into the class SUV since only the front 
geometry is decisive for the classification. The 
Ford Ranger achieves a Euro NCAP pedestrian 
protection rating of 81% without having any 
additional safety systems, i.e. solely by structural 
improvements at the vehicle front. At the moment a 
score of 60% would be sufficient to receive a five 
star rating. Interesting in this regard is a 
comparison with the results of the Volvo V40, 
which is equipped with the latest advanced 
pedestrian safety systems. These include an active 
bonnet as well as the first series windscreen airbag. 

The resultant score is 88%, the best result for 
pedestrian protection reached so far but at the same 
time still in the range of the Ford Ranger. 
 
The OneBox vehicle possesses a high BLE as well. 
However, due to its steep bonnet angle, the 
significantly shorter WAD up to the bonnet rear 
edge and the poor test results the head index values 
turn out higher. 
 
CONCLUSIONS 
 
The presented procedure enables an integrated 
assessment of active and passive pedestrian safety 
measures on one scale for both children and adults. 
An important characteristic of the assessment 
procedure is its modular design, combining 
structural characteristics of a vehicle front with 
accident kinematics and accident research data. 
Each module can be enhanced or changed 
independently. In principle, the vehicle-model-
specific Euro NCAP results are adapted to the real 
accident kinematics derived from numerical 
simulations and weighted according to the impact 
probability of the related wrap-around-distance 
zones of the vehicle front. Those impact 
probabilities are based on representative size 
distributions for children and adults, which are 
derived from the GIDAS database. Further 
kinematics parameters are the maximum head 
impact velocity as well as impact angle within each 
WAD zone. The assessment procedure finally 
provides an index value, which indicates the risk 
for an AIS3+ head injury due to the primary impact 
depending on the collision speed. The whole 
process is automated to a large extend.  
 
The main criterion for the evaluation of active 
pedestrian safety systems is the reduction in 
collision speed achieved within the particular 
scenarios of an external test protocol. A 
methodology has been developed, which 
implements those test results according to their 
relevance into the assessment procedure and 
enables the calculation of corresponding index 
values for children and adults. In order to achieve 
minimal active safety indices good results in the 
Euro NCAP component tests are required. This 
ensures that passive safety cannot be neglected in 
case that an active safety system is applied. 
Furthermore, the methodology rewards the 
definition of challenging active test scenarios. 
 
Several updates have been made to the assessment 
procedure. Due to the implementation of the Euro 
NCAP-GRID the future applicability of the 
procedure is guaranteed. Besides the use of GIDAS 
based size distributions the index calculation itself 
has been revised. This includes the integration of a 
more convenient injury risk curve as well as the 
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definition of a new HIC-velocity diagram with an 
improved family of curves. 
 
The assessment procedure has been applied to 
different measures and vehicle fronts. The safety 
potential of passive measures is dependent on the 
front geometry as well as the pedestrian height. 
There is no “one fits all” passive measure which 
performs on the same positive level at all vehicle 
fronts and for all pedestrian sizes. Therefore they 
have to be selected and adjusted for each car front. 
With regard to children the implementation of an 
active bonnet is beneficial in most cases. However, 
its safety potential is limited as it actually only 
generates additional deformation space in order to 
avoid a head impact on hard points in the engine 
compartment. The adults profit strongly from a 
windscreen airbag. The only exception is the SUV 
where the relevance of a windscreen airbag is low 
due to the long WAD up to the bonnet rear edge. 
 
An AEB system offers a high safety potential for 
all regarded vehicle classes as well as pedestrian 
groups. In case of the children it is the most 
effective safety measure, regardless of the front 
geometry. In terms of the adults the influence of the 
passive safety level on the assessment of active 
safety systems becomes apparent. The insufficient 
passive safety of the relevant impact zones results 
in index values, which often lie above those of the 
windscreen airbag. Here, an integrated approach 
would be highly efficient, i.e. the combination of a 
windscreen airbag with an AEB system. Taking the 
sedan as an example, such an integrated safety 
system would reach an index value of 0.03. Since 
the windscreen airbag also implies the application 
of an active bonnet, children benefit as well. The 
corresponding index value amounts to 0.05. 
 
With respect to the safety potential of an active 
safety system it has to be regarded that a reduction 
in collision speed is beneficial for all body regions. 
It is not limited to one body part as this is often the 
case for passive safety measures. Furthermore, not 
only the primary but also the secondary impact on 
the ground can be mitigated or even avoided [13]. 
Consequently, pedestrian safety measures should 
follow an integrated safety approach. Only in this 
way a minimisation of the injury risk is achievable. 
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ABSTRACT 

 

Accident statistics indicate that pedestrians 

constitute a large share of vehicle-related fatalities 

worldwide. Due to continuing trends towards 

urbanization, this proportion can be expected to 

further increase. Advances in passive safety have 

already proven their effectiveness, but since 

injuries cannot be completely avoided at higher 

collision speeds a preferred solution is the 

complete avoidance of collisions. 

In this paper, we introduce an active safety 

approach for preventing collisions with 

pedestrians that integrates advanced perception 

systems and executes emergency braking and 

steering maneuvers. The functional concept and 

system architecture are introduced, followed by 

the design of the actuation setup. Finally, the 

results of extensive driving tests are given for 

validation. 

As part of the validation strategy, a testing facility 

has been constructed that comprises a horizontal 

truss with a pedestrian dummy suspended beneath 

it. This pedestrian dummy can be moved laterally 

to simulate pedestrian motion. 

The presented system architecture includes 

abstract levels for sensorics, perception 

refinement, situation analysis and actuation. The 

functionality is realized using a stereo camera and 

radar, both of which are high-performance, state-

of-the-art automotive sensors currently in series 

production. The stereo camera integrates a 

pedestrian classification algorithm, and together 

the sensors provide extensive knowledge about the 

available maneuvering space. The sensor data are 

combined into a hybrid environment 

representation with two separate entities for 

moving objects and static structures. This 

representation can be used as a basis for the 

situation analysis logic, determining if an 

emergency braking or steering maneuver is 

necessary. Two actuators are used to facilitate 

maneuver execution: an electric power steering 

(EPS) system and an innovative brake system 

specifically designed for a fast and precise 

electronic actuation. 

One algorithm implemented for handling 

pedestrian scenarios is the pedestrian motion 

prediction. In these cases, commonly-used models 

for vehicle motion are no longer valid, so a motion 

prediction algorithm has been developed that 

specifically considers pedestrian behavior. The 

result, as demonstrated in relevant scenarios, is a 

significant decrease in false-positive system 

reactions. 

In this paper, possibilities for how an emergency 

situation can evolve with respect to available 

maneuvering space and last point to brake or steer 

are extensively discussed and examined through 

driving tests. 

An additional challenge is the handling of 

scenarios where a pedestrian assumes a more 

generic appearance, such as a person using a 

wheelchair or pushing a stroller.  

A holistic system for avoiding pedestrian accidents 

has been designed, implemented and extensively 

tested. The results quantitatively show the benefits 

in terms of the detection performance of the 

environmental sensors and the sophisticated 

environment model, including information about 

the available maneuvering space. Classification 

and prediction algorithms have been implemented 

that take into account the characteristics of 

pedestrian behavior to determine the desired 

system reactions. Since all sensors and actuators 



are currently in or near series production, the 

presented approach demonstrates how pedestrian 

safety can be greatly enhanced in the near future. 

 

MOTIVATION 

 

Accident statistics 

The worldwide traffic volume has markedly 

increased within the last 10 to 15 years, but in the 

EU, the improvement in both driving and transport 

safety has led to a significant reduction in traffic 

fatalities.  In addition to traffic-focused 

educational and political efforts, major 

improvements in active and passive vehicle safety 

systems have proven their effectiveness. 

Due to this development and the trend toward 

increased urbanization, which leads to increased 

potential for urban accident scenarios, the 

proportion of pedestrian fatalities naturally 

emerges as a focus of discussions. According to 

the most recent statistics, around 8,000 pedestrians 

and cyclists are killed, and a further 300,000 

injured, each year in road accidents in the EU. 

Therefore, it is expected that systems to protect 

vulnerable road users, especially pedestrians in 

urban areas, will receive increased attention in the 

assessment of vehicle safety systems in Europe, 

see for example according activities at EuroNCAP 

[1]. 

 

 

Figure 1. The overall number of fatal accidents is 

decreasing, but the corresponding share of 

pedestrian fatalities is not [2]. 

 

According to the German Federal Statistical Office 

(Statistisches Bundesamt), the overall number of 

accidents with injuries has been reduced year-

over-year throughout the last decade. The 

percentage of pedestrian-involved accidents has 

increased slightly. One reason could be the 

focused development on occupant safety, with 

many active and passive safety systems reducing 

this corresponding share of accidents. 

Better protection of pedestrians and other 

vulnerable road users, especially in urban areas, 

would clearly reduce fatalities and severe injuries. 

Research by the German UDV shows that the most 

effective countermeasure in the event of a crash is 

the reduction of vehicle speed prior to impact [3]. 

If an emergency braking system, capable of 

recognizing pedestrians, could reduce the crash 

velocity from 40 kph to 30 kph, many types of 

vehicles with differing front shapes would be 

sufficient to achieve the minimum desirable rating. 

Further reduction of the speed of impact to 20 kph 

would result in a “very good” rating. This could 

also be considered as a logical next step, given the 

existing foundation of passive safety measures, 

including outside airbags and active hoods. 

 

 

Figure 2. ContiGuard
®
 spectrum of components 

for effective active and passive safety systems. 

 

ContiGuard
® 

- Safety in all domains 

Continental has demonstrated with ContiGuard
®
 

that further development in traffic safety, in both 

the active or passive domains, must include the 

complete network and integration of vehicle 

surrounding information as well as a human-

machine interface (HMI). ContiGuard
® 

covers all 

safety functions through the integration of active 

safety, passive safety, vehicle surrounding sensors, 

HMI and safety telematics, as well as driver 

assistance. Instead of “comfort ADAS”, which 

concerns enhanced driving comfort, this paper 

considers “safety ADAS”, i.e. challenging driving 

situations where the safety of the occupants and 

other road users is at risk. 

 

 

 

 



CONTINENTAL’S DESIGN APPROACH 

FOR FUTURE PEDESTRIAN PROTECTION 

SYSTEMS 

 

The ContiGuard
®
 function of an active pedestrian 

protection system consists of sensors, algorithms 

and actuators. A prototype vehicle for system 

development and functional evaluation was built 

with available components. A stereo camera is 

used as the primary environmental sensor, while a 

software framework runs the core functional 

algorithms for situation interpretation, decision 

making and actuator control. Brake and steering 

system were adapted in software to be able to 

cover the control requests. 

 

General system architecture 

To maintain system extensibility and functionality 

outside of pedestrian protection, a general 

approach was chosen for the system architecture. 

This has been developed by Continental’s 

Advanced Engineering Department (Chassis & 

Safety Division) to address a wide spectrum of 

ADAS applications. See [4] and [5] for examples. 

It is built upon four functional levels that represent 

the generic components of any ADAS system 

(Figure 3). 

First, there is the sensor level, where all of the 

environment sensing elements are located, 

together with all sensor-specific algorithms (e.g., 

object detection algorithms operating on a digital 

image). 

 

 

Figure 3. The generic ADAS architecture from 

Continental’s Advanced Engineering Department. 

 

The second level, hybrid environment 

representation, forms an environmental model 

independent from the features of a specific sensor, 

allowing a flexible interchange of the sensors 

deployed in the architecture level above. As a 

special property, this level is split into two 

separate entities. One forms an object abstract 

environmental representation in the appearance of 

an object list for moving objects like vehicles or 

pedestrians, with object attributes assigned to it. 

The other one contains dense information about 

static restrictions in the ego vehicle’s 

surroundings, providing precise information about 

usable maneuvering space required for planning 

and execution of automated evasion maneuvers. 

On the application level, all ADAS function-

specific algorithms can be found. These functions 

are meant primarily for analyzing the situation 

using the state of the environment model and for 

deriving a decision, if there is an active 

intervention required in the present situation. 

 

If the decision-making algorithm comes to the 

conclusion that an active intervention is necessary, 

then this can be performed using the lowest-level 

motion control & actuation. Here, all of the 

requests from the ADAS applications are collected 

and arbitrated together with driver inputs, 

according to a predefined guideline that considers 

the presumed importance of the request. 

Subsequently, the requests are transformed into 

actuation commands for the available actuators in 

the vehicle. For instance, a deceleration request is 

turned into a brake pressure request with respect to 

the specific brake actuation characteristic of the 

existing brake system. 

The following subsection considers the elements 

used in the proposed pedestrian protection system, 

mapped to the architectural levels described 

above. 

 

Sensorics 

The basis of an effective system for active safety 

is the utilization of a subsystem for environmental 

sensing that fulfills the requirements of the 

scenarios addressed. In order to apply pedestrian-

specific algorithms, it is important to identify 

 

Figure 4. Automotive stereo camera, combining 

the ability to classify pedestrians with direct 

measurement of distances to objects. 



objects in the vehicle’s vicinity as persons in the 

road. Visual sensors, like automotive cameras, are 

the most promising choice in this respect. 

Furthermore, since accidents with pedestrians 

happen within the limits of the vehicle path, a 

frontal sensor was chosen, covering this area 

(Figure 4). For the system considered in this paper, 

a stereo camera was used, since it has an important 

advantage in addition to the capability to execute 

pedestrian classification: It has the ability to 

measure the distance to objects using the disparity 

between the two captured images.  

These properties allow us to use this device as a 

standalone sensor for ADAS applications, without 

the sensor fusion required with other sensor types. 

However, in the present concept vehicle, a radar 

sensor was also incorporated for object fusion in 

order to assess the impact on system performance 

when the radar sensor is switched on or off. 

 

Environment representation 

Any ADAS function uses an internal 

representation of the vehicles surrounding as a 

basis. Since the function shown here handles 

scenarios with pedestrian classification in a first 

approach, here mostly relevant is the EGO-vehicle 

movement together with the actual or predicted 

movement of the person on the road. Therefore it 

is primarily sufficient to focus on the object 

abstract part of the environmental model. In the 

future, when decisions are made to utilize free 

space for an emergency steering maneuver, the 

dense information from the environment model 

must also be used. This could be a tessellated area 

in the vehicles field of view, for example in the 

appearance of a so-called Occupancy Grid, giving 

data about the occupancy state of each according 

area in the real world. Hence, the installed 

environment representation is well-prepared for 

this evolution. 

 

Application 

The application-specific algorithms for analyzing 

the situation and making decisions are located in 

this level. Together, they assess whether or not the 

situation is evolving into a potential driving 

intervention. Typical functions realized within this 

level could comprise emergency braking, 

emergency steering through to functions towards 

automation of specific driving tasks. 

 

 

 

Motion control and actuation 

Besides several HMI-related actuation elements 

like visual, auditory and haptic warnings, there are 

two main elements available for executing driving 

interventions. One is a brake system allowing the 

electronic requests of vehicle deceleration without 

the brake being applied by the driver. It is a system 

currently in series production, normally providing 

stability functions like ABS or ESC and 

performing brake actuations for adaptive cruise 

control (ACC). Our system was equipped with 

enhanced firmware to enable arbitrary requests 

from additional sources. The other actuation 

element is electric power steering (EPS), which is 

increasingly available for cars in series production. 

Again, by using modified firmware in the ECU, it 

is possible to apply steering torque independent 

from the inputs the driver provides, enabling 

active interventions in any driving situation. The 

motion control layer, between the application, 

driver and actuators, coordinates the requested 

vehicle path in a safe and efficient manner by 

allocating requests to the different actuator 

subsystems, which also include the engine, 

gearbox and electric drivetrain components. The 

braking and drivetrain components were more 

significant for this application. 

 

Demonstration vehicle 

The system described has been integrated into a 

test and demonstration vehicle based on a 

Volkswagen Passat B7 (Figure 5). This vehicle is  

 

Figure 5. Demonstration vehicle equipped with 

environmental sensors and actuators for driving 

interventions. 

 

equipped with all required sensors and actuators 

mentioned above. Furthermore, a rapid 

prototyping middleware concept is used, which 

allows for flexible and fast implementation and 

verification of software algorithms. 



GENERAL FUNCTIONAL CONCEPT 

 

Emergency braking 

To better explain the system’s functional concept, 

consider the simple example of a vehicle 

approaching a stationary pedestrian in the road. 

This is considered a kind of baseline function, and 

illustrates the basic functionality of the system. 

 

Figure 6. Necessary distances to avoid a collision 

by braking or steering 

First, the vehicle drives along a straight road until 

it encounters a person (in this case, the soft 

dummy) not leaving the vehicle’s path. As soon as 

the object is determined to be a potential collision 

target, pedestrian classification is initiated as part 

of the environmental perception function, and 

identifies whether or not the detected object is a 

pedestrian. This is possible through the use of 

features characteristic of a person in the road, such 

as a specific height-to-width ratio or the existence 

of a head or extremities. If the classification 

algorithm detects a pedestrian, the situation 

analysis algorithm assesses the risk of a collision, 

using the assumption that the movement of the ego 

vehicle remains constant. The required 

deceleration to avoid the collision is calculated 

considering also known delays from sensors and 

actuators, and if a certain threshold value is 

exceeded, an automated braking maneuver is 

executed to avoid the collision with the pedestrian. 

 

Emergency steering 

If emergency steering around the obstacle would 

be optimal, there is another threshold chosen. 

Here, permanently a path for the evasive maneuver 

is calculated, together with the hypothetic 

maximum lateral acceleration to be expected while 

following this path. If this value exceeds a certain 

value, this is used as the trigger for the automated 

evasion. 

For executing evasive steering, there is a crucial 

requirement: It must be positively determined that 

the required maneuvering space is free, i.e., there 

is no object or other impediment in the path that 

the evasive maneuver will follow. Despite the 

corresponding free space analysis implemented in 

the system, it remains a challenging task for the 

future to achieve the very high reliability needed 

for triggering an automated steering maneuver as 

described, this together with a limitation of the 

necessary path width to a value representing the 

distance to the white centerline.  An example 

where evasive steering could be more effective 

than emergency braking is formed by the 

combination of some boundary conditions: If the 

speed of the vehicle is quite fast and the lateral 

offset required for the evasion is quite small, the 

collision might only be avoidable with evasive 

steering if the braking distance is too great. In 

those cases, e. g. a small obstacle width affects the 

range of speed, where evading is more effective. 

 

Static pedestrian 

This scenario has already been described at the 

beginning of this section, but this is not purely an 

academic example. It could occur in reality when a 

person in the road does not take notice of an 

oncoming vehicle operated by a distracted driver, 

who would otherwise fail to prevent the collision. 

Figure 7. Laterally moving pedestrian shown at 

the point in time, when the required deceleration is 

reached 

 

Moving pedestrian 

Situations with moving persons in the road could 

be considered much more common. Figure 7 

shows a scenario with a laterally-moving 

pedestrian at the point at which emergency 

braking is triggered. 

In this case, the pedestrian is located directly in the 

path of the vehicle, which makes early detection 

more likely. Emergency braking can then be 

executed so that the collision is avoided. 

In Figure 8 the situation is slightly different, even 

though the speed of the vehicle and speed of the 

pedestrian are the same. In this case, a second 

pedestrian begins crossing the road at a later point 

in time. This leads to a situation where the 

http://www.dict.cc/englisch-deutsch/hypothetic.html


collision is no longer preventable using emergency 

braking for pedestrians in the vehicle’s path. 

Figure 9. Laterally-moving pedestrians shown at 

the point in time when the required deceleration is 

at a value of 8.5 m/s². The lower pedestrian enters 

the path of the vehicle too late for the collision to 

be avoided. 

 

Pedestrian movement prediction 

The solution to this situation is the inclusion of a 

pedestrian motion prediction algorithm. This 

enables the prediction of when a person might 

enter the vehicle’s path in the future, so that 

emergency braking could be initiated in time. A 

drawback of this solution is that the risk of false 

positives is greatly increased. This is obvious, 

because if a pedestrian is detected and its 

movement calculated some time into the future, 

the predictions would become invalid if the 

pedestrian were to stop. So, the technique of using 

pedestrian movement prediction must to be 

implemented with care. 

 

Pedestrian target device (PTD) 

Because of the inherent danger associated with 

persons in the road, it is a challenge to perform 

verification tests with these algorithms. It is 

necessary to represent the tested scenarios in a 

realistic fashion to keep the result representative of 

real situations with pedestrians in normal traffic.  

Figure 6. Continental’s pedestrian target device. 

The soft dummy can be moved laterally, and is set 

in motion by an oncoming vehicle passing through 

a light-barrier. 

Additionally, it is necessary to ensure safety for 

the occupants of the demonstration vehicle during 

the algorithm development process. To meet these 

requirements, Continental has introduced a 

customized tool, the pedestrian target device 

(PTD), shown in Figure 6. This device consists of 

a horizontal truss spanning the entire width of a 

simulated road laid out on a test track. On the 

bottom of the truss, there is a rail with a soft 

pedestrian dummy attached to it. The dummy is 

made of a special material that allows for 

collisions of up to 70 kph without any damage to 

the vehicle or the dummy. For executing tests with 

a pedestrian crossing the road laterally, the dummy 

can be moved arbitrarily using a motor-driven 

pulley system, and the specific movement 

sequence can be predefined with a computer. The 

pedestrian motion can be initiated when the 

vehicle passes through a light barrier set up in 

front of the arrangement. 

 

Test scenarios on the proving ground 

To assess the effectiveness of the algorithms and 

system concepts described above, a rigorous 

testing procedure was followed. Due to the fact 

that the emergency braking capability is more 

likely than emergency steering to be integrated 

into a series system, it was chosen for evaluation 

in relevant scenarios. Furthermore, there are many 

parameter variations which can affect the 

performance of the system. 

Following are the parameters that were varied: 

 Vehicle approaching speed 
This is the velocity at which the ego 

vehicle approached the dummy attached 

to the PTD. By using an appropriate 

vehicle speed controller, it was ensured 

that the velocity was held constant once 

the maneuver began, i.e., the first time 

the obstacle was detected. In the test 

setup, three velocities were chosen: 30, 

40 and 50 kph. 

 Variation of collision point 
As previously mentioned, the entry point 

for a laterally-moving pedestrian is an 

important consideration. This determines 

where on the front of the vehicle the 

collision point will be located. In the test 

spectrum, three different collision points 

were considered: the left, right and center 

of the vehicle´s front. 

 Pedestrian speed 
Since scenarios with stationary 

pedestrians were also considered, the 

speed was varied from 0 to 6 kph. 



 Prediction horizon 
Since this is a crucial determining factor 

for the effectiveness of the system, it was 

varied over a relatively-fine resolution: 0, 

0.5, 1, 1.5, 2, 2.5 and 3 s. 

The tests were performed at Continental’s proving 

ground in Frankfurt, Germany, with the PTD and 

test vehicle described earlier. 

 

RESULTS 

 

Proving ground evaluation with variation of the 

prediction horizon 

As a metric for the evaluation of the effectiveness 

of the introduced system, Figure 10 shows in black 

the achieved speed reduction with respect to the 

prediction time system parameter. 

 

 

Figure 10. Achievable reduction in collision speed 

and number of false-positive system reactions with 

respect to the prediction horizon. 

 

Altogether, 135 situations were tested throughout 

the procedure. The speed reduction measurements 

were collected from across all test runs conducted, 

and can be interpreted as the expected system 

performance for a given prediction time. It is clear 

that the system effectiveness reaches 100 % by 

choosing a prediction horizon of about 1 s. This 

means that for such a system, all collisions with 

the pedestrian could be avoided without any 

intervention from the driver. This is a significant 

result, and demonstrates the performance of the 

system across a wide range of pedestrian-related 

scenarios, proving its potential for active 

pedestrian protection. 

It can also be seen from the red plot that the 

number of false-positive system reactions 

increases with the prediction time horizon. These 

results indicate the need for a system configuration 

that is customized for the individual requirements 

of the customer. 

A prediction time horizon of 1 s appears to reach a 

good balance for the two plots shown. 

 

System potential with powerful brake systems 

Another crucial factor for system effectiveness is 

the brake system used. Figure 11 shows a 

comparison of achieved speed reductions for real 

brake systems. The change in the vehicle’s 

velocity after an emergency braking actuation is 

shown with respect to time. 

Different colors differentiate between different 

brake control systems. Light blue represents a 

system with today’s standard performance 

(Continental MK 100 2PP), green represents a 

premium system (Continental MK 100 6PP) and 

red represents the MK C1 system, which is 

optimized for space efficiency and extremely fast 

system reactions for automated maneuvers. Other 

performance related components of the brake 

system like calipers are unchanged in this potential 

evaluation for competitive reasons, but could also 

be optimized. For the scenario shown in the figure, 

the MK C1 is able to completely avoid contact 

with the person in the road. On the other hand, the 

premium system collides with a speed of 15 kph, 

while the standard system collides with a speed of 

24 kph. 

 

Figure 11. Effect of different braking systems on 

overall system effectiveness for the active 

pedestrian protection concept. 

 

These numbers make clear that a highly-effective 

brake system is essential for active pedestrian 

braking. 

 

CONCLUSION 

In this paper, a prototype active pedestrian 

protection system has been introduced. By using 

environmental sensors like an automotive stereo 

camera, it is possible to detect dangerous 

situations with pedestrians and to execute active 

driving interventions braking the vehicle so that 

the collision with persons in the road can be 

avoided. 



The system has been thoroughly tested and 

evaluated in 135 situations, which were designed 

according to typical pedestrian accidents. To 

achieve a realistic setup and gain a good 

representation of real situations, a customized 

pedestrian target device (PTD) has been used. 

The results show that, with relevant system 

parameterization, all of the defined dangerous 

scenarios could be handled safely without any 

intervention from the driver. 

In conclusion, the system effectively demonstrates 

its potential to meet all requirements for following 

the path to zero fatal accidents in the future, as 

well as to meet the increasingly demanding 

legislation worldwide concerning pedestrian 

safety. 

 

OUTLOOK 

A major challenge for the future is the handling of 

complex scenarios where available maneuvering 

space can be determined and reliable decisions 

about the execution of an automated evasion 

maneuver are possible. The foundation has already 

been laid with the generic environment model of 

Continental’s Advanced Engineering. 

Furthermore, future work will address scenarios 

that contain pedestrians or vulnerable traffic 

participants with a more generic appearance in 

traffic. Examples include people in wheelchairs 

and those pushing carts or strollers. 
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ABSTRACT 

Accident data show that the injury risks to children 
seated in child restraint systems (CRSs) are higher in 
side collisions than those in any other types of 
collisions. Accordingly, NHTSA [1] reported about 
CRS side impact test methods. In WG29/GRSP, the 
ISOFIX type CRS new regulation [2] was accepted at 
the 2011 December GRSP. Adding side impact sled 
test is one of the topics for a new regulation. 

In Europe, the deceleration type sled system is most 
commonly available, and consequently most studies 
regarding CRS side impact tests are done by the 
deceleration type sled system. But NTSEL, the type 
approval test department in Japan, has an 
acceleration type sled system, so it is necessary to 
confirm that the CRS side impact test procedure of 
new regulation can be tested by the acceleration type 
sled test system. 

In this present research, NTSEL conducted CRS side 
impact sled test series for evaluating the CRS side 
impact test procedure by using an acceleration type 
sled system. The test methods using our acceleration 
type sled system are almost same as those published 
in NHTSA’s 2009 ESV technical paper [1]. The tests 
series we conducted are as follows: (1) We 
conducted tests to confirm that the test conditions of 
new regulation can be satisfied by an acceleration 
type sled system. (2) We conducted tests to confirm 
that the severities of the CRS side impact test used by 
the deceleration sled and the acceleration sled are 
similar or not. (3) We conducted tests to confirm 
whether there are any problems with the specified 
CRS side impact test procedures or not. 

(1) The CRS side impact test conditions specified by 
the new regulation were defined to be the relative 
velocity and the intrusion between the door and seat. 
We confirmed that the tests using an acceleration 
type sled system could satisfy the relative velocity 
corridor and intrusion as proposed in new regulation. 

(2) Test data measured by the deceleration type sled 
systems from European test laboratories were 
obtained in order to compare the severities between 
the different types of sled systems. We then 
compared the 2 different CRSs test data. As for the 

dummy injury measures, the coefficients of variation 
were less than 10% with the exception of that for the 
neck. As a result, the severities of the CRS side 
impact tests conducted using a deceleration sled and 
an acceleration sled were determined to be similar. 

(3) We confirmed the main test parameters which 
determine dummy injury measures to evaluate 
whether test conditions of the new regulation were 
specific enough or not for evaluating the CRS 
performance. So we conducted tests under 2 different 
conditions which both satisfy the test conditions of 
new regulation (i.e., the relative velocity and 
intrusion between the door and seat), and we 
collected the different dummy injury measures. 
These test data indicated that additional conditions 
are needed for the CRS side impact test procedure of 
the new regulation to make the conditions the same 
in various tests. We studied the parameters which 
influenced the dummy injury measures. We 
confirmed that the relative velocity between the door 
and dummy had a large influence on the dummy 
injury measures. Therefore, we propose to add the 
door velocity condition to the CRS side impact test 
procedure.  

 

INTRODUCTION 

Accident data show that the injury risks to children 
seated in child restraint systems (CRSs) are higher in 
side collisions than those in any other types of 
collisions. Accordingly, there have been a number of 
reports published about CRS side impact. Arbogast et 
al. [3] have shown the side impact accident data in 
which occupants restrained in a CRS were injured. 
Sullivan et al [1] (NHTSA) reported about CRS side 
impact test methods using an acceleration type sled. 
Yoshida et al [4] have presented test results of CRS 
occupant behavior for oblique car-to-car side impact 
tests and for sled tests. Johannsen et al [5] have 
published an update of the CRS side impact test 
procedure. 

Consumers internationally want to revise the UN 
R44 (Standard of CRS) and introduce a side impact 
test. Therefore, an informal working group on CRS 
was convened for the purpose of making a new CRS 
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regulation. After having been studied by the informal 
group in WG29/GRSP, the ISOFIX type CRS new 
regulation was accepted at the 2011 December GRSP. 
Adding side impact sled test is one of the topics of 
the new regulation.  

In the research of informal group, most studies about 
CRS side impact test were conducted using a 
deceleration type sled system. But in the regulation, 
the sled type is not defined. So it is necessary to 
confirm that the CRS side impact test procedure 
specified in the new regulation can be conducted 
using an acceleration type sled test system. National 
Traffic Safety and Environment Laboratory (NTSEL), 
the type approval test department in Japan, only has 
an acceleration type sled system, so we especially 
need to confirm that is an appropriate system to use 
for conducting the testing. 

 
METHOD 

Test condition in new regulation 

In the CRS new regulation accepted by the GRSP, 
there are no specified sled systems which are to be 
used for conducting the dynamic tests, for example 
frontal impact test or side impact test. Only the 
relative velocity between the door and seat and the 
door maximum intrusion relative to the seat are 
defined with respect to the dynamic specifications for 
side impact test. 
Figure 1 shows the size of the test bench seat and 
Figure 2 shows the definition of ‘T=0ms’ and 
door maximum intrusion, which are defined in the 
CRS new regulation [2].  

‘T = 0 ms’ is defined as the time when the door is at 
a 350 mm distance from the center of CRS. The 
maximum door intrusion is 250 mm movement from 
the position at T = 0 ms, (at an 100 mm distance 
from the CRS center).  

Figure 3 shows the corridor of the relative velocity 
between the door and seat (defined as the ‘Curve of 
relative velocity between the trolley and door panel 
as a function of time’ in the regulation [2]). In our 
test plan using the acceleration type sled, the door is 
fixed at the trolley and the seat is moved on the rail 
fixed at the trolley, so we think that the relative 
velocity between the door and seat need to be within 
the specified corridor. 
 

  

 
Figure1.  Tested bench seat 

 

 
 

 
Figure2.  Definition of ‘T = 0 ms’ and Door 
maximum intrusion 
 

 
Figure3.  Relative velocity corridor 
 
Test Jig 

Figure 4 shows the CRS side impact test jig using an 
acceleration type sled system. This is the same as the 
system presented in NHTSA’s ESV paper [1]. 
 

 
Figure4.  Test jig 

Figure 5 shows the process of our CRS side impact 
test. Figure 6 shows the velocity time histories of our 
test. 

Figure 5 (a) shows the condition from T = -80ms to 
T = 0ms. The sled is accelerated by a cylinder until 
the sled velocity reaches the specified velocity. Then 
the sled velocity remains constant. The door is fixed 
at the sled; hence the door velocity is the same as the 
sled velocity. In the new regulation, the relative 
velocity corridor is specified to be greater than 
6.375 m/s and less than 7.25 m/s at T = 0ms.  

Figure 5 (b) shows the T = 0 ms condition, which is 
defined as to when the door is at a 350mm distance 
from the CRS center. The aluminum honeycomb 
pushes the seat at T = 0 ms. At that time, the seat 
starts to move.  
Figure 5 (c) shows the time duration from the time 
T = 0 ms to the time when the intrusion is maximum. 
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The aluminum honeycomb pushes the seat, so seat is 
accelerated. The door moves at a constant velocity 
and the relative velocity between the seat and door 
changes. When the seat velocity becomes the same as 
the door velocity, the relative velocity between the 
door and seat is 0 m/s and the door intrusion reaches 
a maximum. In Figure 6, the seat velocity catches up 
with the door velocity at T = 62 ms, and at that time 
the relative velocity is 0 m/s. 
In this test procedure, the relative velocity is kept 
within the specified corridor under the condition that 
the door velocity is greater than 6.375 m/s and less 
than 7.25 m/s for the time period starting at T = 0 ms 
and stays within the corridor up to the time at which 
the door incurs its maximum intrusion.  See Figure 6. 
The seat acceleration is able to be controlled during 
this time. 

 
(a)  -80ms < t < 0ms 

 
(b) T = 0ms 

 
(c) 0 < t 

Figure5.  Test process 
 

 
Figure6.  Velocities time histories 

Figure 7 shows the locations of the uni-axial 
accelerometers attached to the test jig. Door and seat 
velocities are calculated by integrating the 
acceleration data measured with the accelerometers. 
 

 
Figure7.  Attachment locations of accelerometers 
 
Used dummy 

Figure 8 shows the dummy used in this test series. 
We used the Q3 dummy which is specified for use by 
the regulation. 
 

 
Figure8.  Tested dummy 

 
Tested CRS 

Figure 9 shows the tested CRS. We used 3 CRS 
which are sold in Japan. All the CRS are attached to 
the vehicle by ISOFIX. CRS A uses a top tether to 
limit the pitch rotation of the CRS. CRS B and C use 
a support leg to limit the pitch rotation of the CRS. In 
the new regulation, the support leg is also recognized 
as ISOFIX universal; though in the 
UN Regulation No.44 which is current CRS standard, 
the support leg is not recognized as ISOFIX universal.  

CRS A is able to be attached to vehicle not only by 
ISOFIX but also by a seatbelt. 
 

     
(a) CRS A           (b) CRS B           (c) CRS C 

Figure9.  Tested CRSs 
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RESULTS 

Sled Tests 

Repeatability 

We conducted 5 CRS side impact tests using CRS A 
under the same conditon for in order to study 
repeatablity. The test condition used was the same as 
that specified in the CRS new regulation. 

Figure 10 shows post-test photographs of the CRS 
and dummy. The conditions were almost same in all 
of the tests. There were no broken CRSs resulting 
from this test series. 
 

  
(a) Test 1 

 
(b) Test 2 

  
(c) Test 3 

 
(d) Test 4 

 
(e) Test 5 

Figure10.  Post-test photographs 

Figure 11 shows the door velocities time histories. 
Figure 12 shows the seat velocites time histories. 
Figure 13 shows relative velocity time histories 
between the door and seat. The relative velocity  is 
calclated by subtracting the seat velocity from the 
door velocity. 

Door velocities, seat velocities, and relative 
velocities were very similar in all 5 tests. The 
maximum difference of the door velocity for the time 
duration from T = 0 ms to the time when the door 
intrusion was maximum was 0.16 m/s. The maximum 
difference of the seat velocity during the same time 
period was 0.27 m/s. The maximum difference of the 
relative velocity during the same time period was 
0.33 m/s. The differences were very small so the test 
procedure using our test facility was deemed to 
provide a good repeatability performance.  

In this test series, the relative velocities were within 
the specified corridors. The door intrusions were 
almost 250 mm in this test series. So we confirmed 
that our test procedure using an acceleration type sled 
system could satisfy the relative velocity corridor and 
intrusion as proposed in the new regulation. 
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Figure11.  Door velocities time histories 

 

 

 
Figure12.  Seat velocities time histories 

 

 

 
Figure13.  Relative velocities between door and seat 
time histories 

 
Table 1 shows the maximum injury measures. 
HPC15, head resultant maximum acceleration (3 ms), 
thorax rib deflection, thorax resultant maximum 
acceleration (3 ms), and pelvis resultant maximum 
acceleration (3 ms) were measured in this test series. 
Figure 14 shows deviation to means of maximum 
injury measures and coefficient values.  

The maximum deviation to the means for HPC15 
was 7%. That for the head resultant maximum 
acceleration (3 ms) was 3%. That for the thorax rib 
deflection was 8%. That for the thorax resultant 
maximum acceleration (3 ms) was 4%. That for the 
pelvis resultant maximum acceleration (3 ms) was 
12%. The deviations to the means were less than 
10% except for the pelvis resultant maximum 
acceleration (3 ms) in Test 2. The deviation to mean 
for the pelvis resultant maximum acceleration was 

nearly 10%. 

The coefficient value of HPC15 was 4%. That of the 
head resultant maximum acceleration (3 ms) was 2%. 
That of the thorax rib deflection was 6%. That of the 
thorax resultant maximum acceleration (3 ms) was 
3%. That of pelvis resultant maximum acceleration 
(3 ms) was 8%. So the coefficient values were less 
than 10%. So as for the maximum injury measures, 
the repeatability was good in this test procedure. 
 

Table1.  Maximum Injury measures 

 
 

 
Figure14.  Deviation to the means of the maximum 
injury measures 
 
Figure 15 shows the dummy head resultant 
acceleration time histories. Figure 16 shows the 
thorax resultant acceleration time histories. Figure 17 
shows the pelvis resultant acceleration time histories. 
As for the head and thorax, the shapes of the 
resultant accelerations were very similar in this test 
series. As for the pelvis, there were observed 
differences. There is the possibility that a small 
difference in the dummy leg positioning resulted in 
the difference in the shapes of the pelvis 
accelerations. But even though there were observed 
differences in the pelvis resultant accelerations, the 
head resultant accelerations were very similar. So, it 
was concluded that the pelvis acceleration had little 
influence on the dummy head behavior and resulting 
injury measures. Furthremore, the head injury 
measures were the most important compared to the 
other body regions because the most injured region 
was the head in fatal or serious injury accidents.  
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Figure15.  Dummy head resultant acceleration time 
histories 

 

 

 
Figure16.  Dummy thorax resultant acceleration time 
histories 

  

 

 
Figure17.  Dummy pelvis resultant acceleration time 
histories 
 
Comparison test data between an acceleration 
type sled and a deceleration type sled 

We conducted CRS side impact tests using CRS A 
and B under the same conditions as the deceleration 
type sled test, the data for which we received from a 
member of CRS informal group under WP29/GRSP. 
The purpose was to confirm that the severity of the 
test provided by an acceleration type sled was same 
as that provided by a deceleration type sled. The 
dummy, door pad material, and CRS used in the test 
series were the same in both types of sled tests. 

Table 2 shows the maximum injury measures. 
HPC15, head resultant maximum acceleration (3 ms), 
thorax resultant maximum acceleration (3 ms) and 
pelvis resultant maximum acceleration (3 ms) were 
measured in this test series. The thorax deflection 
was not measured in the test used by deceleration 
type sled, so thorax deflection was not included in 
the Table 2 since there were no data available for 
making comparisons. 

Figure 18 shows the deviation to the means of the 
maximum injury measures and the coefficient values 
for CRS A. Figure 19 shows the deviation to the 
means of the maximum injury measures and the 
coefficient values for CRS B.  

The maximum deviation to the means for HPC15 
was 1.1% in CRS A and 2.0% in CRS B. That for the 
head resultant maximum acceleration (3 ms) was 
1.5% in CRS A and 0.3% in CRS B. That for the 
thorax resultant maximum acceleration (3 ms) was 
1.9% in CRS A and 6.1% in CRS B. That for the 
pelvis resultant maximum acceleration (3 ms) was 
3.1% in CRS A and 0.1% in CRS B. The deviations 
to the means were less than 10% in all of the tests.  

The coefficient value of HPC15 was 1.6% in CRS A 
and 2.9% in CRS B. That of the head resultant 
maximum acceleration (3 ms) was 2.2% in CRS A 
and 0.5% in CRS B. That of the thorax resultant 
maximum acceleration (3 ms) was 2.7% in CRS A 
and 8.6% in CRS B. That of the pelvis resultant 
maximum acceleration (3 ms) was 4.4% in CRS A 
and 0.1% in CRS B. So the coefficient values were 
less than 10%. Hence, with respect to the maximum 
injury measures, it was determined that the test 
severities were very similar for both the acceleration 
type sled and the deceleartion type sled. 
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Table2.  Maximum Injury measures 

 
 

 
Figure18.  Deviation to means of maximum injury 
measures in CRS A 

 

 
Figure19.  Deviation to means of maximum injury 
measures in CRS B 
 
Figure 20 shows the dummy head resultant 
acceleration time histories for CRS A. Figure 21 
shows the thorax resultant acceleration time histories 
for CRS A. Figure 22 shows the pelvis resultant 
accelerations time histories for CRS A.  

Figure 23 shows the dummy head resultant 
acceleration time histories for CRS B. Figure 24 
shows the thorax resultant acceleration time histories 
in CRS B. Figure 25 shows the pelvis resultant 
accelerations time histories for CRS B.  

All the shapes of the accelerations were very similar, 
though the initiation times of the pulses were 
different. It was observed that the dummy behaviors 
were very similar in the tests conducted for both the 
acceleration type sled and deceleartion type sled. 

It was judged that the timing differences probably 
were due to the difference from the the variability of 
the T = 0 ms. 

From these results, the test severities were 
determined to be almost the same for the acceleration 
type sled system and for the deceleration type sled 
system when the tests were conducted under the 
conditions specified by the new test regulation.  

 

 
Figure20.  Dummy head resultant accelerations time 
histories for CRS A 

 

 

 
Figure21.  Dummy thorax resultant accelerations 
time histories for CRS A 

 

 

 
Figure22.  Dummy pelvis resultant accelerations 
time histories for CRS A 
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Figure23.  Dummy head resultant accelerations time 
histories for CRS B 

 

 

 
Figure24.  Dummy thorax resultant accelerations 
time histories for CRS B 

 

 

 
Figure25.  Dummy pelvis resultant accelerations 
time histories for CRS B 
 
Research for the test parameters which influenced 
to dummy injury measures 

Door velocity 

We conducted a CRS side impact tests series using 
CRS A to study the influence of changing the door 
velocity on dummy injury measures. 

The door velocities were changed to attain 3 levels, 
6.6 m/s, 6.0 m/s and 5.3 m/s. The door intrusion was 
250 mm, and was kept the same in all tests. 

Figure 26 shows the relative velocity time histories 
between the door and seat. The cases for which the 
door velocities were 6.0 m/s and 5.3 m/s were not 
within the specified corridors. 

This was because the door velocity at time T = 0 ms 
was outside of the corridor. Because that the door 
intrusions were same, the seat velocities were 
different when the door velocities were different. 

 

 

 
Figure26.  Relative velocity time histories 
 
Table 3 shows the maximum injury measures. The 
HPC15, head resultant maximum acceleration (3 ms), 
thorax rib deflection, thorax resultant maximum 
acceleration (3 ms), and pelvis resultant maximum 
acceleration (3 ms) were measured in this test series. 
All the dummy injury measures were the highest 
when the door velocity was 6.6 m/s. The next highest 
injury measures were for the case for when the door 
velocity was 6.0 m/s. The injury measures for when 
the door velocity was 5.3 ms were the lowest. 

So it is highly likely that the door velocity has a large 
influence on the dummy injury measures. Please 
recall that the door intrusions were the same in all of 
the tests. So it is a possibility that  the door intrusion 
has little influence on the dummy injury measures. 
 

Table3.  Maximum Injury measures 

 
 

Figure 27 shows the dummy head resultant 
acceleration time histories. Figure 28 shows the 
thorax resultant acceleration time histories. Figure 29 
shows the pelvis resultant accelerations time histories. 
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The dummy accelerations for each body region 
became higher when the door velocity was larger. So 
it is highly likely that the door velocity has a large 
influence on the dummy‘s kinematic behavior. 

 

 

 
Figure27.  Dummy head resultant accelerations time 
histories 

 

 

 
Figure28.  Dummy thorax resultant accelerations 
time histories 

 

 

 
Figure29.  Dummy pelvis resultant accelerations 
time histories 
 
Door intrusion 

We conducted a CRS side impact tests series using 
CRS A to study the influence of changing the door 
intrusion on the dummy injury measures. 
The door intrusions were changed to 2 levels, 
250 mm and 200 mm. The door velocities were 
6.6 m/s, and kept the same in all tests. 

Figure 30 shows the time histories for the door 
velocity, seat velocity, and relative velocity between 

the door and seat for the case that the door intrusion 
was 250 mm. Figure 31 shows the time histories of 
the door velocity, seat velocity, and relative velocity 
between the door and seat for the case that the door 
intrusion was 200 mm. Note that the case for when 
the door intrusion was 200 mm was not within the 
specified corridors.  The relative velocity was out of 
corridor because the door intrusion was controlled by 
changing the seat velocity, and to change the door 
intrusion from 250 mm to 200 mm, the seat velocity 
therefore needed to be changed to a higher value. 

 

 

 
Figure30.  Velocities time histories when door 
intrusion was 250 mm 

 

 

 
Figure31.  Velocities time histories when door 
intrusion was 200 mm 

 
Table 4 shows the maximum injury measures. The 
HPC15, head resultant maximum acceleration (3 ms), 
thorax rib deflection, thorax resultant maximum 
acceleration (3 ms), and pelvis resultant maximum 
acceleration (3 ms) were measured in this test series. 

Figure 32 shows the deviations to the means of the 
maximum injury measures and coefficient values. 
The maximum deviation to the mean for the HPC15 
was 1.9%. That for the head resultant maximum 
acceleration (3 ms) was 1.7%. That for the thorax rib 
deflection was 5.0%. That for the thorax resultant 
maximum acceleration (3 ms) was 3.2%. That for the 
pelvis resultant maximum acceleration (3 ms) was 
1.7%. All of the deviations to the means were less 
than 5%.  
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The coefficient value of the HPC15 was 2.7%. That 
of the head resultant maximum acceleration (3 ms) 
was 2.4%. That of the thorax rib deflection was 7.1%. 
That of the thorax resultant maximum acceleration 
(3 ms) was 4.6%. That of the pelvis resultant 
maximum acceleration (3 ms) was 2.4%. So, all of 
the coefficient values were less than 10%. Overall, 
the maximum injury measures in these 2 test cases 
were almost the same. Hence, it is a possibility that 
the difference of door intrusion between 200 mm and 
250 mm had little influence on the dummy injury 
measures. 
 

Table4.  Maximum Injury mesures 

 
 

 
Figure32.  Deviation to means of maximum injury 
measures 

 
Figure 33 shows the dummy head resultant 
acceleration time histories. Figure 34 shows the 
thorax resultant acceleration time histories. Figure 35 
shows the pelvis resultant accelerations time histories. 
The shapes of dummy accelerations for each of the 
body regions were very similar. So it is a possibility 
that the difference of door intrusion between 200 mm 
and 250 mm had little influence on the dummy 
kinematic behavior. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure33.  Dummy head resultant accelerations time 
histories 

 

 

 
Figure34.  Dummy thorax resultant accelerations 
time histories 

 

 

 
Figure35.  Dummy pelvis resultant accelerations 
time histories 

 
Relative velocity between door and seat 

In the CRS new regulation, the relative velocity 
between the door and trolley (in this test series, we 
use the seat instead of the trolley) is specified as a 
test condition. But note that, if the door velocity and 
seat velocity can be controlled, it is possible to 
generate various situations though the relative 
velocity is within the specified corridors. The 
methods are as follows:  
(A) Door velocity kept constant and only the seat 
velocity is increased (Door velocity constant). 
(B) Seat velocity kept constant (0 m/s) and the door 
velocity changed to satisfy the corridors (seat 
velocity constant (0 m/s)). 
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(C) Door velocity decreased and the seat velocity 
increased, and the relative velocity is controlled to 
stay within the corridors. 

For Method (C), it also is possible to make various 
situations by changing the rate of the change of 
velocity. 

Our tests already described above were done by 
Method (A). 

Figure 36 shows the velocity time histories model of 
Method (A) (door velocity constant). Figure 37 
shows the velocity time histories model of Method 
(B) (seat velocity constant (0 m/s)). Figure 38 shows 
the velocity time histories model of Method (C).  

At the time of the impact of the door and dummy, the 
door velocity is highest in Method (A) and lowest in 
Method (B). The door velocity in Method (C) is 
between those of Method (A) and Method (B). 
 

 
Figure36.  Velocities time histories model of Method 
(A) (door velocity constant) 

 

 
Figure37.  Velocities time histories model of Method 
(B) (seat velocity 0 m/s) 

 

 
Figure38.  Velocities time histories model of Method 
(C) (door and seat velocity change) 

We conducted CRS side impact tests using     
Method (A) (door velocity constant) and Method (B) 
(seat velocity 0 m/s) with the CRS A for studying the 
influence of the relative velocity on the dummy 
injury measures. 

Figure 39 shows the time histories of the door 
velocity, seat velocity, and the relative velocity 
between the door and seat for the case that the door 
velocity was constant. Figure 40 shows the time 
histories of the door velocity, seat velocity, and 
relative velocity between the door and seat for the 
case that the seat velocity was 0 m/s.  

Relative velocities stayed within the corridors in both 
tests. Both tests satisfied the conditions of new 
regulation. 

 

 

 
Figure39.  Velocity time histories when door 
velocity was constant 

 

 

 
Figure40.  Velocity time histories when seat velocity 
was 0 m/s 

 
Table 5 shows the maximum injury measures. The 
HPC15, head resultant maximum acceleration (3 ms), 
thorax rib deflection, thorax resultant maximum 
acceleration (3 ms), and pelvis resultant maximum 
acceleration (3 ms) were measured in this test series. 

The maximum injury measures in these 2 tests were 
different. Those in the test when the door velocity 
was constant were much higher than those in the test 
for which the seat velocity was 0 m/s. The relative 
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velocities were very similar; hence it was judged that 
the relative velocity had little influence on the 
maximum injury measures. Both tests satisfied the 
conditions of the new regulation. So it was necessary 
to add another condition to make the same severity in 
the various tests. 

 
Table5.  Maximum Injury mesures 

 
 

Figure 41 shows the dummy head resultant 
acceleration time histories. Figure 42 shows the 
thorax resultant acceleration time histories. Figure 43 
shows the pelvis resultant accelerations time histories. 

The shapes of the dummy accelerations for the each 
of the different body regions in these 2 tests were 
different. Those in the test when the door velocity 
was constant were much higher than those in the test 
for which the seat velocity was 0 m/s. Relative 
velocities also were similar, so the relative velocity 
had little influence on the dummy kinematic behavior.  
Both tests satisfied the conditions of the new 
regulation. So it was necessary to add another 
condition to make the same severity in the various 
tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure41.  Dummy head resultant accelerations time 
histories 

 

 

 
Figure42.  Dummy thorax resultant accelerations 
time histories 

 

 

 
Figure43.  Dummy pelvis resultant accelerations 
time histories 
 
DISCUSSION 

In the CRS new regulation, the relative velocity was 
specified as a test condition. But only the relative 
velocity was defined, such that various test 
conditions could be utilized as described in the 
preceding sections. This is the same situation not 
only for the test using an acceleration type sled, but 
also for the test using a deceleration type sled. As for 
the deceleration type sled, the same situations would 
be made if the door jig was made such that it could 
be moved. So, to make the same severity condition in 
various tests, additional conditions are necessary. 
From the study of door velocity, it was found that the 
door velocity had a large influence on the dummy 
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injury measures and kinematic behavior. This was 
probably because to catch up with door velocity, the 
dummy needed to develop enough energy. So, under 
the same conditions (except for the door velocity) in 
our tests, the relative velocity between the door and 
dummy influenced the dummy injury measures. 
Figure 44 shows the door velocity and dummy 
velocity time histories for the test series that involved 
changing the door velocity. When the door velocity 
was higher, the dummy final velocity was higher. 
Therefore, the resulting energy input to dummy was 
larger when the door velocity was higher. 
 

 

 
Figure44.  Door and dummy velocities time histories 

 
From these data, one of the most important 
parameters which had an in influence on the dummy 
injury measures was the relative velocity between the 
door and dummy.  

The dummy injury measures recorded by the 
acceleration type sled and the deceleration type sled 
were very similar. Additionally, in the tests with the 
acceleration type sled, the dummy remained in place 
and the door velocity was constant. So the relative 
velocity between the door and dummy was the same 
as the door velocity. For the test with a deceleration 
type sled, the dummy velocity was the same as the 
trolley velocity, and the door remained stationary. So 
the difference of the door and dummy velocity was 
the same as the dummy velocity. Both tests satisfied 
the specifications of the new regulation. So the door 
velocity of the test conducted using the acceleration 
type sled and the dummy velocity of the test 
conducted using the deceleration type sled were 
almost the same, and as a result the severity of the 
tests were very similar. 

Hence, Japan proposed the additional conditions at 
the 51st GTSP meeting as follows: 
 
 “Add door ground velocity to define one test 
condition 

• In a test for which the door is moving at 
T = 0 ms, (i) the door ground velocity shall 
be between 6.375 m/s and 7.25 m/s  at least 
the time when the door intrusion is 
maximum, and (ii) dummy is stationary at 
T = 0 ms. 

• In a test which the door is stationary at 
T = 0 ms, (i) the door shall be fixed, and (ii) 
the dummy’s ground velocity shall be 
between 6.375 m/s and 7.25 m/s at T = 0ms. 

 
Figure 45 shows our proposal for additional 
condition. 
 

 
Figure45.  Japanese proposal of additional condition 
for the CRS new regulation 
 
This proposal was already recognized at the 
52nd GRSP meeting. 
 

SUMMARY/CONCLUSIONS 

We conducted CRS side impact test series using an 
acceleration type sled system. The results are 
summarized as follows: 

1. We confirmed that our test procedure using an 
acceleration type sled system could satisfy the 
conditions of the new regulation. 

2. The severity of the CRS side impact tests 
conducted using a deceleration sled and an 
acceleration sled was very similar. 

3. The door velocity has a large influence on the 
dummy injury measures in this test series. 

4. The door intrusion had little influence on the 
dummy injury measures in this test series. 

5. The relative velocity between the door and seat 
had little influence on the dummy injury measures in 
this test series. 

6. We confirmed that the CRS side impact test 
conditions specified by the CRS new regulation were 
not enough to ensure the same severity for the 
various tests.   

7.  Additional conditions are necessary. We think the 
door velocity is valid as an additional condition. 
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ABSTRACT 

 

Euro NCAP is planning to use a 6 and a 10 year-

old anthropomorphic test device (ATD) in rear 

seats for frontal and side impact assessments. 

A candidate for the 10 year-old ATD is the in-

development Q10. 

This paper compares the sensitivity of Q10 and 

HIII-10 year old (HIII) ATDs to pretensioner and 

force-limiter equipped 3-point belts, and to high 

back booster child restraint systems (CRS). 

 

Q10 and HIII were placed on the rear bench of a 

compact vehicle body-in-white. 

Sled tests were performed with a compact car 

64kph ODB acceleration pulse under 4 different 

test situations: 

1) No pretensioner/ no force limiter seatbelt       

& no CRS 

2) With pretensioner/force limiter seatbelt         

& no CRS 

3) No pretensioner/ no force limiter seatbelt       

& with CRS 

4) With pretensioner/ force limiter seatbelt        

& with CRS 

Both ATDs were equipped with standard 

instrumentation in the head, neck and chest. Q10 

was additionally instrumented with abdomen 

pressure sensors.  

Using a CRS resulted for both ATDs in a reduction 

of head acceleration 3msec and an increase of head 

longitudinal displacement compared to without 

CRS. Video analysis suggests that additional stroke 

originates from seatbelt moving out from the CRS 

belt guide. Without CRS, pretensioner/force-limiter 

seatbelt usage resulted for both ATDs, in a 

reduction of head acceleration 3msec and head 

forward displacement. 

For both ATDs, usage of CRS increased the chest 

deflection (average: Q10=+45%, HIII=+10%). HIII 

responded to pretensioner/force-limiter with a 

decrease of chest deflection (average -10%), 

irrespectively of CRS use. Notably Q10 without 

CRS experienced chest deflection increase (+28%) 

when using pretensioner/force-limiter seatbelt, 

possibly due to a smaller shoulder belt migration 

towards the neck.  

For Q10 dummy, usage of CRS significantly 

reduced the left abdomen pressure (-27% for no 

pretensioner/no force limiter seatbelt, -52% for 

pretensioner/force limiter one) by preventing the 

lap belt migration towards the abdomen.  

 

Reported results are based on sled tests. Neither 

pitch nor yaw are represented despite being showed 

as potentially relevant for ATD kinematics 

[Deguchi et al., 2012]. 

In line with the results of the present study, belt 

migration to abdomen and neck have been reported 

for HIII 10 year-old to be less common when using 

CRS and chest deflection was reported to be higher 

when using a CRS [Tylko and Bussières, 2012]. 

In this study, differences in the chest deflection 

sensitivity to restraint systems were observed 

between Q10 and HIII dummies. Those differences 

presumably originate from the difference of 

behaviour of the shoulder belt on the dummies’ 

chest. It was also observed for both dummies that 

the chest deflection was decreasing when the lap 

belt was sliding up towards the abdomen. 

At this point, given the limited scope of this study, 

it cannot be concluded whether these belt sliding 

phenomena represent human characteristics or if it 

is a dummy artefact. Further investigation is needed. 

Based on this study herein, the authors recommend 

using the abdomen pressure sensor when assessing 

restraint system performance as it seems to be able 

to identify differences in the phenomenon of lap 

belt migration. 
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INTRODUCTION 

In Europe, even though the number of child 

passenger fatalities has decreased of more than 

50% over the last decade, still a total number of 

374 children (0-13 yrs) were fatally injured as a 

passenger during  a car accident in the EU-19 

during 2008 [Kirk et al.  2012]. 

According to 2008 statistical data in the EU-23 (see 

Figure 1) , the number of car passenger fatalities 

seems to decrease with age until 8 years-old, but 

rises again between 9 and 11 years old [Kirk et al.  

2012].This increase suggests that attention needs to 

be paid for those “older children”, at the limit 

between childhood and adolescence. 

 
Figure 1. Child car passenger fatality number by age 

(2008, EU-23) [Kirk et al. 2012]. 

Current legislations in the EU on usage of child 

restraint systems for “older children” are not 

harmonised. For example, the usage of a child seat 

is mandatory until 10 years-old in France compared 

to 12 years-old (or 1.5m) in Germany.  

From an accidents statistical study made by EEVC 

WG18 using a combination of European accident 

databases [EEVC 2008], the main body regions to 

be protected in frontal impact for children using a 

booster seat or a seatbelt are the head, the chest and 

the abdomen (see Figure 2). In that study, the chest 

injuries were found to increase for users of booster 

cushions compared to booster seats. This increase 

was attributed to the older age of booster cushion 

users, which appear to have less flexible chest 

compared to younger children. The injury 

outcomes for children using seatbelt only were 

worse than booster cushions, especially in the 

abdomen area. 

 
Figure 2. Protection level per child restraint type 

[EEVC 2008]. 

Even though many research projects are developing 

human child CAE models, currently the only tool 

available to estimate the protection offered by a 

vehicle or efficiency of a countermeasure are 

anthropomorphic test devices (ATDs), also called 

crash test dummies. 

Available dummies to represent “older children” 

are the HIII-10 years-old dummy and the P10 

dummy. A Q10 dummy is currently in development 

in Europe. 

The HIII-10 years-old is part of the US-developed 

Hybrid III dummy family, whose first member, the 

50
th

 percentile male dummy, appeared in 1976. 

Hybrid IIIs are designed to evaluate protection 

performance in frontal crash.  

The Q10 is part of the Q-series family, which was 

developed from 1993 in Europe under the 

International Child Dummy Working Group. The 

Q-series dummies were developed to be used in 

both frontal and side impact. Two first prototypes 

of the Q10 dummy are currently travelling around 

the world for round-robin testing.  

Both HIII and Q10 dummies are instrumented to 

measure head accelerations, neck forces and chest 

deflections in order to assess impact loading to the 

corresponding body regions. 

Q10 dummy can additionally be instrumented with 

Abdominal Pressure Twin Sensors (APTS) 

(currently prototype parts), consisting of 2 

cylindrical bladders filled with gel-like material, 

inserted into the abdomen foam. The APTS sensor 

is intended to detect abdominal loadings by 

monitoring the pressure in the bladders. 

The first purpose of this study is to compare the 

sensitivity of HIII-10 year-old and Q10 to the usage 

of a booster seat and to the usage of a 

pretenstioner+force limiter seatbelt. The second 

not sufficient to be improved satisfying

booster seats booster cushion adult seatbelt only

(+ adult seatbelt) (+ adult seatbelt)
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purpose is to check the sensitivity of the Q10 APTS 

to potential different abdomen loadings from usage 

of booster and pretensioner+force limiter seatbelt. 

METHOD 

Frontal crash sled tests were performed using Q10 

and HIII-10 year-old dummies. Both dummies 

were placed on the rear bench (symmetrical) of a 

compact car cut-body (no front seats).  The sled 

was subjected to an acceleration pulse (longitudinal 

direction only, inverse sled test procedure) 

representing a compact car 64kph ODB crash test 

(see Figure 3). 

 
Figure 3. Test set-up. 

The Q10 dummy used during this testing was one 

of the two prototypes used for round-robin testing 

in Europe, Asia and US. 

Both dummies undertook a series of 4 tests. In each 

test, the dummies were restrained with 3-point 

seatbelts. For 2 tests, the dummies were sitting on a 

Group 2-3 high back booster CRS without Isofix. 

Test matrix (see Table 1) was developed to 

investigate sensitivity of both dummies to high 

back booster seat and to seatbelt equipped with 

both pretensioner (P/T) and force-limiter (F/L). 

Table 1. 

Test matrix 

 

Both dummies were equipped with standard 

instrumentation in the head, neck and chest. Q10 

was additionally equipped with a prototype version 

of Abdominal Pressure Twin Sensors (APTS). 

In addition to dummy instrumentation, 2 high-

speed cameras monitored the kinematic of both 

dummies in side and front views. The side view 

was used to measure head longitudinal 

displacement relative to initial head position. 

RESULTS 

As no front seats were installed on the cut-body, no 

head contact occurred during the tests. Even though 

head acceleration 3msec value is commonly used to 

assess head protection level in case of head contact, 

it was computed and given as an indication of the 

loading to the head. 

All values provided in the graphs are normalised 

with respect to a base condition, indicated on each 

graph. In case of time-history plots, the maximum 

value of the base condition is set to 100. 
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Sensitivity to usage of CRS 

 
Figure 4. Influence of CRS on Head Acc. 3msec. 

 
Figure 5. Influence of CRS on head displacement.  

 
Figure 6. Influence of CRS on chest deflection. 

 
Figure 7. Influence of CRS on abdomen pressure. 

For head assessment, both HIII and Q10 dummies 

showed similar sensitivities: head acceleration 

3msec decreased (see Figure 4) and head 

longitudinal displacement increased (see Figure 5) 

when using CRS. This trend might be explained by 

the shoulder belt moving out from the CRS belt 

guide, as illustrated in Figure 8. This suggests a 

force limiter effect, reducing the head acceleration 

3msec and at the same time increasing the head 

longitudinal displacement. 

 
Figure 8. Shoulder belt moving out from belt guide. 

For the chest, both dummies showed increase of 

chest deflection when using a CRS (see Figure 6). 

But Q10 particularly showed a high chest 

deflection increase when using a CRS, with 74% 

more chest deflection than without CRS.  

For HIII, the difference of chest deflection may be 

explained by the lap belt sliding off the pelvis into 

the abdomen when no CRS is used (see Figure 9). 

When comparing chest deflection of HIII with and 

without CRS (see Figure 10), it can be seen that 

chest deflection starts to be lower in case no CRS is 

used when the lap belt starts sliding towards the 

abdomen. 

 

 
Figure 9. HIII without CRS shows lap belt sliding 

into the abdomen (90ms, top), but not when using a 

CRS (90ms, bottom). 
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Figure 10. HIII chest deflection vs. time (no P/T, 

no F/L). 

For Q10, difference of chest deflection between 

with CRS and without CRS appears much earlier 

than the lap belt migration towards the abdomen 

(see Figure 11). This difference seems to be the 

consequence of the shoulder belt sliding towards 

the neck (and therefore away from deflection 

measurement point). Indeed, in case Q10 is not 

using a CRS, the shoulder belt slides more towards 

the neck than when using a CRS (see Figure 12). 

The CRS belt guides and seatback seemed to 

partially limit the shoulder belt from sliding 

towards the neck. This sliding phenomenon is not 

seen in any of the HIII tests. 

 
Figure 11. Q10 chest deflection vs. time (no P/T, 

no F/L). 

 
Figure 12. Q10 (no P/T, no F/L). Belt slides more 

towards the neck in case of no CRS. 

For Q10, abdomen pressure was measured (see 

Figure 7). The usage of CRS significantly reduced 

the left abdomen pressure (-27% for no 

pretensioner/no force limiter seatbelt test and -52% 

for pretensioner/force limiter one). 
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During the tests without CRS, the lap belt moved 

upwards on the buckle side (left side) and then 

migrated towards the left area of the abdomen (see 

Figure 13). 

 
Figure 13. Q10 without CRS (P/T+F/L seatbelt). 

At 60ms, lap belt in diagonal position. At 100ms 

sliding into the left area of the abdomen. 

This phenomenon of lap belt migration towards the 

abdomen did not occur in case a CRS was used and 

the abdomen pressure sensors were able to identify 

this difference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensitivity to seatbelt with P/T and F/L 

 
Figure 14. Influence of P/T and F/L on Head Acc. 

3msec. 

Figure 15. Influence of P/T and F/L on head 

displacement. 

 
Figure 16. Influence of P/T and F/L on chest 

deflection. 

 
Figure 17. Influence of P/T and  F/L on abdomen 

pressure. 
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For the head, both dummies showed similar 

sensitivities to the usage of P/T and F/L (see Figure 

14 and Figure 15). In these tests, usage of P/T and 

F/L resulted in a reduction of head acceleration 

3msec. In case no CRS were used, both dummies 

showed reduction of head longitudinal 

displacement. For HIII with CRS, the usage of P/T 

and F/L resulted in an increase of head longitudinal 

displacement.  

For the chest deflection, the use of P/T and F/L 

seatbelt resulted in a reduction of chest deflection 

for both dummies, except in the case of Q10 

without CRS (see Figure 16). This tendency is not 

in line with forces indicated by the shoulder belt 

force gage (see Figure 18), which indicates that the 

shoulder belt force was lower when using the force 

pretensioner and force limiter seatbelt. 

 
Figure 18. Q10 chest deflection and shoulder belt 

force (no CRS). 

This increase of chest deflection in case Q10 uses a 

F/L and P/T seatbelt can be explained by the 

position of the shoulder belt on the chest during the 

test. As it can be seen on Figure 19, when Q10 is 

not using the pretensioner and force limiter seatbelt, 

the shoulder belt tends to slide more towards the 

neck. For HIII, no sliding of the seatbelt towards 

the neck is observed. 

 
Figure 19. Q10 (no CRS). Belt slides more towards 

the neck in case of no P/T, no F/L seatbelt. 

For Q10 abdomen pressure, in case no CRS was 

used, the usage of P/T and F/L seatbelt appeared to 

increase the left abdomen pressure (see Figure 17). 

From the Pressure vs Time graphs in Figure 20 , it 

can be confirmed that this increase is not due to the 
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early tension from the pretensioner, but occurs after 

the belt migration towards the abdomen. 

 
Figure 20. Q10 abdomen pressure (no CRS). 

The difference of abdomen pressure in that case 

might be explained by the shoulder belt path 

passing more on the abdomen in the case of P/T 

and F/L seatbelt (see Figure 19, 90ms), and 

therefore adding to the pressure from the lap belt 

only. 

DISCUSSIONS 

This limited study reports the results of 4 rear seat 

uniaxial sled tests. Neither pitch nor yaw are 

represented despite being showed as potentially 

relevant for ATD kinematics [Deguchi et al., 2012]. 

In this study, only one type of seatbelt anchorage 

position, force limiter, seat geometry and stiffness, 

and CRS were used. Therefore, one must be careful 

with generalisation of these results.  

 

In line with the results of the present study, belt 

sliding to abdomen and neck have been reported for 

HIII 10 year-old to be less common when using 

CRS and chest deflection was reported to be higher 

when using a CRS [Tylko and Bussières, 2012]. 

The phenomenon of belt migration towards the 

neck for Q10 was recently reported [Bohman, 

2012].  

CONCLUSION 

In this study, differences in the chest deflection 

sensitivity to restraint systems were observed 

between Q10 and HIII dummies. Those differences 

presumably originate from the difference of 

behaviour of the shoulder belt on the dummies’ 

chest. In all tests, Q10 exhibited a sliding up of the 

shoulder belt towards the neck, whereas no sliding 

of the shoulder belt was observed for the HIII.  

In this study, it was also observed for both 

dummies that the chest deflection was decreasing 

when the lap belt was sliding up towards the 

abdomen. 

At this point, given the limited scope of this study, 

it cannot be concluded whether these belt sliding 

phenomena represent human characteristics or if it 

is a dummy artefact. Further investigation is needed. 

Based on this study herein, the authors recommend 

using the abdomen pressure sensor when assessing 

restraint system performance as it seems to be able 

to identify differences in the phenomenon of lap 

belt migration. 
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ABSTRACT 
 
For a number of EU regulatory acts Virtual Testing 
(VT) is already allowed for type approval (see 
Commission Regulation No. 371/2010 of 16 April 
2010 amending the Framework Directive 
2007/46/EC). However, only a very general 
procedure on how to apply VT for type approval is 
provided. Technical details for specific regulatory 
acts are not given yet. The main objective of the 
European project IMVITER (IMplementation of 
VIrtual TEsting in Safety Regulations) was to 
promote the implementation of VT in safety 
regulations. When proposing VT procedures the 
new regulation was taken into account, in particular, 
addressing open issues. Special attention was paid 
to pedestrian protection as pilot cases. 
 
A key aspect for VT implementation is to 
demonstrate that the employed simulation models 
are reliable. This paper describes how the 
Verification and Validation (V&V) method defined 
by the American Society of Mechanical Engineers 
was adapted for pedestrian protection VT based 
assessment. 
 
For the certification of headform impactors an 
extensive study was performed at two laboratories 
to assess the variability in calibration tests and 
equivalent results from a set of simulation models. 
Based on these results a methodology is defined for 
certification of headform impactor simulation 
models. 
A similar study was also performed with one 
vehicle in the type approval test setup. Its bonnet 
was highly instrumented and subjected to 45 
impacts in five different positions at two 
laboratories in order to obtain an estimation of the 
variability in the physical tests. An equivalent 

study was performed using stochastic simulation 
with a metamodel fed with observed variability in 
impact conditions of physical headforms. An 
estimation of the test method uncertainty was 
obtained and used in the definition of a validation 
corridor for simulation models. Validation metric 
and criteria were defined in cooperation with the 
ISO TC22 SC10 and SC12 WG4 "Virtual Testing". 
 
A complete validation procedure including 
different test setups, physical magnitudes and 
evaluation criteria is provided. A detailed 
procedural flowchart is developed for VT 
implementation in EC Regulation No 78/2009 
based on a so called “Hybrid VT” approach, which 
combines real hardware based head impact tests 
and simulations. This detailed flowchart is shown 
and explained within this paper. 
 
Another important point within the virtual testing 
based procedures is the documentation of relevant 
information resulting from the verification and 
validation process of the numerical models used. 
For this purpose report templates were developed 
within the project. 
 
The proposed procedure fixes minimum V&V 
requirements for numerical models to be 
confidently used within the type-approval process. 
It is not intended to be a thorough guide on how to 
build such reliable models. Different modeling 
methodologies are therefore possible, according to 
particular OEM know-how. These requirements 
respond to a balance amongst the type-approval 
stakeholders interests. A cost-benefit analysis, 
which was also performed within the IMVITER 
project, supports this approach, showing the 
conditions in which VT implementation is 
beneficial. Based on the experience gained in the 
project and the background of the experts involved, 
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an outlook is given as a roadmap of VT 
implementation, identifying the most important 
milestones to be reached along the way to a future 
vehicle type approval procedure supported by VT. 
The results presented in this paper show an 
important step addressing open questions and 
fostering the future acceptance of virtual testing in 
pedestrian protection type approval procedures. 
 
INTRODUCTION 
 
Type approval testing has always been 
characterised for searching a balance between 
granting a minimum safety level for all vehicles 
and road users, while avoiding an excessive 
burdening in testing effort. The type approval 
process has always been a live process, which has 
grown in terms of requirements and tests, and has 
evolved including new testing methodologies and 
addressing new vehicle features. In this continuous 
improvement and adapting process virtual testing 
provides new opportunities and needs emerge. 
 
Recently the use of simulation was accepted as a 
mean for showing fulfilment of regulatory 
requirements. In 2010 the European Commission 
published Commission Regulation (EU) No. 
371/2010 [1], which replaces Annexes V, X, XV, 
XVI to Directive 2007/46/EC of the European 
Parliament and of the Council establishing a 
framework for the approval of motor vehicles and 
their trailers, and of systems, components and 
separate technical units intended for such vehicles. 
It includes a list of regulatory acts for which VT is 
permitted and general conditions required from VT 
methods that should provide the same level of 
confidence in the results as the corresponding 
physical test. Appendix 3 of the regulation defines 
the validation process of the mathematical model 
and the following approval process in a general 
way in form of a flowchart (see Figure 1). 
 
This flowchart is divided into two processes: a 
validation process and an approval process. The 
mathematical model has to be shown to be valid for 
the hardware test conditions, and shall first of all 
pass a validation process to ensure the reliability of 
the model. However, this flowchart shown in the 
Regulation does not address all aspects, which are 
required for the application of virtual testing in a 
specific type approval process. The objective of the 
IMVITER project was to identify these open 
questions regarding VT based type approval arising 
from the flowchart. 
 
During the last two decades numerical simulation 
became an important part in the modern vehicle 
development process. The use of numerical 
methods and computer simulations starts at the 
beginning of the vehicle development process. 

Every vehicle detail is designed and optimised with 
simulation methods and what is more important, 
simulation establishes a link between vehicles 
developed in the past and the new vehicles to be 
designed, enabling an effective and complete 
transfer of knowledge on successful improvements 
in parts, systems, manufacturing and simulation 
methods. 

 
Figure 1. Flowchart in Commission Regulation 
(EU) No. 371/2010  

However, the use of simulation stops at an 
important point of the vehicle development; the 
type approval stage. Why should it not be possible 
to use the science, which allows the development 
of advanced vehicles, also for the assessment of 
vehicle performance? 
 
Currently, the use of Computer Aided Designs 
methods is allowed to demonstrate compliance 
with dimensional requirements and also several 
static tests are being replaced by virtual tests. But 
the potential use of virtual testing in more complex 
safety regulations is clear and fully demonstrated in 
the development procedures although this implies 
big technical challenges. 
 
A good example, that virtual testing is already used 
and accepted for the pedestrian safety assessment 
of vehicles, is the introduction of the grid 
procedure within Euro NCAP as from 2013 
onwards [4]. The manufacturer of the vehicle to be 
tested and assessed provides colour information of 
the majority of grid points, representing the 
particular grid point performance in terms of the 
head performance criterion (HPC). Those colour 
codes are being compared with a number of 
randomly selected grid points that have to be 
actually tested within hardware impactor tests. In 
case of the test results being in line with the 
predictions, latter ones will be accepted as a basis 
for the final vehicle assessment. 
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During the last 15 years there have been many EC-
funded projects dedicated to virtual testing and 
tools. The project IMPACT was looking into the 
very specific topic of failure prediction by 
numerical simulation. In ADVANCE, some 
software tools for automatic evaluation of the 
quality of simulations and guidelines for 
optimisation of the simulations were developed. 
The projects VITES already had a similar 
objective, namely to define the virtual testing 
process for crash safety applications. In APROSYS 
this topic was continued resulting in a vision on 
virtual testing in regulations that was developed in 
open communication with the stakeholders. 
However, the final detailed application of the 
procedure in a level of detail needed for direct 
implementation in a regulatory context was not 
achieved. This is the point where the project 
IMVITER should continue this effort and actually 
apply the research findings to pilot case regulations 
as cases e.g. in the area of pedestrian protection 
regulations. 
 
Within the IMVITER project the verification and 
validation methodology was applied to four pilot 
cases. Each case had some specific or particular 
aims: 

• Pilot case 1: pedestrian head impact. Is a 
good example of a repetitive test, meaning that 
according to the directive requirements 18 
impacts have to be conducted on the vehicle 
hood. A reduction of impact tests was addressed, 
and the verification and validation methodology 
that was developed in this pilot case, is 
extendible to any other regulatory act based on 
repetitive tests. 
• Pilot case 2: seat belt anchorage strength: 
in this case the methodology was focused on 
cases where type approval extension is suitable, 
thus criteria to assess when small modifications 
do not invalidate an already validated simulation 
model 
• Pilot case 3: towing hook: this case 
provided data to evaluate simulation and 
modelling differences among codes, and was be 
the basis to define code verification requirements 
• Pilot case 4: this case was selected as a 
continuation of APROSYS work, addressing 
pedestrian lower leg impact. In particular it 
focused on advanced impactor certification 
requirements. 

 
Within this paper the focus will be on pilot case 1, 
pedestrian head impact. The work presented in this 
paper should provide indications where Virtual 
Testing is already used within the type approval 
process today, where it can go in the future, and 
how such objectives can be achieved. 
 

VERIFICATION AND VALIDATION (V&V) 
APPROACH  
 
What is V&V? 
 
In order to incorporate simulation predictions in the 
vehicles’ type approval scheme, namely VT, there 
is a need for a robust and reliable way is needed to 
evaluate how good a model approximates its real 
counterpart. The key point is an appropriate metric 
to quantify the correlation. A solution to this issue 
was proposed by the American Society of 
Mechanical Engineers (ASME), that created a 
reference guide [2] in which the “Verification and 
Validation” methodology is presented. Basically 
two main activities are concerned: 

• Verification: The process of determining 
that a computational model accurately represents 
the underlying mathematical model and its 
solution 
• Validation: The process of determining 
the degree to which a model is an accurate 
representation of the real world from the 
perspective of the intended uses of the model 

 
In the following the focus is on validation. 
Basically this methodology is based in gathering 
data from the real system and comparing it to the 
results from the simulation model. 
 
How was V&V considered in IMVITER? 
 
If there were no time, neither cost limitations, the 
V&V methodology could be directly applied for 
the purpose of introducing VT as part of the 
vehicles type approval regulatory acts. A 
simplification of the V&V method has to be done 
in order to respect the automotive industry time-to-
market and cost requirements, otherwise the 
automotive industry would continue using physical 
tests. Based on this two phases were deployed. 
First, the interpretation and application of the ideal 
V&V methodology to the three IMVITER pilot 
cases. Secondly, simplifications in terms of number 
of tests and simulations, in order to define a less 
costly and time consuming approach. 
 
How was V&V developed in the pedestrian 
protection case? 
 
A complete description of simulation models and 
experimental tests emerged directly from the 
application of the V&V approach to the pedestrian 
protection pilot case. For the description of the set 
of calculations and corresponding experimental 
tests, a validation plan was described including: 

• Which experimental tests can better 
reproduce and measure the physical events 
of interest? 
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• Which simulation models were to be 
developed to reproduce real physical 
events? 

• How the RT and corresponding VT results 
were to be compared (variables to be 
measured, validation metrics and 
acceptance criteria to be applied)? 

A building block approach was followed to define 
validation activities, as shown in Figure 2.  
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Figure 2. Decomposition of the full scale head 
impact case into three complexity levels, following 
a building blocks approach 

VT TYPE APPROVAL APPROACHES 
 
Within the IMVITER project a generic VT based 
type approval process was developed to address the 
open point arising from Commission Regulation 
(EU) No 371/2010 [1] and the respective flowchart 
shown in Figure 1. This process, which is divided 
in three sequential phases, was agreed by the 
project consortium taking into account the needs 
and concerns of all stakeholders like carmakers, 
regulatory bodies and technical services. 
 
IMVITER proposal for VT based type approval 
process visualized by a generic flowchart 
 
It is shown in form of a flowchart that follows 
fundamentally the flowchart annexed in 
Commission Regulation (EU) No 371/2010, but 
due to its separated phases, includes a more 
detailed description of the steps to follow in its 
execution. The IMVITER flowchart, introducing 
the concept of verification, validation and type 
approval assessment in three consecutive phases is 
shown in Figure 3. 
 
Three phases of Virtual Testing based Type 
Approval 
 
Phase 1 – Model development and verification 
In a first step a simulation model has to be 
developed by the car manufacturer. This includes 
not only the vehicle but also test devices (e.g. 
impactors) and measurement devices. The 
geometry and material data for the simulation 
model should be determined based on CAD data as 
well as material and joint tests. Further real tests 
with prototypes and/or predecessors on component-, 
sub-system and system-level and the comparison 

with numerical simulations shall guarantee that the 
model implementation accurately represents the 
developer’s conceptual description of the model 
and the solution to the model. This verification 
process evaluates whether or not the simulation 
model complies with the specific vehicle that needs 
to be type approved. It is basically a comparison of 
the conceptual model to the computer representing 
the concept. The aim is to check if the conceptual 
model has been correctly implemented as a 
simulation model, properly representing the main 
physics involved. Therefore a verification report 
shall be prepared by the car manufacturer 
according to a specified template and provided to 
the technical service. It will be checked by the 
technical service and eventually submitted to the 
approval authority together with all other necessary 
documentation. If all criteria are fulfilled the 
simulation model has passed the verification 
process and is released for phase 2. 

 
Figure 3. General IMVITER VT implementation 
flowchart. 

Phase 2 – Model Validation and Certification 
In the second phase the simulation model shall pass 
a validation process. The validation is a process 
which provides evidence that the simulation model 
predicts the intended physical phenomena 
according to a certain accuracy level which is 
judged to be acceptable, thus showing the model 
under analysis is an accurate representation of the 
real system.  
 
The more complex a simulation model is in terms 
of physical, geometrical or contact non-linearities, 
the higher the need for a validation. For simple, 
linear static cases, where a well verified model is 
considered to provide an exact solution, a 
validation might be considered dispensable. The 
pedestrian head impact discussed here exhibits 
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non-linearities, hence a validation in addition to a 
verification is of interest. 
 
The responses of the simulation model shall 
correspond to the static/dynamic behaviour of real 
tests. These tests can be conducted on component-, 
sub system-, system-level or even with type 
approval test setup. If the validation assessment 
criteria, that will be discussed in a later section of 
this paper, are fulfilled the technical service will 
certify the simulation model based on a validation 
report that is to be provided by the car 
manufacturer.  
 
Phase 3 – Type Approval 
In phase 3 different type approval procedures are 
possible. If the validation process failed in phase 2 
the conventional procedure as currently defined in 
the legislation has to be followed. Only real tests 
with type approval test setup will be conducted. For 
the application of virtual testing based type 
approval, three different approaches were defined 
in IMVITER, which are related to different ways to 
proceed through the flowchart. These three 
approaches will be described in the following. 
 
Approaches for VT based Type Approval 
 
Full VT based Approach 
Figure 4 shows the general approach of full virtual 
testing. This approach is named full VT, because in 
phase 3, the type approval phase, only simulation 
predictions are used to demonstrate compliance 
with regulatory act technical requirements. No real 
tests are conducted in phase 3. 
 

 
Figure 4. Three phases of the Full VT approach 

However there are tests done in phase 2, if they are 
considered necessary for the validation of the 
simulation models. Thus phase 2 is dedicated to the 
assessment of simulation models predictability. 
Validation tests should be performed at a lower 
level, instead of using a vehicle, subsystems or 
components can be. Simulation models can 
represent a whole vehicle (or all vehicle parts 
involved in the test) and, if necessary, the test tools, 
as specified in each regulatory act. The basic 
concept of this approach is based on tests on 
subsystem or component level in the second phase. 

In phase 3 the type approval is carried out only 
based on simulation results. No physical tests are 
done in this phase. This approach shows potential 
to replace tests by simulation predictions in 
conventional regulatory acts in which simulation 
models can be validated with a very high level of 
reliability. 
 
Hybrid VT Approach 
Figure 5 shows the general approach of hybrid 
virtual testing. This approach is named hybrid VT, 
because in phase 3 both test and simulation results 
are used to demonstrate compliance with regulatory 
act technical requirements. 
 
A hybrid approach includes both full scale 
hardware tests and their equivalent numerical 
computations. The advantage of this approach is 
that in case of repetitive hardware tests, the amount 
of real tests can be reduced to a minimum number. 
Those tests required for the type approval which 
are not physically conducted are substituted by its 
VT equivalents according to the RT protocol. It is 
expected that the hybrid approach might help to 
resolve concerns associated with the transition 
from physical to virtual testing. 
 

 
Figure 5. Three phases of the Hybrid VT approach 

In phase 2 a minimum number of hardware test 
results are compared to the equivalent computation 
results for validation purposes. If hardware test 
results and simulation results correlate within a 
certain confidence interval (validation process), the 
mathematical model is released and certified for 
virtual type approval procedure. If hardware tests 
and simulation results do not correlate well enough, 
both testing and simulation results would be 
checked, and if the simulation model is found not 
to be sufficiently representative of the RT, VT 
results will not be accepted until the simulation 
model is improved enough to be validated. The 
type approval in phase 3 is based on all available 
results of hardware tests in type approval setup and 
the remaining simulation results. 
 
Extension of Approval based on VT Approach 
This approach is named extension of approval 
based on VT, because a simulation model obtained 
as a derivative of a previously validated simulation 
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model is used for the assessment of any regulatory 
act technical requirement. Starting with a base 
vehicle model, usually several versions and 
variants are developed by manufacturers. These 
versions and variants may differ from the base 
model and from the other derivatives in several 
aspects. First the vehicle base model is type 
approved. Then vehicle variants and versions are 
developed. When a change in a variant or version is 
considered relevant for a specific regulatory act, 
related technical requirements shall be assessed 
again. In this case the use of simulation models can 
provide savings in time and money. Not all 
regulatory acts are assessed again, but only those 
affected by the changes from the base vehicle, thus 
the new approval is considered as an extension of 
the original one, and would be only supported by 
simulation predictions. 
 
Figure 6 shows the VT based extension of approval 
approach in the three phases. The important step is 
the comparison in phase 2 between a former and an 
updated simulation model, which will then be used 
in phase 3 for the type approval assessment. 
 

Figure 6. Three phases of the Extension of 
Approval based on VT approach 

The process starts in phase 1 with the verification 
of the derivative model, which is named 
“simulation model V2”. Verification is performed 
as in the previous approaches. If phase 1 is fulfilled, 
in phase 2 the assessment of the influence of 
modifications introduced in the simulation model 
V2 is performed. 
 
Phase 2 is different to that of the other approaches 
explained before, because in this case instead of 
validation, an engineering assessment of the 
modifications introduced in the simulation model 
V1 to derive simulation model V2 is accomplished, 
in order to decide whether the existing validation 
results obtained with simulation model V1 can be 
still deemed acceptable for simulation model V2. 
During this process, the use of virtual models 
would be a good tool to support decisions needed 
by the technical service. 
If the derivative model is considered representative 
of the new vehicle in phase 2 (with or without new 

validation tests), then the assessment of vehicle or 
system performance, according to regulatory act 
technical requirements, is only based on simulation 
predictions in phase 3. 
 
VT IMPLEMENTATION 
 
The implementation of virtual testing as a part of 
pedestrian protection regulations is described in 
more detail in this paragraph. The hybrid VT 
approach described above is excellently suited for 
tests with many repetitions and impact points.  
 
The Regulation (EC) No 78/2009 of the European 
Parliament and of the Council [5] including the 
corresponding technical prescriptions described in  
Commission Regulation (EC) No 631/2009 [6] on 
the type-approval of motor vehicles intends to 
protect pedestrians and other vulnerable road users. 
Among others, child and adult headform impactor 
tests to the bonnet top have to be conducted and 
assessed with the HPC. In order to protect the head 
from injury the HPC is limited to certain values. 
 
The corresponding detailed flowchart summarizing 
the hybrid VT approach for headform impactor 
tests is attached as Figure 21 in the Appendix and 
is divided into 3 phases. 
 
Phase 1: Model Development and Verification 
After initial discussions between manufacturer and 
technical service an information report about the 
vehicle to be homologated will be sent to the 
technical service. The manufacturer has to 
develop/purchase numerical models of the physical 
head impactors and the vehicle which has to be 
released for the validation phase. Impactor resp. 
vehicle geometry, material and joint data are 
determined based on CAD data and material and 
joint tests. 
 
After assembling different parts of the impactors/ 
vehicle and defining internal interfaces the FE-
models have to pass a verification process. The 
verification process is a quality control process and 
evaluates whether or not the FE-model complies 
with criteria that have been defined in IMVITER. 
During the verification phase some technical data 
(e.g. weight, geometry, and material) is checked 
and summarized in a verification report. If all 
criteria are fulfilled the technical service will agree 
on the verification report. The content and structure 
of verification reports for headform impactors and 
vehicles is defined in Annex 5 and 6 of IMVITER 
Deliverable D4.3. 
 
Phase 2: Model Validation 
After the verification phase the FE-models have to 
be validated and released for the virtual type 
approval procedure. 
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The validation process is a predictability assurance 
process and provides evidence that the FE-models 
accomplish its intended requirements. The 
responses of the impactor models have to 
correspond to the dynamic behaviour of the 
physical head impactors in certification tests and 
enhanced validation tests (test setups in later 
sections of this paper). If all requirements are 
fulfilled, documented and provided by the car 
manufacturer, the technical service will agree on 
the validation report. 
 
The physical vehicle for which the type approval is 
requested has to be also validated and released in 
the same way like previously described for the 
head impactors. For validation purposes 
component- and subsystem-tests have to be 
conducted with relevant parts. If requirements are 
not fulfilled, the FE-model has to be improved. 
 
After impactor models and the vehicle model are 
validated on its own they are released for full-
system validation tests.  
The manufacturer can provide, on a voluntary basis, 
information to the technical service based on the 
simulation model predictions, supporting the 
selection of the worst cases. Based on this the 
technical service and the manufacturer can specify 
the validation plan in a meeting. The agreed 
validation plan is then documented by the 
manufacturer and sent to the technical service. The 
technical service witnesses at the manufacturer or a 
third party facilities the results of the simulation 
prediction in the validation cases.  
 
For pedestrian protection a number [N1] of full 
system hardware tests according to (EC) No 
631/2009 has to be conducted and compared to 
corresponding virtual tests. In order to avoid a 
decrease in current safety level the scatter of real 
test results has to be taken into account determining 
a validation criterion threshold (max/min HICVTi) 
which has been investigated in IMVITER. 
 
The full system FE-model is released for the virtual 
type approval procedure if an accuracy requirement 
is fulfilled. The FE-model is certified by the 
technical service who will agree on the validation 
report prepared by the car manufacturer. If the 
accuracy requirement is not met the full system FE-
model needs to be further improved. 
 
In case of a second approval requested due to 
significant modifications of the physical vehicle the 

numerical model of the vehicle has to be updated 
with these modifications and has to pass the 
verification and validation process as described 
above again. 
 
Phase 3: Type approval 
In the type approval phase both HPC 1000 and 
HPC 1700 zones as described in Regulation (EC) 
No 78/2009 for phase 2 have to be reported by the 
car manufacturer and at least 18 impact points 
[N=N1+N2] are selected by the technical service. 
The car manufacturer conducts numerical 
simulations for these selected impact points. If 
selected impact points have been already tested in 
phase 2 up to [N1] real test results are available for 
assessment. So the car manufacturer has the 
opportunity to replace a number [N2] of real tests 
by virtual tests. 
 
All virtual test results shall be summarized in a 
report. If the maximum HPC exceeds a value of 
1000 resp. 1700, the assessment cannot be positive 
and some modifications of the vehicle are required. 
In any case the vehicle manufacturer resp. the 
approval authority can decide that a virtual type 
approval is not possible and all tests have to be 
conducted physically according to Regulation (EC) 
No 78/2009 of the European Parliament and of the 
Council and Commission Regulation (EC) No 
631/2009. Figure 7 shows a comparison between 
virtual and real testing impacting the bonnet of a 
large SUV. 
 
Figure 7 shows a comparison between virtual and 
real testing in which a headform impactor is hitting 
the bonnet of a vehicle. 
 
VERIFICATION AND VALIDATION 
METRICS AND CRITERIA 
 
Within the vehicle type-approval scenario, “a 
virtual testing method should provide for the same 
level of confidence in the results as a physical test. 
Therefore, it is appropriate to lay down relevant 
conditions to ensure that proper validation of the 
mathematical models is conducted” [1]. IMVITER 
has tackled the establishment of such conditions for 
the implementation of virtual testing in the 
European Regulation on pedestrian (head) 
protection, from a scientific point of view and 
accounting for the expertise of representatives from 
all the involved stakeholders. 
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Figure 7. Adult headform impacting a bonnet, VT compared to RT. 
  
Headform impactor model verification 
 
Headform impactors are test tools subject to a well-
defined set of dimensional, inertial and 
measurement instrumentation specifications. These 
requirements, set forth in  Regulation (EC) No 
78/2009, would be directly adopted as verification 
criteria for headform impactor models. 
 
Headform impactor model validation 
 
Besides previous specifications, headform 
impactors must also comply with requirements in 
terms of mechanical behaviour under drop test 
conditions (see Figure 8). 
 
The adoption of these requirements as validation 
criteria for the virtual counterpart is straight 
forward. For validation purposes, however, as the 
loading conditions by the headform in the vehicle 
type-approval set-up indicated in Figure 9 are not 
fully covered by the headform certification test, 
additional configurations dealing with higher 
impact velocities and oblique loading seem 
advisable. 

 
Figure 8. Test set-up for dynamic headform 
impactor certification test, according to  Regulation 
(EC) No 78/2009. 
 
In this line, the former and repealed Directive 
2003/102/EC certification test set-up (see Figure 10) 
and a new oblique drop test set-up devised within 
IMVITER (see Figure 11) are proposed for 
validation purposes. 
 

 
 
Figure 9. Impact velocity and incidence angle 
boundaries for child (C) and adult (A) headforms at 
type-approval set-up. 
 

 
Figure 10. Former directive 2003/102/EC 
certification test set-up, as defined by EEVC 
WG17. 
 
Headform certification test data already available at 
BASt and CIDAUT laboratories was compiled, 
while for those set-ups and/or headforms where 
information was lacking extensive testing at both 
facilities was performed. Child/small adult 
impactors compliant with ACEA and JARI 
specifics as well as adult ones compliant with 
EEVC WG17 and JARI were considered. Several 
impactors and two different skin parts for each one 
were also used. Repetitive testing on such 
variations was executed in order to get information 
about the existing scatter on real world results, 
which would be the basis of suitable model 
validation criteria afterwards. Besides standard 
acceleration measurements, angular velocity was 
obtained in the oblique drop test cases through high 

25-90º 

7 m/s (Child/small adult) 
10 m/s (Adult) 
 

376 mm 

50º (Child/small adult) 
65º (Adult) 
 

→0º 

C C A A 

9.7m/s 
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speed video recording and subsequent tracking 
analysis or dedicated sensors, as rotational 
movement is a relevant physical magnitude for 
those impacts. 

 
Figure 11. New oblique drop test set-up, as defined 
in IMVITER. 
 
In Figure 12, resultant acceleration for child/small 
adult headform certification tests are shown as an 
example. The wide scatter observed in the temporal 
axis makes the certification criteria, namely 
corridor on peak value and uni-modal signal shape, 
adequate also for model validation. 
 
An analogous work was performed from the 
simulation side, where different headform models 
in PAM-CRASH, LS-DYNA and RADIOSS were 
run in the specified subsystem set-ups by eight 
project partners, obtaining quite similar scatter in 
comparison with test results and supporting the 
validation criteria outlined before. These 
observations and assessments were roughly the 
same for the rest of set-up cases, concluding the 
validation criteria shown in  
Table 1 to Table 3. 
 

 
Figure 12. Resultant acceleration for child/small 
adult headform certification tests (Reg. 78/2009). 

 
Table 1. 

Validation criteria for headform models in 
certification test set-up (Reg. 78/2009) 

 

 
 

Table 2. 
Validation criteria for headform models in former 
certification test set-up (Directive 2003/102/EC) 

 
 

 
 

Table 3. 
Validation criteria for headform models in new 

oblique drop test set-up (IMVITER) 
 
 
 
 
 
 
Derived validation corridors for peak acceleration 
in the former headform certification set-up 
(Directive 2003/102/EC) are wider than the 
repealed certification ones, as real test results 
exceeded their upper boundaries with investigated 
headform impactors. In the new oblique drop test 
set-up, not only peak acceleration but also peak 
angular velocity must fall within a validation 
corridor. 
 
Vehicle model verification 
 
The correspondence between the virtual and the 
real vehicle is obviously an important aspect to 
ensure. The vehicle model verification will consist 
on checking and reporting the equivalence of 
geometry, materials and joints for those 
components relevant to the type-approval load case: 
bonnet, wings, bonnet-supporting components 
(hinges, lock, gas springs, rubber stops, rubber 
joints, etc.) and under-bonnet parts (engine cover, 
air filter, battery, wiper spindles, etc.). 
 
Vehicle model validation 
 
With the aim of allowing flexibility to the car 
manufacturers, accepting their own validation 
methodologies at vehicle subsystem or component 
level and technology specifics, validation 
requirements on vehicle model have been only 
established at full system type-approval set-up. 
 
In order to define appropriate validation criteria, 
scatter present in real test results has been 
investigated. A large SUV produced by one of the 
IMVITER partners was selected to perform the 
analysis. The cars as well as its pedestrian 
protection assessment finite element model in 
PAM-CRASH, built some years ago for vehicle 
development, was kindly provided by the project 
partner. 
Five different locations over the bonnet were 
chosen to cover diverse physical phenomena 
(soft/stiff areas, secondary impacts) and 

Lower limit Upper limit
Child / Small Adult 245 300
Adult 225 275

Acceleration curves shape Uni-modal

Resultant acceleration
Peak value [g]

90º 
 

40º (=90-50; Child/small adult) 
25º (=90-65; Adult) 
 

376 mm 

Lower limit Upper limit
Child / Small Adult 290 390 
Adult 338 458 

Acceleration curves shape Uni-modal

Resultant acceleration
Peak value [g]

Lower limit Upper limit
Child / Small Adult 135 165 
Adult 180 220 

Child / Small Adult 1100 1345
Adult 627 940 

Uni-modal
Resultant angular velocity
Peak value [deg/s] 

Resultant acceleration
Peak value [g]
Acceleration curves shape 
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subsequently a wide HPC range. Some of these 
locations were critical points usually selected in the 
type-approval process. Five test repetitions per 
impact point were performed. Two labs 
participated, CIDAUT and BASt, using their own 
ACEA and JARI headforms respectively, 
accumulating up to 10 shots in two out of the five 
locations. Spare bonnets were used so that no more 
than two tests were performed on the same bonnet, 
impacting far locations in that case. Impact 
conditions in velocity, incidence angle and position 
were confirmed within legal tolerances of ±0.2m/s, 
±2º and ±10mm, respectively. High repeatability 
was observed, being results from both labs in full 
agreement and showing the limited influence of the 
impactor (ACEA/JARI). 
 
A similar study was carried out from the virtual 
side, running twenty repetitions at each impact 
location, varying stochastically the impact 
conditions mentioned before, assuming for them 
uniform distributions on the legally allowed ranges. 
Two virtual labs participated, using three different 
validated headform models and assembling the full 
system models in an independent manner. 
Simulation results from involved partners were 
again in full agreement, except for one impact 
location, which led to different interpretations of 
the headform position at impact and therefore 
slightly changing the shape of the acceleration 
signal. This incident warns the pedestrian safety 
developers about taking much care of this 
influencing variable. As in real testing, influence of 
impactor model (CIDAUT/AUDI/ESI) on results 
was low. 
 
The main response of interest, the HPCvalue, 
showed a maximum CV (Coefficient of Variation) 
of 4.7% in real testing and 5.5% virtually. These 
figures, related to different impact locations, have 
been used as the basis to set a validation criterion 
based on HPCresponse. The complete set of 
HPCvalues obtained from real tests is shown in 
Table 4. 
 

Table 4. 
 HPCstatistics on type-approval tests 

Value Mean Max-Min Std Dev Coef Var Value Mean Max-Min Std Dev Coef Var Mean Max-Min Std Dev Coef Var

C1I1 329 B1I1 329
C1I2 326 B1I2 328
C1I3 332 B1I3 334
C1I4 319 B1I4 334
C1I5 323 B1I5 316
C2I1 802 B2I1 815
C2I2 794 B2I2 832
C2I3 806 B2I3 851
C2I4 807 B2I4 840
C2I5 801 B2I5 847
C4I1 1387
C4I2 1433
C4I3 1380
C4I4 1422
C4I5 1341
C5I1 817
C5I2 790
C5I3 760
C5I4 862
C5I5 822
C6I1 1144
C6I2 1215
C6I3 1171
C6I4 1223
C6I5 1176

1393 37 2.6%

18

57

92

819 21 2.6%

HIC (TOTAL RT)

327 6 1.8%2.2%

837 14

18

36 1.7%

810 38 4.7%

1186 33

102

79 2.8%

810 38 4.7%

1186 33 2.8%

102

79

802 5 0.6%

1393 37 2.6%

13

92

HIC (BASt RT)

328

HIC (CIDAUT RT)
IMPACT
POINT

326 5 1.6% 713

IMPACT
POINT

 
 
Being the compliance with a criterion based on 
HPCa definite proof for validation, two other 

previous stages seem necessary, completing a three 
steps model validation procedure: 
 
     Vehicle deformations and impactor 
kinematics. A qualitative comparison of 
deformations and kinematics between simulation 
and test, through videos or sequences of pictures, is 
a natural first validation check. 
 
     Headform resultant acceleration signal. This 
signal is the fingerprint of the impact, reflecting the 
physical phenomena that take place. The 
comparison between the virtual and real signals 
provides relevant information when assessing the 
model capability to reproduce the reality. A fair 
comparison is only possible by applying an 
objective metric to this evaluation. 
 
A dedicated study was carried out on this matter, 
working with a representative sample of 25 curve 
pairs, comparing SME (Subject Matter Experts) 
assessments with a wide set of acknowledged 
mathematical functions from literature, obtaining 
representative metrics and respective validation 
thresholds for this load case. 
 
One out of the next three validation criteria are 
suggested: a) CORA [3] cross correlation V ≥ 
0.430 (progression component; with parameters 
INT_MIN=0.80 and K_V=55); b) 
ADVISER/HyperStudy SGM phase (Sprague-
Geers Metric phase component) ≥ 0.920; c) OSRS 
Reliability index ≥ 0.846; although the adoption of 
a future international standard would be desirable. 
 
     HPC. A validation corridor for HPC has been 
derived from scatter analysis (see Figure 13), 
building a 99% confidence interval for virtual HPC, 
assuming this variable fits a normal distribution 
with CV=5.5%. Over-estimating models and good 
pedestrian protection areas have been favoured 
widening the corridor in specific HPC areas. 
 

 
Figure 13. Validation corridor for HPC in type-
approval test set-up. 
 
COST BENEFIT ANALYSIS  
 
The evaluation of the proposed hybrid testing 
against conventional approach for type approval for 
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pedestrian head protection has been performed in 
IMVITER. Such analysis involves the introduction 
of an evaluation scenario. Cost and time 
calculations implemented, utilizing BPMN 
(www.omg.org/spec/BPMN, accessed in February 
2013), which were customized under the needs and 
scope of the IMVITER project.  
 
The evaluation scenario identifies the potentials for 
virtual test integration including Extension of 
Approval (EoA), based on hybrid approach results, 
for pedestrian head protection. For the 
identification of the evaluation scenario and the 
potentials for EoA in a yearly basis, several critical 
parameters need to be identified. Within headform 
impact tests on bonnet, two critical parameters are 
affecting EoA within a series of vehicles (Figure 
14): i) geometrical characteristics of bonnet, as 
inner and outer panel geometry, mounting points 
and headlights, and ii) engine and components size 
inside bonnet. 
 

 
Figure 14. Critical parameters for evaluation 
scenario definition 
 
The evaluation scenario involves launching of 
several vehicle variants into market into a yearly 
basis, for petrol and diesel engines. The “base” 
variant was defined (red sign) for testing with full 
type approval, and same vehicle variant with bigger 
engine (blue sign) launched with EoA for bigger 
engines. Several other vehicle variants introduced 
after one and two quarters with EoA (green sign), 
based on the initial full type approval results 
(Figure 15). 
 
Within Figure 16, cost – time results are shown for 
hybrid type approval (HA), compared with 
conventional approach (RT). The number of 
transferred real testing results is indicated with the 
N1 number, as N1=0 means that six (6) real tests 
are transferred from validation phase (Phase 2) to 
type approval phase (Phase 3) of the hybrid type 
approval. Results for all combinations of N1 
number are provided hereafter. It can be seen than 
as N1 number is increasing, cost is increasing and 
time is decreasing, due to less real tests are 
transferred from Phase 2 to Phase 3. Regarding 
time results for a HA there is increase in required 

time by 1.5% - 15.4%, and reduction in cost by 
23.6 – 56% for all the range of combinations of N1 
number of real tests implemented within “Phase 3”. 
“Phase 3” is the main cost and time consuming 
period within the HA, as it is covering about the 
50% of the total time required and about 20-30% of 
the total cost. 
 

 
Figure 15. Definition of evaluation scenario 
 

 
Figure 16. Cost-Time results for all combination of 
“New TA” for Hybrid and conventional approaches 
 
Distribution of total cost values for hybrid (HA) 
and conventional approach (RT) within real testing, 
virtual testing, documentation, and interactional 
activities between OEM and TS are shown within 
Figure 17. For conventional approach (RT), main 
cost driver is the real testing activities.  For hybrid 
approach (HA), based on the N1 number, the cost 
drivers are real testing and documentation activities.  
Virtual testing activities costs are only about 7-10% 
of the total cost for hybrid approach, depending on 
the value of N1 number. Documentation activities 
cost is almost double for hybrid approach 
compared with conventional approach. This is 
based on the verification and validation reporting 
needed for the preparation of the virtual model for 
virtual testing within type approval procedure. 
 
Cost driver for proposed hybrid approach (HA) is 
the number of real and virtual tests implemented, as 
indicated with N1 number of real tests transferred 
from Phase 2 to Phase 3. As N1 number is 
increasing, real testing cost is increasing and virtual 
testing cost is decreasing, but with different rates. 
The rate of cost increasing due to real testing is on 
average 29%, while the rate of cost decreasing due 
to virtual testing is on average 7.2%. 
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Figure 17. Cost results distribution for different 
types of activities (Real testing, virtual testing, 
documentation and interaction between OEM and 
Technical Service) 
 
Within Figure 18 and Figure 19, total cost and time 
results for whole evaluation scenario are provided 
for petrol and diesel engines respectively applying 
HA for the first engine and EoA for further engines.  
 

 
Figure 18. Cost-Time results for Petrol Engines 
 
Regarding petrol engines results, there is a 
potential of cost decrease by 37.3 - 50.5% and time 
savings by 9.3 – 14.8% for petrol engines family. 
Regarding diesel engines results, there is a 
potential of cost decrease by 33.5 – 49.7% and time 
savings by 5.3 – 12.3% for diesel engines family. 
 
Total cumulative results are summarized within 
Table 4. With application of proposed hybrid 
approach (HA) within evaluation scenario with 
EoA, there is total potential for cost reduction by 
35.6 – 50.1% and total time reduction of 7.6 – 
13.75%. 
 

 
Figure 19. Cost-Time results for Diesel Engines 
 

Further benefits of the proposed hybrid approach 
(HA) can be the increased flexibility in time and 
reduced risk for the OEM, as utilizing validated 
virtual models for type approval and EoA. Once 
OEM achieves first hybrid type approach with a 
validated virtual model, then several EoAs can be 
performed with less effort and cost impact. Saving 
of resources is another benefit that can be achieved 
with the proposed hybrid approach (HA), as less 
real parts are destroyed during type approval real 
tests. 
 

Table 5. Cost-Time total results of evaluation 
scenario 

 
 
CONCLUSIONS AND ROADMAP FOR VT 
 
From the experience of VT implementation 
described in this paper, some interesting 
conclusions can be drawn. These study outcomes 
are based on the first time ever implementation of 
VT in the field of automotive safety, using 
commercial simulation models and following type 
approval regulatory acts. It is clear that although 
the process was refined along the project years, it 
still has great potential for optimisation in terms of 
cost and time reduction. It should be kept in mind 
that the CBA of VT is compared to the 
conventional approach, which is highly refined 
after years of experience.. In this study V&V 
activities are merely added into an already existing 
test method. In those regulatory acts in which 
repetitive testing is needed, like pedestrian 
protection assessment, VT implementation 
according to the method proposed in IMVITER 
shows a clear benefit. 
 
Not all VT approaches identified in IMVITER are 
adequate for all regulatory acts. Ideally in the near 
future, when enough confidence exists in VT and 
the V&V method, all regulatory acts could be 
addressed with Full VT, and that would lead to 
savings. Until then intermediate solutions like the 
Hybrid VT are an attractive option, as they pave 
the road to Full VT, even though initially,  savings 
are lower. Great potential in terms of savings are 
expected for the EoA based on VT approach, 
especially if it could be applied among different 
vehicle types. In general, documentation efforts are 
cost drivers for the VT approach. An improved 
integration of these activities within the vehicle 
development process, and its automatisation thanks 
to post-processing software, of information 
collection and reporting of data into agreed V&V 
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templates would reduce those efforts, increasing 
the efficiency of VT. 
 
Figure 20 shows an overview on the history, 
present and foreseen future situation of the EU 
whole vehicle type approval for cars, focusing on 
the implementation of VT: 
 
Conventional type approval regulatory acts are 
depicted in the orange sector in Figure 20, starting 
from the 70s. It was in 1970, when the EU and its 
Member States developed a new framework for 

international agreement and co-operation on 
vehicle safety initiatives culminating in mandatory 
EU Whole Vehicle Type Approval for cars. Since 
then test methods are specifically designed and 
implemented for each technical requirement. The 
appearance of the type approval system in the 
European automotive market marks the beginning 
of the assessment of safety performance levels of 
vehicles sold in Europe. From that moment on, a 
steady growth in safety levels has been pursued by 
the European Authorities, aiming for a high level of 
protection across the market. 

 

 
Figure 20. VT implementation roadmap 

Depicted in purple, the next phase represents the 
starting point for VT. In fact when Reg. 371 came 
into force in 2010, this can be considered as the 
moment VT was officially introduced in vehicle 
type approval regulatory acts, although no 
manufacturer still implemented VT. However 
though formal introduction was achieved, few 
regulatory acts were accepted as VT candidates in 
its Annex XVI. Practical implementation of VT is 
addressed in IMVITER. Results from this project 
are expected to support and accelerate the 
implementation of VT in safety regulations. The 
time period depicted in purple represents the 
coexistence of RT and VT methods in the type 
approval framework. During this period RT 
regulatory acts are reviewed and updated including 
as an alternative the possibility to use VT methods 
for the assessment of regulatory act technical 

requirements. Progressively regulatory acts will be 
adapted by working groups and technical 
committees in charge of the vehicle type approval 
legislative evolution. During this period the support 
from the industry will be of extraordinary 
importance, leading this transformation process 
with their experience. But also a formalisation of 
the verification procedures for simulation codes 
will be necessary to support the broad acceptance 
of VT from those who are completely new to the 
topic. For this reason, the entry into force of a 
standard at international or European level 
establishing harmonised rules for the assessment of 
simulation models predictability, analogue to the 
ISO 17025 in RT, will be a milestone for the 
success of VT. It is planned that before, an ISO 
standard on “Validation Metrics and Process for 
Objective Comparisons and Ratings of Two 
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Different Signals to Support Virtual Testing in 
Various Road Vehicle Crash Modes” will open the 
door to the arrival of simulation and VT dedicated 
standards. It is expected that any new regulation 
that will appear during this phase will take into 
account VT methods as a support to conventional 
RT methods, or even as an alternative. The pace of 
safety requirements increase will not be affected by 
the implementation of VT, since VT will be an 
assessment tool just like RT, and safety levels 
imposed to vehicles will not be dependent on how 
these safety levels are assessed. 
 
In parallel with the transition period, a new era 
depicted in blue will appear marked by the 
appearance of the first regulatory act drafted from 
the beginning taking into account VT techniques. It 
is expected that this will happen in the next 10 
years. Before a regulatory act will be drafted 
supported by VT methods from the beginning, first 
it would be desirable that at least half of the 
existing RT based regulatory acts will be adapted 
to include VT. If this adaptation process is delayed 
in time, the starting point for the era of VT will be 
also delayed. Later, in the next 20 years, it is 
expected that all regulatory acts can be updated to 
include VT as an alternative. This will depend not 
only on the acceptance of VT methods, but also in 
the improvement of simulation techniques, since 
nowadays there are still physical phenomena that 
are not modelled with the necessary accuracy and 
predictability to be addressed with VT. In the next 
30 years, most regulatory acts will be based on VT, 
however it is expected that in a few of them, still 
RT might be preferred by the industry, so probably 
although the implementation of VT will be 
constantly increasing, not all regulatory acts will be 
addressed with VT in the long term due to cost or 
technical reasons. VT will leverage a possible 
future International Whole Vehicle Type-Approval 
system. The World Forum for Harmonisation of 
Vehicle Regulations (WP.29) agreed in March 
2010 on the need to review and update the 1958 
Agreement, along with a view to introduce the 
concept of “International whole vehicle type-
approval (IWVTA)”. Currently there are different 
test conditions specified in similar regulations in 
different regions of the world. The possibility to 
use simulation models validated in one country in 
any other country, would benefit a progressive 
adaptation and harmonisation of type approval 
requirements This IWVTA concept would offer the 
benefit to vehicle manufacturers of using 
internationally validated simulation models in the 
type approval procedure for their motor vehicles, 
instead of having all the vehicle's systems and 
components separately approved by each country 
applying the WVTA, and therefore would 
considerably simplify the regulatory burden on 

vehicle manufacturers and enhance the free 
movement of motor vehicles. 
 
Contributions from all stakeholders involved in 
vehicles type approval and VT are necessary in 
order to achieve the milestones indicated in the 
roadmap, as well as the objectives. 
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ABSTRACT 
 
The importance of head injuries to restrained far seat 
occupants has been previously documented. Control 
of the kinematics leading to these injuries can likely 
be achieved by improved torso lateral restraint. In 
adults, seat belt pre-tensioning reduced lateral head 
displacement by approximately 200 mm in far-side 
impacts. Children, however, may demonstrate greater 
lateral movement as previous studies have shown 
greater spine flexibility in the pediatric population 
relative to adults. The objective of this study was to 
investigate pediatric and young adult far-side head 
kinematics in low-speed lateral and oblique impacts 
and explore the effect of pre-tensioning.  
 
Thirty male human volunteers, ages 9-14 years 
(n=20) and 18-30 years (n=10), were tested on a low-
speed, sub-injurious crash sled at either 60° or 90°. 
The safety envelope of the crash pulse was defined 
by an amusement park bumper car impact. The 
acceleration pulse was provided by a custom-
designed hydro-pneumatically-driven sled system 
composed of a cart on a set of low friction rails (max 
pulse: 1.91 g; rise time: 53.8 ms; pulse duration: 
146.5 ms). Each subject was restrained by a custom-
fit automotive three-point belt system with an 
electromechanical motorized seat belt retractor 
(EMSR). The EMSR activated 200 ms prior to 
initiation of the crash pulse and provided a pre-
tensioning load of approximately 300N, with a rise 
time to peak load of 100 ms. The restraint system was 
designed such that the EMSR could be active or 

inactive. Photo-reflective targets were attached to a 
tight-fitting head piece on each subject and adhered 
to skeletal landmarks on the spine, shoulders, 
sternum, and legs as well as along the shoulder belt. 
A 3-D near-infrared target tracking system quantified 
the position of the targets throughout the event. 
Subjects participated in a set of 8 randomized trials, 
four with EMSR activation and four without EMSR 
activation. Maximum head and spine excursions were 
measured.  
 
EMSR activation significantly reduced the magnitude 
of head and spine kinematics. With EMSR activation, 
lateral head excursion decreased by an average of 96 
mm and 114 mm, and T1 excursions were reduced by 
an average of 105 mm and 106 mm for oblique and 
lateral impacts, respectively.  
 
Although EMSR activation to reduce seat belt slack 
is primarily indicated as a frontal impact 
countermeasure, these data demonstrate its efficacy 
in reducing head excursion in far-side impacts. Low-
speed human volunteer tests provide insight into 
occupant motion at these impact angles in the 
presence of active musculature. These results are 
useful for the development of rear seat 
countermeasures.  
 
INTRODUCTION 
 
Far-side occupants are at a substantial risk of severe 
injury and death in crashes. They are involved in 
30% of side impact injuries and account for 40% of 
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all occupants (Digges and Dalmotas 2001). In a far-
side crash, the head is the most commonly injured 
region for both belted and unbelted occupants 
(Digges et al. 2005). Contact patterns of far side 
occupants indicate that current restraint systems are 
not optimally effective in keeping far-side occupants 
from striking structures on the opposite side of the 
vehicle or other occupants (Ryb et al. 2009). Most of 
the current far-side literature focuses on the front seat 
adult occupant (Digges and Dalmotas 2001; 
Parenteau 2006a; Parenteau 2006b; Viano and 
Parenteau 2010; Douglas et al. 2011). Little attention 
has been given to the rear seat occupant in far-side 
crashes. Maltese et al. (2005) investigated injury 
patterns of restrained far-side pediatric occupants and 
found the head to be the most frequently injured 
region. 
 
The prevalence of head injury in far-side occupants 
suggests that the occupant’s torso slips out of the 
shoulder belt such that the torso is no longer 
restrained, allowing for greater head displacement 
(Mackay et al. 1991; Stolinski et al. 1998a; Douglas 
et al. 2011). Studies have described the nature of the 
torso-belt interaction for adult occupants in far-side 
impacts by using post-mortem human subjects 
(PMHS), anthropomorphic test devices (ATD), and 
human volunteers. Horsch (1980) described the effect 
of impact angle on belt retention with an ATD. He 
concluded that for far-side impacts, the belt remained 
contact with the torso for impact angles less than 45°, 
and that the torso rolled out of the shoulder belt for 
impact angles between 60° and 90° (from full 
frontal). The author also stated that in the instances 
where the torso escaped the shoulder belt, most of the 
torso’s kinetic energy had dissipated, resulting in 
little motion outside of the belt. Bidez et al. (2005) 
found that the Hybrid III 6 year old and Hybrid III 5th 
female (as surrogate for 50th percentile 12 year old) 
experience torso rollout when restrained by a 
standard 3-pt belt system and subjected to a far-side 
impact. 
 
Belt interaction with the torso and the clavicle has 
been identified as a particular challenge in biofidelity 
for the ATD and as a result, the magnitude of 
excursion seen in human surrogates is likely even 
more (Törnvall et al. 2005; Pintar et al. 2006; 
Douglas et al. 2007). Simulated lateral sled tests 
conducted by Horsch et al. (1979) with PMHS 
showed that when the shoulder belt anchor was 
opposite the side of the impact, the PMHS rotated out 
of the shoulder belt onto the adjacent seat. Torso-
rollout has been confirmed in PMHS far-side sled 
tests (8.3g) at both 60° and 90° (Douglas et al. 2007). 
Douglas et al. also tested adult human volunteers in a 

test rig that rotated laterally by 90° providing a 1g 
lateral pulse and observed torso-rollout. Parenteau 
(2006b) evaluated far-side occupant kinematics in a 
low-speed lateral sled in three different pulse 
conditions with three 50th percentile human 
volunteers (two male, one female) and Hybrid III 50th 
percentile male. The subjects were seated on the front 
passenger side of a small European car with no center 
console. The study provides lateral and vertical head 
and shoulder displacements as well as noting that one 
of the male volunteers slipped out of their shoulder 
belt during the impact event.  
 
Research has suggested that better torso restraint and 
reduced lateral head displacement in far-side lateral 
crashes can be achieved by eliminating shoulder belt 
slack (Stolinski et al. 1998; Parenteau et al. 2006a; 
Douglas et al. 2011). Seat belt pre-tensioners are an 
advanced restraint system designed to remove 
shoulder belt slack prior to the occupant’s forward 
torso excursion due to impact. They activate within 
the first milliseconds of an impact to ensure the seat 
belt is in an optimal position to provide restraint in 
the crash (Zellmer et al. 1998). Pre-tensioning 
systems tie the occupant to the vehicle’s deceleration 
early during the crash, reducing the peak load by the 
occupant (Walz et al. 2004). These systems are 
intended to be most effective in the instance of 
frontal impacts (Zellmer et al. 1998; Walz et al. 2004; 
Forman et al. 2008). However, studies evaluating the 
effect of pre-tensioning in far-side impacts in adult 
volunteers have shown their ability to reduce lateral 
head displacements in far-side impacts by 
approximately 200 mm (Stolinski et al. 1999; 
Douglas et al. 2007).   
 
We have previously evaluated the effect of 
electromechanical motorized seat belt retractor 
(EMSR) activation on the pediatric population in 
low-speed far-side lateral and oblique loading 
(Arbogast et al. 2012). The EMSR served to pre-
tighten the seat belt very early in the impact similar 
to the action of a pre-tensioner. With a focus on the 
interaction between the torso and shoulder belt, we 
demonstrated that EMSR activation significantly 
reduces the forward and lateral displacement of the 
suprasternal notch, torso rollout angle (measured as 
the angle between the sternum and shoulder belt), and 
belt-sternal distance (distance between the 
suprasternal notch and shoulder belt in the x-y plane). 
Due to variations in neck mechanics with age 
(Arbogast et al. 2009; Seacrist et al. 2012), head and 
neck kinematics may differ from the observations 
made on the torso. As a result, the question remains 
as to the effect of EMSR activation on head 
kinematics for the pediatric population. Therefore, 
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we have undertaken this further analysis to evaluate 
the effect of EMSR activation on pediatric head and 
spine kinematics in far-side loading.  
 
In order to optimally develop pre-tensioners or other 
countermeasures for far-side impacts, the kinematics 
of the occupant must be understood. Törnvall et al. 
(2005) comments on shoulder joint geometry and its 
interaction with the shoulder belt in limiting slippage 
out of the shoulder belt, and in turn head kinematics. 
Alterations in arm position influencing the shoulder 
joint and belt interaction should be evaluated.  
 
Therefore, the objective of this study was to evaluate 
the effect of EMSR activation and arm position on 
head and spine kinematics of pediatric and young 
adult human volunteers in low-speed lateral and 
oblique loading conditions. 
 
METHODS 
 
This study protocol was reviewed and approved by 
the Institutional Review Boards at The Children's 
Hospital of Philadelphia, Philadelphia, PA, Rowan 
University, Glassboro, NJ and Drexel University, 
Philadelphia, PA.  
 
Test Device 
A pneumatically actuated – hydraulically controlled 
low speed crash sled that can be rotated and fixed in 
increments of 30°, shown in Figure 1, was designed 
to subject restrained human volunteers to a sub-
injurious, low-speed lateral and oblique far-side crash 
pulse.  
 

 
 
Figure 1. Low-speed volunteer crash sled 
 
The sled is primarily comprised of three sub-
assemblies, namely frame, actuator and seating buck. 
The frame was constructed of extruded aluminum 
tubing (MiniTec Framing Systems LLC, Victor, NY). 
The structural framework included a platform (for the 
actuator assembly) which was rigidly connected to 
two 6.1 m long parallel support rails with equally 
spaced cross members for rigidity. The actuator 

assembly was comprised of a pneumatic actuator 
(McMaster-Carr, Robbinsville, NJ) (diameter – 4 
inches, stroke length – 20 inches, operating pressure 
– 200 psi) connected to an opposing dual hydraulic 
piston-cylinder (Model TZ22, Vickers Cylinders, 
Eaton Corporation, Cleveland, OH) arrangement 
using a rigid frame. A 2-way high dynamics 
proportional throttle cartridge valve (Model LIQZO-
LE, Atos, Italy) was used in the custom-designed 
hydraulic circuit to control the displacement profile 
of the pneumatic actuator. When the pneumatic 
actuator was fired, it delivered the impact force to the 
seating buck. A pneumatic braking system gradually 
brought the sled to rest following the primary 
acceleration pulse. Two hydraulic dampers were 
mounted at the end of the rails to act as an emergency 
braking system, but these dampers were never 
engaged during any of the subject tests.  
 
The seating buck assembly framework was also 
constructed using extruded aluminum tubing 
(MiniTec Framing Systems LLC, Victor, NY). It was 
comprised of a moving platform mounted on the two 
support rails by means of six low friction linear 
bearings. A custom-built impact fixture was mounted 
on the platform to transfer the force from the 
pneumatic actuator to the moving platform. A rigid 
low-back padded seat, an adjustable height shoulder 
belt anchor post (similar to a B-pillar in an 
automobile), lap belt anchors and an adjustable 
footrest (406 mm x 254 mm aluminum plate inclined 
at 55° from the platform) were mounted onto a disk 
bolted to the moving platform. The disk can be 
rotated and then fixed in 30° increments to test in a 
variety of impact directions. For the tests reported 
herein, the disk was fixed at 60° and 90° relative to 
longitudinal axis of the sled. The low-back seat was 
made of aluminum and consisted of a horizontal seat 
pan (495 mm x 305 mm) and a 127 mm high seat 
back reclined 18° from vertical. A 6.5 mm thick low-
density polyurethane padding was adhered to the 
surface of the seat pan and seat back. The low-back 
seat was necessary to allow for the motion analysis 
markers along the spine to be visible to the cameras.  
 
An automotive three-point belt system with an 
electromechanical motorized seat belt retractor 
(EMSR) integrated to the shoulder belt was used 
(Takata Corporation, Japan). The EMSR was 
powered by a 12V-20A battery and was activated 200 
msec prior to the initiation of the crash pulse. It 
achieved a pre-tensioning load of approximately 
300N. The rise time to peak load was 100 msec. The 
restraint system was designed such that the EMSR 
could be either active or inactive and its firing control 
was integrated into the sled pulse triggering system.   
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Safe Volunteer Crash Pulse  
An amusement park bumper car ride was studied to 
provide a benchmark of a crash-like situation 
commonly and safely used by children for recreation 
and enjoyment. Safe limits on the volunteer crash 
pulse were defined from measuring a lateral impact 
to a bumper car by another bumper car in an 
amusement park (Funtown Pier, Seaside Park, NJ). 
An accelerometer was secured to the rigid cross-
member of the steering assembly of a bumper car. 
The average maximum acceleration obtained when 
the bumper car was impacted laterally was 2.54 g. 
This was defined as the envelope of safety for the 
human volunteers. For the subject trials, the 
acceleration was reduced by 20% to produce a 
maximum pulse of 2.0 g. Several safety checks 
ensured that the system delivered the appropriate 
pulse (Arbogast et al. 2009).  
 
An exemplar sled pulse is displayed in Figure 2. The 
activation of the synchronous trigger was followed by 
a time delay before the movement of the sled (event). 
The time delay (approximately 203 msec) was 
attributed to the response lag associated with the sled 
hydraulic system. Event onset (vertical line in Figure 
4) was defined as the time at which the sled 
acceleration reached 5% of its peak value and for all 
time series analyses was considered time zero. For 
the EMSR tests, activation occurred synchronously 
with the trigger.  
 

 
 
Figure 2. Exemplar Crash Pulse. Event onset is 
defined as the time at which the sled acceleration 
reached 5% of its peak value and was considered 
time zero. The EMSR (and sled) was fired 
approximately 200 ms prior to event onset. 

 
Human Subjects    
Specific inclusion criteria were male subjects aged 
between 9-14 years and 18-30 years whose height, 
weight and BMI were within 5th and 95th percentile 
for the subject’s age (based upon CDC growth charts 
for children and CDC NHANES data for subjects 
18+ years). Subjects with existing neurologic, 
orthopedic, genetic, or neuromuscular conditions, any 

previous injury or abnormal pathology relating to the 
head, neck or spine were excluded from the study. 
Subjects were recruited from flyers placed in the 
community and throughout CHOP and Rowan sites. 
Prior to the testing dates, telephone interviews were 
conducted with the adult subjects and parent 
/guardian of child subjects to confirm eligibility.  
 
Upon arrival at the test site, the study was explained 
in detail to the subject including a demonstration of 
how the volunteer sled functions by firing the sled 
without an occupant. The adult subjects were given a 
self-consent letter and the parent / guardian of the 
child subjects were given a parental consent letter 
with a child subject assent. After the subjects had 
been consented, height and weight were measured to 
verify that their height, weight and body mass index 
(BMI) were consistent with the inclusion criteria. The 
subjects experienced one sled run with no subject 
instrumentation to ensure they were comfortable with 
the test protocol.  
 
The subjects were asked to remove their shirt(s) and 
the following anthropometric measurements were 
recorded:  
 
• Head width, depth, and girth measured at the 

glabella 
• Neck width, depth, and girth measured at the 

laryngeal prominence, and length defined as 
opisthocranion to C7 

• Shoulder width defined as acromion to acromion 
width 

• Chest depth and width measured at the xiphoid 
process 

• Sternum height measured from suprasternal 
notch to xiphoid process 

• Waist girth measured at the umbilicus 
• Hip width measured at the bilateral iliac crests 
• Seated height 
• Buttock to popliteal length while seated 
• Knee to foot length while seated 
 
Instrumentation  
Spherical reflective markers were placed on the head, 
neck, torso, upper and lower extremities, shoulder 
belt and various locations on the seating buck and 
tracked using a 3D motion analysis system (Model 
Eagle 4, Motion Analysis Corporation, Santa Rosa, 
CA). The accuracy of this system was verified by a 
static and dynamic calibration procedure that 
resolved a 500mm calibration distance to 0.1 mm. 
The photoreflective targets were attached to the 
following anatomical landmarks through external 
palpation of the desired skeletal locations:  
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• Head 
o On headpiece – head top, left, right, 

front, and opisthocranion 
o External auditory meatus (bilateral) 
o Nasion 

• Torso 
o Suprasternal notch 
o Mid-clavicular (right) 
o Xiphoid process 
o Pectoralis (right) 
o Nipple (right) 
o Lateral most aspect of neck (right) 
o Acromion (bilateral) 

• Spine 
o C4; T1; T4; T8; and T12 

• Extremities 
o Humeral epicondyle (bilateral) 
o Ulnar styloid process (bilateral) 
o Iliac crest (bilateral) 
o Femoral epicondyle (bilateral) 
o Lateral malleolus (bilateral)  

Three angular rate sensors – ARS (ARS-1500, DTS 
Inc, Seal Beach, CA) were mounted orthogonal to 
each other via a custom fixture to a rigid head piece 
to measure the head rotational velocity. The custom 
fixture secured on the head, additionally held three 
orthogonal piezoresistive accelerometers (Model 
7264B-500, Endevco, San Juan, CA) to measure head 
acceleration. A piezoresistive accelerometer (Model 
7264-200, Endevco, San Juan, CA) was mounted to 
the moving platform frame to record the acceleration 
of the seating buck. Lightweight belt webbing load 
cells (Model 6200FL-41-30, Denton ATD Inc, 
Rochester Hills, MI) were attached 13 cm from the 
D-ring location on the shoulder belt between the 
subject and the D-ring and on the right and left 
locations on the lap belt. A single six-axis load cell 
was placed under the seat pan (Model IF-217, FTSS, 
Plymouth, MI) and one under the footrest (Model IF-
234, FTSS, Plymouth, MI), to measure the reaction 
forces exerted by the subjects. A high-speed video 
camera (MotionXtra HGTH, Redlake, San Diego, 
CA) oriented perpendicular to the frontal plane of the 
occupant recorded the qualitative relative movement 
of the head, torso and the shoulder belt at a rate of 
1,000 frames per second (fps). In addition, two 
standard video camcorders were used to capture the 
kinematics of the occupant at 30 fps.  
 
Subject Positioning and Test Matrix  
After the instrumentation setup was completed, the 
subjects were seated and restrained in the volunteer 
sled as shown in Figure 3. The initial position of the 
torso and knee angles was set to 110° by adjusting 
the fore-aft position of the footrest. The initial torso 

angle was defined as the angle made by the line 
joining the right iliac crest and right acromion 
markers and the horizontal. The initial knee angle 
was defined as the angle between the line joining the 
right iliac crest and right femoral epicondyle markers 
and the line joining the right femoral epicondyle and 
right lateral malleolus markers. The lap belt anchor 
locations were fixed throughout the test series and the 
lap belt buckle angle (defined as the angle the lap belt 
buckle makes with the horizontal) was set at 55° at 
initial position for all the subjects. The height of the 
shoulder belt anchor was adjusted to provide similar 
fit across subjects; specifically, the shoulder belt 
angle at the D-Ring (defined as the angle the shoulder 
belt makes with the horizontal) was set at 55° at 
initial position for all the subjects. Once positioned, 
the shoulder belt was snugged to fit optimally for the 
subject’s size. The subjects wore a tightly fitted 
headpiece with six head markers (top, front, left, 
right, opisthocranion right and left) and a triaxial 
accelerometer and angular rate sensor block attached.  
 
Each subject was randomly assigned to the 60° or 90° 
direction and was tested only in their assigned 
direction. Each subject was exposed to 4 unique test 
conditions in random order - arms up with EMSR on, 
arms down with EMSR on, arms up with EMSR off, 
and arms down with EMSR off (Table 1). Each test 
condition was repeated twice. In the arms up 
condition, the subject was instructed to place their 
hands on their knees. This raised the upper extremity 
and created an anatomic pocket at the clavicle in 
which the shoulder belt could rest. In the arms down 
condition, the subject was instructed to place their 
hands low on their hips, thereby removing the 
anatomic pocket at the clavicle. The order of the tests 
was chosen at random. Subjects were informed that 
they could withdraw from the study at any time. 
Before each test, the occupant was encouraged to 
relax their muscles and allow the restraints to support 
their weight during the acceleration event. Subjects 
received an auditory countdown in each test prior to 
the firing of the actuator. All the tests were conducted 
with a rest period of approximately 5 minutes 
between subsequent tests.  
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Figure 3. Subject seated in low-speed volunteer sled 
– “arms up” position. 
 

Table 1. 
Test matrix for each subject. Subjects were tested 
in only one direction (oblique or lateral) and trial 

order was randomized. 
 

 
EMSR activation 

Arm position On Off 

Arms-Up 
(hands on 

knees) 
2 Trials 2 Trials 

Arms-Down 
(hands on 

thighs) 
2 Trials 2 Trials 

 
Data Acquisition/Processing   
The Motion Analysis data were acquired at 100 Hz 
and analyzed using Cortex 2.5 software (Motion 
Analysis Corporation, Santa Rosa, CA). The sled 
acceleration, head angular rate, head acceleration and 
seat belt, seat pan and foot rest loads were sampled at 
10,000 Hz using a T-DAS data acquisition system 
(Model T-DAS Pro, DTS Inc, Seal Beach, CA) with 
a built-in anti-aliasing filter (4,300 Hz) and filtered at 
SAE channel frequency class (CFC) 60, as described 
in the SAE J211 standards. The hydraulic controller, 
motion analysis, T-DAS systems and EMSR (where 
applicable) were triggered synchronously using a 
custom made circuit.  
 
Data Analysis 
The time series motion analysis and T-DAS data 
were imported into MATLAB (Mathworks, Inc., 
Natick, MA) for data analysis using a custom 
program. The parameters of interest are: 
1) Maximum forward (X) and lateral (Y) 
displacement of the Head Top marker 
2) Maximum forward (X) and lateral (Y) 
displacement of the C4, T1, and T4 markers. 

Displacement was measured by quantifying the 
motion of the head top and spine markers in the 
forward (x) and lateral (y) direction, relative to initial 
position (t = event onset). The origin of the local 
coordinate system was defined as the marker at the 
right rear of the seat pan.  
 
Using separate models for 60 and 90 degrees, data 
were statistically analyzed using repeated measures 
analysis with a linear mixed model, observing the 
effect of EMSR (on/off) and Arm Position (up/down) 
as covariates for each outcome. A Compound 
Symmetry covariance model was used to control the 
correlation between the two Arms/EMSR conditions 
within each subject. For each outcome, we first 
examined a full model which included all of the 
covariates and interactions. Then, each model was 
reduced to a final model by first taking out non-
significant interaction effects and then main effects, 
one by one, until all covariates were statistically 
significant at the 5% level. A statistical model was 
created separately for the following outcomes: 

• Head Top displacement 
o Maximum forward displacement of 

the head top 
o Maximum lateral displacement of 

the head top 
• C4 displacement 

o Maximum forward displacement of 
the C4 

o Maximum lateral displacement of 
the C4 

• T1 displacement 
o Maximum forward displacement of 

the T1 
o Maximum lateral displacement of 

the T1 
• T4 displacement 

o Maximum forward displacement of 
the T4 

o Maximum lateral displacement of 
the T4 

 
RESULTS 
 
Thirty male human volunteers were tested: fifteen 
subjects at each impact angle (60° and 90°), with five 
subjects per age group (9-11 years, 12-14 years, 18-
30 years). Key anthropometric measures are listed in 
Table 2. 
 
The maximum acceleration for the 60° trials was 1.88 
g (rise time of 52.7 msec, pulse duration: 147 msec) 
and for the 90° trials it was 1.91 g (rise time of 54.3 
msec, pulse duration: 146.7 msec).  
 



     Mathews 7 
 

Figure 4 depicts exemplar head top trajectories of a 
pediatric (13 y/o) subject in the arms up condition 
subjected to a lateral impact.  
 

 
(a) 

 
(b) 

 
Figure 4. Exemplar (a) forward and (b) lateral 
displacement over time of the head top marker with 
and without EMSR activation in the arms up position 
for one pediatric subject at 90°. Displacement is 
shown relative to initial position.  
 

Forward Displacement 
Maximum forward displacement of the head top and 
spine markers for each test condition and both impact 
angles are seen in Figure 5. Figure 6 shows 
maximum forward displacement of the head top 
marker across age as a continuous variable, stratified 
by EMSR activation and arm position. 
 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Maximum Forward Displacement of (a) 
Head Top, (b) C4, (c) T1, and (d) T4 markers, where 
AU is arms up and AD is arms down. All subjects, all 
trials are included. 
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Table 2.  
Key anthropometric parameters for subjects. 

 

Impact 
Angle 

Subject # 
Age 
(yrs) 

Height 
(cm) 

Height 
%ile 

Mass 
(kg) 

Mass 
%ile 

BMI 
(kg/m3) 

BMI 
%ile 

60° 

1 9.62 144.0 85 48.0 95 23.1 25 

2 10.30 134.5 22 27.4 14 15.2 17 

3 10.54 136.0 19 28.1 11 15.2 21 

4 11.58 149.0 62 43.3 71 19.5 81 

5 11.69 150.5 66 37.6 42 16.6 35 

9-11 Avg. 10.74 142.8 50.8 36.9 46.6 17.9 35.8 

6 12.88 158.0 61 54.1 81 21.7 85 

7 14.01 159.0 25 64.5 87 25.5 95 

8 14.07 172.0 84 60.7 80 20.5 73 

9 14.19 177.5 93 66.5 88 21.1 77 

10 14.31 164.0 40 54.2 56 20.2 66 

12-14 Avg. 13.89 166.1 60.6 60.0 78.4 21.8 79.2 

11 20.17 182.5 75 95.7 85 28.7 85 

12 22.30 172.5 24 74.9 50 25.2 65 

13 22.75 176.0 48 74.8 50 24.2 53 

14 23.16 181.0 74 90.5 80 27.6 76 

15 23.34 185.5 80 95.8 80 27.8 74 

Young Adult 
Avg. 

22.34 179.5 60.2 86.4 69.0 26.7 70.6 

90° 

16 9.29 145.0 93 34.9 81 16.6 58 

17 10.30 139.0 46 33.9 58 17.5 71 

18 11.13 141.5 32 31.6 21 15.8 30 

19 11.20 153.5 89 36.9 50 15.6 23 

20 11.97 152.0 65 36.3 29 15.7 21 

9-11 Avg. 10.78 146.2 65.0 34.7 47.8 16.3 40.6 

21 12.96 149.0 17 50.5 70 22.7 91 

22 13.34 160.0 54 43.7 32 17.1 22 

23 13.53 148.0 6 36.7 6 16.8 19 

24 13.69 160.0 42 49.9 52 19.5 58 

25 14.99 159.0 25 47.2 33 18.7 48 

12-14 Avg. 13.70 155.2 28.8 45.6 38.6 18.9 47.6 

26 19.70 182.0 75 75.6 51 22.8 45 

27 20.55 184.0 80 87.7 77 25.9 68 

28 20.86 184.0 80 83.2 76 24.6 57 
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29 21.69 184.0 80 83.5 76 24.7 58 

30 21.90 174.0 28 76.7 50 25.3 44 

Young Adult 
Avg. 20.94 181.6 68.6 81.3 66.0 24.7 54.4 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 6. Maximum Forward Head Top 
Displacement across age as a continuous variable (a) 
60° impact, stratified by EMSR activation; (b) 60° 

impact, stratified by arm position; (c) 90° impact, 
stratified by EMSR activation; (d) 90° impact, 
stratified by arm position. 
 
Average maximum forward displacement and 
standard deviation of each marker are provided in 
Table 3. Statistical findings of the head top and spine 
forward displacements are summarized in Table 4.  
 
Figure 5a, as well as the head top mean and standard 
deviation values in Table 3, highlights the lesser 
magnitudes of the forward head excursions in the 90° 
trials compared to the 60° trials. EMSR activation 
significantly reduced head and spine forward 
displacements in the oblique impacts, while only 
spine forward displacements were significantly 
decreased in the lateral impacts. In both the 60° and 
90° trials, arm position did not significantly influence 
head top forward displacement. However, C4 and T4 
forward excursions were significantly increased in 
the arms up position relative to arms down at 60°. At 
both impact angles there was a marginally significant 
increase of T1 forward excursions (p = 0.051 at 60° 
and p = 0.052 at 90°) in the arms up position. Arm 
position did not have a significant effect on 
maximum forward displacement in the 90° impacts.  
 

Table 3.  
Maximum Forward Displacement (mm)  

 

Mean 
(St. Dev.) 

EMSR 
Activation Arm Position 

On Off Up Down 

60° 

Head 
Top 

54.1 
(19.9) 

84.6 
(29.1) 

72.9 
(32.3) 

65.5  
(25.2) 

C4 
15.4 
(9.0) 

34.6 
(17.3) 

27.4 
(18.1) 

22.2  
(14.9) 

T1 
8.5 

(6.8) 
25.6 

(14.7) 
19.1 

(15.5) 
14.8  

(12.6) 

T4 
5.8 

(5.6) 
18.7 

(11.4) 
14.1 

(11.9) 
10.3  
(9.9) 

90° 

Head 
Top 

22.3 
(23.0) 

29.4 
(23.4) 

27.4 
(24.0) 

24.4  
(22.8) 

C4 
8.5 

(6.9) 
13.2 

(10.7) 
11.2 
(9.7) 

10.7  
(9.1) 

T1 
7.5 

(7.2) 
12.8 

(11.8) 
11.9 

(12.2) 
8.4  

(7.3) 

T4 
6.3 

(5.0) 
9.4 

(8.3) 
9.0 

(7.9) 
6.7  

(5.7) 
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Table 4.  
Maximum Forward Displacement Summary 

Statistics 
 

 

60° 90° 

EMSR 
(ref: 
off) 

Arm 
Position 

(ref: 
down) 

EMSR 
(ref: 
off) 

Arm 
Position 

(ref: 
down) 

Head 
Top 

↓*** -- -- -- 

C4 ↓*** ↑* ↓* -- 
T1 ↓*** -- ↓** -- 
T4 ↓*** ↑* ↓* -- 

The arrow indicates the direction of the relationship.  
*p <0.05, **p<0.01, ***p<0.001 
 
Lateral Displacement 
Maximum lateral displacement for these markers is 
shown in Figure 7. Figure 8 shows maximum lateral 
displacement of the head top marker across age as a 
continuous variable, stratified by EMSR activation 
and arm position. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 7. Maximum Lateral Displacement of (a) 
Head Top, (b) C4, (c) T1, and (d) T4 markers, where 
AU is arms up and AD is arms down. All subjects, all 
trials are included. 
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(b) 
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(c) 

 
(d) 

 
Figure 8. Maximum Lateral Displacement of Head 
Top across age as a continuous variable (a) 60° 
impact, stratified by EMSR; (b) 60° impact, stratified 
by arm position; (c) 90° impact, stratified by EMSR 
activation; and (d) 90° impact, stratified by arm 
position. 

 
Table 5.  

Maximum Lateral Displacement (mm) 
 

Mean 
(St. Dev.) 

EMSR 
Activation Arm Position 

On Off Up Down 

60° 

Head 
Top 

167.95 
(31.25) 

261.63 
(40.95) 

210.03 
(53.86) 

218.80 
(64.69) 

C4 
100.06 
(28.96) 

203.49 
(33.32) 

144.77 
(54.41) 

156.90 
(65.98) 

T1 
80.26 

(29.60) 
183.52 
(31.75) 

124.46 
(54.65) 

138.55 
(65.05) 

T4 
52.99 

(26.73) 
151.03 
(26.28) 

95.85 
(50.86) 

107.42 
(60.42) 

90° 

Head 
Top 

209.17 
(35.40) 

324.45 
(42.47) 

268.32 
(67.00) 

267.26 
(73.03) 

C4 
108.93 
(29.86) 

216.81 
(30.97) 

164.78 
(60.71) 

164.44 
(64.07) 

T1 
82.75 

(27.91) 
189.05 
(31.35) 

133.70 
(60.21) 

139.91 
(62.18) 

T4 
54.41 

(24.47) 
145.75 
(29.63) 

97.34 
(53.14) 

104.36 
(53.62) 

 
 

Table 6.  
Maximum Lateral Displacement Summary 

Statistics 
 

 

60° 90° 

EMSR 
(ref: 
off) 

Arm 
Position 

(ref: 
down) 

EMSR 
(ref: 
off) 

Arm 
Position 

(ref: 
down) 

Head 
Top 

↓*** -- ↓*** -- 

C4 ↓*** ↓* ↓*** -- 
T1 ↓*** ↓*** ↓*** -- 
T4 ↓*** ↓** ↓*** -- 

The arrow indicates the direction of the relationship.  
*p <0.05, **p<0.01, ***p<0.001 
 
Maximum lateral displacement mean and standard 
deviation of each marker are provided in Table 5. 
Summarized statistical findings of the head top and 
spine lateral displacements are in Table 6. Maximum 
lateral displacement of the head top and spine 
markers were significantly reduced by EMSR 
activation in the 60° and 90° impacts. The arms up 
position was significantly less than arms down for the 
spine maximum lateral displacements in the oblique 
impacts. There was no significant effect of arm 
position in the lateral impacts.  
 
DISCUSSION 
 
The objective of this study was to evaluate the effect 
of pre-tensioning in form of EMSR activation and 
arm position on the forward and lateral displacement 
of the head and spine in far-side low-speed lateral 
and oblique collisions. These data represent the first 
collected on pediatric male volunteers in the far-side 
loading condition.  
 
EMSR activation significantly reduced lateral head 
and spine displacements at both impact angles. Far-
side studies utilizing computational models, PMHS, 
ATDs, and adult volunteers similarly showed reduced 
lateral head displacements as a result of pre-
tensioning (Stolinski et al. 1999; Parenteau 2006b; 
Douglas et al. 2007; Pintar et al. 2007; Douglas et al. 
2011). Pintar et al. (2007) noted only slight 
reductions (50 mm) in maximum lateral head 
excursions with pre-tensioning and moving the D-
ring rearward for adult PMHS subjected to far-side 
lateral loading (Delta V: 30 km/h). The coupling of 
pre-tensioning and rearward D-ring position, along 
with the initial position of the PMHS arms 
outstretched could minimize the effect of pre-
tensioning on the PMHS lateral head excursions. 
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However, pre-tensioning reduced lateral head 
displacement of 50th percentile Hybrid III and US-
SID by almost 200 mm in car-to-car lateral impacts 
(50 km/h) (Stolinski et al. 1999). The effect of pre-
tensioning on adult anthropometry is well established 
in previous literature and the effect of EMSR 
activation on adult subjects in the current study 
confirms those observations (116 mm and 127 mm 
reduction for oblique and lateral impacts 
respectively). The study herein extended previous 
literature and also evaluated pediatric subjects. 
Figures 8a and 8c demonstrate the effectiveness of 
EMSR activation in reducing pediatric lateral head 
displacement. EMSR activation reduced pediatric 
lateral head displacement by 83 mm in 60° impacts 
and 110 mm in 90° impacts.  
 
The benefits of EMSR activation were also seen in 
the spine. C4, T1, and T4 lateral displacement 
significantly decreased with EMSR activation. These 
findings are congruent with the significant reduction 
in suprasternal notch lateral displacement and torso-
rollout angle reported by Arbogast et al. (2012) of the 
same loading environment. Quasi-static lateral (1 g) 
impact tests with male adult volunteers also showed a 
decrease in T1 lateral displacement of approximately 
25 mm with a pre-tensioning load of 225 N (Douglas 
et al. 2007). In the current study, EMSR activation 
with a pre-tensioning load of approximately 300 N 
reduced T1 lateral displacement by 106 mm in the 
90° impacts. 
 
Pre-tensioners are primarily designed to limit forward 
excursion in frontal impacts (Zellmer 1998; Walz 
2004). These data confirm this effect in that forward 
excursions of the head top and spine were 
significantly reduced with EMSR activation in the 
60° impacts, and for the spine in the 90° impacts.  
 
Interestingly, EMSR activation not only reduced the 
forward and lateral displacement magnitude but also 
the variability across age at both impact angles 
(Figures 6a, 6c, 8a, and 8c). Pre-tensioning is an 
advanced restraint system primarily implemented as a 
safety countermeasure for front-seat occupants. Since 
rear-seat occupants also include child passengers, the 
range of occupant sizes in the rear seat present a 
challenge for the safety industry to account for with 
advanced restraint systems. The results of this study 
suggest that EMSR activation would be effective in 
reducing occupant motion for child and adult 
passengers with varying anthropometry.  
 
Raising the arms to create a pocket for the shoulder 
belt significantly reduced lateral spine excursions 
relative to the arms down position in the 60° impacts. 

Törnvall et al. (2005) suggests that altering the 
shoulder joint geometry where it contacts the 
shoulder belt could influence the kinematics of the 
occupant. We explored this hypothesis by 
implementing two arm positions as part of the 
experimental design. In the arms up position, placing 
the hands on the knees raises the upper extremity and 
consequently the acromial end of the clavicle, 
creating an anatomic pocket that can engage the 
shoulder belt. The arms down position provides a 
smooth contour along the clavicle that facilitates the 
shoulder belt sliding off. The oblique impacts provide 
a principal direction of force to the occupant that 
result in better engagement of the shoulder belt with 
the clavicle and thereby restricting the lateral motion 
of the occupant’s spine, especially in the arms up 
position (Pintar et al. 2007; Douglas et al. 2011). In 
contrast, raising the arms significantly increased 
forward spine displacement in the 60° trials. As the 
shoulder belt catches on the anatomic pocket created 
by elevating the arms and the occupant responds to 
the oblique principal direction of force, the torso may 
respond to the shoulder belt load by flexing forward 
in contrast to when the shoulder belt slides off the 
shoulder in the arms down position and no load is 
placed on the clavicle. 
 
There were several limitations to this study. The 
acceleration pulse for the study must be sub-injurious 
for human volunteer subjects. While the maximum 
acceleration reported herein is not of the same 
magnitude as real-world lateral and oblique crashes, 
the low-speed crash environment provides a 
fundamental understanding of occupant head and 
spine kinematics at these impact angles. Secondly, 
the experimental test matrix implemented in this 
study does not comprehensively explore all factors 
influencing head and spine kinematics under lateral 
and oblique loading in a full factorial design for a 
single subject. Since pediatric volunteers participated 
in the study, the subject’s ability to endure the 
lengthy test protocol had to be taken into 
consideration and therefore the factors of greatest 
interest were incorporated. Additionally, the head and 
spine kinematics were measured using a ‘state of the 
art’ 3D motion capture system utilizing markers 
affixed to the skin. There are two sources of error 
associated with this methodology. First the motion 
capture system has intrinsic error. This error, 
estimated by measuring the change in distance over 
time between two markers on the cart, averaged 
0.3%. Second, some error exists in assuming the skin 
markers exactly match the movement of the skeletal 
structures they represent. The magnitude of this error 
can, in part, be assessed by examining the change in 
distance over time between markers affixed to two 
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points on the same skeletal body. We have previously 
quantified this to be less than 2% for this testing 
environment (Arbogast et al. 2009). Also, gender 
differences in neck flexibility have been observed in 
the passive cervical range of motion in male and 
female children and adults (Seacrist et al. 2012). 
Since the results reported in the current study are 
based on male-subjects’ kinematic responses, they 
may not be generalized to the entire population. 
Lastly, a single electromechanical motorized seat belt 
retractor was implemented in this experiment which 
provided a constant pre-tensioning load that did not 
vary with mass. Future work should be conducted to 
evaluate the effect of pre-tensioning on head and 
spine kinematics by utilizing such technology with 
varying load capabilities and adjustments with 
subject mass.  
 
CONCLUSIONS 
 
The objective of this study was to evaluate the effect 
of pre-tensioning in the form of EMSR activation and 
arm position on pediatric and young adult male 
volunteers subjected to low-speed far-side oblique 
and lateral loading. This study provided the first 
pediatric volunteer data set for head and spine 
kinematics in far-side loading conditions. EMSR 
activation significantly reduced head and spine 
kinematics at both impact angles, for both pediatric 
and young adult subjects. EMSR activation also 
reduced variability in kinematics across age. The 
arms up position significantly decreased spine lateral 
excursions in the 60° impacts. These findings can be 
influential in vehicle safety design for rear seat 
occupants through the validation of restrained ATD 
and computational modeling studies in far-side 
loading conditions.  
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ABSTRACT 

High death rates occur due to the frequency of 
vehicle to pedestrian traffic accidents. 
Governments throughout the world are attempting 
to improve the safety features of the vehicle by 
modifying vehicle safety standards and new car 
safety assessment programs. This paper introduces 
the pedestrian protection assessment methods that 
have been used in the Korea New Car Assessment 
Program since 2007. Assessment results obtained 
from 54 models, tested over five years (2008 – 
2012), are examined and analyzed. This research 
found that the pedestrian protection features of 
vehicles have improved gradually but are still 
unsatisfactory. Therefore, much improvement is 
needed. In the past, car manufacturers installed 
pedestrian protection airbags or active hood 
systems to enhance the pedestrian protection 
features. Currently, research is being carried out to 
develop assessment techniques of active pedestrian 
protection features. Meanwhile, researches are 
being carried out to develop the Flexible 
Pedestrian Legform Impactor (Flex-PLI) to satisfy 
Phase 2 of the Global Technical Regulations 
(GTR). 

INTRODUCTION 

In 2011, Korea’s fatality rate in vehicle to pedestrian 
traffic accidents reached 39.2%. This is the highest 
among OECD countries. Pedestrian protection 
technology is being researched throughout the world 
to provide better safety features. As a result of such 
endeavors, the enactment of the Global Technical 
Regulations(GTR) was announced in November of 
2008. Member countries, including Korea, will soon 

enforce the GTR to provide pedestrian safety.         
Korea enacted vehicle safety standards based on the 
GTR in December of 2008, and has enforced them 
with regard to passenger vehicles since January 2013. 
The Korean government implemented the vehicle 
safety regulations and the New Car Assessment 
Program (NCAP). The test results acquired from the 
NCAP were announced by the government, but 
although they are not legally binding, the importance 
of the NCAP has been recently emerging. Pedestrian 
safety assessment protocols were included in the 
NCAP in 2007, and assessments for head injury 
criterion were tested at that time. The leg injury 
criterion was added in 2008. Since then a total of 54 
vehicle models was assessed for pedestrian 
protection features from 2008 to 2012. The test 
results obtained from the NCAP were announced to 
the general public in order to enhance customers’ 
awareness of vehicle safety information and to 
encourage automobile manufacturers to make safer 
automobiles. As a result of such endeavors, the 
pedestrian protection features of vehicles have 
improved gradually but are not sufficient. In 2012, 
the average pedestrian protection rating of tested 
vehicles was 13.4 points (out of a maximum of 30 
points) or approximately 2.8 stars on a five star 
rating scale. There are two major means to 
improve pedestrian safety features: active safety 
and passive safety measures. 

Passive safety measures usually means designing 
the automobile structure to provide enough space so 
that impact energy is absorbed in the case of a 
collision with pedestrians. Currently, most of the 
vehicles on the market have this kind of safety 
feature. But it is not a sufficient measure to ensure 
pedestrian safety. Additional safety measures should 
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be considered in sections such as the lower portion of 
the front windshield, the A-pillar, the rear part of the 
hood, etc.  

On the contrary, active safety measures means that 
protection mechanisms are activated instantaneously 
in the case of a collision. Well-known active safety 
measures include the active hood system, in which 
the hood is lifted upward at the moment of collision 
to absorb impact energy. There is also the pedestrian 
protection airbag systems, which are normally 
installed in the lower portion of the windshield and 
A-pillar.  

This paper introduces pedestrian protection 
assessment methods used in Korea’s New Car 
Assessment Program. The analysis assessment results 
are obtained from 2008 to 2012. Also the research 
plan to be carried out to achieve pedestrian safety is 
shown. 
 
Pedestrian Traffic Accident Statistics(OECD) 
 

Figure 1. Vehicle to Pedestrian Traffic Accidents 
(OECD, 2009) 

 
Figure 1 shows the pedestrian fatality rates of the 
Organization for Economic Cooperation and 
Development (OECD) countries(2009). 4,092 
pedestrians were reported to have been killed in 
motor vehicle accidents in the United States, while 
South Korea had 2,137 pedestrian deaths, Japan had 
2,012, and Poland had 1,467. However, pedestrian 
fatalities out of the total number of traffic accidents is 
different. South Korea recorded a rate of 36.6%, 
which is the highest among the OECD countries. 
 
Pedestrian Traffic Accident Statistics(Korea) 
Traffic Accident Occurrence 
 

Ped

Persons 

Ped
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Figure 2. Traffic Accident Occurrence 

 (Korea, from 2002 to 2011) 
 
Figure 2 shows the number of traffic accidents, 
injuries, and deaths that occurred in Korea from 
2002 to 2011. In 2011, a total of 221,711 traffic 
accidents occurred, where 341,391 people were 
injured and 5,229 people died. The total number of 
traffic accident occurrence and injuries did not 
change much, but the number of deaths has 
gradually decreased.  
 

 
Figure 3. Traffic Accidents (Korea, 2011) 

 
Figure 3 shows the number of traffic accidents and 
deaths according to the types. A total of 161,681 
vehicle to vehicle accidents occurred, and 2,097 
people died in these accidents. On the contrary, a 
total of 49,701 vehicle-to-pedestrian accidents 
occurred, and 1,998 people died in these accidents. 
The fatality rate in vehicle-to-pedestrian accidents 
was comparably high considering the occurrence. 
 
Pedestrian Injury Analysis 
 

 
Figure 4. Causes of Pedestrian Deaths 

Figure 4 shows the causes of pedestrian deaths that 
occurred in vehicle to pedestrian accidents. Figure 
5 shows the causes of pedestrian injuries.  
 

 
Figure 5. Causes of Pedestrian Injuries 

 
The highest cause of death was head injury 
(63.8%), followed by chest injury(9.7%), leg 
injury(6.5%), and back injury(4.4%). The most 
common type of injury was leg injury(40.1%), 
followed by back injury(16.9%) and head injury 
(9.7%). As seen in the data, protection 
mechanisms to protect pedestrian death and injury 
should be improved. 
 
New Car Assessment Program (Pedestrian Safety) 
Test Method 
 
Pedestrian safety assessment measures used by 
KNCAP are very similar to those of EURO-NCAP. 
However, it does not include the upper legform 
impact test to the bonnet leading edge and the impact 
area is different with 1,700 mm with reference to 
Wrap Around Distance(WAD) in the case of a child 
headform test area. These slight differences are 
caused because KNCAP follows the GTR Article No. 
9 “Pedestrian Safety”. As shown in Figure 6, vehicle 
impact assessment is performed using 
headforms(both adults and children) and legforms 
(upper or lower).  

 

 
Figure 6. Pedestrian Safety Assessment 

Methods 
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The dimensions of the adult headform are 165 
mm in diameter and 4.5kg in weight, and those 
of the child headform are 165mm in diameter 
and 3.5kg in weight. Impact tests are conducted 
at two different angles(65 and 50 degrees) and 
at a speed of 11.1±0.2 m/s. Six impact tests are 
carried out in each test area. The details of the 
headform impact test are shown in Table 1.  

 
Table 1. Headform Impact Test Methods 

 
 
The dimensions of the legform, used in this 
test, are 926mm in length and 13.4kg(lower 
legform) or 350mm in length and 9.5kg(upper 
legform). Impact tests on the front bumpers are 
carried out three times each at a speed of 
11.1±0.2m/s, and the assessment points are 
measured. Unlike EURO NCAP, KNCAP does 
not include the upper legform to bonnet 
leading-edge tests. Details of the legform 
impact test are shown in Table 2. 

 
Table 2. Legform Impact Test Methods 

 
 
Evaluation Method 
 
Scores obtained for each assessment criterion 
in headform and legform impact tests are 
summed, and then pedestrian safety points are 
grouped according to injury values in three 
different groups. These assessment results are 
colored and attached to the the front portion of 
the vehicle as shown in Table 3. Until 2012, 
KNCAP used the five star rating system(the 

lowest rate of one star). The maximum 
achievable score is 30 points(12 points each for 
adult/child headforms, and 6 points for 
legform). However, KNCAP uses the integrated 
rating system from this year(2013) instead of 
the five star rating system. Therefore it does 
not mark individual assessment criteria with 
stars.  
 
Table 3. Pedestrian Safety Assessment 
Standard 

 
 
Results of New Car Safety Assessment for Pedestrian 
Protection  
 
Pedestrian protection assessments have been 
implemented in Korea since 2007. Fifty-four 
models were tested over five years(2008 – 2012), 
and only head injury assessment tests were 
conducted in 2007. Eight models were tested in 
2008, 10 models in 2009, 12 models in 2010, 11 
models in 2011 and 11 models in 2012. The tested 
vehicles were all the new cars sold in Korea, and 
some of them were imported cars. Figure 7 shows 
the results of the assessment. Only two models 
exceeded 20 points out of the 30 points maximum 
scale. Therefore, overall safety performance was 
very disappointing. 
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Figure 7. Pedestrian Safety Assessment Results 
(2008 - 2012) 

 
Figure 8 below shows the assessment results by year. 
In the graph, one can notice that pedestrian safety 
performance has improved slowly over the years. In 
2012, the average number of points of the assessed 
models was 13.9(out of a possible 30 points), and in 
terms of the star rating system, the average was 2.8 
stars (on a five star scale). 

 

 
Figure 8. Pedestrian Safety Assessment Results 

(Points and Stars) 
 
Figure 9 shows the assessment results by the type of 
the vehicle. Small MPVs(Multi Purpose Vehicles) 
and superminis recorded relatively higher scores in 
pedestrian safety assessment. Most of the small 

MPVs have more space in the engine compartment in 
order to ensure the pedestrian’s safety, while 
superminis are relatively small in size and are less 
rigid. On the contrary, executive MPVs and large 
MPVs received low scores showing that they have 
relatively unsatisfactory pedestrian protection 
capabilities. The rationale behind this is that the 
larger a vehicle is the more rigid, and thus provides 
less impact energy absorption.  
 

 
Figure 9. Pedestrian Safety Assessment Results (by 

Vehicle Type) 
 
Figure 10 shows the average points acquired from 
child headform, adult headform, and lower legform 
factors. One can see that the legform assessment 
score improved gradually. One noticeable fact is that 
assessment score acquired from the child headform 
factor is higher than the score acquired from the adult 
headform factor.  
The reason for this is that the adult head test area is 
normally located close to the safety hazard sections 
of a vehicle such as a lower portion of the windshield 
or A-pillar. 

 

 
Figure 10. Pedestrian Safety Assessment Results 

(by Impact Area) 
 
Figure 11 shows the assessment results of Korean 
manufacturers’ models and imported models. 
Generally, imported models scored lower compared 
to Korean manufacturers’ models. This can be 
explained by the origin of the vehicles. Most of the 
imported models were manufactured in North 
America. Due to the bumper regulations 
implemented in that region, vehicles manufactured 
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there tend to have lower pedestrian protection 
capabilities. 

 

 
Figure 11. Pedestrian Safety Assessment Results 

(Korean Manufactured Models and Imported 
Models) 

 
Figure 12 below shows the assessment results 
obtained from the vulnerable sections such as the 
bottom area of the front windshield(A2 – A5) and A-
pillar(A1, A6) of both Korean manufactured models 
and imported models. The bottom area of the front 
windshield is considered as an unsafe section for 
pedestrians because the crash pad is attached to it. 
Impact tests on the bottom area of the front 
windshield have been implemented from 2008 to 
2012 and the results have been analyzed. The 
analysis showed that this section produced high 
injury values.  Particularly, the head injury criterion 
(HIC) was mostly between 1,000 to 3,000. According 
to the analysis of test results, this area should be 
improved by installing pedestrian protection airbags.   

 
Figure 12. Pedestrian Safety Assessment Results 

(Bottom area of the windshield) 
 
Figure 13 shows the assessment results of the top 
area of the hood. The top area of a hood is considered 
to be hazardous to pedestrians because of a 
secondary collision with the internal engine structure 
and its closeness to the cowl top. Therefore, this 
section generates higher pedestrian injury values. The 
head injury criterion mostly ranges from 1,000 to 
1,500. An active hood system should be installed to 

enhance pedestrian protection capabilities of this 
section. 

  

 
Figure 13. Pedestrian Safety Assessment Results 

(Top area of the hood) 
 
KNCAP has used an integrated rating system since 
2013 instead of announcing the ratings of each 
assessment criteria individually. Particularly, 
pedestrian safety related assessments were enhanced 
so that tested models could not receive a five star 
rating if a certain levels of pedestrian protection 
capabilities are not achieved, unlike previous years. 
Moreover, the percentage of the pedestrian-related 
balance limit will be increased by 50%(2013), 60% 
(2015), and 65%(2017). Details are shown in Figure 
14 below. 

 

 
Figure 14. Pedestrian Safety Assessment 

 (Integrated Rating System) 
 

Discussion 
 
In 2011, Korea’s fatality rate from vehicle to 
pedestrian traffic accidents reached 39.2%. This is 
the highest among OECD countries. The Korean 
government has been endeavoring to improve 
pedestrian protection features. In 2007, it started the 
head injury criterion assessment for pedestrian safety 
assessment through its Korea New Car Assessment 
Program. It extended the assessment categories to leg 
injury risk assessments in 2008. A total of 54 vehicle 
models were assessed for their pedestrian protection 
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features from 2008 to 2012. Over the years, 
pedestrian protection capabilities of vehicles have 
shown noticeable but slow improvement, but they 
still remain unsatisfactory. In 2012, the average 
pedestrian protection rating of tested vehicles was 
13.4 points(of a maximum of 30 points) or 
appropriately 2.8 stars on a five star rating scale. 
The Korean government has adopted a new 
integrated rating system for pedestrian safety 
assessment in its New Car Assessment Program in 
order to encourage vehicle manufacturers to install 
a certain level of pedestrian protection features in 
their vehicles in order to receive a five star rating. 
 
Future Works 
 
Some vehicles are already equipped with active hood 
systems to enhance pedestrian protection abilities. In 
2012, a new vehicle model with a pedestrian airbag 
system was launched. The Korean government is 
developing assessment methodologies in order to 
access active pedestrian protection systems installed 
in vehicles. Once this research is completed, the 
assessment techniques will be announced, included 
and implemented in KNCAP.  

In the meantime, research is being carried out to 
develop the Flexible Pedestrian Legform Impactor 
(Flex-PLI) to satisfy Phase 2 of the Global 
Technical Regulations(GTR). Since Korea is a 
signatory to the GTR, once it amends its Phase 2, 
the Korean government will reflect and announce the 
changed technical requirements for its KNCAP. 
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ABSTRACT  
 
This study examines injury mechanisms among 
rear seated restrained child occupants between 9 
and 17 years of age using in-depth crash 
investigation. It was intended to determine whether 
current crash assessment protocols could be 
improved to better represent non-booster seat using 
children in the rear seat of cars. 
Rear seat occupants aged older than 9 years were 
recruited from 6 major NSW trauma and paediatric 
hospitals. A detailed review of injury mechanisms, 
crash and restraint factors and injury outcome was 
conducted.  
 
The case series consists of 20 occupants aged 9-17 
years, 14 were in frontal impacts, 5 in side impact 
and 1 rear impact. Three occupants used a lap only 
belt and the remainder used lap sash belts. 
Thoracolumbar spine, chest and abdominal injuries 
were the most common injuries in frontal crashes. 
Head and pelvic injuries featured in side impacts. A 
neck injury was present in a rear impact case. 
Thoracolumbar spine injuries were associated with 
lumbar flexion in combination with submarining; 
and with axial compression, caused by excessive 
chest loads. Abdominal and chest injury was 
associated with belt loading. In side impact, contact 
with intruding structures was the primary 
mechanism of injury. 
 
Although this case series is not representative of all 
rear seated children in crashes, the high proportion 
of thoracolumbar spine and abdominal injuries 
observed indicates a need for greater focus on 
preventing these injuries in older children using the 
rear seat. During vehicle crash testing, the inclusion 
of lumbar spine injury measures in dummies would 
allow for a greater understanding of the 
effectiveness of safety technologies in the rear seat, 
as would validated measures of abdominal injury. 
 
Dummy measurements in front seat assessment 
focus on head, neck, chest and femur loads. While 
protecting these regions is important for all 
occupants, this study has demonstrated other body 
regions that require assessment when addressing 
rear seat occupant protection. Further the majority 

of injury in this case series would not be captured 
using existing front seat dummy protocols. 
 
The results indicate different injury sources for rear 
occupants than reported for front occupants. 
Simply extending existing front seat assessment 
protocols to the rear seat may not adequately assess 
injury risk for older children in the rear seat. 
 
INTRODUCTION 
 
In-depth crash investigation studies have long been 
used to determine injury mechanisms and guide the 
development and ongoing evaluation of injury 
countermeasures through vehicle safety 
technologies.  
 
Changes in front seat safety systems over the last 
decade have improved protection offered to front 
seat occupants as compared with rear seat 
occupants [1-6]. The relative risk of injury to rear 
seat occupants compared to front seat occupants 
has been shown to be greater for occupants aged 16 
years and older, and also relatively greater in newer 
model year vehicles [1]. The addition of 
supplementary airbags and seat belt load limiters, 
as well as improved vehicle structural design, may 
explain improved relative protection offered to 
front seat occupants. 
  
While a significant amount of research has focused 
on injury prevention to children in dedicated child 
restraints [7-10], there is little published literature 
on in-depth injury mechanisms to rear seat 
occupants aged 9 and older. It is likely that injury 
types and mechanisms vary by age and crash 
direction, but this has not been documented. While 
a number of studies have highlighted commonly 
injured regions, there is a lack of detailed 
information on specific injuries and their associated 
mechanisms.  
 
The advocated seating position for children too 
large for booster seats is the rear seat. These 
children have no option other than the in-vehicle 
seat belt system, and problems faced by these 
occupants in achieving good seat belt fit and seated 
posture in most vehicles are well known[11-13]. 
The move towards inclusion of a 5th percentile 
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dummy in the rear seat of consumer crash testing in 
a number of countries may motivate vehicle 
manufacturers to address this issue. However, the 
assessment protocols being adopted for rear seated 
dummies mimic the protocols for front seated 
dummies. Injury mechanisms for older rear seated 
child occupants may differ from front seated adults. 
Using assessment protocols designed for 
optimizing protection of adult front seat occupants 
may not achieve the desired improvement in crash 
protection for older child occupants.  
 
This study examines injury mechanisms among 
rear seated restrained child occupants between the 
ages of 9 and 17 years using an in-depth crash 
investigation. The findings are discussed in terms 
of implications for crash test assessment protocols.  
 
METHODS AND DATA SOURCES 

  
Rear seat occupants aged 9 years and older were 
recruited from six major NSW trauma and 
paediatric hospitals as part of a larger study. 
Participants and drivers were interviewed, vehicles 
and crash scene inspected and medical records 
reviewed. The principal direction of force (PDOF) 
involved was estimated, the vehicle’s change in 
velocity (∆v) calculated and injury sources 
assigned from the data collected.  
A subset of occupants aged between 9 and 17 years 
was extracted for this analysis.  
 
RESULTS 
 
Rear seat occupant sample characteristics 
 
A series of 20 rear seated children aged from 9 to 
17 years were analyzed, from 17 crashes. The 
sample had an average age of 12.15 years and 
median age of 12 years. There were similar 
numbers of males (n=9, 45%) and females (n=11, 
55%). Further detail on each case is provided (see 
table 1). 
 
Restraint status 
 
Seat belt usage was noted and categorized into lap-
sash seat belts (n=17, 85%) and lap-only belts (n=3, 
15%). Of these 20 cases, 11 were seated in the rear 
left seat, 4 in the rear right seat and 5 in the rear 
centre seat. 
 
Crash characteristics 
 
Frontal impacts were most common (n=14, 70%), 
followed by side impacts (n=5, 25%) and rear 
impact (n=1, 5%). 19/20 cases were single impacts, 
and 1 case involved two impacts. Crash severity 
ranged from minor to severe, with ∆v varying from 
16km/h to 117 km/h, with an average of 49 km/h. 

 
Vehicles 
 
Vehicle model year ranged from 1989 to 2007 
(mean = 1999). 15 vehicles (88%) were 4 or 5 door 
sedans, hatchbacks or wagons. The remaining 2 
were a 2/3 door van and one four wheel drive 
vehicle (SUV).  
 
Injury Outcome 
 
The average injury severity score (ISS) was 9, and 
ranged from 1 to 29. The majority of maximum 
AIS (MAIS) scores for occupants fell into either 
the minor (MAIS 1 – 40%), moderate (MAIS 2 – 
15%) or serious (MAIS 3 – 40%) categories, whilst 
one was classified as severe (MAIS 4 – 5%). There 
were no fatalities in this sample. 
 
Injuries by crash direction - frontal impacts 
 
There were 14 cases of frontal impact. In these 
cases AIS 2+ injuries were most commonly 
observed in the thoracolumbar spine (n=5), 
followed by the chest (n=4), abdomen (n=3), head 
(n=2),neck (n=1) and pelvis (n=1). 
 
Thoracolumbar injuries were observed exclusively 
in frontal impact. One case involved a 13 year old 
occupant restrained with a lap-only belt. The 
occupant was seated in the centre-rear and 
sustained a L2 depressed superior end plate 
fracture. The remaining four cases involved 
occupants in 3-point seat belts. All cases had a 
component of spinal flexion with some cases 
having an additional component of spinal 
compression. There was evidence of associated 
head contact (AIS 1 head injuries) in all 
thoracolumbar cases. These injuries- a bleeding 
nose, scalp laceration, lacerated lip, chipped tooth 
and lip bruising- were ascribed to impacting with 
the front seat back. All cases of thoracolumbar 
injury to rear seat occupants, restrained by a 3-
point seat belt, occurred in crashes with Δv greater 
than 60 km/h. 
 
The primary mechanism for chest injury was 
loading from the seat belt, which was observed in 6 
of the 7 total (86%) chest injuries. The injuries 
ranged from a pneumothorax, a mediastinal 
haematoma, and multiple anterior and posterior rib 
fractures. The source of the other chest injury, 
involving posterior rib fractures, was less clear but 
may have been due to contact with the seat back 
support on rebound A total of 3 of the 4 chest 
injury occupants had either single or multiple rib 
fractures. 
 
Seat belt loading was attributed to all 5 abdominal 
injuries, which were sustained by 3 occupants 
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restrained with a 3-point seat belt. The injuries 
included liver and kidney lacerations, haematoma 
of the gallbladder, free fluid around the spleen and 
a duodenum contusion. 
 
One case of abdominal injury in frontal impact was 
a 12 year-old female seated in the nearside rear and 
restrained by a 3-point seat belt (Case #12). The 
change in velocity ∆v was calculated as 40km/h 
with a PDOF of 0º. The occupant sustained AIS 2 
and 3 thoracic injuries (left mid-clavicle fracture 
and right rib fractures 5-9 with bilateral 
pneumothoraces) and an AIS 2 abdominal injury 
(duodenum contusion) with associated lower 
abdominal abrasion. These injuries were all linked 
to interaction with the seat belt. 
 
There were two frontal impact cases with AIS 2+ 
head injuries. The first case involved a nasal bone 
fracture from a frontal impact with an occupant 
restrained in a 3-point seat belt. This was due to 
excessive forward torso displacement, possibly 
associated with torso rollout from the sash belt and 
subsequent contact with the B-pillar in a crash with 
a high change in velocity (Δv=62 km/h) oblique 
impact (PDOF=20º). The second case was a head 
on impact with a pole. The occupant was only 
restrained by a lap belt and sustained a nasal wall 
and orbital floor fracture from impacting another 
seat back (Δv=29.7 km/h, PDOF=0º).   
 
The final frontal impact case sustained a pelvic 
injury. The pelvic injury involved a right iliac crest 
fracture and was associated with loading from the 
seat belt webbing from a lap-only belt. 
 
 
Injuries by crash direction- side impacts 
 
Out of the 5 children involved in side impacts, 
there was one AIS2+ head injury. This was 
associated with the head striking the impacting 
vehicle. For four of these five cases, intruding 
structures (side door, a power pole and another 
vehicle) were the sources of injury. The other 
source of injury resulted from seat belt webbing. 
 
The apparent mechanism of head injury in side 
impact was by impact with an intruding external 
object- in this case another vehicle. The case was 
one of a child in an oblique side impact despite the 
presence of side curtain airbags (case #19). The 
occupant, a 12 year-old female, was seated in the 
nearside rear (struck-side) of a medium size 
hatchback. She was 153cm and weighed 32kg. The 
occupant was restrained by a 3-point seat belt and 
side (curtain) airbags deployed. The case vehicle 
was attempting to make a right turn from a two-
lane divided road at traffic lights when it was 
struck on the nearside by a heavy truck. The PDOF 

was estimated at -75º and was considered an 
oblique side impact. The Δv was calculated as 
28km/h. The maximum recorded intrusion was 
170mm at the cant rail. The occupant sustained a 
number of head injuries as well as numerous 
extremity contusions, abrasions and lacerations. 
Head injuries included a left parietal haematoma 
(AIS 3), left parietal bone fracture (AIS 2) and a 
subarachnoid haemorrhage (AIS 2). The curtain 
airbag should have prevented head contact with the 
external impact partner (truck), however the curtain 
airbag inflation pattern was estimated to cover only 
the most rearward 20% of the window area, with 
the remainder of the window covered by a non-
inflatable region of airbag fabric that provided no 
head protection. With an oblique impact, it is 
expected that the occupant would have travelled 
diagonally forward, missing the inflated region of 
the curtain airbag and contacted either the intruding 
vehicle or the window sill.   
 
Injuries by crash direction- rear impacts 
 
There was only one case of a rear impact with the 
10 year old occupant sustaining an AIS 3 neck 
injury, which was a complete bilateral dislocation 
of the facet joints of the C2 and C3 vertebrae. This 
was a severe rear impact (Δv = 57km/h, 
PDOF=150º). Although the mechanism of injury is 
not clear it was believed to be due to the occupant 
impacting with the C pillar as they were seated in 
the rear left. Other minor facial injuries- bruising of 
the left temple, left cheek and two broken teeth, 
support this assumption. 
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Table 1. 
Rear seat vehicle accident cases of occupant children aged 9-17 years.  

Case numbers labelled with an * had a head injury with an Abbreviated Injury Scale (AIS) score of 1 

Presence of AIS 2+ Injuries 

Case 
No 

Age Sex 
Vehicle 

MY 
Crash Type PDOF 

DeltaV 
(km/h) 

Seat Belt ISS 
Head 

Injury 
Neck 

Injury 
Chest 
Injury 

Thoraco-
lumbar 
Injury 

Abdominal 
Injury 

Pelvic 
Injury 

1* 10 Female 1995 Rear -150 56.8 Lap-sash belt 11 
 

X 
    

2* 15 Male 1995 Frontal 0 35.6 Lap-sash belt 6 
    

X 
 

3* 9 Male 2000 Frontal 5 117 Lap-sash belt 10 
      

4* 11 Female 2000 Frontal 5 117 Lap-sash belt 22 
  

X X 
  

5* 17 Female 2001 Frontal 0 N/A Lap-sash belt 29 
 

X 
 

X 
  

6* 17 Male 2001 Frontal 0 N/A Lap-sash belt 21 
  

X X 
  

7 13 Male 1989 Frontal 0 29.7 Lap belt 13 X 
    

X 
8 10 Male 2002 Struck side 30 N/A Lap-sash belt 2 

      
9* 11 Female 2000 Struck side -60 24.3 Lap-sash belt 2 

      
10 12 Male 2001 Frontal 60 39.7 Lap-sash belt 1 

      
11 14 Female 1994 Struck side 15 21.6 Lap-sash belt 1 

      
12* 12 Female 1998 Frontal 10 39.6 Lap-sash belt 17 

  
X 

 
X 

 
13 10 Female 1993 Frontal 20 62.3 Lap-sash belt 17 X 

  
X X 

 
14 12 Male 2005 Frontal 10 55 Lap-sash belt 1 

      
15 10 Female 2007 Struck side 30 18.3 Lap-sash belt 2 

      
16* 13 Female 1994 Frontal 30 67.4 Lap belt 5 

   
X 

  
17* 10 Male 1994 Frontal 30 67.4 Lap-sash belt 1 

      
18* 14 Male 2004 Frontal 0 36.5 Lap-sash belt 2 

      
19 12 Female 2006 Struck side -75 28.5 Lap-sash belt 10 X 

     

20* 11 Female 2002 Frontal 
#1: 90, 
#2: 0 

#1: 
16.1 

Lap belt 6 
  

X 
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DISCUSSION 
 
The key findings of this study indicate that 
thoracolumbar, chest and abdominal injuries 
occurred in rear seated children in frontal impacts. 
These injuries were primarily associated with seat 
belt loading. Head injuries were observed in both 
frontal and side impacts and were primarily 
associated with contacting rigid internal structures 
or the crash partner. For one severe rear impact 
case, neck and minor head injuries were found. 
 
For frontal impacts, the primary mechanism of 
injury was loading from the seat belt. The results of 
this work suggest a need to control loads exerted on 
the pediatric chest from the seat belt, and to design 
countermeasures to reduce abdominal injury. 
 
The high incidence of chest injuries to rear seat 
occupants is consistent with a number of studies of 
NASS-CDS for adults [2, 6]. However, previous 
studies have reported an absence of chest injury to 
children restrained with a lap-sash seat belt [14]. In 
contrast the results of this study reported AIS 2+ 
chest injuries in 15% of rear seated children aged 
9-17 years wearing a lap-sash belt; further 
demonstrating the need to control belt loads on the 
chest of rear seat occupants. 

Abdominal injuries in frontal impacts were also 
commonly observed, and all were directly 
associated with seat belt loading. Younger 
occupants have been shown to have the highest risk 
of abdominal injury [15] and are commonly 
reported in studies of rear seated children in mass-
crash databases [14, 16, 17]. These results 
demonstrate the need to address abdominal injuries 
in the rear seat for older children that are not using 
booster seats to control belt geometry.  

There were a number of thoracolumbar spine 
injuries from frontal impacts (25%) in this case 
series. Lumbar spine injuries resulting from 
children using lap-only belts, such as the single 
case reported in this study, have been commonly 
observed [18]. Lumbar spine injuries have also 
been observed in children using 3-point seatbelts, 
particularly when the occupant submarines under 
the lap belt [15, 17]. The presence of thoracic and 
lumbar spine injuries in restrained adults has been 
reported to increase with ∆v greater than 50 km/h 
[19]. This pattern was consistent with our case 
series of rear seated children where ∆v varied from 
62-117km/h for thoracolumbar injuries. Although 
thoracolumbar spine injuries have previously been 
shown to be rare in restrained front seat occupants 
[19], this study has shown a relatively high number 
of this injury type for rear seated child occupants 
and demonstrates a need to address thoracolumbar 
spine injuries for this group.  

 
Head injuries withan AIS 2+ were observed in rear 
seat occupants in both frontal and side impacts. 
They were all associated with contact with rigid 
side structures such as the B pillar, seat back or the 
impact partner. Methods introduced in the front 
seat, such as side curtain and thoracic airbags have 
the potential to reduce injury to such occupants, but 
full coverage of the rear window area is needed. 
 
Implications  
Regulatory control of the rear seat is limited to the 
requirement of 3-point seat belts in all (or nearly 
all) seating positions in most jurisdictions. In 
Australia, there are currently no performance 
requirements for rear seat dummies in the 
consumer test program, Australasian New Car 
Assessment Program (ANCAP). The Japanese New 
Car Assessment Program (JNCAP) recently 
introduced the Hybrid III 5th% adult female into the 
rear seat of the offset frontal impact test. Injury 
measures assess head, neck chest and abdominal 
injury. The assessment of abdominal injury is based 
upon whether the lap belt slides over the pelvis and 
penetrates the abdominal cavity. JNCAP also 
includes a static assessment of the rear seat that 
analyses the position of the upper seat belt 
anchorage. The European New Car Assessment 
Program (EuroNCAP) assesses the performance of 
the rear seat environment, but this is currently 
limited to head and chest injury measures in an 18-
month old and 3 year-old dummy restrained in a 
dedicated child restraint. EuroNCAP have 
announced that they will begin to assess rear seat 
protection with a 5th percentile Hybrid from 
2014[20]. 
 
The results from this study suggest that there is 
potential benefit in following the lead of JNCAP to 
include a dummy in the rear seat that is restrained 
by the adult seat belt, such as the Hybrid III 5th% 
adult female. The Hybrid III 5th% adult female 
approximates a 12 year-old child in stature, and 
while the age distribution of the occupancy of the 
rear seat isn’t clear in Australia, the 5th% adult 
female allows the assessment of injury to both 
older child occupants and small elderly occupants. 
These two occupant types have been identified by 
this research and others [4] as groups that require 
improved protection in the rear seat.   

Thoracolumbar spine injuries appeared quite 
frequently in this small sample, despite the use of 
3-point seat belts. The inclusion of lumbar spine 
injury measures in dummies would allow for a 
greater understanding of the effectiveness of safety 
technologies in the rear seat. Abdominal injury was 
also commonly observed in rear seat occupants, 
particularly in younger occupants, and more robust 
injury measures need to be developed beyond the 
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current measures of simply whether the lap belt 
penetrated the abdomen. This is certainly one area 
in which substantial research needs to be 
conducted, as work to date has focussed on child 
dummies for assessment of dedicated child 
restraints. Additionally, studies have recommended 
reducing the rear seat cushion depth to better 
accommodate rear seat users [11, 12], and to reduce 
the likelihood of a child choosing a slouched 
posture, which results in poor initial belt position. 
 
 CONCLUSION 
 
This study has demonstrated that there are common 
injury mechanisms for rear seated older children 
that are likely to be amenable to prevention by 
improved rear seat and belt design, together with 
injury countermeasures to minimise head injury 
risk, such as curtain airbags. The results support the 
need for consumer and or regulatory consideration 
of the rear seat environment. 
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ABSTRACT 

The GRSP informal group on child restraint 
systems (CRS) finalised phase 1 of a new 
regulation for the homologation of CRS . This 
regulation is the subject of several discussions 
concerning the safety benefits and the advantages 
and disadvantages that certain specific points may 
bring. However, these discussions are sometimes 
not based on scientific facts and do not consider the 
whole package but only single items. Based on the 
experience of the CASPER partners in the fields of 
human behaviour, accident analysis, test 
procedures and biomechanics in the area of child 
safety, a consideration of the safety benefits of 
phase 1 of the new regulation and 
recommendations for phase 2 will be given. 

INTRODUCTION 

The United Nations Economic Commission for 
Europe (UNECE) started in 2008 an Informal 
Group of GRSP in order to develop a new 
regulation for the homologation of CRS that should 
replace in the medium to long term the current ECE 
Reg. 44. Composed of experts from different parts 
of the world, it was set up in order to regroup and 
integrate as much as possible the knowledge and 
points of view of the different actors in the child 
safety chain. The main objective of this informal 
group is to consider the development of a new 
regulation for “Restraining devices for child 
occupants of power-driven vehicles” for 
consideration by GRSP. This is done using a step 
by step approach. During phase 1 the development 

of the definitions, the performance criteria and the 
test methods for ISOFIX Integral - “Universal” 
CRS - status was proposed. After general 
acceptance by GRSP a phase 2 concerning ISOFIX 
CRS non integral, in which the child is restrained 
by the adult safety belt, should be set up. Then if 
necessary a phase 3 would consider the other types 
of CRS. 

The starting points for the activity of this group are 
the following observations: 

- CRS are often not used correctly 
- Incompatibility between car and CRS exists 
- No lateral impact protection capabilities are 

required in current regulation 

The work has been based on the most recent results 
that have been provided by pre-reglementary 
working groups such as EEVC WG12 and WG18 
and research projects in the child safety areas.  
During phase 1 two projects were still in activity 
and regular reports of work advancement were 
made by project leaders, in order that findings were 
integrated in the proposal;  

These two projects were: 

- EPOCh (Enabling Protection for Older 
Children) with the objective to produce a 10/12 
year old prototype dummy, to extend the NPACS 
testing and rating protocols for older children and 
to make proposals for Q10/12 dummy use in UN-
ECE Regulation.  
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- CASPER (Child Advanced Safety Project for 
European Roads) to improve the rate of correctly 
restrained children by the analysis of the reasons 
and consequences of the conditions of 
transportation of children, both on scientific and 
sociological aspects, and to improve the 
efficiency of child protection devices. To reach 
these goals, a consortium of 15 partners from 7 
countries, all recognized in the area of child 
safety, has been set up. This project has 
integrated the results of previous research works 
from the CREST and CHILD projects. This 
project is partially funded by the European 
Commission and is registered under the reference 
FP7-SST-2007-RTD-1 - GA no.: 218564. Its 
activities cover a large number of subjects 
around child safety such as field data, (accident, 
misuse surveys, parents point of view), test data 
of different configurations, activities on dummies 
and associated equipment, and a large effort in 
the modeling of dummies and of child human 
body. Each time it has been required, the group 
has been collaborating with the GRSP informal 
ad-hoc group on CRS. Its main inputs were field 
data, dummy experience and test procedure 
works. 

Based on objective research results of the CASPER 
project and its predecessor projects CHILD and 
CREST, the current situation regarding child safety 
in cars is described in this paper from the point of 
view of the CASPER consortium. These results are 
the input for an estimation of safety benefits of the 
new proposal and recommendations for the next 
phase of the activity. 

FIELD OBSERVATION 

Accident data 

For this section French and German data have been 
used. The first sample is about a French fatality 
study, the CASIMIR project (more details available 
below) and for Germany GIDAS (German In-
Depth Accident Study) and National data have 
been used. Figure 1 shows the distribution of killed 
children as car occupant in Germany and Sweden 
by age. It is obvious that children with an age of 1 
year old are of greatest risk in Germany while this 
peak is not visible in Sweden. It is expected that 
this peak results from too early change from rear 
facing to forward facing CRS in Germany. This 
change is happening in Sweden much later, i.e. 
with an age of 2 to 4 years. However, the national 
data used for this analysis is too general to prove 
this theory.   
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Figure 1.  Killed children as car occupants 
dependent on age in Germany and Sweden. 

CASIMIR (Child Accident Study Investigation 
Mortal Incidents on the Road)  

This study conducts an exhaustive analysis of road 
accidents where children have been killed as car 
passengers. It is based on an analysis of all police 
reports on such accidents occurring during a two-
year period (Oct 2001 – Sept 2003) in France. Its 
aim is to determine the main typology of accidents 
leading to child car occupant fatality. A larger 
description of the study and of the results of the 
analysis is given in a paper dedicated to the fatality 
studies in the Protection of Children in Cars 
conference 2011 by Kirk et al. [Kirk, 2011]. 

Data on 206 fatally injured children aged less than 
12 years old are available. Among them, 57% used 
a restraint system and 31% were not restrained. The 
information was unknown for the remaining 12%. 
Field studies conducted in France on the same 
period find that more than two thirds of children 
were not correctly restrained while traveling in 
cars, which reduces considerably their level of 
protection [D09 annex5 CHILD project]. The 
distribution of the type of impact for the 206 
children is shown in Table 1. 

In the CASPER project, one of the tasks was to 
evaluate the existing test procedures in different 
impact configurations. Frontal impacts remain the 
primary accident configuration in terms of killed 
children with approximately one third of the total, 
followed by side impacts that represent 28% of the 
total and roll-overs / tip-over with a total of 18%, 
which is not negligible. The focus has therefore 
been on these three types of impacts. For rear 
impacts and the category “others” which is mainly 
composed of unusual situations, such as falls into 
rivers, fire, rock falls, etc., the sample is too small 
to be able to analyze it in detail. In addition, the 
fact that only 4% of children are killed in rear 
impacts shows that it is not a priority to enhance 
the protection of children on this type of impact, 
existing specification in ECE R44 seems sufficient 
on that point. 
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Table 1.  
Distribution of fatally injured children according to the type of impact 

Impact type Frontal Side Roll over Rear Multiple Others 

Nb children 70 58 38 8 7 25 

% 34% 28% 18% 4% 3% 12% 

The estimation of the quality of use of CRS is 
always difficult when it’s only based on the 
analysis of police reports. Nevertheless, it has been 
possible to determine that of the 206 children killed 
as car occupants, 99 children were using an 
appropriate CRS, among which 66 have shown no 
evidence of misuse. This makes a maximum rate of 
32% of children correctly restrained, knowing that 
this figure is over-estimated. The distribution is 
shown on Figure 2.  

killed children per quality of restraint use

31%

17%
16%

31%

5%

not restrained

inappropriate

appropriate (misuse=
yes + unknown)

correctly restrained

unknown

 

Figure 2.  Distribution of restraint use for killed 
children (n=206). 
Note: “inappropriate” considers the CRS selection 
only while misuse addresses the incorrect use of a 
CRS. 

Frontal impact: Analysis of the characteristics of 
the crashes according to the type of impact shows 
that 34% of the children were killed in frontal 
impact although two thirds of them used a specific 
restraint. To quantify the crash severity in frontal 
impact experts decided to use the EES (Equivalent 
Energy Speed) which is a translation of the energy 
absorbed by the car during the crash. An estimated 
method is used based on comparing structural 
deformations of the case car to with the ones 
sustained during crash-tests.  

Looking at the main reasons of fatality of children 
in frontal impacts, the first cause (32%) is the fact 

that they are unrestrained. Then comes that 23% 
use an inappropriate and/or a misused restraint 
system, keeping in mind these are the cases with 
such evidence available in the police report. This 
makes a total of 55% of the killed children in 
frontal impact that were not properly restrained and 
that was estimated to be the cause of death. For the 
other 25% of children killed in a frontal impact as 
car occupant, the crash severity was far above the 
design criteria of cars and CRS (EES>=75 km/h) 
and following that somehow not survivable and 
was considered as the main reason of death.  

Additional analysis for frontal impacts:  

In order to be able to have a better view on restraint 
conditions for children killed in frontal impacts, a 
second phase of the CASIMIR project has been 
initiated in the task 3.2 of the CASPER project. It 
consists of a similar approach for all fatal accidents 
that occurred between 2005 and 2010. During this 
period, some of the fatal cases have been 
investigated in depth by experts in accidentology 
with, when possible, a close look to the restraint 
systems of all occupants and an analysis of the 
structural deformations of vehicles. Only the cases 
of frontal impacts fully documented in this way are 
reported in the present paper. 

The sample is composed of 28 children involved in 
a frontal impact. They are all restrained and 26 of 
them are using appropriate restraint systems 
regarding the French law. For 21 children the 
frontal impact occurs against another passenger 
vehicle, for 5 against a tree or a pole and for the 2 
remaining, they sustained their impact against a 
very high weight vehicle.  

Concerning the EES, it is estimated equal or over 
65 km/h in 17 cases (including 11 >=75km/h) and 
in 11 cases it is estimated under 65km/h. Of these 
last 11; misuse situations have been observed in 6 
cases and it is unknown for 2 cases. Of the 3 
remaining cases, no evidence of misuse has been 
observed. It has to be said that such severe crashes 
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are not numerous but their investigation brings 
interesting data for projects such as CASPER, for 
which extreme loading conditions are often useful 
to determine injury criteria. This analysis confirms 
the statement made in the first phase of CASIMIR 
for frontal impact: improving the use and the 
quality of use of restraint systems is the first 
priority in frontal impact.  

Side impact: Returning to the CASIMIR results, 
28% of the fatalities occurred in lateral impact. In 
contrast to frontal impact, misuse or inappropriate 
CRS was in most cases not the reason for the 
fatality and improvements of CRS dynamic 
behavior would result in a larger benefit than for 
frontal impact. To better assess effectiveness of 
protection devices, children killed in side impact 
were put into 2 categories: the ones with intrusion 
at their initial seating position 72% (n=42), and the 
ones with no intrusion, even if seated on the struck 
side 28% (n=16). 

For children in the area of intrusion, 34 were 
restrained. For 21, the intrusion value is higher than 
450 mm, which makes the accident difficult to 
survive especially with protection devices designed 
before 2003 (end of the period of the study). 8 
children were not restrained and were killed by 
projection inside the vehicle or by ejection from the 
car. 6 others sustained an impact with a rigid part 
of the car interior and 3 were ejected because of an 
incorrect use of their restraint systems. 

For the 16 children with no intrusion, the main 
fatality reasons are impact in vehicle and non use 
or misuse of restraint systems. 

Roll-overs: the rate of use of restraint system of 
children killed in roll-over and tipover is low 
compared to the other crash configurations with 
only 24%. For 68% of the sample, ejection is the 
reason of fatality. For an additional 10% of 
restrained children, the reason of death has been 
attributed to the lack of correct use of an 
appropriate restraint system. One can say that most 
of these fatalities might have been avoided with the 
correct use of a restraint system. The priority to 
reduce the number of the children killed in roll-
overs is clear: to get them properly restrained. 

Of course, in this kind of study, the analysis is 
limited by the lack of homogeneity in the quality of 
police reports (lack of photos, quality of data 
related to children,etc.). That is why some 
complementary works have been initiated, focussed 
on frontal and side impacts with in depth 
investigations conducted. The evaluation of the 
quality of restraint is always difficult as the absence 
of evidence of misuse does not mean that the 
restraint system is correctly used. Unfortunately 
very few medical data were available for the study 

as autopsy is not usual in France for children killed 
in cars, so clear indications on the body segments 
and injury mechanisms are not available, except 
that head impacts often occur. This study is only 
representative of the French situation, but very few 
data with so many details are available elsewhere 
for the moment. 

Representative real world data (GIDAS) 

This part of the paper is based on the GIDAS 
(German In Depth Accident Study) database. The 
areas of data collection are Hannover and Dresden 
and their relative surrounding areas. In the sample a 
minimum severity level is guaranteed: to have the 
accident data collection team activated, it is 
necessary that at least one person gets injured in the 
accident. The team then goes on the scene and 
collects the data for all vehicles and all occupants 
involved, and also collects data on the 
infrastructure. Collected accidents are 
representative of the German situation and their 
annual numbers correspond approximately to 1% of 
the total German accidents. 

The sample of the current study is composed of the 
accidents involving children less than 12 years of 
age as car passengers between 1999 and 2008. 
Only accidents against cars, objects and lorries 
were considered. Figure 3 shows the distribution of 
injury severity for children involved in accidents 
according to the type of impacts. Of 894 children, 
417 are involved in a frontal impact, 249 are 
involved in a side impact (145 on the far side, 104 
on the near side) and 228 in a rear impact. The 
number of children injured at the MAIS 3+ level is 
low and indicates that the protection level is 
globally high in Germany, where nearly all children 
are restrained when travelling in cars. 
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Figure 3.  Injury level per impact direction. 

In order to go further in the knowledge of the level 
of protection of children, the crash severity is an 
important parameter. For frontal impact, it has been 
possible to determine for all cases of the sample a 
delta-V, that is the corresponding change of speed 
of the vehicle during the accident. The distribution 
of delta-V and the corresponding injury level for 
children involved in frontal impacts is shown in 
Figure 4. Looking at injury severity, it appears that 
the safety level guaranteed by the current 
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regulation seems satisfying for most of the 
accidents in frontal impacts and that its frontal test 
severity represents more than 80% of the frontal 
impact accidents. The case by case analysis of the 5 
MAIS3+ cases showed that the cause of injuries are 
accidents with a severity that is out of the scope of 
car design (e.g., small overlap accident with a lorry 
that intrudes from the front up to the rear seat) or 
misuse of restraint systems has occurred.  

73 73

48

19
7 4

25
38

72

27

15
7

0
4

3

2
0

0

0
0

0

0

20

40

60

80

100

120

140

DV <10 DV 11 -
20

DV 21 -
30

DV 31 -
40

DV 41 -
50

DV 51 -
60

DV > 61

no
. o

f c
hi

ld
re

n 
[-

]

uninjured MAIS 1 - 2 MAIS 3+

 

Figure 4.  Injury level per delta-v in frontal 
impacts. 

Use of CRS 
For the CASPER project a field study was 
conducted at different places in Europe. The aim of 
this part of the project was on the one hand to get 
an update of misuse behaviour and to see its 
development during the last years, and on the other 
hand this study allows a comparison of child safety 
behaviour in different regions. Detailed results 
were reported in CASPER deliverable D3.1.2 (PU), 
“Report on misuse and relative tests “ – 2012,   
and published [Müller 2012], the main findings are 
summarized below. 

The interviews took place in Naples, Berlin, 
Hannover and Lyon and surrounding areas and 
were divided into two parts. The first one was the 
observation of the securing situation of the child in 
the car and its assessment; the second part was a 
short interview with the car driver.  

Only about one third of the children were secured 
correctly. Compared to older misuse studies it has 
to be realized that the rate of misuse stays constant 
in the last 15 years. There are more problems with 
the securing of the child in the CRS than with the 
installation of the CRS in the car but looking at the 
types of misuse related to the installation of the 
CRS in the car, the most common problems are car 
belt path, and the lack of shoulder belt guide use in 
a class 2/3.  All of these misuse conditions are very 
critical and could lead to serious injuries if an 
accident occurred.  

An important effort is still needed to solve the issue 
of misuse of CRS. Problems related to the CRS 
installation could be addressed by the use of 

ISOFIX CRS but the ISOFIX usage rate was 
extremely small in the sample. However, ISOFIX 
fixation would not prevent misuses related to the 
securing of the child in the CRS, which is the most 
common type of misuse. 

Sociological observations 

In the CASPER project, one of the tasks is to 
provide a sociological overview to understand the 
safety practices concerning the child environment 
during car transportation. The main objective is to 
define the issues relating to child safety and to 
show the social factors which can affect the car 
transportation of children aged between 0 and 10 
years in everyday life. Therefore a sociological 
research protocol was designed to investigate the 
way CRS are used and to understand parental 
attitudes, habits and behaviours, and also to 
evaluate their safety knowledge and representation 
relating to children transportation in cars. 
Methodology and results obtained in the CASPER 
project have been presented  in workshops 
[Krishnakumar 2010] and they are reported in 
detail [Guillaume 2012, Langlois 2011]. 

The first point is that there is a big disparity in the 
weight of children according to their age. This 
leads to situations that are not optimum in terms of 
protection of children: for example, between 0 and 
9 months of age, 40 % of the children weight 
between 9 and 13 kg and can legally travel in a 
forward-facing system. The disparities are also 
important amongst the 10 year old children 
(variation from 19 to 36 kg). Globally about 27% 
of the children were not using the appropriate 
restraint system according to their weight. The 
choice of the restraint systems is recognized by 
parents as one of the problems, it is illustrated even 
in the smallest category of CRS with 45% of the 
children weighing less than 9 kg already 
transported forward facing, which represents a high 
risk for them of sustaining cervical spine injuries in 
case of a crash. Globally, parents tend to change 
the restraint systems as soon as their children have 
reached the lower limit of weight of the next size 
category: 30% of children weighing between 14 
and 18kg are using a booster system while a 
harness type that is still approved for this weight 
category would be more appropriate to protect 
them. Finally, a large number of parents declare 
that their children are only using the adult seatbelt. 
It can be noticed that 12.5% of children are using 
the car belt as an inappropriate system according to 
their weight, although it is recognized that height 
considerations have an influence for these children 
as well. 

Parents are lost and need to be guided: Even if 
nearly half of them think that they never mistake 
the way they use restraint systems, about a quarter 
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have the feeling that they are doing something 
wrong but they are not able to say what. Parents 
from the last quarter know that they are making 
misuse especially with the seatbelt route to restraint 
the CRS, but only 2% of the parents in the sample 
had ISOFIX and 60% of them did not know about 
ISOFIX. In the focus groups, only 8% of the 
participants responded that they knew what 
ISOFIX is. 

CAR-TO-CRS INTERFACE 

The study on the car-to-CRS interface within this 
paper is limited to the bench geometry as this is key 
for the paper. More details on the subject can be 
found in the CASPER deliverable D4.6 
“Assessment of solutions to improve the restraint 
conditions of children in vehicles” – Longton & al, 
2012.  

The geometry of car seats is crucial for CRS 
compatibility. The angle between seat cushion and 
backrest is especially important for forward facing 
CRS with fixed backrest angle. In addition the 
cushion angle is important too. The latter one 
defines for example the backrest angle for rear-
facing CRS which influences ergonomic issues of 
babyshells on the one hand, and dummy readings 
according to ECE R44 and Euro NCAP on the 
other hand. 

The angle of the seat cushion ranges from 1° to 29° 
with a mean value of 14°, see Figure 17. The 
differences between front passenger seats, rear 
outer seats and rear centre seats are minor with 
respect to the interval +/- σ. 
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Figure 5.  Seat cushion angle (angle between CR 
point and front edge of seat cushion) observed in 
today’s cars. 

As the backrest angle is normally adjustable for the 
front passenger seat, only rear seats were taken into 
account for analysing the angle between seat 
cushion and backrest. The angle between seat 
cushion and backrest varies between 83° (outer 
seat) and 115° (centre seat) with a mean value of 
99° for the outer seats and 101° for the centre seats, 
see Figure 18. 
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Figure 6.  Angle between seat cushion and backrest 
in the second seating row. 

For CRS with support leg, the distance between 
ISOFIX anchorages and the front end of the seat 
cushion and the necessary support leg length is also 
important. The seat cushion length varies between 
350 mm and 590 mm in the rear outer positions, 
see Figure 20, and from 460 mm to 570 mm in the 
front passenger seat position. The mean values are 
506 mm and 520 mm for the rear outer seats and 
the front passenger seat, respectively. 
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Figure 7.  Assessed distance between ISOFIX 
anchorages and front end of the seat cushion. 

The distance to the floor as shown below is 
assessed perpendicular to a line between ISOFIX 
anchorages and front end of the seat cushion in a 
distance of 585 mm from ISOFIX anchorages. The 
distance varies in the front passenger seat from 260 
mm to 425 mm and in the rear outer positions from 
285 to 510 mm, see Figure 21. 
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Figure 8.  Assessed distance to floor. 
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NEW REGULATION FOR 
HOMOLOGATION OF CRS 

Based on the initiative of France, GRSP started in 
2008 an Informal Group on CRS in order to 
develop a new regulation that should replace ECE 
Reg. 44. This group has completed its phase I 
addressing ISOFIX integral CRS for universal use 
(comparable with current groups 0, 0+ and I).  

 
Phase II is focussing on booster CRS with ISOFIX.  
The most important differences between ECE Reg. 
44 and the new regulation are summarised in Table 
2. 
The new regulation does not only address items for 
CRS but requires also modifications for the car 
homologation according to ECE Reg. 14 and 16. 

Table 2. Most important differences between ECE Reg. 44 and New ECE Reg. 

Item ECE Reg. 44 New ECE Reg. 

CRS homologation types Universal, semi-universal, restricted, 
vehicle specific 

Universal (called i-size), vehicle specific 

CRS classes Fixed weight classes  CRS manufacturer defines the suitability of 
the product based on the child’s stature  

Requirements for CRS 
orientation 

CRS classes 0 and 0+ may not be used 
FF 

Children up to 15 months old may not be 
FF 

Anti rotation device ISOFIX TopTether universal for group I FF, 
TopTether for other CRS and support leg 
semi-universal  

TopTether and support leg universal with 
special criteria for the support leg  w.r.t. 
position in car X and Z orientation  

Test bench 

relatively soft bench foam  relatively stiff bench foam 

Test procedure frontal impact 

generel test layout similar, differences exist w.r.t. test bench, dummies etc.  

Dummy criteria frontal impact Head displacement < 550 mm (500 mm 
for ISOFIX, 600 mm RF), a3ms chest < 
55 g; a3ms chest Z < 35 g 

Head displacement < 500 mm (700 mm 
RF); HPC < 600 or 800; a3ms head < 75 g 
or 80 g; a3ms chest < 55 g 

Test procedure rear impact  For RF CRS For RF CRS test conditions comporable to 
R44 except test bench, dummies etc. 

Test procedure roll over Quasi static roll over along X and Y axis Quasi static roll over along X and Y axis, 
comporable with ECE R44 

Test procedure lateral impact No test Test procedure with flat door and linear 
intrusion 

Child dummies P dummies (P0, P3/4, P1.5, P3, P6, P10) Q dummies (Q0, Q1, Q1.5, Q3, Q6, Q10 in 
preparation) 

Geometric requirements for 
space for the child (internal 
dimensions) 

P dummies  Geometrical checks considering 5th and 
95th percentile of seating hight, shoulder 
hight, shoulder width, pelvis width  

Geometric requirements external 
dimensions 

For ISOFIX CRS different CRF (F1, F2, 
F2X, R1, R2, R3, L1, L2) 

Universal maximum F2x (B1) or R2 (D) 

Chest clip Not allowed Not forbidden 
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ESTIMATION OF SAFETY BENEFITS 

Mandatory ISOFIX use for integral harness 
CRS 

The new regulation requires installation of CRS by 
ISOFIX only for CRS of the integral harness group. 
The mandatory use of ISOFIX addresses part of the 
identified misuse (CRS installation misuse). 
Following that it is expected that the new 
regulation will improve the quality of restraining 
children in cars and thus improving safety. 

CRS orientation 

The area of main focus for CRS orientation is the 
change from rearward facing CRS to forward 
facing and specifically when this occurs.  

 Parent/Carer habits Anecdotally parents and 
carers often appear eager to move their children 
into forward facing CRS as soon as possible, citing 
the lower 9kg limit of the 9kg to 18kg Group (I) as 
a target rather than the upper 13kg limit of the 
Group 0+ seat they are already using. Supporting 
this, the results from the survey show that 45% of 
the children in the weight band of “less than 9kg”, 
in the response group, are already forward facing. 
Then in the 9-13kg group only 15% are rearward 
facing. Regarding road accidents, at least 30% of 
the restrained children in their first year in the 
CHILD road accident database (D12A: Overview 
of the CHILD Accident Database and Analysis, 
2006, EC CHILD Project) are forward facing. This 
dataset is not representative of the overall crash 
population due to serious injury sampling (although 
slight injuries in high crash severity are included) 
but it is another indication that early transfer to 
forward facing does occur before age 1, or rather it 
is likely to be early with reference to the upper 
13kg limit of group 0+. 

 Anatomical aspects Away from legislation and 
field data results it is important to examine just 
why it is a sound concept for young children to be 
traveling rearward facing, in particular when 
involved in frontal collisions. The head of a new 
born is 10-15% of its body weight, whereas for an 
adult it is 2-3%, so proportionally much heavier 
[Case, 2003]. The fontanelles of the skull are soft 
in young children (closing over from approximately 
18 months to 2 years of age due to ossification) and 
the sutures take further time to close into 
adulthood. For a baby, the neck vertebrae are 
separate portions of bone joined by cartilage. 
During the first years of the child’s life this 
cartilage turns into bone, with development 
continuing to puberty. The muscles and ligaments 
also develop during this time whilst the vertebrae 
develop a saddle shape rather than the flat shape of 

early childhood. Extra flexibility in the child’s 
spine leads to an increased possibility of damage to 
the spinal cord [Volvo, 2004]. The process of bone 
development in the cervical spine is not uniform all 
along the cervical vertebras, important to consider 
in the development of CRS in order to limit the 
loads that are applied on the neck until the 
vertebras are solid enough to prevent the cervical 
spine from being damaged [Yoganandan, 2011]. 

This leads to a proportionally large head, with a 
skull that is still developing in strength, supported 
by a soft, flexible neck that is still developing in 
strength. It is therefore advantageous to support 
both the head and torso to reduce load on the neck, 
using a rearward facing shell system. This 
arrangement also provides greater protection 
against head contact for a still developing and also 
thinner (than an adult) skull, whilst generally 
spreading crash forces over as large an area as 
possible. Compared to forward facing with a 
harness in a frontal collision, this distribution of 
loading also benefits the protection of the 
undeveloped pelvis and the abdominal organs. 

 Safety risks from early change An early 
change increases the possibility of the anatomical 
aspects above leading to injury, particularly in 
frontal impacts, whilst the physically smaller body 
of the child can increase the possibility of the 
shoulders escaping the harness straps. It is therefore 
important to encourage parents to keep children 
rearward facing as long as practically possible. 

 Recommended age for change In the proposed 
new regulation, with the use of a ‘0-15 M’ label 
indicating only rearward facing and not forward 
facing installation and "IMPORTANT - DO NOT 
USE FORWARD FACING BEFORE THE 
CHILD'S AGE EXCEEDS 15 months (Refer to 
instructions)" for forward facing CRS the message 
to parents and carers is clear that the criteria for 
change is 15 months.  

In R44, whilst Group 0+ is “less than 13kg”, the 
Group 1 lower limit of 9kg indicates a lower 
criterion for change. According to UK-World 
Health Organisation growth charts 
(http://www.rcpch.ac.uk/child-health/research-
projects/uk-who-growth-charts/uk-who-growth-
charts) at the 50th centile, 9kg equates to 12 months 
for girls and just under 10 months for boys. At 15 
months, between 50% and 75% (nearer the 25th 
percentile) of girls are already 9kg and 
approximately 91% of boys (these are the nearest 
centile lines on the charts). If parents are currently 
changing at 9kg the new regulation would give a 
greater length of time rearward facing for the 
majority, compared to R44. Conversely, at the 50th 
centile, 13kg equates to just under 32 months for 
girls and just under 29 months for boys. At 15 
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months, between 98 to 99.6% of girls are below 
13kg, the same for boys. If parents are currently 
observing the upper 13kg limit of Group 0+ the 
new regulation would promote change too early, 
compared to R44 limits. Although, in reality, the 
child’s head starting to extend above the restraint is 
currently often the real upper limit rather than 
13kg. 

Overall, 15 months equates to around 9.5kg at the 
50th centile for girls and around 10.3kg for boys. In 
terms of child weight it could therefore be said that 
the new regulation is not moving the situation 
forward a large amount but using age instead of 
weight does offer practical advantages, that could 
be large. Parents and carers know the child’s age, 
whilst weight is sometimes not known as the child 
moves away from being medically seen so often, or 
can easily be measured incorrectly at home. Also, 
although proof would still be required, enforcement 
should be easier by age rather than weight. In the 
same way, peer pressure may also play more of a 
part as age of a child will be more transparent to 
friends and family than weight.  

Using the UK-WHO data, the 98th centile line for 
15 month old girls falls at 83cm length, between 
98th and 91st for boys. The new regulation states 
that the rearward facing CRS must accommodate at 
least a child with a stature of 83 cm, so it appears 
that at 15 months fit should not be a problem for 
the majority of children, according to this height 
dataset. A child’s height is usually slightly less than 
their length. 

 Accident database An analysis of the CREST 
and CHILD road accident database was performed 
at the beginning of the CASPER project in order to 
make a recommendation of the age to switch 
children from rearward to forward facing, based on 
in depth investigations of restrained children. This 
database is not statistically representative of the 
real word but only of more severe accidents with 
restrained children in cars. It contains a higher 
proportion of injured children because its first aim 
is to characterize injury mechanisms and to 
produce a sufficient number of cases that physical 
reconstructions in crash test laboratories can lead to 
the construction of injury criteria. 

In case of a head contact, the loads applied onto the 
cervical spine are different to non contact, with 
different injury mechanisms. In the database 
sample, it has been necessary to determine case by 
case the presence or not of a head contact. In some 
cases it is indicated by the accident investigator or 
because of the presence of a contact injury to the 
face or to the head, but in some other cases, nothing 
indicates if the child had a contact with a part of his 
body or with the car interior. Considering these last 
cases, only one accident with severe neck injury 

has been observed for a child older than 15 months 
of age (for an 18 month-old child). A lower limit of 
15 months to install children forward-facing seems 
to properly cover the majority of the cases that are 
known for the moment. In addition, the new 
regulation does not forbid designing systems that 
can be used rearward facing for a longer time than 
15 months. 

Support leg as universal anti-rotation device 

Currently (within ECE R44) CRS with support legs 
are considered as semi-universal child restraint 
systems. Following that the CRS manufacturer 
needs to check the fitting of the CRS in cars and 
provide a list of suitable cars. 

Car fitting testing experience shows that support 
leg specific problems mainly occur in the rear 
centre seat, where the support leg is often too long 
and seldom because the support leg is too long in 
other seats or because the support leg is too short. 
Also seldom observations show interference 
problems with structures below the seat cushion. 
Another issue are storage boxes below the support 
leg. 

With the new regulation and corresponding 
modifications of ECE regulations 14 and 16 good 
experience with support legs will be standardised 
and following that in principle further improved, 
defining criteria for the support leg geometry and 
the car floor resistance and geometry, and 
improved compatibility between CRS and car. 
However, the proposed dimensions for the support 
leg in X and Z direction seem not to be the best 
compromise. While important interference between 
support leg and seat cushion was never observed 
with CRS that have a too short distance between 
ISOFIX connectors and support leg (with respect to 
the proposal of the new regulation), interference 
with the front seat were reported. By defining a 
support leg position in X direction taking into 
account the largest distance observed in cars there 
is a considerable risk that increased problems of 
interference with the front seats will occur. None of 
the CRS that are currently on the market fulfill the 
requirements for support leg length and position in 
X direction. 

Past experience concerning CRS use showed that 
the TopTether is often not used in the field. In 
addition a large number of cars that are equipped 
with ISOFIX do not offer TopTether anchorages. 
This result also supports attempts to make support 
leg CRS universal. 
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Test bench 

The seat cushion angle and angle between seat 
cushion and back rest comply better with average 
car design than the ECE R44 test bench.  

However, testing experience shows that it is 
possible to secure child dummies without CRS at 
the test bench without any indication of abdominal 
loading in the dummy. This behaviour is likely 
caused by the seat cushion angle, which causes 
additional pelvis restraint leading to reduced 
submarining risk. The dummy response may 
however also play a role.  

For taking into account the worst case for booster 
type CRS (Phase 2), it is proposed to consider a 
more horizontal seat cushion design (5°) in order to 
emphasis abdominal protection for this type of 
CRS.  

Figure 9 shows a Q6 model restraint with 3-point-
belt only on the standard test bench for the new 
regulation and the proposed worst case test bench 
for booster type CRS. While the lap belt remains at 
the iliac crest in the standard test bench, it 
penetrates into the abdomen on the proposed test 
bench. 

        

       

Q6 with adult belt only  Q6 with adult belt only 
standard test bench worst case test bench 

Figure 9.  Comparison of belt interaction between 
standard test bench and proposed worst case test 
bench. 

In order to facilitate pragmatic operation of the test 
bench, it is proposed to modify only the seat 
cushion. Figure 10 shows a Q6 model using a 
simple booster at the proposed test bench with the 
belt staying at the abdomen. 

 

 

Figure 10.  Q6 model with simple booster at worst 
case test bench. 

Dummies 

Regarding the anthropometry of the Q dummies a 
database (CANDAT) containing external 
dimensions of children of different regions of the 
world was used. The dummy dimensions were 
selected to provide appropriate upper and lower 
limits of the ECE R44 CRS weight groups based on 
the CANDAT database. While the P dummy family 
consists of P0, P3/4, P1.5 (which was developed 
after starting of ECE R44 in order to cope with the 
new ECE R44 weight group 0+), P3, P6 and P10, 
the commercially available Q dummy family 
consists of Q0, Q1 (in contrast to P3/4), Q1.5, Q3 
and Q6. That means that a substitute of the P10 is 
currently missing. However, within the EPOCh 
project a Q10 was developed which is expected to 
be commercially available soon.  

According to ECE Regulation 44 only chest 
accelerometers are used with P dummies. However, 
they also can assess head acceleration and neck 
loads. However, after the testing programme Euro 
NCAP decided while introducing the child safety 
protocol to use head and chest acceleration in Z 
direction as an indicator for neck injury risks after 
observing repeatability and reproducibility 
problems with the neck load cells in P dummies. Q 
dummies can be equipped with more sensors. Table 
4 shows a comparison of the possible 
instrumentation of P and Q dummies. 

The Q-dummy series have been primarily designed 
for frontal UNECE R44 and future side impact 
testing. EEVC stated that the new Q-dummy family 
showed significant improvement in comparison 
with the P-dummy family in frontal impact tests. 
The Q-dummies are well adapted to the recent child 
anthropometry data and their performance complies 
with the most up to date biofidelity requirements. 
However, it must be mentioned that the thoracic 
response is still stiffer than the biofidelity 
requirement [Wismans, 2008] and that some 
biofidelity requirements still seem lacking (e.g. 
lumbar spine stiffness). The dummies also showed 
good repeatability, reproducibility and durability in 
severe repeated sled tests [Wismans, 2008]. 
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Table 3.  
Possible instrumentation per Q / P – dummy [Wismans, 2008] 

Instrumentation Dummies 

Sensor Region Q0 P0 Q1 / Q1½ P1½ Q3 / Q6 P3 / P6 

3-axis accelerometers Head 

Thorax 

Pelvis 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

6-axis load cell Upper neck 

Lower neck 

Lumbar spine 

   

 

 

 

 

 

 

 

 

 

3-axis angular rate sensor Head       

Displacement sensor Chest       

EEVC recommended that the P-dummies are 
replaced by the Q-dummies in tests, following the 
UNECE R44 procedure. They also recommended 
improving the criteria by adding 4 new injury 
criteria: HIC, Upper Neck tension (Fz), Upper 
Neck bending moment (My) and Chest deflection. 
For the Injury Assessment Reference Values 
(IARVs) it is recommended to apply set base on 
AIS3+ 50% injury risk. When applying only ECE 
R44 criteria, Q dummies provide equivalent results 
to P dummies [Wismans, 2008]. 

In total the Q dummies fit better to child 
anthropometry than P dummies, are more biofidelic 
than P dummies and offer better instrumentation. 
Using the Q-dummies in the new regulation is 
estimated to be a substantial benefit for child 
safety. 

One weak point of Q dummies is the missing 
capability to detect abdominal injury risks. While a 
very simple approach was used in P dummies to 
indicate submarining risk by deformed clay 
between abdominal insert and lumbar spine, no 
commercial solution for the assessment of 
abdominal injury risks in Q dummies is available 
now. It needs to be stated that the P dummy 
solution using the clay is far from being perfect. 
However, within the CREST, CHILD and 
CASPER projects the assessment of abdominal 
injury risks was investigated. While in the CHILD 
project, two promising sensor prototypes were 
developed the CASPER team decided to 
concentrate on the so called APTS (abdominal 
pressure twin sensor) that assesses the abdominal 
pressure. During the course of the project it was 
possible to address the remaining problems and to 
develop a prototype that is ready for regular use. 
Validation of the sensor is still ongoing but it is 
anticipated that it will be finalised within the next 6 
months, so in time to be considered in phase 2. 
Proposals to use lumbar spine loads or chest 

compression as indicators for abdominal injury 
risks seem not to be acceptable [Johannsen, 2006]. 

Another problem is the dummy design in the pelvis 
area that makes submarining nearly impossible, 
thus masking abdominal injury risk assessment 
even with sensors. During the CASPER project and 
partially with cooperation with the EPOCh project 
possibilities to address this problem were 
developed and analysed. Finally a reinforcement of 
the dummy suit was considered to be the best 
compromise. This solution was tested at different 
labs and considered to be effective. However, it is 
unclear if this solution will be sufficient to obtain 
an appropriate submarining response for the 
dummy in all relevant circumstances. 

Frontal impact pulse 

During the EC research projects CREST, CHILD 
and CASPER, frontal accident reconstructions were 
performed in order to reproduce the injury 
mechanisms observed in real cases and to get 
measurement on dummies that can be linked with 
the injuries observed on children. The pulses from 
reconstructions are visible on Figure 25. A corridor 
for frontal impact was proposed in the CREST 
project and it was kept in CHILD for research 
purposes [Visvikis, 2006]. It corresponds to the 
level for which it is necessary to go to find injured 
restrained children (with and without misuse) in the 
CRS approved according to the current regulation. 
The pulse of this corridor corresponds to the most 
severe frontal accidents that have been observed 
and does not correspond to an average of the pulses 
of a large majority of accidents. It cannot therefore 
be used for regulation purpose because it is better 
that CRS are designed to protect occupants across a 
wider range of severities than those observed in just 
a severe accident population. Otherwise CRS could 
be designed to a point that they become potentially 
large, heavy and more expensive, and possibly too 
stiff at the lower crash severities. The pulse 
proposed in CREST and CHILD is useful for 
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research works to perform parametric tests on CRS 
or once a CRS is designed to see how far it can 
protect children from getting injured.  

The following Figure 25 shows a comparison of the 
R44/proposed frontal impact corridor with the body 
acceleration measured in CHILD and CASPER 
accident reconstruction tests with new cars (i.e. 
cars that meet ECE reg. 94 requirements). This 
comparison indicates that the pulse in the new 
regulation is lower than in the reconstructions. 
While the increase and decline of the new 
regulation pulse seems to fit well with the assessed 
pulses the maximum acceleration level is lower in 
the sled tests (regulation pulse). However, it needs 
to be considered that the reinforcement of 
anchorages and the test bench, as undertaken for 
sled testing, increases the severity for a given pulse. 
In addition it is important to consider that the 
accidents that are reconstructed are of high severity 
level and are not representative. It is useful though 
to make this comparison as it gives an indication of 
where the new regulation pulse lies compared to 
the generally severe pulses of the reconstructed 
accidents. 
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Figure 11.  Comparison of body acceleration 
assessed in CASPER and CHILD accident 
reconstruction with cars being compliant with ECE 
Reg 94 and ECE reg. 44 frontal impact corridor. 

It should be born in mind that some of the severe 
accidents reconstructed also contain some 
understood misuse that has contributed to injury 
severity. Also, results from the GIDAS and 
CASIMIR accident data show high levels of non 
use and misuse in frontal impact analysis. 
Following the discussion in chapter on accident 
data, children are generally safe in cars (frontal 
impacts) except for very severe accidents and 
incorrect restraint conditions. 

It is considered that taking these issues into account 
the proposed pulse should give satisfying results in 
terms of protection from CRS across an appropriate 
range of crash severities, for well restrained 
occupants. 

Lateral impact test procedure 

Worldwide, although lateral impact injury risks are 
considerably high, compulsory requirements for the 
lateral impact performance of CRS only exist in 
Australia and New Zealand. 

The test procedure is based on key parameters to be 
considered for lateral impact tests for CRS as 
defined by ISO WG1 (Child Safety). These are 
reproduction of lateral acceleration and lateral 
intrusion amongst others. In addition, ISO PAS 
13396 [ISO 2009] recommended the head as the 
first priority body region to be protected and 
emphasised that for head protection testing of body 
kinematics and CRS energy management 
capabilities are important.  

The dedicated designed GRSP lateral impact test 
procedure is capable of improving lateral impact 
protection in CRS, even those which are designed 
to meet consumer testing lateral impact 
requirements. The main challenge is to maintain the 
head of the largest dummy of individual CRS 
within the protective zone of the CRS (head 
containment) and to reduce dummy readings for the 
smallest dummy. By demanding both performance 
criteria (head containment and head loading limits) 
with a range of child dummy sizes, most of the 
CRS tested by CASPER partners will not meet the 
requirements. 

Tests in different laboratories show good 
repeatability and reproducibility using acceleration 
and deceleration sled systems. 

Despite the development of side impact dummy 
versions of Q3 and Q6 (Q3s and Q6s), GRSP 
decided to use standard Q dummies also in lateral 
impact conditions. The CASPER team has no 
experience with the side impact versions of the 
dummies. Following that no recommendation can 
be given. 

In summary, lateral impact protection capabilities 
of CRS need to be improved according to the 
accident data reported previously. The proposed 
test procedure reproduces the main contributing 
factors for child injuries in lateral impact such as 
intrusion loading and acceleration loading as well 
as the assessment of the whole body kinematics and 
the energy absorption capabilities of a CRS. It is 
estimated that introducing the proposed side impact 
test procedure will result in significant benefit for 
child safety. 

For phase 2 of the new regulation it is important to 
discuss whether or not side impact protection of the 
CRS is important for all CRS sizes or if a sufficient 
protection of the car can be expected for children 
exceeding a specific size. However, no 
recommendation is possible based on currently 
available CASPER data. 
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Dummy criteria 

For children using CRS with integral harness, head 
and neck are the body regions with the largest risk 
for severe injuries. For children using booster type 
CRS, neck injuries are rarely observed. Chest 
injuries represent a more important proportion of 
severe injuries for children using booster type CRS 
than for children in CRS with integral harness 
system, but they are of less importance than head 
injuries even in the booster type CRS (D12A: 
Overview of the CHILD Accident Database and 
Analysis, 2006, EC CHILD Project). For the 
youngest children when excessive compression of 
the chest occurs it leads to internal organ injury 
while after 6 to 10 years of age ribs fractures 
become more frequent and can be sometimes 
linked with internal organs injuries.  

The new regulation has reviewed the existing 
injury criteria that can be applied for the first phase. 
CASPER has been contributing to this by the 
provision of updated injury criteria for Q dummies. 
[Johannsen 2012]. Currently the new regulation 
addresses head injuries by head a3ms limits for 
frontal and lateral impacts, HIC for frontal impact 
with hard head contact, head excursion for frontal 
impact and head containment for frontal and lateral 
impact. For the moment, the resultant chest 
acceleration limit as included in ECE R44 is kept 
and once a criteria for the chest compression will 
be made available, it will be considered by the 
group to ensure that systems approved do not 
present any risk of over loading the thoracic area. 

The neck limits are an important point to ensure a 
good level of protection of children. This important 
shortcoming that has been addressed by the 
CASPER project aims at defining injury risk 
functions for the neck, focussing on children up to 
3 years old. Using data from reconstruction tests, 
neck data points were plotted separately for 
Q1/Q1.5 and Q3/Q6 dummies since younger 
children are at particular risk for neck injury in 
frontal loading. The injury risk curve was 
constructed after a scaling to have all values for 1 
year old. It can be observed that no severe injury 
appeared below 1 kN and that all children sustained 
a severe injury above 1.3 kN. Neck My data points 
for cases without head impact do not allow the 
development of an injury risk curve for this age 
group. For Q3 and Q6 dummies, only the cases 
without head impact were kept. None of the 
parameters (Fz, My) allowed for the construction of 
a relevant injury risk curve. A combination of Fz 
and My was investigated, but did not lead to a more 
relevant parameter. Therefore, no injury limit has 
been proposed by the CASPER project for Q3 and 
Q6, knowing that children in corresponding age 
show very few cases of severe injuries on the 
cervical spine area. 

Until recently, no CRS abdominal performance 
criteria for booster type CRS was available. 
CASPER has been studying more closely the injury 
pattern for this body region and proposals of  injury 
risk functions for the abdomen were made [Beillas, 
2012]. Prior to be able to apply them, it is 
necessary that the abdominal sensors are produced 
at an industrial level, which means that they have 
been going through the repeatability and 
reproducibility tests, and that a calibration 
procedure of the dummy equipped with these 
sensors is provided by the dummy manufacturer. 
The protection of the chest and the abdomen has to 
be considered for all forward facing systems (from 
Q1,5 to Q10). 

Geometrical requirements child fit 

According to the results from sociological 
questionnaires and the focus groups, parents 
change the CRS for their children to the next bigger 
size group if they have the impression that the CRS 
is too small for the child or the child complains that 
the CRS is too tight. By defining minimum 
requirements for the internal dimensions of CRS 
taking into account the 95%ile it is expected that 
parents will feel more comfortable to use CRS 
longer. Accidents studies showed that early change 
of CRS type reduces the safety level for children 
(e.g., [Jakobsson, 2004]). 

Geometrical requirements car fit 

Current ECE regulation 16 requires car 
manufacturer to provide ISOFIX seating positions 
suitable for at least F2X ISOFIX CRS. However, 
often F2X is allowed only for universal ISOFIX 
CRS.  

The new proposal for the amendment of ECE R16 
to comply with the new regulation requires to offer 
space for R2 and F2X envelopes. As today a quite 
large number of cars do not accept R2 ISOFIX 
CRS this amendment is considered as a big step 
towards improved compatibility between cars and 
CRS. 

It is important to note that no envelope for booster 
type CRS with ISOFIX exists, that is crucial for 
phase 2. ISO WG1 is currently working on new 
envelopes to address this issue. 

RECOMMENDATIONS FOR PHASE II 

The recommendations are summarised below, 
addressing firstly issues to be considered for 
integral harness systems and secondly for booster 
type CRS. 

Integral harness systems 
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The geometric support leg requirements proposed 
in the current draft new ECE Reg. are likely to 
cause problems with the front seats in small cars. A 
review taking the front seats into account is 
recommended.  

Neck injury criteria and corresponding load limits 
are crucial for the protection of the smallest 
children. It is recommended to use the CASPER 
proposal for Q1 and Q1.5. In addition it is 
recommended to fix limits for Q3, Q6 and Q10 
based on the state-of-the-art performance of CRS.  

While chest injury criteria are mainly needed for 
older children, i.e., those using booster type CRS, 
chest injury risk should not be neglected for 
children using integral harness systems, especially 
taking into account shield systems [Johannsen, 
2013]. However, CASPER was unable to provide a 
corresponding injury risk curve. It is believed that 
this is caused by issues in a large number of 
reconstruction tests. 

Booster type CRS 

For children using booster type CRS appropriate 
protection of the abdomen is crucial. In order to 
address this protection, the following issues need to 
be considered: 

- Review of the test bench geometry 
- Dummy modification to enable submarining 
- Abdominal sensors 
- Abdominal injury risk functions 

The current seat cushion angle does correspond to 
an average geometry but it seems to be more 
important to consider a worst case geometry, as 
seen in MPVs, for example. A flatter seat cushion 
would require better protection from submarining 
compared to the current test bench. 

Furthermore Q dummy design also effectively 
prevents the dummy from submarining. Based on 
current knowledge the reinforcement of the suit as 
proposed by the CASPER and EPOCh projects 
seems to be adequate to address this item. 

The abdominal APTS sensor including it’s 
corresponding load limits as proposed by the 
CASPER project is expected to be a reliable tool 
for the assessment of abdominal injury risks as 
soon as test bench design and dummy design allow 
replication of submarining.  

As already mentioned above, appropriate chest 
injury criteria and load limits are also important for 
improving child safety especially for children using 
booster type CRS.  

Finally it seems to be important to analyse whether 
or not CRS need to protect children of all sizes for 
lateral impact or if sufficient side impact protection 
can be expected from the car as soon as children 
exceed a certain stature. For adult safety it is 
expected that cars can protect at least from 5th 
percentile female upwards. Children with a stature 
of 150 cm when sitting on a booster are exceeding 
the size of a 5th percentile female. 

For both types of CRS, any relevant new data or 
information that arrives regarding the frontal 
impact pulse should be reviewed and considered, to 
keep the regulation as relevant as possible. 

CONCLUSION 

This new regulation is going to improve the 
compatibility between CRS and cars, to use test 
configurations that are more realistic in terms of 
geometry and to cover a larger range of impacts. 
The tools used to assess the CRS performance and 
the associated tolerance limits will ensure a better 
level of protection to children. This new regulation 
is based on field studies, accident data and the 
latest results of European research projects. The 
increase of correct use of restraint systems by 
children will improve the situation in frontal 
impact, rear impact and roll-overs. The introduction 
of a dynamic side impact test in the regulation will 
allow the coverage of most of the accident 
situations in which children can be still severely 
injured. The promotion of ISOFIX systems will 
lead to better installation of CRS in cars, in 
addition parents are asking for systems that are 
simpler to install. Systems developed according to 
this new regulation will have to clearly indicate 
how to use the CRS and provide better information 
on the right time to switch for the next system 
(clear range of use). 

Information campaigns are needed in order that 
parents do not misunderstand the reason for and the 
benefits of this new regulation. In addition, a new 
European regulation is a good opportunity to 
promote a European safety culture that would 
decrease the number of incorrectly restrained 
children due to regional and cultural habits. 
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ABSTRACT 

Pedestrians in conflict with passenger cars 
represent an important portion of all road user 
fatalities.  

This paper presents the world-first pedestrian 
airbag technology offered in a production 
vehicle, being one way of addressing pedestrian 
protection, focusing on trying to help further 
cushion the impact for a pedestrian and also 
enable a sleek styling of the vehicle in question.  

A description of the technology is provided as 
well as examples of tests for evaluating technical 
performance, head impact characteristics and 
overall technology performance.  

Sensors in the bumper provide input to the 
pedestrian airbag control unit that determines if 
the system should be activated. The hood hinges 
are released and the pedestrian airbag deploys 
helping both to elevate the hood itself as well as 
helping to cushion a potential impact. The lift 
height is controlled and limited.  

Numerous tests of the components and the 
system are performed in various situations, 
including different weather conditions, verified 
the technical performance and validated the 
complete chain of events from detection of a 
pedestrian leg to the final state of deployment. 

Using head impactor tests, the head impact 
protection capabilities showed overall good 
performance. Impact towards the pedestrian 
airbag reduces the acceleration level as 
compared to without the airbag. 

Overall performance of the complete technology, 
including head impact timing, airbag coverage 
and overall occupant kinematics was verified 
using a pedestrian prototype crash test dummy 
and four different pedestrian FE human models.  

The pedestrian airbag technology as being one 
possible solution to cushion an impact helps to 
protect pedestrians in certain situations when 
struck by the vehicles front end with a 
consequent impact to the hood and the area 
around the windscreen wiper recess and A-pillar. 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

According to IRTAD (2011), out of all reported 
road user fatalities in 2009, pedestrians represent 
13% in the US, 14% in Germany and 12% in 
Sweden.  

Passenger cars are reported as the most frequent 
(74%) collision opponent in fatal pedestrian 
accidents (Gravila et al. 2003). In 75% of recent 
Volvo car-pedestrian crashes the car is moving 
forward and in more than 85% of these, the 
collision takes place at speeds up to 40 km/h 
(Lindman et al. 2011). Further, the most frequent 
AIS2+ injured body parts are the lower 
extremities followed by the head, upper 
extremities, chest, pelvis, spine, face and 
abdomen (in the order of presentation).  

Fredriksson et al (2010) reported in a study 
based on The German In-Depth Accident Study 
(GIDAS) database that with regard to AIS3+ 
injuries, the most frequent injury mechanisms 
were leg-to-front end, head-to-windscreen area, 
chest-to-hood area, and chest-to-windscreen 
area. Also, for surviving pedestrians, it was 
estimated that the head was the dominating body 
region to sustain a severe permanent medical 
impairment.   

Public domain testing for the car-pedestrian 
scenario was first introduced in 1997 by 
EuroNCAP and the first regulatory requirement 
came into effect in 2005 in EU and Japan. The 
methods used are physical component tests 
simulating frontal impacts with pedestrians, 
aiming at reducing pedestrian injury. 

To meet the safety rating and regulatory targets, 
protective functionalities are introduced by car 
manufacturers. For example, in a study by Kühn 
et al (2005), different concepts of car front 
structure, uplifting hood and uplifting hood with 
airbag are discussed.  

Strandroth et al, (2011) found a significant 
correlation between Euro NCAP pedestrian score 
and injury outcome in real-life crashes, 
suggesting that this is an effect of more 
pedestrian friendly car design. Further 
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developments are continuously presented and 
updates of test methods are expected the next 
years. These will also include car safety 
technology aiming at avoiding or mitigating the 
car to pedestrian accidents, such as Pedestrian 
detection with auto brake functionality (Lindman 
et al. 2010).  

The aim of this study is to present a production 
airbag technology focusing pedestrian head 
impacts. A special focus is given to the technical 
challenges.  

 

PEDESTRIAN AIRBAG TECHNOLOGY 

The Pedestrian Airbag Technology consists of a 
number of components integrated into the 
vehicle as a complete system. The technology 
was first introduced in the Volvo V40 in 2012, 
Figure 1. 

 
Figure 1. Deployed Pedestrian Airbag 

Technology in a Volvo V40. 

Main components 

Figure 2 displays the main components of the 
Pedestrian Airbag Technology; pedestrian airbag 
control unit, pedestrian airbag module, hood lift 
limiter, hood hinge release mechanism, hood 
hinges and sensors. 

 
Figure 2. Main components of the pedestrian 

airbag technology integrated in the vehicle   
 

The system’s activation range is between 20 and 
50 km/h. Sensors embedded in the front of the 
car (bumper) transmit signals to the pedestrian 
airbag control unit. When the car comes into 
contact with an object, the signals change. The 
control unit evaluates the signals and if it 
registers what it interprets as a human-like leg 
the pedestrian airbag technology is activated. 

When a decision to trigger the pedestrian airbag 
technology is made, trigger signals are 
simultaneously sent to the two pyrotechnical 

hood hinge release mechanism and the airbag 
inflator. Each hood hinge release mechanism 
pulls out a pin and releases a second pivot point 
which makes it possible for the rear of the hood 
to lift. At the same time, the airbag starts filling 
with gas and opens the lid of the pedestrian 
airbag module cover. During the inflation and 
positioning sequence the airbag raises the back 
of the hood to an extent of approximately ten 
centimeters. The lift height is controlled and 
limited. The principle sequence is illustrated in 
Figure 3. 

 
Figure 3. Principle sequence of  deployment 

 

Hood lift limiter 

To limit the hood lifting it is equipped with a lift 
limiter consisting of a hook in the hood and a 
loop in the strut tower bar (see Figure 4). The 
hook is designed to hitch into the loop only 
when the back of the hood is lifted by the 
pedestrian airbag. Hence, when the hood is lifted 
in the front, e.g. during service, the hook will not 
hitch into the loop.  

 
Figure 4. Lift limiter hook mounted on the hood 

and loop mounted on the strut tower bar 
 

Pedestrian airbag module 

In contrary to most vehicle airbags, the 
pedestrian airbag is located on the outside of the 
vehicle. Some adaptations were made to this 
environment. Except for the airbag size, the 
general concept is the same as of interior airbags, 
comprising a cover, a hybrid inflator, and an 
airbag. Upon activation, the airbag is filled with 
gas within a few milliseconds and stays fully 
inflated for about 300 milliseconds. The entire 
sequence from activation of the system to full 
inflation takes less than hundred milliseconds.  

When the airbag is completely deployed it 
covers the part of the A-pillars and lower part of 
the windscreen. This corresponds to 
approximately one third of the windscreen.  
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Figure 5. Pedestrian airbag completely deployed. 

TESTING / EVALUATION 

During the development work, the technology 
was evaluated using several different types of 
testing. Head impact tests, Computer Aided 
Engineering (CAE) as well as physical test, were 
used to show the benefits of the pedestrian 
airbag and hood functionality. Overall dynamic 
performance was evaluated using a pedestrian 
prototype crash test dummy and four different 
sized pedestrian FE human models. Also, the 
sensor functionality when interacting with 
different objects was evaluated. 

Technical performance evaluation 

Extensive testing has been made during the 
development phase of the pedestrian airbag 
technology. Numerous tests were performed in 
various situations, including different weather 
conditions and loading conditions for the 
evaluation of the technical performance. 

Component tests were performed on the hood 
hinges, hood hinge release mechanisms, lift 
limiter, hood and pedestrian airbag module for 
durability and functionality testing. Hundreds of 
airbag tests have been performed to get the 
optimal deploying performance and timing.  

 
Figure 6. One example of system testing, using a 

leg impactor, three time sequences 
 

System tests were performed to validate the 
complete chain from detection of a pedestrian to 
complete airbag deployment. A great number of 
development tests were run with different types 
of impactors, in several environmental 
situations, as well as in different configurations 
to simulate humans for activation, as exemplified 
in Figure 6. 

The system was also tested during varying 
environmental conditions such as snow, ice, dirt, 
different temperatures and also after ageing and 
durability tests. Figure 7 shows a climate 
chamber that is used to test the system in 
different temperatures. Figure 8 shows activation 
test with a car packed with snow in the area 
above the pedestrian airbag module area. The 
technology shows good performance in all 
evaluated configurations, meeting the internal 
targets.  

 
Figure 7. Photo of a climate chamber for testing 

at different temperatures. 
 

 
Figure 8. Activation test in a car packed with 

snow in the area of the pedestrian airbag module. 
 

Head impact performance 

Head impact tests were performed according to 
the Euro-NCAP test protocol (Ver 5.3.1. Nov 
2011), using the pedestrian rig at Volvo Cars 
Safety Centre, Figure 9. A child head impactor 
and an adult head impactor were used and 
launched towards impact areas defined in the 
protocol as relevant for the different pedestrian 
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sizes. Used impact speed was 11.1 m/s. The 
airbag was trigged so the impactor hit the airbag 
with timing corresponding to that of a car to 
pedestrian impact.  

 

 

 
Figure 9. Head impact test. Top: view from the 

right hand side of the car. Bottom: view from the 
roof of the car.  

 

The injury criterion evaluated is HIC (Head 
Injury Criterion) based on the accelerometer 
signal from the head impactors.  

One summary of the head impactor responses 
was presented by EuroNCAP for the Volvo V40 
(EuroNCAP, 2013), Figure 10. EuroNCAP 
grades the responses in the different impact 
points in scores of GOOD, ADEQUATE and 
MARGINAL.  

As can be seen in Figure 10, the Pedestrian 
Airbag Technology integrated in the Volvo V40 
shows an overall GOOD performance and 
achieved the maximum score of 24 points for the 
head impact tests. The total pedestrian protection 
score was 88%, which was the highest score yet 
achieved in this part of the assessment in 2012. 

 

 
Figure 10. EuroNCAP results of Volvo V40 

pedestrian evaluation (EuroNCAP, 2013) 
 

An example of acceleration vs time signal for an 
impact point at the area of the pedestrian airbag 
is shown in Figure 11. A comparison is made in 
the same impact point with and without an 

airbag. It can be seen that the pedestrian airbag 
substantially reduces the acceleration level and 
thus the HIC value.  

The increased distance to the underlying 
structure due to the lifted hood, also provide 
further improvements regarding head impact 
performance compared to the hood in its normal 
position. 

 

Figure 11. An example of head impacts 
responses (acceleration vs time) comparing with 
and without the pedestrian airbag at one specific 

location. 
 

Complete technology performance 

     CAE, Numerous Computer Aided 
Engineering (CAE) simulations were run using 
human FE pedestrian models and a vehicle 
model of the Volvo V40 using the LS-Dyna 
software. The purpose was to evaluate the 
performance of the complete technology, 
including head impact timing, airbag coverage 
and overall occupant kinematics. The human FE 
pedestrian models were in different sizes; 6 years 
old child, 5%-ile female, 50%-ile male and 95%-
ile male sizes, Figure 12.  

 
Figure 12. The four different human FE 

pedestrian models. 
 

For robustness evaluation, the pedestrian stances 
as well as the vehicle impact points and vehicle 
speeds were varied. Some of the test setups are 
displayed in Figures 13 and 14. 
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Figure 13. Examples of different evaluated 

pedestrian stances.  
 

 

 
Figure 14. Examples of vehicle impact point 

setups. 
 

For the different combinations of vehicle 
pedestrian interactions, the kinematics of the 
pedestrian, different timing aspects and head 
impact points were evaluated and used for 
setting the timing in deployment and for 
evaluation of complete technology performance. 
The timings required for optimum performance 
were evaluated and met. The head impact points 
were compared to the head impact tests and 
considered relevant from a complete technology 
performance perspective. 

As an example, Figure 15 presents the pedestrian 
trajectories for the 50%-ile male FE pedestrian 
model, in a walking stance, impacted at left 
vehicle front in 40 km/h.  

 
 

 
Figure 15. Kinematics of 50% male FE 

pedestrian model. 
 

     Physical testing, As a complement to the 
CAE simulations, a number of full vehicle 
testing using a 50%-ile male size prototype 
pedestrian dummy (Fredriksson et al. 2011) were 
performed. The tests were run at different 
speeds, dummy positions and vehicle impact 
points to evaluate the complete vehicle 
performance. Since a prototype pedestrian 
dummy was used, overall kinematics rather than 
specific body region injury criteria were 
considered. Figures 16 and 17 illustrate two tests 
with different dummy positions prior to impact. 
The main purpose was to compare to the human 
FE pedestrian tests, which showed similar 
kinematics. The physical tests added valuable 
input to the robustness evaluation of the 
complete technology performance. 

 
Figure 16. Full vehicle testing at speed 40 km/h 

impacting a 50%-ile male size prototype 
pedestrian dummy standing sidewise. 

 

 
Figure 17. Full vehicle testing at speed 40 km/h 

impacting a 50%-ile male size prototype 
pedestrian dummy facing the vehicle. 

 

DISCUSSION 

The pedestrian airbag technology as the first of 
its kind in a production vehicle consists of a 
number of components all working together 
enabling the complete technology performance. 
During the development process numerous 
challenges were mastered both on component 
and complete system level. The technology 
presented is a first unique step in using airbag 
technology to address collisions with 
pedestrians.  

The regions of the A-pillar and windscreen are 
important structural load paths in crash scenarios 
like to the front and side and are exposed to 
potential head impact in a pedestrian crash. 
Especially the A-pillar and windscreen wiper 
recess areas are challenging to design addressing 
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pedestrian head impacts while maintaining the 
strength needed in combination with styling 
aspects. Although challenging in itself the 
technology presented in this study is one 
possible solution addressing the issue by 
providing a built-in cushioning effect for a 
pedestrian upon impact in certain situations.  

A technical aspect was to take the knowledge 
from interior airbag technology and apply that to 
an airbag which is located on the outside of the 
car. Specific adaptations to this challenging 
environment were made. Also, a new test 
method, including a climate chamber was 
developed for testing the technology 
performance at different environmental 
conditions. 

The required location of the airbag unit itself in 
the plenum area and its size in combination with 
the engineering aspects to enable mounting 
outside the car made the airbag module 
challenging also from a packaging perspective. 
To make the engineering challenge even greater 
the same airbag module is used for both left and 
right hand drive cars.  

Further, adaptations were needed to surrounding 
components and several new inventions were 
required to get the essential overall performance 
of the complete system. One example being the 
lift limiter and tailor-made hood-hinges which 
may be perceived as minor parts but actually 
have a high contribution to the overall 
performance of the technology. 

More so, during the inflation phase, the 
pedestrian airbag has to open a lid, push the 
hood upwards and deploy itself over an uneven 
surface and position on the windscreen and the 
A-pillars. This needs to be done in fractions of a 
second. In comparison to a conventional interior 
passenger airbag which primarily opens a lid and 
position itself this process is much more 
complex and puts high demands on the design 
and folding of the airbag. 

This first generation of the pedestrian airbag 
technology is designed to operate in a vehicle 
speed interval of 20-50 km/h. This is a logical 
first step as this addresses a speed interval where 
a significant number of pedestrian collisions 
involving serious injuries occur. More so, setting 
up these boundaries helped in making this 
unique technology feasible at this point of time.  

This paper describes the overall functionality of 
the technology from a pedestrian protection 
point of view. However, the challenge in the 
design of this new unique technology also 
included studies evaluating aspects of daily 
usage and operation of the vehicle, including 
misuse cases and studies of driver reactions. 

The evaluation of the Pedestrian airbag 
technology comprises several different methods 
providing a solid ground for evaluating the 
technical performance. Pedestrian dummies are 

still under development and thus provided a 
limitation in possibility for complete system 
evaluation including dummy criteria. However, 
the usage of a combination of different existing 
validated tests and CAE methods together with 
some new tests both on sub- and complete 
system level gave high confidence as to the 
overall performance of the pedestrian airbag 
technology.  

Partly due to lack of different sizes of pedestrian 
dummies and in order to cover a more wide 
impact area, head impact performance was 
evaluated using the head impactor test. As 
shown in Figure 11, head impact towards the 
pedestrian airbag results in substantially lower 
head impact severity compared to the same 
impact point without a pedestrian airbag on this 
specific vehicle.  

The pedestrian airbag technology, comprising a 
pedestrian airbag together with a hood lifting 
functionality mainly addresses improved 
protection to the pedestrian’s upper body 
regions. Protection is also provided in the 
vehicle front by focusing pedestrian leg impact 
protection when interaction in this area. Hence, 
the pedestrian crash protection of the complete 
vehicle is more than the pedestrian airbag 
technology as presented in this study.  

In 2010, Volvo Cars introduced an avoidance 
and mitigation technology detecting pedestrians 
that shows high potential (Lindman et al. 2010). 
This technology provides a warning to the driver 
and auto brake the car if the driver does not take 
any action trying to avoid a likely collision with 
a pedestrian. With this in combination with the 
pedestrian airbag technology, the pedestrian will 
be impacted at reduced speed, if not the crash is 
avoided as such. 

Pedestrians are not the only type of Vulnerable 
Road Users (VRU) that may be impacted by the 
front end of a car. Even if the pedestrian airbag 
technology has been designed focusing the 
impact between a car and pedestrian, there may 
be situations where the technology might have a 
cushioning effect also in relation to other types 
of VRUs. This, however, was not part of this 
study.  

CONCLUSIONS 

The pedestrian airbag technology being a world-
first pedestrian airbag technology offered in a 
production vehicle is one way of addressing 
pedestrian protection, especially when car size 
and styling aspects are setting the borders. 

The pedestrian airbag technology helps to 
protect pedestrians in certain situations when 
struck by the vehicles front-end with a 
consequent impact to the hood and the area 
around the windscreen wiper recess and A-pillar, 
where there may be a risk of head impacts. 
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