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Preface to the First Edition 

This book on automotive safety describes the relevant development of safety 
for passenger cars. Because of our long-standing experience in the field of 
automotive safety (i.e., both authors have worked for more than two decades 
in this field), basic relationships and new developments related to accident 
avoidance and mitigation of injuries are described. Included in discussions 
are driver support systems, chassis, lights, body and interior design, restraint 
systems, biomechanics, dummies, accident simulation tests, pedestrian pro- 
tection, and compatibility. 

This book is suitable for those who are interested in safety engineering, and 
for students and experts who are interested not only in details but also in the 
broad perspective of vehicle safety. 

Special thanks are extended to the many persons and companies supporting 
this book with relevant material, especially Autoliv, Bosch, Continental, 
DaimlerChrysler, and Volkswagen. 

vii 
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Preface to the Second Edition 

The second edition of this book is an update based on changes in the legisla- 
tion and technology, especially in the areas of accident avoidance, pedestrian 
protection, and compatibility. 
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Introduction 

Today, "safety and security" in all our activities has become more and more 
a basic element in our day-to-day experiences. There are several reasons for 
this development. The largest influence is the increasing number of people 
in the world. As a consequence, more resources are being used for daily liv- 
ing than the Earth might be able to provide. Other parameters are the rapid 
rate of change in technolgies (e.g., modem communication techniques), the 
use of all kinds of energy, increasing social differences, the consumption of 
fossil fuels, local and global accidents, and crime. This list could easily be 
made much longer. Because information systems are available 24 hours per 
day worldwide, knowledge about these factors and dramatic events is much 
greater today than in the past. 

For this reason, it is not surprising that in marketing questionnaires related 
to customer wishes for new cars, when they are asked which performance 
characteristic is most important in their decision-making processes for buying 
a vehicle, safety is on the top of the list. This means that customers desire not 
only safe and comfortable driving without breakdowns, but also integrated 
information and communication systems and to be as safe as possible in the 
event of an accident. Figure 1.1 shows that vehicle safety is one ofthe important 
areas in customers' overall requirements for cars [I-  I]. 

This book describes the most important areas of vehicle safety in passenger 
cars. To work in the field of automotive safety is one of the most positive 
activities to which an engineer can commit during his or her career. 

1 . 1  Reference 
1 - 1. Seiffert, U. Fahrzeugsicherheit VDI-Verlag, Diisseldorf, 1992, ISBN 3- 

18-401264-6. 
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Figure I .  1 Conflicting demands by vehicle buyers. 
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Definitions 

There are many definitions for vehicle safety. One of the best is based on 
the statement made in 1955 by the German university professor, Professor 
KoeDler: "The motor-vehicle has the duty to transport humans and goods 
from place Ato place B, as safely, as quickly, and as comfortably as possible." 
In modern life, we would add to this definition "...and as efficiently and 
environmentally friendly as possible." Figure 2.1 illustrates a more scientific 
perspective of vehicle safety [2- 11. 

Vehicle safety can be subdivided into three main areas: 

1. Accident avoidance 
2. Mitigation of injuries 
3. Pre-crash measures 

Some additional definitions related to vehicle safety are as follows: 

Accident avoidance. (Colloquial = Active safety.) All measures that 
serve to prevent accidents. 

Mitigation of injuries. (Colloquial = Passive safety.) All measures that 
help to reduce injuries during accidents. 

Pre-crash. All measures to reduce the severity of an accident after the 
sensor detects that a severe accident is unavoidable. 

External safety. Design of the external parts of the vehicle to reduce 
injuries in the event of a collision with an external collision partner. 

Interior safety. Design of the vehicle interior parts to prevent additional 
injuries in the event of contact with an occupant of the vehicle. 
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Definitions 

Restraint systems. Vehicle components (e.g., seat belts, airbags) that 
specifically influence the relative movement of occupants in relation to 
the vehicle. 

Smart restraints, sensors, and actuators. These apply to occupant 
detection and pre-crash evaluation. 

Primary collision. Collision of the vehicle with another obstacle. 

Secondary collision. Collision of the occupant with vehicle parts. 

Active devices. Safety features that must be activated manually for use 
(e.g., active seat belts). 

Passive devices. Safety and restraint systems that in an accident are acti- 
vated automatically (e.g., airbags, pretensioners in seat belts, automatic 
height-adjusted headrests). 

The two main areas of safety-accident avoidance and mitigation of inju- 
ries-often are called active safety and passive safety, respectively, in the 
public domain. Although these phrases described the situation clearly until 
the end of the 1970s, they are no longer valid today. Many passive safety 
systems, such as airbags and seat-belt pretensioners, can react in a very 
active manner, and the two areas are moving closer together. For example, 
near-distance radar sensors could be used for several purposes, including the 
inflation of airbags and the activation of seat-belt pretensioners. 

In the field of accident avoidance, three main influences are found: 

1. The human being 
2. The technical features of a car 
3. The environment 

In many studies, human beings are cited as the main cause of accidents. If 
this statement is examined in more detail, you will find strong influences from 
other areas (e.g., comfort, noise, information technology [cellular phones], 
and the man-machine interface) that might change this high number. In any 
case, the driver is influenced by his or her mental and physical conditions, as 
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well as any drugs and/or alcohol that he or she may have consumed. With 
respect to the vehicle, the general handling characteristics, driver support 
systems (e.g., antilock brake system [ABS], automatic cruise control [ACC], 
electronic stability program [ESP], power steering, automatic transmission, 
and information systems), field of view, lighting, and comfort level (e.g., 
noise and vibration conditions, heating and air conditioning levels) influence 
the behavior of the vehicle [2-21. To some extent, the road (i.e., layout, road 
surface, and traffic signals) and the weather also play important roles. Some 
functions in the field of accident avoidance are being combined with items 
from the field of mitigation of injuries. One example is sensor fusion, where 
sensors are used for both accident avoidance and as the pre-crash signal for 
airbags (i.e., obstacle detection). Information systems can help to reduce the 
occurrence of accidents and can notify an ambulance and the police automati- 
cally if a severe accident occurs. 

The field of mitigation of injuries can be subdivided into two main groups: 

1. Protection during the crash 
2. Protection after the accident 

These two groups can be further subdivided into the protection of the vehicle 
occupants in both vehicles in a multi-vehicle collision and, in a single-vehicle 
crash, the protection of the occupants of that vehicle. Another important field 
is post-crash safety, with several requirements such as the capability to open 
the doors of the vehicle without tools and the prevention of fire. 

A new area is the pre-crash situation. If the sensor system identifies that a 
severe accident will occur, several activities are performed (e.g., automated 
braking, pretensioning of the seat belts, the sunroof closed, the seat back in 
a more upright position). 

2.1 References 
2-1. Seiffert, U. "Future Research Directions for Enhancing Safety," 19th 

ESV Conference, Washington, DC, United States, 2005. 

2-2. Braess, H.-H. and Seiffert, U. Handbuch Kraftfahrzeugtechnik, Vieweg- 
Verlag, Wiesbaden, Germany, 2005. 
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Driving Forces for Increased 
Vehicle Safety 

Many factors and activities have helped to reduce the number of accidents on 
all types of roads. The following are examples, not listed by priority: 

Customer demand 
Science 
Public demand 
Technology 
Government legislation 
Product liability 
Consumer information 
Competition among car manufacturers 
Automotive press reports 

Legislation certainly has a strong influence on safety. In Germany, with the 
development of the first cars, a proposal for a law about liability for the use of 
vehicles was introduced in 1909. In 1832, England introduced requirements 
for a steam-powered bus with respect to performance during accidents. A 
strong positive effect of legislation surfaced in rule-making activities in the 
United States during the middle of the 1960s and during the International 
Experimental Safety Vehicle Conference, where safety became a competi- 
tive item for medical and technical scientists, legislators, and automotive 
engineers. 

The vision of government activities related to safety is very strong (basis 
2005): 

The Netherlands and Sweden: Zero fatality vision 
United States: 33% reduction in fatalities by 2008 
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Canada and the European Union: 30% reduction in fatalities by 2010 
United Kingdom: 40% reduction in fatalities by 2010 
Japan: 50% reduction in fatalities by 2015 

A second effect was the activity initiated by consumer advocates such as 
Ralph Nader in the United States, and the increasing number of consumer 
information reports with respect to the performance of vehicles in the field and 
in accident simulation tests, such as the crashworthiness rating report issued 
by the Insurance Institute for Highway Safety (IIHS) [3-11, the Highway 
Loss Data Institute [3-21, and the worldwide New Car Assessment Program 
(NCAP) crash tests [3-31. Table 3.1 shows an overview of the various NCAP 
activities in Europe, the United States, Japan, and Australia, together with 
those of IIHS. 

TABLE 3.1 
WORLDWIDE NCAP TEST [3-51 

Euro NCAP U S .  NCAP llHS A NCAP J NCAP 

Rigid wall full - 56 kmlh - 56 kmlh 55 kmlh 
frontal i m ~ a c t  HII I  HI I I  HI I I  HI I I  HI I I  HI I I  

Offset 64 kmlh - 64 kmlh 64 kmlh 64 kmlh 
deformable HII I  HI I I  HI I I  HI I I  HI I I  HI I I  HI I I  
barrier (EEVC) P3 P 1 112 P3 P I 1 1 2  
frontal impact 

Mobile barrier 50 kmlh 62 kmlh - 50 kmlh 50 kmlh 
side impact EEVC barrier crab barrier EEVC barrier EEVC barrier 

Euro-SID II SID Euro-SID I I  Euro-SID II 
PI112 P3 SID PI112 P3 

Side pole 29 km/h - - - - 
impact flying floor 

Euro-SID II 

Pedestrian 40 km/h - - - - 
bodyform adult head 
impacts child head 

upper leg 
lower leg 

The information available to the public about the performance in the preceding 
tests and about other criteria is provided not only by government organizations 
[3-41 but by automotive magazines [3-51-even by the German auto enthusi- 
asts' magazine, Auto, Motor, and Sport. Interested consumers also can find 
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the results on various websites. Because of consumer interest for information 
in addition to the data that are already available, more information related to 
vehicle performance with respect to accident avoidance is under discussion 
for distribution. In addition to the two parameters already mentioned, a third 
may be the most important one. This is the increasing interest by customers, 
who rank safety features when buying new cars as "extremely" or "very" 
important. When customers were asked about the importance of car safety, 
the percentage of people who showed high interest in vehicle safety increased 
from 64% in 1981 to 84% in 1999 in the United States [3-61. In Germany, 
companies such as Audi and Volkswagen have published figures that state that 
85% of people who were asked mentioned safety as the top issue. In the early 
1990s, safety became a competitive item among automobile manufacturers. 
This is one of the best things that could happen for both the consumer and 
the field of safety. The increasing interest of all groups mentioned may be 
connected with the longing for a secure and safe life. 

Although not discussed in public intensively, product liability legislation also 
has had some important effects related to the design of cars. In product liability 
cases, the state-of-the-art defense leads to the fact that safety features, which 
are introduced by one manufacturer, create pressure on other manufacturers 
to install these new safety devices as standard equipment on all cars. The 
high level of attention to road safety also has increased the number and the 
quality of accident analyses performed by different institutions in various 
countries. This is true not only for government organizations but also for 
insurance companies, scientific and medical organizations, and some of the 
major car companies. 

References 
Crashworthiness rating reports, various issues, sporadically published 
by the Insurance Institute for Highway Safety, Arlington, VA, United 
States. 

Highway Loss Data Institute, www.carsafety.org. 

Klanner, W. "Status Report and Future Development of the Euro NCAP 
Program," Proceedings 17 Experimental Safety Vehicles (ESV) Confer- 
ence, 2001. 
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3-4. Crashworthiness rating reports, various issues, sporadically published 
by the National Highway Traffic Safety Administration (NHTSA) and 
the Federal Motor Vehicle Safety Standards (FMVSS), Washington, 
DC, United States. 

3-5. "Safety Steps in the Spotlight," Automotive News, March 6, 2000. 

3-6. Insurance Institute for Highway Safety, Special Issue: "Vehicle Compat- 
ibility in Crashes," October 1999, and several publications in 2006. 
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Safety Legislation 

The different government legislative institutions that are responsible for 
the improvement of traffic safety are important because they combine three 
elements: 

1. Traffic routing (e.g., road design and traffic signals) 
2. The education of traffic participants (e.g., drivers, school children) 
3. Vehicle performance 

The most important requirements do not describe the design but the perfor- 
mance criteria that must be fulfilled in defined tests. Only such rules support 
the creativity of engineers and the competition of different ideas. 

With respect to automotive legislation on a worldwide basis, there are differ- 
ent starting points for various countries. For example, the meaning set forth 
by the responsible rule-making bodies in the United States was that traffic 
participants, especially the driver, could be educated to only a limited extent; 
thus, vehicle occupants must be protected in the event of an accident caused 
by the vehicle itself (design). 

The second priority was given to measures for accident avoidance. Contrary 
to the U.S. perspective, European legislators gave much more responsibility 
to the driver because the focal point was the prevention of accidents. In the 
beginning and until the mid-1960s, the number of accidents with severe and 
fatal injuries reached such a high level that the American government defined 
in November 1966, with the Motor Vehicle Safety Act [4-11, intensive require- 
ments for automobiles. Europe and other countries followed. Meanwhile, 
several of the 100 requirements were introduced worldwide (Figure 4.1). 
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1. ECE 

2. EG 

3. Japan 

4. Sweden 

5. Australia 

6. Germany 

[*New Edition] 

Year 

Figure 4.1 Number of rules for vehicles in various countries. 
(Source: Volkswagen A G.) 

In Europe, the situation with respect to the rule-making process is as follows. 
Vehicles that are able to drive faster than 6 krnlh (3.7 mph) and would be 
driven on public roads must fulfill national requirements or, if possible, apply 
for a European Economic Community (EEC)-type approval. If the vehicle 
manufacturer applies for an EEC-type approval, it also must prove that it has 
introduced a quality control system to assure the conformity of production 
(COP). A typical application field is Germany. Table 4.1 shows the rules 
for cars with up to eight seats for Europe EEC, Germany (StVZO), and the 
United Nations Economic Commission for Europe (ECE) for accident avoid- 
ance and the minimization of injuries. Table 4.2 shows the relevant rules in 
the United States [4- 11. 

Based on the agreement of 1958 with respect to common rules for the approval 
of parts and vehicles, the United Nations Economic Commission for Europe is 
working to harmonize the different rules worldwide. With the adjustment of 
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TABLE 4.1 
REQUIREMENTS FOR ACCIDENT AVOIDANCE IN EUROPE 

EC ECE 
Directive Regulation StVZO* 

Requirements for Active Vehicle Safety (Accident Prevention): 

Steering equipment 

Brake systems 

Replacement brake padslshoes 

Equipment for acoustic signals 

Field of vision 

Defrosting and defogging systems for glazing 

Windshield wipers and washers 

Rearview mirrors 

Heaters (engine waste heat) 

Gas heaters, auxiliary heaters 

Installation of lighting and lighting- 
signaling devices 

Reflex reflectors 

Clearance lamps, taillamps, stop lamps 

Side marker lamps 

Turn signal lamps 

Headlamps for high beam andlor low beam 

and their light sources 

Gaseous discharge headlamps 
and their light sources 

Front fog lamps 

Rear fog light (fog taillamp) 

Backup lamps (reversing lamps) 

Parking lamps 

Rear registration plate illumination devices 

Reverse gear and speedometer equipment 

Interior equipment (symbols, warning lights) 

Wheel covers 

Tire tread depth 

Tires and tire mounting 

Towing capacity, hitch vertical load 

Towing equipment (trailer hitches) 

Pedal arrangement 

"(StraOenverkehrs-Zulassungsordnung = Road Traffic Licensing Regulation) 
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TABLE 4.1 (cont,) 
Requirements for Passive Vehicle Safety (Mitigation of Injuries): 

Interior fittings (protruding elements) 

Steering mechanism (behavior in an impact) 

Frontal impact, occupant protection 

Side impact, occupant protection 

Seat-belt anchorages 

Seat belts and restraint systems 

Seats, seat anchorages, head restraints 

Head restraints 

External protection 

Fuel tanks and rear underride protection 

Liquefied petroleum fuel systems 

Doors (locks and hinges) 

Front and rear bumpers 

Rear-end collisions (not applicable to 
Germany) 

Child restraint systems 

Safety glazing 

Electric propulsion (safety) 

TABLE 4.2 
RELEVANT RULES IN THE UNITED STATES [4.1] 

FMVSS Contents 

Controls and displays 

Transmission shift lever sequence, starter interlock, and 
transmission braking effect 

Windshield defrosting and defogging systems 

Windshield wiping and washing systems 

Hydraulic and electric brake systems 

Brake hoses 

Lamps, reflective devices, and associated equipment 

New pneumatic tires 

Tire selection and rims 

Rearview mirrors 
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TABLE 4.2 (cont.) 

FMVSS Contents 

Hood latch system 

Theft protection 

Motor vehicle brake fluids 

Power-operated window, partition, and roof panel systems 

New pneumatic tires for vehicles other than passenger cars 

Tire selection and rims for motor vehicles other than passenger 
cars 

Air brake systems 

Accelerator control systems 

New non-pneumatic tires for passenger cars 

Passenger car brake system 

Occupant protection in interior impact 

Head restraints 

Impact protection for the driver from the steering control system 

Steering control rearward displacement 

Glazing materials 

Door locks and door retention components 

Seating systems 

Occupant crash protection 

Seat-belt assemblies 

Seat-belt assembly anchorages 

Windshield mounting 

Child restraint systems 

Side impact protection 

Roof crush resistance 

Windshield zone intrusion 

Fuel system integrity 

Flammability of interior materials 

Fuel system integrity of compressed natural gas vehicles 

Compressed natural gas fuel container integrity 
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October 16, 1995, the working title now has the following meaning: "New 
Agreement concerning the adoption of uniform technical prescriptions for 
wheeled vehicles, equipment, and parts that are used in road vehicles ..." 
Application for membership is on a voluntary basis. This means that countries 
that are members of the United Nations but not of the EEC could join this 
organization. 

Since March 1998 and November 1999, the EEC and Japan, respectively, 
became members of this commission. More than 100 rules are in effect, and 
some of those rules could be used as part of the EEC-type approval. Addi- 
tional actions to minimize trade barriers among the continents of the United 
States, Japan, and Europe started with the Transatlantic Economy Dialog. 
The goal is to improve trade relations between Europe and the United States 
and to reduce trade barriers. A further commitment was given to create, on 
a more global basis, rules for vehicles. In the International Harmonized 
Research Activities (IHRA), the following themes, led by the countries 
below, are handled: 

Australia: Side impacts 
Italy: Frontal impacts 
United Kingdom: Vehicle compatibility 
United States: Biomechanics 
Canada: Intelligent transportation systems 
Japan: Pedestrian safety 

Guided by the IHRA Steering Committee, the number of harmonized rules 
should be increased. As of February 2005, approximately 80% of the rules 
were capable ofbeing harmonized, if the car manufacturer accepts the higher 
level of safety in the other continents. 

4.1 Reference 
4- 1. Compiled from sources of the National Highway Traffic SafetyAdmin- 

istration (NHTSA) and the Federal Motor Vehicle Safety Standards 
(FMVSS), Washington, DC, United States. 
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This chapter provides some general data related to accident statistics. In addi- 
tion to this general data, we can say that for more complex engineering work 
on vehicle safety, very detailed information is necessary. Worldwide, many 
different organizations are actively involved in accident research work, such 
as governments, universities, insurance associations, and vehicle manufac- 
turers. In direct meetings among the experts and in many conferences, the 
facts and conclusions are discussed. 

Figure 5.1 shows the development of traffic fatalities as a hnction of billion 
vehicle kilometers for various countries from 1970 and 1980 up to 2003. 

Although the rate of improvement is impressive, too many accidents continue 
to occur, with severe and fatal injuries on public roads. On a worldwide basis, 
there are more than 1 million fatalities per year on roads. In Europe and the 
United States, one could observe approximately 45,000 fatalities in 2005. If 
we look more closely at the distribution of fatal accidents, Figure 5.2 shows 
the various participants in Germany as a function of years. The group of 
passenger car occupants is the largest, although it also shows the highest 
degree of improvement. 

Another strong influence is the road itself. Figure 5.3 demonstrates the dif- 
ferences in the types of roads in Germany. 

This information is relevant in absolute numbers and if you compare the 
fatalities per kilometers driven where, for example, the safety per kilome- 
ters driven is approximately a factor of four better on highways than on 
other roads. There is one special effect in Germany and in other European 
countries for country roads. Approximately 30% of all fatalities on coun- 
try roads occurred because of a large concentration of impacts with trees. 
How this number will be reduced as a result of the installation of electronic 
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Figure 5. I Development of the,fatality rate in road trafic on highways 
in Japan, the United States, and Europe (fatalities per billion 

vehicle kilometers). (~ource: R$ 5- 1.)- 
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Figure 5.2 Nzrmber of deaths in accordance with trajic participants in 
Germany. (Source: Ret  5-2.) 
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Germany West Germany afier reunification incl. former East 

Source: StBa 
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Year 19..120.. 

Figure 5.3 Number of deaths as a,function ofroad type. 
(Source: Ref 5-2.) 

stabilization control and head side airbags will be seen in the future, but a 
positive effect can already be observed. 

Figure 5.4 shows an international comparison with respect to the reduction 
of traffic deaths per billions of kilometers driven on highways in various 
countries. 

There also is no clear indication that countries with speed limits on highways 
have a lower accident rate than others, in terms of fatal accidents. 

If we examine the type of crash for car occupants, we also find interesting 
results, as shown in Figure 5.5 [5-2, 5-31. In the United States, 40% of all 
crashes are single-car accidents. This also is true for Germany. However, 
we find differences in areas such as cars to pickup trucks and sport utility 
vehicles, pedestrians, and two-wheeled vehicle accidents. It also is important 
to look at the driver, who often is the main cause of the accident. In addition 
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Figure 5.4 Death rate on highways-an international comparison. 
(Source: Re$ 5- I .) 
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Figure 5.5(a) Distribution of accident types in the United States. 
(b) Distribution of accident types in Germany. (Source: Re$ 5-2.) 
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to the more direct parameter, which is related to the specific items discussed 
in Chapter 6 on accident avoidance, a general observation could be made: 
a correlation definitely exists between age and risk. Figure 5.6 shows the 
results of a study conducted in the United States. 

From Figure 5.6, we can conclude that young drivers have a high risk for caus- 
ing crashes. This high risk will be increased by the number of passengers in the 
car [5-41. A study conducted in Germany, as shown in Figure 5.7, compares 
the number of pedestrians and car occupants injured in accidents. 

0 1 2 3 +  
Ages 16-17 

0 1 2 3 + 0 1 2 3 +  

Ages 16-19 Ages 3G59 

Number of Passengers 

Figure 5.6 Crash rates by driver age and passenger presence. 
(Soz~rce: Rex 5-4.) 

Figure 5.7 shows a high risk in both categories, that is, accidents per kilo- 
meters driven and accidents per time for children and young people [l-I].  
Another question, which often is asked in private discussions, is whether 
women or men have more or fewer accidents. As illustrated in Figure 5.8, 
there seems to be a general advantage for women with regard to a lower 
number of accidents, especially in single-car crashes. 
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Figure 5.7 Accident rates for pedestrians and passenger car drivers in 
Germany (Source: Rep I - I.) 
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Figure 5.8 Passenger car accidents per 1,000 owners of drivers licenses 
and one million kilometers driven. (Source: Rer  5-5.) 
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In the category of accident avoidance fall all measures that help in a positive 
manner to prevent accidents. Related to the vehicle driver, we can state that also 
the contribution for an easier, safer, and more comfortable drive helps to avoid 
accidents. Driver assistance systems should support the driving function. 

In addition to the technical features of drive-by-wire, it is very important to the 
man-machine interface to define precisely the responsibilities that the driver 
should retain. The responsibility of the driver also is one basic requirement 
of the Wiener world agreement for "Driver Assistance Systems." It is easy 
to understand that this does not have to be a rigid definition. Technological 
progress and a growing understanding of the man-machine interface will 
allow more continuous step-by-step progress in this area. One fundamental 
rule must be fulfilled: New technical features should not be installed in any 
case if those features have a foreseeable negative effect, even if this effect 
is very small. 

6.1 Human Factors 
Humans as traffic participants play a major role with respect to failure that 
might lead to an accident. Table 6.1 shows the involvement of various groups 
related to the occurrence of accidents. 

The main group is car occupants. Some data indicate that the driver is respon- 
sible for more than 80% of all accidents. If we take an average of all German 
states, we find the data in the police reports for 200412005 with respect to the 
group that is responsible for these accidents, as shown in Table 6.2 [6-11. 

Although the driver's group is the most significant as the major cause of 
accidents, we must be careful not to neglect other influences. The driver 
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TABLE 6.1 
DISTRIBUTION OF TRAFFIC PARTICIPANT GROUPS 

WlTH RESPECT TO ACCIDENTS 

Type of Europe Germany United States 
Traffic Participant ["/.I ["/.I w.1 

Passenger car occupant 42-63 5 1 73.5 

Motorized two-wheeler 1 4-27 14 7.5 

Bicycle driver 5-20 9 2.0 

Pedestrian 14-34 23 14.5 

TABLE 6.2 
THE ORIGINATOR OF ACCIDENTS WlTH INJURIES, 

AS A FUNCTION OF TRAFFIC PARTICIPANTS 

Responsible for the Accident % 

Driver (excluding cyclists) 77.0 

Cyclist 9.1 

Pedestrian 5.6 

Road conditions 5.1 

Technical failures on cars 1 .O 

Others 2.0 

is influenced by his or her health and physical conditions, qualifications and 
experience, driving education, and ability for orientation; quality of the 
man-machine interface; climate; and comfort related to the vehicle. In more 
detailed studies, we also find different figures for the driver being responsible 
for causing the accident. For example, a vehicle with accident prevention 
measures or higher comfort levels also might lead to a lower accident rate. If 
we take this into consideration as a result of the analysis of various sources, 
we find approximately 65% human-based failures, 30% environmental, and 
5% vehicle-related. [f we examine a detailed analysis of the single failures 
for the driver, the general distribution for the 2003 statistic in Germany [6-11 
could be taken from Table 6.3. 
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TABLE 6.3 
CAUSES OF ACCIDENTS FOR ALL TYPES OF VEHICLES, 

INCLUDING MOTORCYCLES, BIKES, AND OTHER VEHICLES 

Driver-related: 

Speed too high 

Right of way (intersections) 

Turns, drive in and out, turn around 

Driving too close to another car 

Influence of alcohol 

Misuse of the road 

Failure during passing 

Wrong behavior against pedestrians 

Others 

Vehicle itself 

Pedestrians 

Road conditions 

Others 

The mental and physical condition of a driver is one of the most important 
factors to consider when discussing the avoidance of accidents. Mistakes 
made by the driver have varied causes. Often, he or she dismisses the pos- 
sibility of an accident, a momentary over-estimation of self, lack of driving 
experience, insufficient physical condition, and impairment due to the con- 
sumption of alcohol or drugs. Alcohol consumption affects the safe driving 
ability of the driver. 

Figure 6.1 shows an investigation with various people and blood alcohol 
content (BAC), driving a specific course on the Volkswagen driving simu- 
lator. The test persons had to drive a certain distance, where the number 
of mistakes as a function of BAC was measured. A significant deviation 
from normal driving was observed with an alcohol content of approxi- 
mately 0.6 0/00. In a study of accidents, the increase in the risk to cause 
an accident as a function of BAC is as shown in Table 6.4. 
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Driving error F = exceedina drivina lane (sum over total time) x 100% 
driving time 

Figzwe 6.1 Driving failur*es as a,firnction o f  blood alcohol content (BAC). 
(Source: Ref 1-1.) 

TABLE 6.4 
RISK INDEX OF ALL ACCIDENTS AS A FUNCTION 

OF BLOOD ALCOHOL CONTENT (BAC) [6-21 

BAC Level Risk Index K 

0 1 .o 
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In most countries, we find legislation limits on blood alcohol content as 
defined by the authorities. From the first work on experimental safety 
vehicles, there have been many investigations on preventing the drunk driver 
from being able to start the vehicle. All invented devices until now have 
failed. Either these devices were so complicated that even drivers without any 
blood alcohol content were unable to start the car, or drunk drivers overcame 
the devices with the help of a "solver" person. In addition to this negative 
influence of alcohol, we find drugs as a cause of accidents, although the exact 
figures are unknown. 

Another element of research is that tired drivers may fall asleep while driv- 
ing the vehicle. Drowsiness sensors might be one solution for these critical 
situations. For example, systems would watch the movements of the eyelid 
via cameras and give an acoustic or mechanical (vibration) warning signal. 
Other possibilities would be to monitor the steering wheel movement or the 
pulse frequency and breathing of the driver. 

In general, we can state that for hture work on vehicle safety, detailed knowl- 
edge about the behavior of the driver and the other traffic participants from the 
results of a more detailed accident investigation becomes increasingly important. 
However, for new systems, only a theoretical prediction of the effect can be 
made, and extensive studies on driving simulators must be performed. 

Some single elements of accident avoidance measures are described in the 
following sections. 

6.2 Comfort and Ergonomics 
To a certain degree, there is a direct relationship between comfort and vehicle 
safety. All aspects that contribute to a more comfortable drive also help to 
reduce accidents. This includes comfortable entry and egress from the vehicle, 
which has the entrance and seat not too low above the road, a good adjustable 
seat, and a seat back with lumbar support. Several other elements, which 
vehicle occupants today take for granted, contribute to an increased level of 
comfort. These include seat-belt latches on the seat, height adjustments of 
the upper anchorage point, and vertically and horizontally adjustable steering 
wheels. Figure 6.2 illustrates a connection between the comfort of the seat 
and driver fitness. 
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Figwe 6.2 Accident avoidance measzves. (Source: Re6 I - I .) 

Other minor items can have a great positive influence on driver comfort. 
These include electrically adjustable and heated mirrors, power windows, 
power steering, heated wiper systems, rain sensors, and automatically adjust- 
able interior rearview mirrors to avoid blinding from glare. Although he1 
consumption due to the higher amount of electrical devices in the car often 
increases slightly, the benefit for safety justifies these installations. One posi- 
tive example is the much higher installation rate of air conditioning systems 
in cars. For many years, this was the domain of cars in the United States, 
Japan, and the upper-class segment in Europe. Meanwhile, in many coun- 
tries, air conditioning in cars has become standard equipment. As shown in 
Figure 6.3, from an investigation performed by the company Behr [6-31, we 
can find a direct correlation between the accident rate and the heat loading 
on the driver. 

The weather likewise directly influences the occurrence of accidents. On wet 
roads, we find a 20% increase in accidents, with a high thermal load slightly 
above a 20% increase. 

Another comfort item is low interior noise. Figure 6.4 shows the dB (A) level 
of an optimization process due to the installation of insulation measures in a 
vehicle body as a function of engine revolutions per minute (rpm). 
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% change in average number of accidents 
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Increase in number of in-town accidents in case of wet roads and heat stress of the driver. 

Figure 6.3 InJEuence o f  weather conditions and heat loading of the driver: 
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Figure 6.4 Reduction o f  the total noise pressure level due to 
inszrlation measures. (Source: Ref: 6-4.) 
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In this connection, controlled measures for noise and vibration reduction are 
becoming necessary to eliminate special problems. Not only is a low level 
of noise important, but also the fact that single spikes should be avoided. In 
addition to a low level of interior noise, an optimized climate control in the pas- 
senger compartment, with the possibility of guiding the airflow to individual 
parts of the human body (and on high-class cars, the ability of the driver and 
passenger to adjust the climate control separately) is standard equipment. 

The vertical oscillations of the vehicle also influence the comfort level of 
the driver and the vehicle occupants. Figure 6.5 demonstrates the relation- 
ship between oscillation and damping comfort and contact between tire and 
road. The optimal layout is within the limited values (e.g., below a K-factor 
of 10). 

K-Value,, (mmfort scale) 

Fdyn,, I Fstat (F= wheel load) 

Figwe 6.5 K-scale as function o f  wheel loud and vehicle 
natural frequency. (Source: R e t  6-5.) 

According to Richter [6-51, a good compromise for the layout of the chas- 
sis is shown, if the data as shown are fulfilled, although the necessary low 
unsprung mass could not always be achieved as easily. Engineering research 
and development activities today are leaning toward the development of the 
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electrlc and air sp1n9 and 

block 

sensor 

Figure 6.6 System architecture for an electronic suspension system. 
(Sozvce: Ref: 6-6.) 

active chassis, which also reduces the critical oscillation frequencies. Figure 6.6 
shows the design of an active chassis control. 

The ergonomic design for the working-place "driver" and for the man-machine 
interface is evident with regard to accident avoidance capability. In the BMW 
700 series, the redesign of the operating concept tried to integrate the follow- 
ing features of the intuitive and adaptive man-machine interface [6-71: 

Intuitivism 
Transparency 
Failure robustness 
Effectiveness 
Individuality 
Safety 
Learning ability 
Flexibility 
Adaptive 
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Socially compatible 
Multi-modularity 

The reaction of the market today favors the new solution. 

The working-place driver also must be designed for different sizes of humans. 
The two-dimensional design dummies cover the 5% female up to the 95% 
male, as shown in Figure 6.7. 

95% Male 

7 5% Female 

Figure 6.7 Steering wheel andpedal layout in a microbus. 
(Source: Ref: 1-1.) 

From studies at the University of Kiel (Germany), we know that an aver- 
age man of the young generation (i.e., 20 to 25 years old) has a total body 
length that is approximately 12 cm (4.7 in.) larger compared with the group 
of people between the ages of 16 to 60. For the actual layout of the interior 
of the vehicle, car manufacturers meanwhile are using more realistic data. 
Because of a large number of legal requirements, a three-dimensional test 
device is used, as shown in Figure 6.8 [6-81. 
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Figure 6.8 Description of the three-dimensional machine tools. 

With this device, the seating reference point can be determined. The seating 
reference point is the basis for the field of view, for the seat-belt anchorage 
point location, and for other vehicle parameters. 1n addition, designers use 
various mathematical models to simulate vehicle occupants. Computer tech- 
nology today allows a much better simulation of the ergonomic design of the 
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working-place driver. In the virtual product creation process, different sizes 
and three-dimensional effects can be simulated. Figure 6.9 demonstrates 
RAMSIS, a three-dimensional computer model simulating the driver [6-81. 

Figure 6.9 Instrzrment panel layout b-Y RAMSIS. 

For the layout of the interior of the vehicle, not only are the driver's physical 
dimensions considered, but the interior lighting systems are receiving more 
attention. During the entry and egress process of vehicle occupants, lighting 
should contribute to safety and orientation. During driving, the driver should 
not be disturbed by the reading light or the instrument panel lights. The instru- 
ment panel should be read easily by the driver and have a color that is optimal 
for most drivers. The instrumentation should not produce reflected glare in the 
windshield. Although head-up displays give the designer an additional free 
parameter, these have not achieved a large market penetration. This might 
change if more warning functions are given via head-up displays to the driver. 
Initial solutions are already on the market. 
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In terms of the driver's field of view, numerous legal requirements exist. 
The driver should have a good all-around view, related to the vehicle itself, 
and a free field of view through the windshield. The requirements in the 
field of view and the wiped pattern on the windshield are described, for 
example, in FMVSS 103 and 104 [6-9,6-101. The field of view is divided 
into Fields A, B, and C. Figure 6.10 shows these areas for a compact car. 

Figzwe 6.10 The field of view for a compact passenger car: 

The areas in the field of view are defined by tangential surfaces on the ellipse 
of the driver's eyeballs. The defined areas must be wiped with a specified 
percentage (more than 80% for Field A, more than 94% for Field B, and 
more than 99% for Field C). Similar requirements must be fulfilled in other 
countries such as Europe. The determined areas also serve for the checking of 
the performance of the windshield heating system (defrosterldefogger). The 
vehicle under investigation is tested in accordance with test procedure SAE 
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5902 [6-111. The vehicle is pre-conditioned at an environment temperature 
of -1 8°C (-0.4"F). In a period of less than 40 min, Field A must be defrosted 
by more than 80% and Field C by 100%. 

The all-around view includes the exterior and interior mirrors. 1n the area 
of optimizing the field of view, we also find new wiper systems that by their 
geometric layout minimize the unwiped area. Several support systems also 
are available in some cars. These include heated wiper nozzles and heated 
outside mirrors, electrical mirror adjustment, electrically heated windshields, 
rain sensors (see Figure 6.1 1) that automatically switch on the windshield 
wipers, and automated interior anti-glare rearview mirrors. 

( I )  LED 

(2) Pholodlode 

(3) Optical F~ber 

(4) OpUcal Coupling 

(5) Drop 

(6) Ambienl Lghr Sensor 

(7) Wndshleld 

Figure 6.11 Layozrt o f  a vain sensor: (Sozrrce: Ref 6-12.) 

Amore advanced system uses sensors that are installed in the outside mirrors to 
observe both sides of the car, to prevent an accident in a critical lane-changing 
maneuver, or to prevent a possible accident with a pedestrian or cyclist in a 
right-turn situation. It has not yet been determined how the critical situation 
should be transmitted to the driver. Several solutions are possible, ranging 
from an acoustical warning signal to an increase of steering wheel torque, as 
shown in Figure 6.12. 

Other systems that indirectly improve the field of view are obstacle iden- 
tification systems that measure at low-speed driving the distance to other 
obstacles and provide an acoustical or light signal to the driver, as shown 
in Figure 6.13. The following functions could be fulfilled [6-131: 
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CCD camera 

Figure 6.12 Rearview milPror with integrated camera electronics,for 
detecting objects in vehicle blind spots. (Soz~rce: Re$ 6-13.) 

rear 

Figure 6.13 Microwave sensor concept for vehicles. Sensor, 
video senso6 and laser scanner (Sotwce: ReJ: 6-13.) 
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View of blind spot 
Parking assistant 
Adaptive cruise control (ACCtShort-range sensor for stop-and-go function 
Pre-crash detection 

The connection to vehicle safety is given by the fact that small amounts of 
damage to vehicle exterior components and therefore to the lights and signals 
are prevented. 

One example of a large number of research activities to improve the driver's 
all-around view is demonstrated in Figure 6.14 by the Bosch company. If 
we analyze Figure 6.14 closely, we could imagine that the large number of 
sensors are able to improve the safety of the vehicle in several areas if the 
man-machine interface is designed correctly. The driver assistant systems can 
support several functions, such as the parking pilot, with ultrasonic sensors 
in the bumper system, up to 1.5 m (5 ft); adaptive cruise control (ACC); a 
long-range radar sensor of 77 GHz; and a short-range sensor of 24 GHz for 
identifying obstacles close to the vehicle. In the future, cameras will be used 

Protection zones 

77 GHz Infrared Video 24 GHz Ultrasound 
Long-Range Radar Short-Range 
(Lidar) Radar (Lidar) 
Remote distance Extended Medium range Short range Ullra short range 

middle distance 0 bis 5 80 m 
1 m b e  -120 m 0 bis r, 200 rn 0.2 b ~ s .  20 m 0.2 bis .: 1.5 (2.5) m 

Figure 6.14 Vehicle s~u-~~otlnd sensom (Source: ReJ: 6-14.) 
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in addition to sensors. This provides an opportunity not only to measure the 
distance to objects in front of the vehicle but to identify of the types of objects. 
Other sensors might provide information about road and bad weather condi- 
tions such as snow and fog. 

In relation to the area of field of view, we also must add the function of the 
signals and the lights of vehicles. The signals are not used to improve vision 
but to identify the vehicle and to show the purpose of the driver's action, if 
he or she changes the direction of the drive path or applies the brakes. For 
passenger cars, a third brake light at an increased height above the ground is 
installed. This light allows drivers in the vehicle behind the braking vehicle 
to more quickly recognize a braking situation, thereby helping to speed up 
their reaction time to apply the brakes. There are also some discussions 
regarding whether the third brake light should change its color intensity in 
relation to braking force. 

With respect to the development of headlamps, Figure 6.15 shows the changes 
as a function of years. Newer and powerful LED developments already allow 
rear lamps and in the future will allow headlamps for cars. 

Related to the design of headlamps, the trend to install the technical elements 
behind a glass or plastic cover is continuing. The shape of the headlamp cover 
is designed for low aerodynamic resistance and pedestrian protection. 

For the layout of headlamps in terms of lighting intensity, we must make sure 
that the headlamps provide an optimized field of view for the driver, without 
blinding other drivers on the road. In general, we can ask for the fulfillment 
of the following requirements: 

The road should be illuminated symmetrically and without spots. 

The driver should have a good view of the road shoulder on his side. 

The majority of light should cover the driving path. 

Scatter width should be sufficient. 

Avoid blinding the oncoming traffic. 
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The driving path in front of the vehicle up to a distance of 40 m (13 1 ft) 
should not be illuminated to an extreme level because of the possibility 
of blinding from a wet road, due to the reflection of light from oncoming 
traffic. 

Also in the lighting equipment, we find some driver assistance systems. For 
example, the automatic vertical adjustment of headlamps is especially requested 
for xenon light. The automatic headlamp leveling device must be able to 
identify the position of the vehicle relative to the road. This is accomplished 
by the use of angular sensors. In the future, even more advanced systems 
are foreseeable. One example is additional infrared headlamps to identify 
pedestrians or other road obstacles in darkness. 

In addition to vertical adjustment, a computer-controlled horizontal headlamp 
adjustment based on either the steering wheel angle or, in the future, in com- 
bination with a positioning sensor such as GPS (global positioning satellite) 
is possible. The benefit of this solution lies in the fact that road curves are 
illuminated before the vehicle has reached the next curve of the road. Every 
year, more production cars with curve lighting systems are entering the mar- 
ket. The adaptive front lighting will have several dynamic functions. One 
function is the town light, which illuminates a larger area compared to the 
asymmetric beam used today. The other function is the country light, which 
will include the recognition of road course obstacles and road signs in a more 
efficient manner, as shown in Figure 6.16 [6-161. 

6.3 Acceleration and Bralung 
Because of the big difference among passenger cars with respect to engine 
power and vehicle mass, and because of the necessity to keep traffic flowing, 
establishment of minimum performance with respect to power and torque is 
necessary. This is a request not only for Europe but for North America and 
some states in Asia. For most passenger cars, front-wheel drive is standard. 
To achieve sufficient traction and brake capability, many additional features 
are available in production cars. For traction control, we find that different 
names for the system are used by the car producer. In principle, this system 
uses a portion of an antilock brake system (ABS) for electronic differential 
control. This device is sufficient to prevent a traction wheel from spinning 
when starting a vehicle on a surface with a different coefficient of friction. 
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Conventional AFS 

Figure 6.1 6 Advancedfrontlight system (A FS) (dynamic curve light). 
(Source: Ref: 6- 1 6.) 

At higher speed (e.g., above 20 kmlh [12 rnph]), the effect is reduced. Above 
40 kmlh (25 mph), the system is switched off to avoid a negative influence 
with respect to safe driving under high speed. Figure 6.17 shows the general 
function of such a system. 

With other systems (e.g., automatic stability control plus traction [ASC+T]), 
during a wheel spin of one drive wheel, the propulsion force via an electronic 
engine management system is reduced. In addition, through a brake inter- 
vention at the spinning wheel up to 40 kmlh (25 mph), this effect is again 
reinforced. The electronic differential system (EDS), propulsion slip control 
(ASR), and ASC+T systems are sufficient for many driving conditions. A 
more sophisticated device to control the acceleration capability is four-wheel 
drive. Several four-w heel-drive systems are on the market. Figure 6.18 is an 
overview of the different driveline systems, including four-wheel drive. 

Four-wheel drive shows positive function not only under acceleration and 
complicated road conditions but during aquaplaning (hydroplaning) as well. 
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Figure 6.1 7 An antilock brake system/propt~lsion slip control system (ABS/ 
ASR [acceleration slip regulationjl, for passenger cars. ( I )  Speed sensor; 

(2) ABS/ASR hydrazdic unit; (3) ABS/ASR ECU; (4) Electronic lhrottle 
ECU; (5) Throttle gasoline engine. (Source: Rej 6-1 7.) 

FA 

D-V-D 

D-D-D  

D-DV-D 

D-S-D 

D-S-S 

SA 

Front-wheel drive 

Permanent all-wheel drive (slip controlled) 
Viscose-clutch with freewheel 

Permanent all-wheel drive (power controlled 
with differential gear) MJM, = 111 

Permanent all-wheel drive (power and slip 
controlled) M JM, = 112 

Rigid all-wheel drive 

Rigid all-wheel drive with locked rear differential 

Standard drive 

Figure 6. I8 Eew of driveline systems. (Source: Ref.' 1-1.) 
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A pioneer for permanent four-wheel drive for passenger cars was Audi AG. 
Volkswagen's system is based on a hydraulic electronically controlled clutch, 
where the front and rear axle are connected, if this is required by unusual road 
situations, as shown in Figure 6.19. 

3 Multi-plates 4 Axial-piston pumps 

r ----- 
, 1 5 Control valve 

1 
1 Out~ul  shafl 

Figure 6.1 9 Fzrnction of the four-wheel-drive Haldex clutch. 
(Source: Rej.' 6- 18.) 

For four-wheel drive cars, which are used primarily on normal roads, the four- 
wheel system is disconnected to avoid vehicle spinning if, during downhill 
driving, the brakes are applied. 

For most owners, the vehicles equipped with EDS/ASR systems are sufficient 
in day-by-day driving. This is the reason why four-wheel drive remains 
a niche market, although high-powered vehicles and sport utility vehicles 
(SUVs) have a higher and increasing installation rate of four-wheel drivelines 
in the vehicles. 
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6.3.1 Adaptive Cruise Control (ACC) 
Adaptive cruise control (ACC) is one system that is already in series produc- 
tion. It started in connection with upper-class models and now is available 
in the compact class as well. Adaptive cruise control identifies the vehicle 
in front of the ACC-equipped vehicle, determines its position and speed, and 
maintains (through braking and acceleration) the desired distance between 
the two vehicles. The main benefit is achieved on roads with constant high 
speeds, such as highways and the Autobahn in Germany. To maintain the 
desired speed and safe distance from the vehicle driving in front, the car 
equipped with ACC uses a 77-GHz radar sensor to identify moving objects 
to a distance of 100 m (322 ft) in front of the vehicle and at an angle of + 4 O  

to the centerline. With the determined data, the electronic control unit cal- 
culates the relative distance to the moving object in front of the ACC-equipped 
vehicle. If no other vehicle is in the front of the ACC-equipped vehicle, the 
vehicle accelerates to the selected speed. Although the driver receives strong 
support for this drive function, he or she remains responsible for control of the 
vehicle. Figure 6.20 shows some parts of the ACC by Bosch (the radar and the 
electronic control unit). In the newest PRE-SAFE activities, DaimlerChrysler 
has started to offer a more advanced system called the PRE-SAFE brake. 

Technical Data 
Temperature range -40 to 80°C 

Power consumption 13 W 

Package size: 12.4 cm H 
9.1 cm W 
9.7 cm D 

Weight 10.6 kg 

Bracket for vehicle-specific 
mounting including alignment 
mechanics 

Figure 6.20 Components of adaptive cruise control (ACC). 
(Source: Ref: 6-20.) 
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Around 2.6 sec before an accident, the driver receives an acoustic warning 
signal; around 1.6 sec before an accident, the vehicle automatically applies 
the brakes, with a deceleration of up to 4 m/sec2 [6-201. Other companies 
are installing similar systems. 

6.3.2 Brakes 
Standard equipment on passenger cars today is a hydraulic two-circuit brake 
system with two independent working brake circuits. A typical layout is the 
diagonal configuration of the brake (one for a front and a rear wheel). Chas- 
sis design with a negative kingpin offset supports directional stability during 
the braking maneuver. A load- or pressure-dependent braking force regula- 
tor prevents locking of the brakes at the rear axle. This guarantees stability 
during braking. 

Figure 6.2 1 shows the importance of a short reaction time and a rapid increase 
in brake pressure for the prevention of accidents. 

Some production cars use a so-called "brake assistant." In emergency braking 
situations, due to a pressure boost control or via a dual rate booster with an 
emergency valve, this brake assistant rapidly increases brake pressure, even 

Collision Speed 

Figure 6.21 Distribution of accidents. as aji~nction ofcollision speed 
(Source: Rec 6-2 I .) 
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at relatively low brake-pedal force. The design of the brake assistant can be 
described as follows: 

The signal of the pressure sensor determines from the pressure level and pres- 
sure gradient if an emergency braking situation exists. This increases the braking 
force, if necessary, in an initial phase. If the pressure applied by the driver is 
reduced, the brake pressure is increased automatically again. The brake pres- 
sure also is increased if the driver is not pushing the brake pedal hard enough. 
Figure 6.22 shows details of the control function [6-221. The brake assistant in 
a not-too-aggressive layout is being introduced in more vehicles. 

As already mentioned, the PRE-SAFE system together with ACC auto- 
matically applies the brakes if an accident is predicted. Audi with its SUV-Q7 
[6-231 uses the brake pedal movement to force the driver to activate the brakes 
immediately to prevent an accident with the vehicle in front. The sensors used 
are already installed in the vehicle by the ACC system and give to the driver first 
an acoustic and visual warning. lf an immediate brake application is necessary, 
a momentary brake bounce requests the driver to apply the brakes. 

Performance of the brakes to decelerate the car and simultaneously maintain 
the steering capability is a very important factor. The FMVSS 105 and EEC 
Directive 711320 describe many design and performance criteria. Each 
vehicle manufacturer also has its own additional test programs such as down- 
hill performance during a long descent from a high mountain and extensive 
winter testing. 

Basic requirements are two-circuit brakes, a brake booster, a braking force 
regulator for the rear brakes, sufficient brake cooling, and multiple brakes 
out of high speed without a significant reduction ofbrake performance. Also, 
the perfect function of the brake system during the lifetime of the vehicle is a 
very important parameter for safe driving. As mentioned, the self-stabilizing 
effect at the front axle is one important element to keep the vehicle in line 
during braking on roads with different coefficients of friction from side to 
side of the vehicle. Figure 6.23 shows a cross section of the wheel contact 
area (midpoint), the spring strut, and the track rod. 

The view also shows the stability function. In a braking situation at the wheel 
with the higher brake force, a moment arises that corrects the tendency to 
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Deceleration 

...................... 
W~th bfb 

....... .................... 
\ '  

....................... 
i Slow driver 

react~on ........................... 

......................... :.. ................................... 

................................................. ..................................... 

..................... t . . . . . . . . . .  .:.. .............. 

........ ." ........................................ ............... 

Time Is] 

Force at brake force booster (bfb) 

Input Force 

Figure 6.22 Brake assistant. (Source: Rej.' 6-22.) 
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-11- Stabilizing kingpin offset 

Figure 6.23 Cutaway view through the wheel-road 
contact area. (Source: Re$ I - I .) 

steer in the direction of this wheel; thus, the vehicle track remains stable. 
For vehicles, it also is important that the rear wheels do not lock during 
braking. This is achieved, when necessary, by a brake pressure reducer or 
with the ABS. State-of-the-art for the ABS is the three-channel system. 
Figure 6.24 shows the schematic function. Via electromagnetic valves, the 
brake pressure is controlled at the single wheel to avoid the locking of one 
of the specific wheels. 

The opinion often mentioned by the public is that ABS reduces, in any case, 
the braking distance. However, this is not true. The main purpose of ABS 
is the capability to steer and brake. The span of control of ABS allows a 
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ABS control cycle for high adhesion 
coefficients. 

islip switching threshold 2 . 1  

----+ Time t 

Figtrre 6.24 Function o f  an ABS conti-ol (one wheel). 
(Source: Reb 6-24.) 

variation of 8 to 35% slip between a single wheel and the road surface. With 
this data, the brake distance is optimally short, but there is enough side force, 
which is necessary for steering. 

6.3.3 Brake-by- Wire 
The preceding examples have shown the importance of electronic brake man- 
agement related to accident avoidance. Two systems are being investigated 
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to use brake-by-wire technology for brake systems. The first application in 
a production car is the sensotronic brake control (SBC), an electro-hydraulic 
brake system (EHB) [6-251. Figure 6.25 shows the general layout. 

sure supply 
ngle piston pump 
ressure accumulator 

Pressure controller 

I 
Front 

- axle 
Rear 
axle 

* Wheel individual 
Closed loop control 

Figure 6.25 Sensotronic brake control (SBC). (Source: Re$ 6-25.) 

The systems contain the following components: 

Activation unit, including the brake pedal 

Hydraulic control unit with a specific electronic control unit, which could 
be installed in a location separate from the activation unit 

Yaw rate sensor, including a lateral acceleration sensor 

Rpm sensors at the wheels 

Steering wheel angle sensor 
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With this system, greater design freedom for the brake functions is possible. 
The result shows shorter stopping distances, reduced pedal effort, and a bet- 
ter feeling at the brake pedal (e.g., no vibration of the brake pedal as occurs 
with conventional ABS). Also, optimization of ABS, ASR, ESP (electronic 
stabilization program), and ACC is much easier. Likewise, the system is more 
convenient through smart stop. It also will be one of the important features if 
automated driving on roads becomes available in the future. In an accident, 
it is advantageous that the tandem master cylinder used in the system has a 
shorter length in front of the brake pedal. Therefore, any intrusion into the 
passenger compartment could be minimized. Figure 6.26 shows the optimized 
brake functions by SBC. The deceleration versus pedal movement shows 
that braking must be a compromise between too "poisonous" and too "blunt" 
performance. If a system failure occurs, a fall-back situation is given through 
the fact that with the remaining hydraulic circuit, the two front wheels can 
be used to brake the vehicle. 

With the SBC (EHB) system, several additional functions are possible. For 
example, in critical situations where emergency braking is necessary, the 

Electronic brake pedal 
electronic control of the whole braking system 

1 Electrically driven power supply 

I 0 High-pressure accumulator 

Controllable ball valves 

* Closed loop control of hydraulic pressure 

in the wheel brakes - wheel individual 

Hydraulic backup 

1 lowest degraded mode of the braking system - 
Figure 6.26 Optimized brake function by SBC. (Souire: Ref 6-25.) 
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brake assistant increases the brake line pressure until the antilock braking 
controller reacts. Also, a pre-filling of the brake lines is possible in the case 
where the acceleration pedal is relieved with a jerking motion in anticipation 
of the need for braking. Even as the rain sensor senses the start of a rainfall, 
the braking system with unnoticeable brake impulses can remove a water or 
salt coating from the tires. After installation in some vehicles in Europe, the 
system was not able to obtain market penetration, mainly because drivers 
could not identify improved performance. 

The second advanced system is the electronic mechanical brake system 
(EMB). Figure 6.27 shows the layout in principle. 

The basic difference with the EHB is that the hydraulic unit is replaced by an 
electric motor with a mechanical adjustment unit at each wheel to apply the 
brakes via an electrical signal. It is evident that the possible design freedom of 

Central bearing 
Brake caliper Motor 

\ 

solver 

Brake disc 

\ 
", 
Spindle 

Figure 6.27 Czltaway view o f  an electronic mechanical brake system 
(EMB). (Soz~rce: Rec 6-26.) 
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this system is even greater. On the other hand, the control unit must be fail 
safe; that is, without electric power, the system should not be able to lock the 
brakes. In addition to this requirement, we need at least a second independent 
electric circuit, including the battery, to ensure that the brakes continue to 
perform if one electrical circuit does not work. Some interesting pre-devel- 
opment work is underway at the Siemens Automotive division, where work 
is being done on the electrical wedge brake [6-271. 

6.3.4 Vehicle Dynamics 
The front-wheel-drive system has the highest market share compared to other 
vehicle layouts such as standard rear-wheel drive and four-wheel drive. The 
front-wheel-drive system offers the driver comfortable steering and a nicely 
tuned chassis, even in small vehicles. Also in this area, we find, in addition to 
hydraulic power steering, electrical devices to decrease the torque at the steer- 
ing wheel and to reduce fuel consumption. For a good straight-ahead drive, 
both the front and rear axles must be designed to hlfill the requirements for 
a good-natured, forgiving but precise and comfortable chassis. Figure 6.28 
shows the front and rear axles of a modern compact passenger car [6-281. 

At high speeds, it is necessary to minimize vertical lift at the rear axle. In 
the design of the vehicle, we must find a good compromise between low 
aerodynamic resistance and low rear-axle vertical lift. Figure 6.29 shows 
the aerodynamic coefficient, CD, versus the rear axle lift coefficient, CAH. 
If the rear-end lift is too high, especially during lane-changing maneuvers at 
high speed, this might become critical. The correlation between spring and 
damping comfort and sufficient contact between tire and road also is important. 
This correlation was shown here previously in Figure 6.5. 

Although we have improved theoretical knowledge and better simulation tools, 
the knowledge of experienced test engineers is still used for chassis design and 
layout. Numerous tests, as shown in Table 6.5, are used to determine vehicle 
behavior under dynamic situations [6-291. 

One special test in Europe was invented after much public discussion about 
the behavior of vehicles in extreme driving maneuvers. Although the ESP 
(Electronic Stabilisation Programme) was already under development, the tests 
and the public discussion about a so-called "moose (elk) avoidance maneuver" 
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Figtwe 6.28 Front (top) and rear (bottom) axles of a compact cau: 
(Source: Ref 6-29.) 
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Rear-end lift coefficient CLR 

0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 
Drag coefficient CD 

Figure 6.29 Rear-end I$' coeficient, as a function of drag coeficient. 
(Source: Re$ 6-4.) 

definitely accelerated the installation of the ESP system in production cars. 
The ESP supplements the following systems already installed: 

Antilock brake system (ABS) 
Electronic brake booster (EBV) 
Electronic differential system (EDS) 
Antiskid control device (ASR) 

The yaw moment controller uses the measured variables: wheel velocity, 
yaw velocity, steering wheel angle, lateral acceleration, and pre-pressure at 
the brake master cylinder. With the input of the steering wheel angle and the 
vehicle velocity, a setpoint value is determined and compared to the signal 
of the yaw velocity and lateral acceleration sensor. If any differences exist, 
the yaw moment control unit generates signals that control the brake pres- 
sure of each individual wheel, as well as the engine and transmission ECU. 
The resulting forces at the single wheels allow stabilization of a vehicle that 
has a tendency to skid. The ESP is the first system that supports the driver 
to a large extent, compared with systems that can be judged to be activated 
by the driver. One design-known as ESP-Plus-uses three wheels to 
control the vehicle function. Figure 6.30 demonstrates the principle. After 
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TABLE 6.5 
EXAMPLE OF SINGLE CRITERIA FOR CHASSIS CONTROL 

Subjective Assessment of Driving Behavior 

1. Drive-Away Behavior 

I .1 Squat 
1.2 Drive-away oscillation 
1.3 Drive-away shaking 
1 4 Steerlng input 
1.4.1 Coefllcient of friction. High 
1.4.2 Coefllcient of friction: Split 
1.5 Torque-sleer 
1.6 Sleerlng jam 
1.7 Traclion 
1.7.1 Coefllcient of friction: High 
1 7.2 Coefllclent of friction: Low 
1.7.3 Coefllcient of friction: Split 
1 7.4 Coefllcient of friction: Sudden change 
1.8 Control response ATC 

1.9 Pedal rear travel ATC 

2. Braking Performance 

2.1 Braking Decelerat~on 
Coefllcient of Friction: High 
Coefllclent of friction: Low 
Coefllcient of friction: Split 
Coefltcient of friction: Sudden change 
Slabiliiy 

Slraight ahead stabilily 
Cornering stability 
Steer stability 

Yaw slability 

Coefllcient of friction: High 
Coefllclent of Frotlon: Low 
Coefllcient of Iriction: Splil 
Brake dive 

Pedai elforl 
Pedai feel~ng 
Pedal reaction ABS 
Pedal movlng ABS 
Brake ludder 
Brake noise generai 
Squeal 

2.14 Tramp 

3. Steering Behavior 
3 1 Pivoting 

3.2 Responsiveness 
3.3 Trench effect 
3.4 Center point 
3.5 Sleering effort 
3 5 I Central position 
3.5.2 Proportional range 
3 5.3 Parking 
3.6 Sleermg passing 
3.7 Overshoot 
3.8 Post-oscillalion 
3.9 Poststeerlng 
3.10 Targel precision 

3.11 Road contacl 
3 12 Maneuverabilily 
3.13 Steerlng return 

4. Cornering Behavior 

4.1 Cornering behavior 
4.2 Turn-ln abillty 
4.3 Lateral force increase 
4 4 Yaw velocity increase 
4.5 Transverse control ability 
4.6 Roll behavior 
4.7 Diagonal dip 
4.8 Suppoll effect 
4.9 ROII screening 

4.10 Lane-change performance 
4.11 Steer-brake pertormance 
4.12 Steer-acceleration performance 
4.13 Road impacl 

4.14 Load alteration effect 

5. Straight-Running Stability 

5.1 Straight ahead 

Spring steering 
Roll Steering 
Steer oscillation 
Ridging 
Track rut sensitivity 
Load alteration sleerlng effecl 
Side wind sensitivity 
Wmd sensitiv~ty 
Trailer wobblino 

6. Driving Comfort 

6.1.1 Ride comfoll. low soeed 
6.1.2 Ride comfoll. high speed 
6.2 Pitch behavior 
6 3 Roll behavior 

6.4 Body damping 
6.5 Rolling comforl 
6.6 Harshness 
6.7.1 Rolling noise 
6.7.2 T~re whining 
6.8 Edge sensitivity 
6.9 Roar 
6.10.1 Thump~ng 

6.10.2 Damper 

6 11  Bouncing 
6.12 Absorb capability (bumps) 
6.13 Rebound 
6.14 Buffer stao 
6.15 Return 
6 16 Tlrelfreeway hop 
6.17 Springing 
6.18 Stutler (5-15 Hz) 
6.19 Load alteration 
6.20 Body vibration 
6.21 Steering vibration 
6.22 Steering shimmy 
6.23 Sleer~ng bounc~ng 
6.24 Steerlng return kick 
6.25 Steerlng ratlle 
6.26.1 Sealing comfort isolation 
6 26 2 Seal lateral supporl 
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Figure 6.30 Principle o f  layoz~t o f  an ESP system. 
(Source: Rex 6-33.) 

several years in production, the ESP shows very good performance in rela- 
tion to accident avoidance and has reduced the number of lateral collisions 
significantly [(i-301. 

Another system that offers a compromise between safety and vehicle dynamics 
is active chassis control, which also allows a high degree of driver comfort. 
For example, the active chassis could influence in a positive way the roll 
gradient of the vehicle [6-3 11. 

Other factors are important in the design of accident avoidance means, such 
as the tire and rim. Figure 6.3 1 shows an advanced system that even includes 
a sidewall torsion sensor [6-321. 

In addition to the specific performance requirements for tire and rim design, 
tire pressure is a key element with respect to fuel economy and vehicle safety. 
Because most customers do not carefully monitor tire pressure as frequently 
as they should, the tire pressure will be reported to the driver by sensors 
installed at each wheel. Different technical solutions are under development. 
For example, if the tire pressure becomes too low, radio signals transmit the 
signals to the instruments in the dashboard. One example is shown by the 
Beru RDKS, which also offers an aftermarket solution. This system consists 
of wheel electronics, valves, sensors, antennas, and an ECU [6-341. Tire 
pressure will be monitored in the future in an increasing number of vehicles 
on the road. 
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Development of Modern Tires: The Tire as an Integrated Element 
Advanced Tire Technology; Interaction BrakeTTireIRoad 

Tlre models: 
, ABS ( d r y h t )  1 blocked 

Frlction model 
P = 11 (v, T, PI slip) '., 

-. Road surface 

1 descrlptlon of texture 
..----, (fractal contact model) , 

1 

lnteractlve 
system - .  

tire - brake 

tlre (slmulatlon) - vehlcle @ (design, Brake control system ...) 

- - - 

Combination of different R8D areas 
such as chem~stry, mechancs 

Sidewall s~mulat~on sensoncs, electronics. 
torsion sensor wnlrolllnq, and brake technolow lo 

come to a new interacttve brake 
system. 

Figzwe 6.31 Sidewall torsion sensor: (Sowce: Rer 6-32.) 

Traffic-guidance and 
information systems 

i 

Traffii lights 

I 1  
Ad 

Lane markings Road Tri 1 Coord. Trattit 

Figure 6.32 Driver assistance and trafic guidance systems: a chronology. 
(Source: Re$ 6-36.) 
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It is evident that all electronic and drive-by-wire systems must be more precise 
in their development with respect to software-and hardware-security, as 
described, for example, in Ref. 6-35. In the field of accident avoidance, many 
innovations are already in production vehicles available today, as shown in 
Figure 6.32 [6-361. 

The future will hold even more systems such as active lights, active steering 
systems, active gas pedal, and extended information systems such as floating 
car data and car-to-car and car-to-infrastructure communication. As men- 
tioned, these systems will be successful only if the man-machine interface is 
designed in such a way that the driver is integrated into the appropriate loop 
while retaining control of the vehicle. This was demonstrated in a positive 
way, in a research vehicle by Delphi [6-371, although actual production is 
years away. 

The integrated safety system (ISS) defines increased safety in a broader 
approach and combines collision avoidance and mitigation of injury systems 
with electronics. The key to future vehicle systems in this regard is the suc- 
cessful integration of the following technologies: 

Positive solutions for the man-machine interface 

Functional multimedia systems, such as telematics 

Driver workload management (attention) 

360" sensors for collision warninglintervention systems (e.g., lane change, 
blind spot, and vehicle control), adaptive cruise control (ACC), andlor 
lateral guidance 

Control of the chassis component (comfort and accident avoidance) 

Advanced safety interiors (smart restraints) 

X-by-wire technology 
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I Lateral Guidance 

- 'Actwe -7 ~ r o n t l , i g h t ~ ~ - 7  

System (AFS) AL 

Er 

ESP Distance Control (ADR) I? 

?-nF!?!W 
Driving' 
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nelgehcy Braking Electronic, 
brake-by-Wire Go-Pilot -. - 

Collision Avoidance 
Reauirements - Sensor Technology - Signal Processing 

System Safety 
System Integration 
Test and Qualification 

Figure 6.33 Evolution o f  a road map o f  driver assistance systems. 
(Source: Ref 6- 13.) 

After the installation of ABS, ESP, curve light, and lane-keeping devices, 
brake activation in case of a possible accident without any action by the driver 
might have a high priority in passenger cars, trucks, and buses. 

6.4 Information Systems 
The information system as an amendment to driver assistance technology 
contributes to possible accident reduction to a large extent. This means not 
only visible roads but uniform, understandable, and clear traffic signs and the 
integration of the driver and vehicle into an information and communication 
system. Figure 6.33 shows the introduction of this type of support system 
for the future [6- 131. 

With navigation systems supported by traffic data, the driver can identify 
traffic jams much earlier and thus avoid them. In the future, it also will 
be possible to inform the driver about direct events, such as fog, icy roads, 
accidents, and stopped traffic in a critical curve in the road. Other features 
include "hands-free'' mobile phones, emergency calls, and services such as 
e-mail or fax, naturally not while at the driver's seat or during driving. On a 
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national and international basis, much research is being done to improve these 
systems and to define standards that allow the function, even if we change 
the border from one country to another. These programs are performed on 
an international basis. 

In Europe, these programs include the following: 

Information Society Technologies (Europe) (IST) (user friendly in the 
information society) 

The Intelligent Car Initiative "Raising Awareness of ICT for Smarter, Safer 
and Cleaner Vehicles" [6-381 

ISIS (Information Society Initiative in Standardization) 

European Space Agency (ESA), new-generation spaceborne global posi- 
tioning system (GPS), navigation, and mobile services 

ERTICO, reliable travel and information; reliable and user-friendly public 
transport; traffic management ensures efficient use of transport; faster 
emergency services save lives; easy cash-less payment; high-quality and 
cost-effective freight and fleet services; driver assistance systems for safer 
vehicles and safer roads; and beyond-the automated highway 

Programs in the United States and Japan include the following: 

SAE International (active), accident prevention 

U.S. Department of Transportation, safety 

IVHS, electronic toll industry, commercial vehicle operations, traffic 
management, border crossing, parking (access control), transit 

The international programs are supported by national research [6-391. With 
more advanced communication systems, better integration into a total traffic 
management system is possible. This will allow the following: 
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Planning of the driving route, also from home 

Commercial fleet management, optimal use of roads and traffic means 
(e.g., cars, rail, buses) 

The responsible traffic planner also has an opportunity to shape the traffic 
flow. If we look further into the future, other technical features will be pos- 
sible, such as: 

Pre-crash determination 
Automatic emergency braking 
Steer-by-wire 
Collision avoidance 
Electronic co-pilot 
Autonomous driving 

It is not efficient enough to optimize only the vehicle. We also must make 
the road more intelligent (see Figure 6.34) [6-40,6-411. Some items for this 
area are the following: 

Electronic Tall Collection 
License Plate Reader 

Hazardous Road 

Inlell. Traffic Lights 

Figure 6.34 Mobility with vision. (Source: Refi 6-41.) 
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Increased visibility 
Warning in advance of hazardous roads 
Vehicle counting and classification 
Identification of traffic congestion 
Obstacle and accident warning 
Intelligent traffic light and speed adaptation 
Limited tunnel access 

The date of the introduction of autonomous driving cannot be determined 
today. It might be appropriate to start this technique not in normal public traffic 
but in special applications. Nevertheless, the other systems described will be 
introduced into the field via a step-by-step approach. The pre-conditions for 
this are driver acceptance, optimization of the man-machine interface, and 
achievement of an overall benefit. 
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Biomechanics and 
Occupant Simulation 

7.1 Definition 
For mechanical engineers, it might be surprising that the discipline of bio- 
mechanics has become so important to develop vehicles by understanding 
injury mechanisms. Biomechanics can be called the science that applies the 
principles of mechanics to biological systems [7-11. It is not a new research 
discipline. Galileo (1 564-1 642) and Harvey (1 578-1658) worked in this field 
during their time. Biomechanics includes in-depth studies on the behavior 
of humans under internal and external forces, as well as applied engineering 
work. Therefore, one could understand that many different disciplines are 
included in biomechanics: engineering, epidemiology, traumatology, anatomy, 
biology, and physiology. 

In the last 50 years in the United States, Europe, and Japan, research activi- 
ties in this area have increased. The necessary link between medical experts 
and engineering was created because many organizations in various countries 
openly exchange their research results at conferences such as the Experimental 
Safety Vehicles (ESV), Stapp Car Crash, International Research Council on 
the Biomechanics of Impact (IRCOBI), SAE International, and others, as 
well as by personal contacts. Furthermore, large vehicle manufacturers and 
insurance companies are supporting some of the work in this field. 

An important contribution to knowledge about the resistance of humans against 
a high-rate impact load was made by an American, Colonel John Stapp, who per- 
sonally served as the first human to be decelerated from 632 mph (=1000 k d h )  
in 1.4 sec to zero. If we take a rectangular deceleration pulse, this corresponds 
to approximately 20g. The annual Stapp Car Crash Conference therefore is 
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named after Colonel John Stapp. At the Eighth Stapp Conference in 1964 
[7-21, the following appreciation to Colonel Stapp was made: 

The Stapp Car Crash Conferences are named in honor ofcolonel 
John Stapp, USAF (MC), who pioneered (and is stillpioneering;) 
in establishing human zmpact tolerance levels. His historic rocket 
sled rides at Holloman Air Force Base, New Mexico, in 1954, in 
which he voluntarily subjected himself to up to 40g accelerations 
while stoppingJFom a speed o f  632 miles per hour in 1.4 seconds, 
still represent the best basis for quantzfiing hziman tolerance to 
acceleration. In addition to his own dangerous volunteer work, he 
has directed countless other safety research programs involving 
hziman volunteers, animals, and cadavers. The equipment and 
techniques developed under his guidance have become standard in 
this research area and have contributed much to the advancement 
of safety. The naming o f  these confirences ajier Colonel Stapp 
is aJitting tribute to (I man who has dedicated his life-even to 
the point of risking it-to research aimed at increasing man b 
chances of szirvival in adverse crash environments. 

The conferences were initiated at the University of Minnesota 
(Colonel Stapp b alma muter) zinder the able direction of Professor 
James J. Ryan, another outstanding researcher in crash safety. 
For,four years, the conferences were held at either the University 
of Minnesota or an appropriate US.  Air Force base. Currently, 
the conference rotates annually among four sponsors: The 
University of Minnesota (196l), the Unitedstates Air Force (1 962), 
the University of California at Los Angeles (IY63), and Wayne 
State University (1964). The 1965 meeting will again be held 
at the University of Minnesota on October 20, 21, and 22. The 
proceedings of the conference are published in bound form and 
will, it is hoped, become a valuable reference source. [7-21 

Colonel Stapp is only one of the pioneers. Around the world, many others 
are active in this type of research. In connection with vehicle safety of traffic 
participants, the biomechanical results also are an instrument for determining 
the biomechanic limits of humans. The results of biomechanic research led 
to the definition of load limitations. From that, protection criteria are taken, 
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which should serve as limits that should not be exceeded. For this reason, 
we first need to know what is happening in real-world accidents and which 
injury mechanisms are important. 

7.2 Injury Tolerance Limits 

Injury tolerance limits describe items such as fractures, injuries of organs, and 
other injuries. A classification is done via the Abbreviated Injury Scale (AIS) 
and Overall Abbreviated Injury Scale (OAIS). With the AIS or OAIS, single 
or total injuries are described. The data span a range from 0 to 6. Table 7.1. 
shows the severity of injury rating versus the AIS. To more clearly illustrate 
the relationship between injury description and the AIS, Table 7.2 provides 
an interesting description. 

TABLE 7.1 
THE ABBREVIATED INJURY SCORE (AIS) [7-31 

AIS Severity Code 

No injury 

Minor 

Moderate 

Serious 

Severe 

Critical 

Maximum injury (virtually unsurvivable) 

Unknown 

The limits from the injury level depend on age, sex, anthropometrics, mass, 
mass distribution, and specific conditions. This is why it is relatively com- 
plicated to cover all traffic participants in accident simulation tests-from 
vehicle occupants via cyclists to pedestrians-because we are unable to 
carry out development tests with humans. Therefore, it can be observed that 
over recent years, even more test devices or three-dimensional dummies or 
computer models have been used by engineers. 
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TABLE 7.2 

-AIS EXAMPLES BY BODY REGION [7-41 

Abdomen and Extremities 
Pelvic and 

AIS Head Thorax Contents Spine Bony Pelvis 

1 Headache or Single rib Abdominal wall; Acute strain Toe fracture 
dizziness fracture superficial (no fracture or 

laceration dislocation) 

2 Unconscious 2-3 rib Spleen, kidney, Minor fracture Tibia, pelvis, 
< I  hr; linear fracture; or liver; without or patella; 
fracture sternum laceration or any cord simple 

fracture contusion involvement fracture 

3 Unconscious 24 rib Spleen or Ruptured disc Knee 
1-6 hr; fracture; kidney; major with nerve dislocation; 
depressed 2-3 rib laceration root damage femur 
fracture fracture with fracture 

hemoth. or 
pneumoth. 

4 Unconscious 2 4  rib Liver; major Incomplete Amputation 
6-24 hr; fracture with laceration cord or crush 
open fracture hemoth. or syndrome above knee; 

pneumoth.; pelvis crush 
fail chest (closed) 

5 Unconscious Aorta Kidney, liver, or Quadriplegia Pelvis crush 
>24 hr; large laceration colon rupture (open) 
hematoma (partial 
(100 cc) transection) 

7.3 External Injuries 
A rating of cuts in faces was done by Professor L. Patrick of Wayne State 
University. Because of the laminated windshield, seat belts, and airbags, this 
type of injury is significantly reduced. The breaking of the skull due to impact 
onto rigid parts was described in Ref. 7-5 as follows: The deceleration on the 
head multiplied with the head mass results in a force that could break part of 
the head. Figure 7.1 shows mechanical values for parts of the human body 
and the injury level. 

For example, the limits for the forehead are 80g, the nose 30g, and the chin 
40g. As mentioned, this data could not be used directly if dummies were taken 
for the analysis because dummies are not a precise duplication of humans. 
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Body Part 
'otal Body 

Mechanical Variables 

ax max 

2, 

lrain ax a, ,ax 

;kull Fracture ax a, ,ax 

'orehead axmax 

F, 

:ervical Spine ax mar l h r a x  

ayma. tqorax 

FK 
Omar rawam 
Omax r a m  

'horax 
I 

axmar 

'elvis-Femur FX 

'ibia 
A,,,. 

Load Values 
40...809 
40...459, 160 ...220 ms 

loo...3009 
WSU-curve wilh 60g. T>45 ms 
1800...7500 radls2 

80...3009 depending on the 
size of the impact area 

120...2009 
4000-6000 N 

30...409 
15...189 
1200...2600 N shear force 
80"...100" 
80' ...90" 

I 

40...609, 1>3 ms 
60g, 1<3 ms 

6400...12500 N force 
application in the femur 
50 ..Jog (pelvic) 
2500...5000 N 
150...210 Nm 
120...170 Nm 

Figure 7.1 Biornechanical limits on humans. (Source: Re$ 7-5.) 
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7.4  Internal Injuries 
The injury mechanism for internal parts of the human body is much more 
complicated to determine. The biggest problem is, without a doubt, the load 
on the brain and the cervical vertebra. For the head, the tolerance level is the 
limitation of the g-level in the anterior-posterior direction, with a value of 
80g over a time period of more than 3 ms that should not be exceeded. 

7.4.1 Concussion 
A basic work on this subject was conducted by Wayne State University 
under the supervision of Professor L. Patrick [7-61. In this experiment, 
embalmed cadavers were used and impacted a rigid or padded flat plate. 
Figure 7.2 shows the results of these tests. 

It can be stated clearly that this is the basis for many rule-making decisions in 
setting up the specified limits. If we analyze the curve shown in Figure 7.2, 
it can be easily understood that there is a g-level time relationship. For this 
reason, the severity index (SI) was developed, which was calculated by the 
following formula: 

Decelerallon 

2400   I 
Im/s 

1600  

1200 

800 
I 

I 
400 

0 i I 
0 10 20 30 ms 50 

Time 

Figure 7.2 Patrick curve (scale for the evaluation of loadings 
on the human brain). 
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From a biomechanical viewpoint, a maximum level of 1000 should not be 
exceeded for a unidirectional acceleration measurement. Later, new criteria 
were established, which are known in the United States as head injury criteria 
(HIC) and in Europe as head protection criteria (HPC): 

where t is in seconds, a is the resultant acceleration measured in [g] in the 
head, and t, and t2 are arbitrary time points. The HIC is calculated by an 
iterative mathematical model in such a way that the measured acceleration 
time function is achieving a maximum. To demonstrate the influence of the 
shape of the acceleration time function, three different characteristic curves 
are shown in Figure 7.3. 

Although the maximum value of all three curves has the same level of IOOg, 
the relevant HIC calculated has values of 246, 419, and 1000. The HICs 
mentioned are always the maximum values for the specific deceleration time 
function time t, and t2, as determined by an iterative calculation for all possible 
t ,  and t2, insofar that a maximum level is achieved. In addition to the fact that 
the HIC has only a limited information value (e.g., the HIC does not consider 
the rotational influence and is not based on the resultant head acceleration), 
we agree that this formula and the limit of 1000 [-I is used on a worldwide 
basis to judge the performance of vehicles in accident simulation tests. 

The rotational acceleration in the anterior-posterior direction was already 
investigated by Fiala [7-71 in the late 1960s. His investigation showed that 
with a brain mass of 1300 g, a value of 7500 rad/s2 should not be exceeded. 
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Resultant deceleration 

HIC = 1000 

=Oms 

= 10ms
t2 

a = 1 oog 

Resultant deceleration 

HIC = 246.4 

t, = 4.3 ms 

t2 
= 10ms 

a = 71.5g 

0 5 ms 10 

Resultant deceleration 

HIC = 41 8.661 

= 1.6 ms 

= 8.3 ms 
t2 

a = 82.8543g 

Figure 7.3 Head injury criteria (HIC), as afi~nction o f  three dijferent 
deceleration time curves. 
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7.4.2 Spinal Injuries 
Another important field is the prevention of spinal injuries. Early in 1971, 
Patrick and Mertz determined the torque moments for flexion and extension 
via volunteers and human cadaver testing [7-81. Figure 7.4 shows some 
head-neck responses. Table 7.3 shows some results about maximum torque 
and forces related to the measurement with human volunteers [7-91. 

2 0 10 20 30 40 50 60 70 80 S€ 

H e a d  R o t a t i o n  R e l a t i v e  t o  T o r s o  (deg.) 

0 20 40 60 80 100 

Hcad R o t a t i o n  Relat ive t o  T o r s o  (deg.) 

Figwe 7.4 Head-neck Ieesponse envelopes injexion and extension for the 
loading phase. (Source: Re$ 7-8.) 
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TABLE 7.3 
MAXIMUM STATIC FORCES AND BENDING TORQUES 

DEVELOPED AT THE OCCIPITAL CONDYLES 
BY HUMAN VOLUNTEERS [7-91 

Bending Torque [Nm] 

Forward flexion 

Extension 

Lateral flexion 

Force [N] 

Anterior-posterior (shear) 845 

Posterior-anterior (shear) 845 

Lateral shear 400 

Axial tension 1134 

Axial compression 1112 

7.4.3 Chest Injuries 
The chest is another area of critical injuries. 1t is evident that deformation 
force, deformation speed, and the deformation itself have an influence on chest 
injuries. Figure 7.5 shows force deflection measurements on unembalmed 
cadavers [7- 1 01. 

Where the force level has an average value of approximately 3 kN, deformation 
is in the range of 60 to 100 mm (2.4 to 4 in.). In lateral impacts, we found 
the force deflection curve as shown in Figure 7.6 [7-1 I]. 

It also was determined that deflection alone was not enough to determine 
possible injuries. This was why Viano established the viscous criteria (VC) 
[7-121, with the results as illustrated in Figure 7.7. 
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0.0254 0.0508 0.0762 0.1016 

Total Deflection [m] 

Figwe 7.5 Dynamic force dejlection in, frontal impacts. 
(Source: Re$ 7-10.) 

6.810 
Rlbs fractured 

...*-. No ribs fracturedI-

'Denotes impad 

Penetration [m] 

Figure 7.6 Dynamic, force deflection in lateral impacts with padded 
armi*est-simulating impactor: (Source: Refi 7-1I .) 
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Crushing Injury 

-
1 2 5 10 20 50 100 

Velocity of Deformation (mls) 

Figzire 7.7 Ranges o f  validity for the viscozrs criteria (VC). 
(Sozirce: Rej.' 7-12.) 

7.5 Criteria in the Rule-Making Process 
The basic requirements are defined in FMVSS 208 [7-131, the EEC directive 
for frontal impacts [7-141, and the EEC directive for lateral impacts [7-151. 

7.5.1 Head Protection 
Head protection criteria, HIC or HPC, should not exceed 1000 or 700 and 
are calculated as follows: 

a. 1. For any two points in time, t, and t2, during the event which are 
separated by not more than a 36-ms time interval, and where t, is less 
than t2, the head injury criterion (HIC36) shall be determined using 
the resultant head acceleration at the center of gravity of the dummy 
head, a ,  expressed as a multiple of g (the acceleration of gravity), 
and shall be calculated using the expression 
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2. The maximum calculated HIC36 value should not exceed 1000. 

b. 1. For any two points in time, t l  and t2, during the event which are 
separated by not more than a 36-ms time interval, and where tl is less 
than t2, the head injury criterion (HICIS) shall be determined using 
the resultant head acceleration at the center of gravity of the dummy 
head, a,expressed as a multiple of g (the acceleration of gravity), 
and shall be calculated using the expression 

2. The maximum calculated HICIS value should not exceed 700. 

7.5.2 Chest Protection 
Chest Deflection. 

VC = viscous criteria <I  mlsec 

a. Compressive deflection of the sternum relative to the spine shall 
not exceed 76 mm (3 in.). 

Lateral rip deflection <42 mm (1.65 in.) 

a. Compressive deflection of the sternum relative to the spine shall 
not exceed 63 mm (2.5 in.). 

b. Compressive deflection of sternum relative to the spine shall not 
exceed 50 mm (2 in.) (European requirement). 
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7.5.3 Neck Injury 
When measuring neck injury, each of the following criteria shall be met: 

The shear force (F,), axial force (F,), and bending moment (My) shall 
be measured by the dummy upper neck load cell for the duration of the 
crash event as specified. Shear force, axial force, and bending moment 
shall be filtered for Nij purposes at SAE 52 1111 rev. March 95 Channel 
Frequency Class 600. 

During the event, the axial force (F,) can be either in tension or compres- 
sion, while the occipital condyle bending moment (Mocy) can be either 
in flexion or extension. This results in four possible loading conditions 
for Nij.: tension-extension (N,,), tension-flexion (Nt3, compression- 
extension (N,,), or compression-flexion (Ncf). 

When calculating Nij using the equation in (4) below, the critical values, 
F,, and My,, are: 

F,, = 6806 N (1530 Ibf) when F, is in tension 

F,, = 6160 N (1 385 Ibf) when F, is in compression 

Myc= 3 10 Nm (229 lbf-ft) when a flexion moment exists at the occipital 
condyle 

M = 135 Nm (100 lbf-ft) when an extension moment exists at the 
YC.

occipital condyle 

At each point in time, only one of the four loading conditions occurs. 
The Nij value corresponding to that loading condition is computed, and 
the three remaining loading modes shall be considered a value of zero. 
The expression for calculating each Nij loading condition is given by 

None of the four Nij values shall exceed 1.0 at any time during the event. 
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Peak tension force (F,), measured at the upper neck load cell, shall not 
exceed 4170 N (937 lbf) at any time. 

Peak compression force (F,), measured at the upper neck load cell, shall 
not exceed 4000 N (899 lbf) at any time. 

Unless otherwise indicated, instrumentation for data acquisition, data 
channel frequency class, and moment calculations are the same as given 
for 49 CFR Part 572, Subpart E Hybrid I11 test dummy. 

Neck rearward torsion moment should not exceed 57 Nm (requirement 
for Europe). 

Force in longitudinal direction (requirement for Europe), F,,, < (1.1-3.1 
kN) as f(t) (see Figure 7.8). 

10. Neck shear force (requirement for Europe) Fshear < (I .l-3.1) kN as f(t) 
(see Figure 7.9). 

Time [ms] 

Figure 7.8 Neck tension load as a,finctiono f  time. 
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Figure 7.9 Neck shear,force as aafi~nction of time. 

7.5.4 Pegonnance Criteria for the Rule-Making 
Process 
Of many possible values, the following limits were established in the rule- 
making process. 

7.5.4.1 Chest 

Resultant chest acceleration <60g (>msec) 

TTI = Thoracic Trauma Index 4 5 g  (four-doors) 
<90g (two-doors) 

TTI = 0.5 x (RIBY + T12Y) 

RIBY = Maximum absolute value of lateral acceleration in g's of the 
fourth and eighth rib in the struck side 

T12Y = Maximum absolute value of lateral acceleration in g's of the 
twelfth thoracic vertebra after filtering of the acceleration signal 

Force < 8000 kN 
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7.5.4.2 Pelvic 

Resultant acceleration <130g 

Force abdomen <2.5 kN 

Force symphysis <10 kN 

7.5.4.3 Leg and Knee 

Upper Leg: 

Force limit in frontal impacts <10,000 N (requirement FMVSS 
208) 

Shear load in the knee joint <5000 N 

Knee dislocation <15 mm (requirement for Europe) 

Force in the femur in the longitudinal direction (requirement for 
Europe), Flong < (7.6-9 kN) as f(t) (see Figure 7.10) 

Lower Leg: 

Force in the tibia (compression force criteria) (requirement for Europe) 

F~ong< 8 kN 

Tibia index TI measured at the top and bottom of each tibia must not 
exceed 1.3 at either location (requirement for Europe) 

The tibia index is calculated on the basis of the bending moments 
(M, and My) by the following expression: 

where 

M~ = Bending moment about the x-axis 
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Time [ms] 

Figure 7.10 Upper leg force as afunction of tiine. 

MY = Bending moment about the y-axis 

(Mc)R = Critical bending moment and shall be taken to be 225 Nm 

FZ = Compressive axial force in the z direction 

( F )  = Critical compressive force in the z direction and shall be 
taken to be 35.9 kN 

The tibia index is calculated for the top and bottom of each tibia; however, 
F, may be measured at either location. The value obtained is used for the top 
and bottom TI calculations. Moments M, and My are measured separately 
at both locations. 

Due to the requirements already defined and because of improved restraint 
systems, especially the combination of seat belts and airbags, the degree of 
protection of the human body has increased. This means that the knee and 
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the lower leg area have become a relatively high priority. For the feet of the 
front occupant, it is important to prevent too high a bending-flexion around 
the y-axis. 

7.5.4.4 Pedestrian Protection 

A special case are the limits proposed for the protection of pedestrians, based 
on European legislation [7- 161. Figure 7.1 1 shows the different requirements 
of phase I1 of the European legislation still under discussion. 

a. Limitation of the headform acceleration for two different head forms, 
child and adult simulation 

b. A simulation of a leg impacting the bumper of the vehicle front, where 
the leg angle should not exceed 15", the shear distance of the knee should 
be below 6 mm (0.23 in.), and the acceleration of the tibia is less than 
l5Og. 

c. The simulation of the upper leg against the bonnet of the front hood with 
the requirement that the shear force should be lower than 4 kN and bend- 
ing moment of the impactor less than 200 Nm. 

7.6  Test Devices 
Simulation of parts of the human body and the complete human is necessary 
to test vehicle components and the vehicle. Although professional investiga- 
tions with human volunteers have been used, these can be performed only in 
situations where no injuries occur. From the experience of one of the authors 
at an age of 32 years, it can be stated that the level of the crash test should 
not be high enough to cause injuries. In a lateral car-to-car crash with an 
impact speed of 34 km/h (2 1 mph), this corresponds to a change in velocity of 17 
kmlh ( I  0.5 mph), restrained by a standard three-point seat belt, the following 
observations could be made. The pulse frequency jumped from 105 to 175 
during the impact phase, a small concussion could be observed, and muscle 
pain occurred over the whole body. The Av of this test was below the injury 
limit, but a slightly higher change of velocity already might have created 
minor injuries. For the development of vehicles and vehicle components, 
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Child Headform Impactor Slmed:  11.1 m/s (40 k~nlh) 
Speed: 11.1 m/s (40 kmlh) Mass: 4.8 kg 
Mass: 2.5 kg 

A 

Upper Legform lrnpactor 
Speed up to 11.1 mls (40 
Mass up to 17 kg 
Angle up to 47" 

LBRL > 500mm 
Upper Legform Impactor 
Speed: 11.1 mls (40 kmlh) 
Mass: 9.5 kg 
Angle 0' 

LBRL < 500mm 
Lower Logform Impactor 
Speed:ll .Imls (40 kmlh) 
Mass: 13.4 kg 
Angle 0" 

. 

Figzrre 7.11 Test requirements for pedestrian protection. 
(Sotrrce: Rec 7-17.) 
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engineers must have reliable and reproducible results. Likewise, the test 
or calculations must be performed in areas where injuries can occur. This 
automatically prohibits the use of human volunteers as test specimens. For 
this reason, many test devices are available and are used for the development 
and evaluation of production cars. 

7.6.1 Body Part Test Devices 
For vehicles, component test devices are used in the following areas: 

The simplest equipment is a measurement device to control the radius of the 
outer parts of the vehicle. It must be greater than 3.2 mm (0.125 in.). 

Another measurement is done by a head form, which defines the impact 
zone at the dashboard and the vehicle interior. 

7.6.1.1 Head Impact 

Figure 7.12 shows a head impact test device that is used to measure the g-level 
during an impact of the reduced pendulum mass of 6.8 kg (15 lb). The head 
impact form can be equipped with a three-dimensional accelerometer. It also 
can be used by attaching it with glue to foil, which shows the surface pressure 
if contact with a vehicle interior part occurs during the crash. 

The newer requirements of FMVSS 201 request that not only the dashboard 
but also the vehicle interior be tested for head impact performance. This head 
fom-specified in FMVSS 20 1, Part 572-is used in a free flying mode. The 
requirements are defined in FMVSS 20 1 [7-181 and SAE J 92 1 [7-191. 

7.6.1.2 Torso Impact 

To check the steering wheel and assembly unit, a body of 36 kg (79 lb) in 
accordance with SAE 944 [7-201 was used. The impact speed is 24 kmlh 
(15 mph), and the test device represents a torso of a 50% male, as shown in 
Figure 7.13. This test is due to the installation of airbags, and three-point 
belts are no longer a development tool. 
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Figure 7.12 Head impact test device. 
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Velocity Deformation Force 
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Figure 7.13 Steering cohmn test 
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7.6.1.3 Pedestrian Accident Simulation Tests 

The safety of pedestrians is a key issue in several regions of the world, espe- 
cially in Europe and Japan. The following test devices are used for research, 
legal activites, and consumer information: 

Child head form, 2.5 kg, 130-mm diameter (5.5 lb, 5.1-in. diameter) 
Adult head form, 4.8 kg, 165-mm diameter ( 10.5 lb, 6.5-in. diameter) 
Hip impactor 
Leg impactor 

As shown in Figure 7.11, these devices should be used to evaluate the per- 
formance of cars having frontal impacts with pedestrians. 

7.6.2 Three-Dimensional Dummies 
The simulation of humans to test performance in accident simulation tests is a 
relatively new discipline. Until the mid- 196Os, occupant simulation was done 
by sewn leather bags filled with sand. Since then, after equipping vehicles 
with sophisticated safety features, test dummies have been designed to more 
closely simulate human data, such as age, sex, and size. The measurement 
technique required today also demands a much more complicated design 
of dummy, as shown in Figure 7.14. Figure 7.15 shows the interior of the 
Hybrid 111 dummy. The 50th percentile male dummy is specified under 
Title 49 CFR Part 572, Subpart E. 

In general, we also must take into consideration for the simulation of humans 
by dummies the following parameters: 

Degree of biofidelity, sensitivity to injury parameter 
Repeatability 
Reproducibility 
Durability 
Repairability 
Calibration technique 
Total cost 

We likewise must differentiate, depending on the kind of investigation. 
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Figure 7.14 Hybrid I / /  dummy, ~neasur*eernen~ possibilities [7-2.21. 
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Figure 7.15 Design of a Hybrid 111dummy. 
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7.6.2.1 FrontaVRear Collision and Rollover 

In accident simulation tests (e.g., in frontal and rear collisions and in rollover), 
the 5% female, 50% male, and 95% male from the Hybrid series and child 
dummies are used. Figure 7.20 shows the dimensions of several dummies. 
The dummies must undergo a relatively complicated calibration test series 
before they are used in compliance tests. These dummies also are very 
expensive. In 2006, the cost of a 50% male dummy without instrumentation 
was approximately $30,000. 

7.6.2.2 Lateral Impact 

For lateral impact, two different 50% male dummies are in use-one for the 
United States, and one for European regulations. These are the U.S. side 
impact dummy (US-SID) and the European side impact dummy (Euro-SID). 
Figure 7.16 shows the differences between the two dummies [7-211. 

United States Side Impact Dummy. European Side Impact Dummy, 
US-SID Euro-SID-I 

Figzwe 7.16 Comparison o f  US-SID and EZIYO-SID side impact dzrmmies. 
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The differences generally would not to be too big of a problem. However, 
because an identical car gives significant differences in the same accident, 
simulation tests make product development complicated if a car manufacturer 
is delivering its car to Europe and the United States. Design features that are 
positive for one side impact dummy appear to be negative for the other. There 
are two developments related to the Euro-SID. One is the Euro-SID-2 (ES-2), 
which is used in the EURO NCAP. The other is the Euro-SID-2re with 
rib extension [7-221. Figure 7.17 shows the design change. This dummy 
is proposed to replace the SID-H3 in the FMVSS 201 and the US-SID in 
the FMVSS 214 testing. For the FMVS 201 in a pole test, the SID-H3 
dummy-a combination of the US-SID and the Hybrid 111 50th percentile 

Figure 7.1 7 Ettro-SID-2re [7-221. 
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dummy-is used [7-221 (Figure 7.18). In the future, as mentioned, there 
is some hope that we can use only one side impact dummy worldwide. 
Figure 7.19 shows the status of the year 2006 for the World-SID design 
[7-221. 

78051-61XS 

96-SIDH000i 

Couw.siou Parts ~~-SIDHZOOS 

78051.243 

7.6.2.3 Child Dummies 

Child dummies are a special case that encompasses the simulation of babies 
up to 10-year-old children. Figure 7.20 shows some examples, in addition to 
the total range of child and adult dummies [7-221. Child dummies are becoming 
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Figure 7.I 9  Prototype of the World-SID, a worldwide 
harmonized side impact dumm,v. 

increasingly important, not only for the evaluation of child restraints but in 
connection with the performance of front airbags. 

7.6.2.4 Rear Impact Dummy (Bio-RID) 

Because of the large number of rear-end collisions in Sweden, a new anthropo- 
morphic test device with special attention to the evaluation of possible neck 
injuries in rear-end collisions was developed by the Denton company with 
Chalmers University in Goteborg, Sweden. The Bio-RID dummy represents 
a 50% male with an articulated thoraco-lumbar spine and neck made from 
a composite material. The motion of the cervical vertebra is controlled by 
cables that are attached to neck-muscle substitutes and dampers. Details are 
shown in Figure 7.21 [7-221. 
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Figure 7.20 Duinnzy family. (Source Re$ 7-22) 



Automotive Safety Handbook 

Figure 7.21 Bio-RID dz~mmy,for rear impact applications. 

7.6.2.5 Biofidelity Dummy 

It also is often discussed whether the automobile industry needs a dummy 
that more closely simulates human behavior. The answer to this question 
depends on the purpose of the research analysis. For single research investi- 
gations, this might be acceptable. However, for general use in development 
and certification work, it certainly is not. 

7.6.3 Human and Dummy Modeling 
For several applications, human models and parts of the human body are 
available. The models are used for accident simulation to reconstruct real- 
world accidents, mathematical optimization for the design of the vehicle, 
and biomechanical studies. Until now for certifications tests, the mathematical 
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simulations have not been used, although the results meanwhile are as good 
as real-world accident simulation tests. 

The simulation tools range from very simple models (one to two masses) 
up to very sophisticated tools. The most frequently used multi-body crash 
dummies are based on the MADYMO program. Figure 7.22 shows the wide 
application field [7-1, 7-23]. 

MADYMO products range from a child dummy up to a 95% male adult 
dummy. The multi-body dummy gives very good results, especially for 
frontal impacts and using the restraint systems developed for this type of 
accident. Because of the detailed analysis that is available and the fact that 
the design engineer does not like to change computer software, finite element 
method (FEM) simulation tools for dummies also are used [7-241, as shown 
in Figure 7.23. 

The FEM computer model simulations compare well with the real dummy 
testing, especially in side impacts or in other simulation situations with a local 
dummy loading. Both types of simulation tools are used. The MADYMO 
system also gives good conformity to kinematics and to the influence of 
the restraint system, and it requires less computer time compared to the FEM 
system. 

For more sophisticated investigations, a human body model is very expensive. 
Application fields are new vehicle systems that are not in production; they can 
simulate human parts such as the chest, neck, head, and feet. The simulation 
model therefore is complicated because of the behavior of humans. Geometric 
design data from RAMSIS were used to design a series of human models of 
different sizes. Figure 7.24 shows multi-body human models representing a 
midsize male (left) and small female (right). 

Vehicle manufacturers and large supplier companies use these human models 
for many of their analyses. Typical questions arise in areas where legislation 
is not available, but where the development engineer needs some support in 
the safety design. 
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Figure 7.22 Multi-body dummies for- simulation tests [7-231. 
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Figwe 7.23 Finite element dz~mmy. 

Figure 7.24 Simulation tools genemted by the RAMSIS model. 
Left: midsize male. Right: small female. 
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Vehicle Body 

8.1 General 
The body-in-white and vehicle interior features contribute the most to vehicle 
safety, especially in the areas of reduction of low-speed damage and to the 
occupants of the vehicle in an accident. The body-in-white of a vehicle is not 
primarily designed to mitigate injuries but to carry the vehicle components 
(e.g., the powertrain and chassis) and the occupants of the vehicle. The first 
patent in the field of vehicle body design related to safety was published in 
October 1952 [8-11 by Bela BarCny. In his patent, he described how the struc- 
tural strength should be greatest in the vehicle compartment and that the front 
and rear of the vehicle should be less resistant to crushing and be capable of 
absorbing energy during a crash. Figure 8.1 shows the differences. The left 
side of the figure is a conventional design of that time; on the right side, the 
different stiffnesses in the front and rear end of the vehicle are compared to 
that of the passenger compartment. 

Figure 8.1 Patent drawing by Bela Bare'nyi. 
(Source: Re$ 8-1 .) 
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With a weight of approximately 250 kg (551 lb) in an average subcompact 
car design, the body-in-white represents slightly less than one-quarter of the 
total vehicle weight. Realizing the increased vehicle requirements that have 
occurred over the years, this low weight is a big improvement compared to 
the past. The car occupants gained more interior length for room and other 
advantages such as lower vibration and higher body stiffness of the vehicle. 
Figure 8.2 shows the increase in torsional stiffness from one model generation 
to the other for a compact car. Compact cars also have achieved a longer life 
durability and low corrosion over a lifetime of more than 10 years. 

Natural Cequency himmed body 

Bending 

- 5Hz / 
Natural freauencv bodv-inwhite 

Predecessor A4 ncw 

static torsional stlifness 

Predecessor A4 new 

Predecessor A4 ncw 

Figure 8.2 comparison of the stiffness of a compact car for two 
generations o f  cars. (Souire: Audi AG.) 

With respect to accident distribution, Figure 8.3 lists information for European 
vehicles in which vehicle exterior body parts are involved in crashes [8-21. 

Independent of the fact that in most accidents, the front of the vehicle is 
involved, all areas of the vehicle body could be involved in accidents. 

The design of the body-in-white has changed during the last few years. 
Because of the necessity to minimize an increase in weight, regardless of the 
new requirements, each single part of the body-in-white was analyzed for 
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7.2% angular 
back 17.2% 19.0% front 

side angular front 
sidc sidc 

Figure 8.3 Statistical analysis of distribution of car accidents in Europe. 

weight reduction and increases in performance. The following examples show 
different and successful designs. The Volkswagen Beetle as built until 1974 
had a rigid underbody with a stiff front end, which also carried the front axle. 
Especially in car-to-car crashes, the design provided a good survival space, 
despite the low weight of the Beetle. Figure 8.4 illustrates the design. 

Most new cars use the self-carrying body-in-white design. As an example of 
vehicles with a high production volume, the basic layout of the 2005 Volks- 
wagen Passat [8-31 is shown in Figure 8.5. 

Via a stable front cross-bar behind the bumper, the two longitudinal beams 
and the upper fender transmit the forces in a crash to the middle tunnel and 
the A-pillar at the height of the floor panel. The doors, including the cross- 
bar for side impact protection, transmit forces to the rear of the vehicle. For 
the optimization of the longitudinal beams, many design parameters can be 
used. In addition to the optimum geometric configuration of the previously 
mentioned reinforcement at the place of the highest bending moment, some 
cars use longitudinal beams that are tailored metal blanks of different thick- 
nesses to ensure that the beams do not bend but fold. In the frontal area, 
these beams have a thickness of 1.5 mm (0.06 in.); the thickness in the rear is 
2.5 mm (0.1 in.). To achieve a high energy absorption deformation, elements 
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Figure 8.4 Front end of the Volkswagen Beetle as of 1973. 
(Sozwce: Volkswagen Safety Report, 1974.) 

with a high-volume specific energy-absorption capability are required. The 
deformation force time function should be kept as constant as possible. 
Researchers have performed many studies in the field of collapse bulging. 
Recent investigations found that an "inclined deformation" is even better. 

The fuel tank must be placed in a well-protected area. Side and rear-end 
impacts should not disturb the fuel tank system nor the interior integrity of 
the passenger compartment. For rollover protection, the A- and B-pillars are 
reinforced. If the occupants of the vehicle are wearing seat belts, these pillars 
provide a good chance of survival in most rollover accidents. 

Another interesting design is the DaimlerChrysler A-Class car [8-41. Figure 8.6 
shows the basic layout of this vehicle. 
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Figure 8.5 Body strzrcture of a compact car (Sozwce: Re$ 8-3.) 

Figure 8.6 The structz~r~al design of the DaimlerChrysIer A-Class cau: 
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Although the A-Class design fulfills the basic requirements in its class, the 
car is different because the front longitudinal beams are horizontal and are 
designed without a geometric "S" shape. Because bending beams are not 
absorbing enough energy, this alternative is one positive design feature. The 
other feature is the capability that in a frontal crash, the engine and transmis- 
sion should glide under the underbody, thus allowing a higher crash length with 
respect to free deformation during frontal collisions. It also is one feature for 
a positive design with respect to compatibility in car-to-car crashes because 
the engine and transmission mass may not be harmful to the other colliding 
vehicle in some specific types of accidents. 

Another interesting design is the aluminum space frame technology of the 
Audi A8 and A2. The design and production technique for the A8 as of today 
is more advanced compared to the A8 of the first generation [8-51. More 
welded aluminum structures are used instead of cast knots. Figure 8.7 shows 
the specific design. Both vehicles could optimize the crash capability due to 
the space frame technology. Other techniques are used, for example, for the 
Aston Martin Vanquish, where many body parts are glued together. 

Figure 8.7 The alz~minum space frame of the Audi A8. 
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For convertible and roadster vehicles, additional features are necessary. One 
example used for the Mercedes SL is described as follows [8-71: 

High occupant cell with multi-layer beams 

Composite body floor with optimized material thickness including diagonal, 
longitudinal, and transverse beams 

Increase in the use of high-strength steel from 19% (predecessor) to 
33% 

Optimized wheel 

Installation of a multi-piece elliptical front wall with a cross member 

Additional beams in the upper front structure 

Bending-resistant B-pillar with lateral longitudinal beams 

Doors with reinforcement 

Integral seat with stiff cushion seat-back frame 

Reinforced A-pillar 

Automatic rollover bar 

Many other available designs are on the road, such as sport utility vehicles 
(SUVs), multi-material concepts used in some sports cars, and one-box 
designs for multi-purpose vehicles. However, these fit more or less into the 
previously demonstrated concepts. As Figure 8.8 demonstrates, one will find 
a high number of legal requirements for the vehicle body. 

As mentioned, the body-in-white has many more duties. Figure 8.9 demon- 
strates the numerous different forces that must be taken into consideration 
by a good design over several 100,000-km (62,305-mi) driving distances and 
more than 10 years of lifetime. 
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Figure 8.8 Legal requil-ements around the vehicle body 
for mitigation of'injuries. 
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Figure 8.9 Externa1,forces to the body-in-white. Note: Nzlmer*ical values 
in German spelling (7.000 N = 7,000 N in American spelling). 
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8.2 Low-Speed Impact 
Several requirements are defined for the testing of vehicle integrity at low- 
speed impacts and the performance of the vehicle in relation to repair costs at 
high-impact speeds. Figure 8.10 provides an overview ofthe requirements in 
the front of the vehicle, and Figure 8.1 1 provides an overview of the require- 
ments for the rear of the vehicle. 

The results are published in the consumer information systems and by insur- 
ance companies. These results are used as the basis for vehicle damage 
assessment of the relevant vehicle, as well as for the basis for insurance costs 

Barrier I 

Offset crash 40% overlap 
lJ[overlap] = 0.4 . B 
B is the width of the vehicle without exterior mirrors 
Impact steering wheel side 
v F = 1 5 k p h + l  kph 
Barrier clearly higher than the front of the vehicle 
R =  l5Ornm 
No contact between the front of the vehicle and the wall next to the barrier 
Vehicle occupied by one dummy, 50th percentile male, driver's position, 

restrained 
Fuel tank full of gasoline or diesel, water permissible 
Suspension alignment check before and after crash test 
Vehicle driveable and coasting before impact 

Figure 8.10 Repair cost test front o f  the vehicle). 
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Offset crash 40% overlap 
11 overlap = 0.4 . B 
B is the width of the vehicle without exterior mirrors 
Impact on steering wheel side 
StW is the moving barrier, coasting before impact 
mStW = 1000 kg 
Wheelbase dr 1 1.5 m 
A is the width of the moving barrier 2 1.2 m 
S is the center of gravity of the barrier in the center plant 
H is the barrier height 700 mm 
H is the lower edge barrier 20 mm 
R =  l5Omm 
r = 5 0 m m  
vStW = 15 kph + 1 kph 
vF = 0 kph, brakes applied 
No contact between the front of the vehicle and the wall next to the barrier 
Vehicle occupied by one dummy, 50th percentile male, driver's position, belted 
Fuel tank filled with gasoline or diesel, water permissible 
Suspension alignment check before and after crash test 
Vehicle ready to drive 

Figure 8.11 Repair cost test (rear o f  the vehicle). 

Figure 8.12 shows a good example of a positive design in low-speed 
impacts. 

Related to repair costs at high speeds are not only the repair methods and 
associated costs but the costs of the spare parts that also influence the rating. 
In addition to the design, the vehicle manufacturer has other possibilities (e.g., 
low prices on spare parts) to reduce insurance premiums. 
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Displacement [mm] 

Figure 8.12 Design feature, for good performance in low-speed impacts 
(repair cost). (Source: ReJ: 8- 9.) 

8.3 Vehicle Body Test Without the Simulation 
of Car Occupants 
In the real-world crash environment, the vehicle occupant plays the major 
role in combination with the vehicle related to occupant protection. However, 
many tests involve the vehicle body without the use of three-dimensional 
dummies. 

8.3.1 Quasi-Static Test Requirement 

8.3.1.1 Seat and Seat-Belt Anchorage Point Tests 

If the lower inner anchorage point is mounted at the seat, which usually is the 
case for the seat-belt latch, the seat and the seat-belt anchorage points are 
tested simultaneously. Figure 8.13 shows a typical test configuration. 
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Figure 8.13 Seat-belt anchorage test. 

By using rigid body blocks, the pulling force is applied equally to each anchor- 
age point. (The test is done in accordance with FMVSS 210 [8-101.) For 
each occupant seat, the resisting force should be greater than 14,000 N. The 
upper anchorage point with the variable height adjustment and the latch at 
the seat require special attention. For example, the reinforcement plate at the 
B-pillar should not be stiff to prevent the outer B-pillar metal from being cut. 
The belt latch at the seat also is important because the forces are transmitted 
via movable metal parts to the stiffer portion of the underbody or the vehicle 
middle tunnel. The reason for this is that in a standard seat design, the seat 
cannot absorb the high forces from the seat-belt anchorage points. The seat 
itself must resist more than 20g over a period of more than 30 ms. To transmit 
the force to the middle tunnel, a serrated seat rail is used. Because of the load- 
ing during an accident, the vertical component of the seat-belt pulling force 
snapped the seat-belt anchorage point firmly into this special design element. 
Figure 8.14 shows the design of such a solution (serrated strip). 
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Figu1.e 8.14 Design of the seat track mount and the seat track. 

Seats in which the upper anchorage point also is mounted at the seat back 
must have reinforcements installed in the seat back to absorb the forces and 
moments. This often requires more weight and costs, and thus such a solution 
is installed only in special models such as convertibles. 

8.3.1.2 Roof Strength 

For the evaluation of roof strength in accordance with FMVSS 2 16 [8-1 I] ,  a 
steel plate is used. This plate is inclined by 25" in relation to the horizontal 
vehicle longitudinal plane and 5" to the front. Figure 8.15 shows the test 
configuration. 

The legal requirement requests that with a force that is 1.5 times the vehicle 
curb weight (but not greater than 2267 kg [4998 lb]), the deformation mea- 
sured perpendicular to the test plate should not exceed 12.7 cm (5 in.). This 
requirement also must be met in convertibles. Because of the test configura- 
tion, the greatest resistance is created by reinforced A-pillars, which together 
with the glued-in windshield and the roof can provide sufficient survival 
space in case of a rollover accident. In the future, a higher deformation 
force will be requested: 2.5 times the vehicle curb weight. Also, instead of 
a maximum deformation and force, a survival space for the occupant might 
be the criterion. 
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Figure 8.15 Roof test. 

8.3.1.3 Vehicle Side Structure 

In addition to the dynamic tests, the side structure of the vehicle is tested in a 
quasi-static test, in accordance with FMVSS 214 [8-121. This test uses a half 
cylinder that is pushed perpendicular to the longitudinal axis of the vehicle 
into the door of the tested vehicle. The lower part of the cylinder has a height 
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of 12.7 cm (5 in.) above the lower part of the door sill. The cylinder has a 
diameter of 30.5 cm (12 in.). The height is set so that the upper part of the 
cylinder is at least 12.7 cm (5 in.) higher than the lowest part of the bottom 
edge of the side windows. Figure 8.16 shows the test arrangement and the 

Figure 8.16 Quasi-static lateral test. 
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intrusion force as a function of deformation length of the door. Crush resis- 
tance is defined for three zones: 

1. Initial: Not less than 2250 lb = 1010 N over a distance of 6 in. 
2. Intermediate: Not less than 3500 lb = 15,570 N over a distance of 

12 in. 
3. Peak crush resistance: Not less than twice the curb weight or 7000 lb = 

31,140 N 

The lower curve describes the result for a door without a side beam, whereas 
the upper curve describes the result for a door with a side beam. During such 
tests, the reachable maximum force is limited by the force transmission of 
the door, including the side beam, to the hinges and the door latch. In some 
new designs, the lower part of the door also is anchored with the door sill. 
Because the maximum force is limited by the resistance of the A- and B-pillars 
and the lower anchorage mechanism, the maximum force is approximately 
the same for the door without the side beam. The real positive effect occurs 
during the first 240 mm (9.45 in.) of deformation. This means that especially 
at the beginning of an impact with another car, the resistance on the side of 
the impacted vehicle should be as high as possible. 

Some research engineers believe that the side of the vehicle should be built 
similar to a board frame, as shown in Figure 8.17 [8-131. If the side of the 
struck vehicle and the front of the impacting vehicle are designed to be 

w.4' 
Figure 8. I 7 Board, frame layozlt. 
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compatible, a slide-away effect could reduce the potential of intrusion and 
the risk of injuries. 

Because of new dynamic tests with modern dummies, the question gener- 
ally arises from time to time whether these quasi-static tests are of value in 
improving safety. Although the tests are far from real-world accident per- 
formance, we believe that these minimum requirements are a good starting 
point for the designer to lay out the vehicle structure. 
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Dvnamic Vehicle 
Simulation Tests 

9.1 Frontal Collisions 
The frontal collision was the first type of accident that was analyzed in detail 
for occupant protection. In addition to the previously mentioned low-speed 
tests, impact speeds of up to 64 kmlh (40 mph) are being used today. The 
obstacles vary from a rigid fixed wall, other vehicles, a pole, and a tree simula- 
tion to various deformable barriers. The basic physical elements of a frontal 
collision are explained by an analysis of a frontal collision against a fixed 
barrier. The kinetic energy must be absorbed by the vehicle and by some 
elastic rebound. Figure 9.1 shows the deceleration s,  the velocity change S, 
and the deformation length s as a function of time. 

The rebound, visible by the negative velocity, shows that for this type of 
accident simulation, the elastic rate is approximately 10%. This means 
that the change in velocity for an impact against this fixed barrier at 50 km/h 
(31 mph) is approximately 55 kmlh (34 mph). For a quick analysis, we 
can assume a non-elastic impact performance. The formulas describe 
the following: 

S V  = Deceleration of the vehicle as function of time f(t) 

S v = Velocity of the vehicle during the impact as f(t) 

S v = Deformation of the vehicle during the impact as f(t) 

F, F = Deformation force, average deformation force 

vi = Impact velocity 

Av = Change in velocity 
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Impact Velocity Vi 

Deformation 

Velocity 

Deceleration 

A 

V i g Impact Velocity 

Change in Velocity 

S = f(f) Deformation 

Time 

Figure 9.1 Deceleration, velocity, and deformation as ajunction o f  time. 

If we further stipulate that the average deformation force remains constant 
over time, then the following correlation is valid: 
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If we also replace the average deformation force through the expression 
F = m, . a ,  then we find another interesting relationship: 

From that formula, we can conclude that the deformation force could be 
different from the car-to-car design. As vehicle mass increases, so does the 
force, F = m . a .  If the average deceleration in frontal barrier impacts is similar 
among the cars on the road, then the deformation forces are mass dependent. 
In reality, smaller cars have a shorter deformation length and thus have a 
higher g-level during frontal impacts. The deformation length for cars at 
an impact against a fixed barrier at 50 kmlh (3 1 mph) varies between 450 to 
750 mm (18 to 29.5 in.). At 56 kmlh (35 mph), it reaches values of 550 to 
850 mm (22 to 33.5 in.). Special cars such as micro-compact vehicles (i.e., 
smart electric vehicles) have smaller deformations, in the range of 300 of 
350 mm (12 to 14 in.). Although no measurable lateral force component 
occurs during a straight, frontal collision, we find many transverse forces in 
other crash modes. 

In addition to the acceleration measurement on the tested vehicle, some test 
facilities measure the reaction force at the barrier. Figure 9.2 shows the 
resultant force, measured as single forces with 72 segments in the front of the 
barrier and summed to the total force, versus time and deformation [9- 11. 
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Tlme [ms] 

Dsformation [mml 

Figure 9.2 Measzwed, forces at a rigid barriel: (Source: Re$ 9- 1 .) 

Figure 9.3 shows an instrumented deformable crash barrier, which uses 64 
independent triaxial load sensors to measure the force-time function at dif- 
ferent locations [9-21. 

The results from these measurements allow the following interpretation: Most 
forces are transmitted at the bumper height approximately 400 to 500 mm 
( 1  6 to 20 in.) above the ground. This is not valid for vehicle types other than 
passenger cars. Relatively low forces are recorded from the bottom to 400 mm 
( 16 in.) and above 700 mm (27.5 in.). 

The type of barrier significantly influences the acceleration and deforma- 
tion level of the tested vehicle. Although during the straight central impact 
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Figure 9.3 Measzrvernent device at thefiont of the bavvieu: 
(Source: Ref 9-2.) 

against a fixed wall which is due only to the vehicle asymmetry, small lateral 
accelerations occur. Other crash modes clearly show visible deceleration in the 
x and y directions. Also, the shape of the velocity change versus time function 
is different. Figure 9.4 demonstrates the deceleration as a function of time 
for a 30" barrier, a frontal 0" crash, and an offset deformable barrier crash test. 
Likewise, the change in velocity is shown for the various crash types. Because 
the crash against the 30" barrier was performed only at 48 kmlh (30 mph), only 
the tendencies of the s,  s curves as a function of time are relevant. 

From the data measured, we can conclude that the deceleration level is high- 
est for the frontal 0" crash. This also means the strongest requirements with 
respect to the performance of the restraint systems. The offset crash produces 
a higher loading on the vehicle structure because often only one front longi- 
tudinal beam is taking the highest load in relation to the energy absorption. 
Other frontal collision tests that are used by some vehicle manufacturers are 
discussed next. 
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Figure 9.4 Deceleipation and velocity time,fi~nction,for different 
types of crashes. (Source: Re$ 1-1.) 

9.1.1 Pole Test 
With impact speeds up to 29 -t 0.5 k d h  (18 + 0.3 mph), the test is performed 
against a rigid pole that has a typical diameter of E 250 mm (E 10 in.). 
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9.1.2 Frontal Car-to-Car Crash 
For compatibility tests, see Chapter 13, for accident simulation tests, and 
for developmental reasons, vehicle manufacturers also are undertaking 
vehicle-to-vehicle tests. In a frontal collision between two vehicles with the 
masses ml and m2, the following relationship is valid: 

where 

v, is the impact speed 
u is the common speed after the impact 

If we insert the relative velocity (v,) at the start of the impact between both 
vehicles 

the two preceding equations result in 

With this expression, the change in velocity for Vehicle 1 and Vehicle 2 is 
as follows: 

and 
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It is interesting to see that the change in velocity is influenced only by the 
vehicle masses involved and the relative collision velocity. A frequently 
discussed question is: Which velocity must be chosen in a collision against 
a fixed wall to simulate a frontal collision of two identical vehicles against 
each other? For further evaluation, we define vi, equal to vi2, that means 
that each vehicle has the same but opposite speed. One condition is that the 
change in velocity AvlB must be the same as during the vehicle-to-vehicle 
and vehicle-to-barrier test. For a non-elastic impact, the following relation- 
ship is relevant: 

Case 1: Impact Against a Fixed Barrier. 

With m2 equal to the barrier with a mass 00 and viz equal to the speed 
of the fixed barrier, this means zero. The change in velocity in the 
crash against a fixed barrier is AvlB = vil. 

Case 2: Impact Against a Second Vehicle. 

With m2 equal to m,  (identical vehicles) and vil equal to vi2 identical 
but opposite speed, the change in velocity in a vehicle-to-vehicle test 
becomes Avlveh = Vil. 

From this short analysis, we can see that a collision against a fixed barrier 
with vil has the same consequences with respect to the change in velocity, 
a non-elastic impact assumed, as a vehicle-to-vehicle collision, with each 
vehicle having the same mass, structure, and impact speed. To make this 
result more transparent, the following example is used: A vehicle impact 
with 50 kmlh (3 1 mph) against a fixed barrier has the same consequences 
as an impact of two identical cars with the same mass with a relative impact 
speed of 100 kmlh (62 mph). If we consider that for the production car we 
must take into account 10% elasticity, the 50 km/h (31 mph) barrier impact 
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has a change in velocity of 55 kmh (34 mph), and the V,,, crash of 100 kmlh 
(62 mph) between two cars becomes 110 kmlh (68 mph). 

The change of velocity depends on the vehicle masses. Figure 9.5 shows 
the Av and the deceleration as a function of collision time for two cars with 
ml = 966 kg (2 130 lb) and m2 = 1960 kg (4321 Ib) (ml/m2 = 112.03). The 
relative velocity between both cars at the beginning of the impact was 

Velocity 
16 1 I I I I 1 

Time 

20 40 60 80 I00  mls 120 

Time 

20 40 60 80 I00  mls 120 

Figure 9.5 Frontal collision between cars of d$erent masses. 
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In the relevant time period for the occupant protection, the Av for the heavier 
vehicle is 10 mlsec (33 ftlsec) and for the lighter vehicle is 20.5 mlsec (67 ftl 
sec). This is very close to the results of the formula mentioned previously. 

1960 
Av,, = 28.- =18.76 mlsec 

2926 

9.1.3 Design Requirements of Frontal Collisions 
Regardless of the occupant restraint system, some basic requirements must be 
fulfilled by the vehicle structure in frontal collisions. The longitudinal front 
bars must be designed to be as horizontal as possible. In a front-wheel-drive 
configuration, the driveshafts usually require an opening, which gives to the lon- 
gitudinal beams a small upward tilt, followed by a downward configuration, the 
so-called S-shape. Therefore, the longitudinal beams in this area are reinforced 
by metal shields to avoid bending. The force from the beams is transmitted 
to the outer part of the floor panel and the middle tunnel of the vehicle. Also, 
the front transverse beam must be strong enough to not only resist the forces 
created in low-speed impacts but to engage both front longitudinal beams in 
offset crashes. The height of the longitudinal and transverse beams should be 
between 400 to 500 mm ( 1  6 to 20 in.) above the ground. 

Although the upper part of the front end is not the major component with 
respect to energy management, it contributes to maintaining the survival space 
for the occupant. This is important not only for the function of the restraint 
system, but for the necessity to open one door without tools after the crash. 
The sidewalls must be firmly connected with the wheel housing, and the 
force in the middle of the A-pillar must be transmitted via the door and its 
reinforcement (e.g., the side beam, to the B-pillar). 

Another important requirement is the integrity of the windshield. The lami- 
nated windshield must remain in its frame to act as a reacting part for the 
airbag. In accordance with FMVSS 212 [9-31, the front hood must not 
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penetrate the windshield from the outside in a predefined zone. Figure 9.6 
[9-41 provides a good estimate of how the energy absorption is distributed 
via the front end of a vehicle in a frontal collision. If we sum these forces, 
approximately 50% of the energy is absorbed by the longitudinal beams. 

Second half 

First half 

Figure 9.6 Energy absorption o f  different vehicle parts. 
(Source: Ref: 9-4.) 

In addition to the fact that the steering wheel requirement technically is 
overruled by FMVSS 208 [7- 131, in accordance with FVMSS 204 and EEC 
741297lECCR 12, the steering wheel must not have a relative movement to the 
body-in-white that exceeds a horizontal rearward movement and an upward 
movement of more than 127 mm (5 in.) during a 50-km/h (3 1-mph) frontal 
barrier impact. The design solutions for these requirements are stable cross- 
bars under the dashboard and steering columns, which have a mechanism to 
collapse in the longitudinal direction during impact. 

Because of the higher degree of protection, if the seat belts are used, and in 
combination with airbags, other injuries become more important. This is why 
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special attention is given to the intrusion level ofthe foot pedals ofthe vehicle 
in frontal crashes. This intrusion also is one of the assessment criteria for the 
NCAP test and therefore is an important design criteria. 

9.2 Lateral Collisions 
According to recent accident statistics (see Figure 9.7), the lateral collision 
has become a high priority. If we analyze vehicle accidents with fatalities, 
the lateral impact has a very high priority. 

Car occupants 
killed in rear 

Car occupants crashes Car occupants 
killed in car-to-car killed in rollover 

side crashes 

Car occupants 
killed in frontal 

crashes 
40% 

J 
Figure 9.7 Distribution of fatal accidents. (Source: Ref: 9-5.) 

The explanation for this is the greater degree of occupant protection in 
frontal impacts, which was achieved by design efforts made during the past 
few decades. There are basically four legal requirements for dynamic side 
impact testing: 

Impact of 4000 lb = 18 14 kg rigid barrier with a speed of 32 km/h (20 mph) 
under 90" to the longitudinal axis of the tested car. This test was performed 
primarily to check the integrity of the he1 tank system during and after 
the test and is valid only for cars built before September 1,2004. 
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Impact of a moving barrier in accordance with FMVSS 214 [8- 121. This test 
has been the basis for legal requirements since 1993 in the United States. 
The barrier with a weight of 136 1 kg (3000 Ib) is crashed with 54 kmh 
(g 33.5 mph) in a crabbed configuration, as shown in Figure 9.8. 

Wheelbase (W) Force 

37' 0.5W - 

@ 33.5 
mph TEST CONFIGURATION 
53.9 kmlh 

Figure 9.8 Test conjigzrration in accordance with FMVSS 214. 

The impact point is defined as follows: the left corner must have a distance 
of 0.51 + 0.94 m (1.7 + 0.6 ft) from the center of the rear wheel, where 1 is 
the wheelbase of the impacted vehicle centerline of the moving barrier. 

On the right part of Figure 9.8, we also can see the test configuration 
and the force deflection characteristic of the deformable element, which 
is attached to the front of the barrier. Figure 9.9 shows the velocity as a 
function of time for the tested vehicle and the barrier, with the acceleration 
of the impacted vehicle and of the upper spine of the dummy. 

Test no. 3 is a pole test, which is specified in FMVSS 201 and is proposed 
for FMVSS 2 14 (Figure 9.10). When tested for the future FMVSS 214, the 
impact of the barrier is 75" to the vehicle longitudinal centerline and 90" 
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Figure 9.9 Acceleration, velocity as afknction of time in a test in 
accordance with FMVSS 21 4 for vehicle and occupant. 

Pole to COG head Pole diameter 254 mm 

I SID (50%- Male ) I c 1000 

Figure 9.10 Pole test. 
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for FMVSS 20 I .  The diameter of the pole is 254 m = 10 in. The impact 
speeds are 29 kmlh for FMVSS 201 and 32 kmlh for FMVSS 2 14. 

Test no. 4 is the impact of a movable/deformable barrier in accordance with 
EEC regulation No. 96127lEEC [7- 151. This barrier is impacting the tested 
vehicle under 90" with the centerline meeting the R-point. The details of 
the barrier are specified in the amendments to the previously mentioned 
rule. Of special importance is the layout of the impact device, which shows 
(depending on the location of the impact element) different forceldeforma- 
tion characteristics. The barrier has a weight of 950 kg (2094 Ib), and the 
impact speed is 50 kmlh (3 1 mph), as shown in Figure 9.11. 

Figure 9.11 Test configuration in accordance 
with EG 96/27 and ECE R 95. 

Figure 9.12 shows the differences of the impacting barriers as defined by the 
National Highway Traffic Safety Administration (NHTSA) and Economic 
Commission for Europe (ECE). 
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United States 

Figure 9.12 DiSferences of the side impact between barrier tests 
for the United States and Europe. 

The ECE barrier is higher above the ground and is smaller in width than 
that of the United States. Regardless of the differences in impact speed, the 
deformation of the tested vehicles also differs; that is, the ECE does not hit 
the body sill in most cases. 

For the last two tests mentioned, it is important that the vehicle be designed 
in some areas especially to resist the impacting barrier. This means a strong 
A+B-pillar, strong doors and hinges, reinforcements in the doors, and a 
good connection of the lower doors to the outside of the underbody with a 
strong cross member in the area of the seat mounting system (front and rear). 
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Figure 9.13 shows the reinforcement measures for a subcompact vehicle for 
side impact protection [9-61. 

Figure 9.13 Crash-related strt~ctziral reinforcements at the side 
of the vehicle and the d o o ~  

As mentioned in Table 3.1, there are several consumer impact tests performed 
that use European and U.S. (FMVSS) barriers at higher speed. In the United 
States, one additional side impact test is defined by the Insurance Institute 
for Highway Safety (IIHS), as shown in Figure 9.14. 

In general, one can state that the situation concerning worldwide requirements 
is very complicated, as shown in Figure 9.15. 

In the future, not only the barriers will be modified but also the types of dum- 
mies used. Instead of the Euro-SID- 1, the Euro-SID-2 is used. 

In the United States, the US-SID should be replaced by the EuroSID-2re, 
which was described in Section 7.6 of Chapter 7. 

The total complexity of the side impact regulations is analyzed under Ref. 9-8. 
After the Fifteenth ESV Conference, five working groups were established to 
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Figure 9.14 Side impact test by IIHS [9- 71. 
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Figure 9.15 Side impact ~~equirements. (New proposals 
are marked by an asterisk [*I.) 
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harmonize the different legislation worldwide. One group is dealing with side 
impact requirements. Unfortunately, the path today moves in the opposite 
direction, without a positive contribution for the customer. 

9.3 Rear-End Collisions 
For the rear-end collision, the same test is used as for one side impact test with 
the rigid movable barrier with a weight of 1800 kg (3968 lb) and a speed of 
more than 48.3 kmlh (30 mph). In a phase-in time function, cars produced 
after September 1, 2006 should be tested by the movable deformable barrier 
with an impact speed of 80 kmlh, as defined by FMVSS 214, but in a 70% 
overlap mode and with a 50-mm-lower barrier front plate. The phase-in should 
be as follows: 40% of production by September 1,2006; 70% of production 
by September 1,2007; and 100% of production by September 1, 2008. 

In addition, the fuel tank system integrity is tested in a lateral test mode also 
by the movable deformable barrier with an impact speed of 53 km/h. The fuel 
tank system is checked before and after this test with the quasi-static rollover 
test procedure, as described in Section 9.4. 

The assessment criterion for the tested vehicle again is the integrity of the 
total fuel tank system. Figure 9.16 shows the acceleration and velocity as a 
function of time for the impacted vehicle. 

9.4 Rollover 
For the rollover situation, two different kinds of tests are performed. The 
integrity of the fuel tank system is tested with the help of a test device, which 
can turn the vehicle step by step up to 360" (see Figure 9.1 7). 

The vehicle is mounted in this device and, via 90" steps, is tested to determine 
whether the fuel tank and fuel lines show any signs of leakage. The dwell 
time in each position is at least 5 min. To prevent fuel loss, gravitation valves 
are installed between the ventilation pipe and the active charcoal filter. 

The second procedure is used in connection with the analysis of the per- 
formance of the vehicle occupants during accident simulation tests. The 
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Figure 9. I 6  Rear-impact data in accordance with FMVSS 301. 

tested vehicle is put onto a moving sled under an angle of 23", as shown 
in Figure 9.18. 

The sled with the vehicle on top has a speed of 48.3 k d h  (30 mph) and is 
stopped via a controlled deceleration. The vehicle then starts to roll several 
times, as shown in Figure 9.19 

Compared with frontal and lateral impacts, the time sequence of the rollover 
simulation test is much longer. Whereas the frontal and side impacts are 
finished after 100 ms, the rollover is finished after several seconds-in the 
case shown, at approximately 4000 ms. 
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Figtlre 9.17 Test conjigzlration,for file1 tank integrity. 

Figure 9.18 Test conJigzlration,for the dynamic rollover test 
in accordance with FMVSS 208. 
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Figure 9.1 9 Vehicle behavior as a,ft,nction of time during a 
dynamic ieollover test. (Source: Re$ 1 -1.j 

The body-in-white normally has good strength to resist these impact loads. 
For a two-seater vehicle, the A-pillar with the glued-in windshield and, very 
often, reinforced seat backs with sufficient height offer satisfactory protection 
to occupants during rollover accidents if the seat belts are worn by the occu- 
pants. For some convertibles, automated roll-bars, seat-back reinforcements, or 
vertical movement protection devices are used. These are activated by sensors. 
A typical design for such a protection device, directly behind the rear seat 
back, is shown in the 2006 Volkswagen EOS [9-91 (see Figure 9.20). Behind 
both seat backs of the rear passengers, two rollover protection systems are 
installed. In severe accidents (e.g., rollover or front, lateral, or rear-end col- 
lisions), a pre-loaded spring is released after the sensors, and the electronic 
control unit (ECU) determines the severity of the accident. 

In the future, the requirements for rollover protection will increase. Not only 
the roof strength in accordance with the FMVSS 216 will rise, but also the 
requirements for door locks and hinges. Furthermore, a containment test in 
combination with side airbag systems will be introduced for light-duty trucks 
(LDTs) and SUVs and at a later date for passenger cars. 



Dynamic Vehicle Simulation Tests 

Figure 9.20 Automated rolloverprotection in a convertible. 
(Source: Rej.' 9-9.) 
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10.1 Vehicle Compartment 
Aside from the classic restraint system, which consists of the combination 
of seat belts and airbags, the total passenger compartment must fulfill certain 
requirements. For example, the minimum head impact zone is defined by a 
sphere of 165 mm (6.5 in.) diameter and requires no sharp edges by a radius 
of 2.5 mm (0.1 in.) or 3.2 mm (0.126 in.), depending on the location. Another 
requirement is defined in the newer version of FMVSS 20 1. In this standard, 
it is requested that a head form with a speed of 24 km/h (1 5 mph) is impacting 
certain interior parts of the occupant compartment. In these impact zones, 
which also include the side head airbag, special deformation measures must be 
taken. Figure 10.1 shows one example of the impact test investigation using 
an FEM calculation. 

To keep the acceleration level low, a deformation length in the direction of 
the impact of up to 50 mm (2 in.) is the basis to fulfill the specified level of 
less than 80g deceleration. 

10.2 Restraint Systems 
With respect to restraint systems, we must differentiate between devices that 
must be activated manually by the occupant (e.g., seat belts and child restraints) 
and devices that work automatically (e.g., seat-belt movement limiters, belt 
tensioners, and airbags). Modern seat-belt systems are extremely powerful 
and provide a high degree of passenger protection. 

A crucial criterion for the quality of a restraint system is the perfect combina- 
tion of the vehicle structure, the steering wheel movement, the seat perfor- 
mance, the occupant compartment layout, and the seat-belt characteristics. 
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Figure 10.1 Finite element sitzration for head impacts, in accordance 
with FMVSS 201. (Source: Ref 10-1.) 

The high performance of computer simulation procedures allows the optimal 
design of occupant protection systems in cars. 

10.2.1 Seat Belts 
The standard design for the seating position of the front and rear occupants 
is the three-point automatic belt. The inner seat-belt latch is mounted for 
movable seats at the seat frame. The upper anchorage point is mounted at 
the B- and C-pillars. For several years in the United States, passive seat belts 
were standard equipment for the front seats. 

The permissible field of the seat-belt anchorage points is defined by the 
legal specifications FMVSS 210 and the EC (European Community) direc- 
tive [lo-2, 10-31. In nearly every car, the upper outside anchorage point is 
adjustable in the vertical direction for comfort reasons. Figure 10.2 shows 
the design of such a vertical adjustment. 

A feeling of comfort goes with the protection function of the seat-belt sys- 
tem. This means that if the upper torso belt has a good geometrical position 



Occupant Protection 

Figure 10.2 Seat-belt anchorage 
height adjustment. 

in relation to the chest, the protection in an accident also is good. For the 
locking of the seat-belt retractor, two different mechanical systems are used. 
One system uses the acceleration or deceleration of the vehicle. Different 
kinds of pendulums are used as locking mechanisms. As a second type of 
locking device, the seat-belt pull acceleration is taken, where above a defined 
value (e.g., greater than lg), the locking system must be engaged with a belt 
extraction of less than 50 mm (2 in.). 

For the optimal combination of the seat belts with the vehicle structure, many 
subsystems exist. 

The belt clamp locks the belt above the seat-belt retractor after the retractor 
is locked. With this feature, the remaining belt on the retractor is prevented 
from contracting more than 10 cm (4 in.), which is the length that could 
be exceeded due to the relative movement of the occupant to the vehicle. 
Figure 10.3 shows an example of such a design. 

After the vehicle reaches or exceeds a certain deceleration level, the mechani- 
cal belt tensioner is activated by a spring, which pretensioned the belt in a 
time of 10 ms with a force of up to 2000 N. The mechanical belt tensioner, 
as shown in Figure 10.4, often is part of the belt latch. 
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Figure 10.3 Seat-belt clamp mechanism. 
(Source: Autoliv.) 

Today, more and more pyrotechnic belt tensioners are being used. These 
also have replaced designs such as the Audi PROCON-TEN system [lo-41. 
Depending on the severity of the accident, the pyrotechnic belt tensioner tight- 
ens the belt after exceeding a certain deceleration level. Figure 10.5 shows a 
tensioner that is mounted above the seat-belt retractor in the B- or C-pillar. 

Other designs have the locking and tightening parts incorporated directly 
into the seat-belt retractor. In particular, the pyrotechnic seat-belt retrac- 
tor allows greater freedom in the geometric design and in the layout of the 
motion/time function of the occupants. 

New designs have incorporated an adaptive belt-force limiter with a dual- 
stage torsion bar [lo-51, as shown in Figure 10.6. With this new design, the 
upper torso force level is reduced if the high force is acting for too much 
time. 
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Figure 10.4 Mechanical seat-belt tensioneu: 
(Source: Autoliv.) 
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Figzwe 10.5 Pyrotechnic seat-belt tensione~: 
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Figure 10.6 Principle of the adaptive belt force limitation 
with dual-stage torsion bar: (Sozrvce: Autoliv.) 
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For occupants to be willing to use the seat belts, comfort is of great impor- 
tance. The installation of the seat-belt latch at the seat has already made a 
positive contribution in that regard. Another design criteria is an optimiza- 
tion between the belt retraction force and the force to the occupant's chest in 
the worn condition. The minimum retraction force is necessary to guarantee 
perfect retraction. The retraction is influenced strongly by the belt material, 
the design of the upper belt buckle, and the belt guide above the retractor. 
Humidity also influences retraction, and some advanced designs use roller 
freewheels at the upper buckle to reduce beltlbuckle friction. This conse- 
quently allows the reduction of the belt retraction force as well. Figure 10.7 
shows an optimized design. 

Figure 10.7 Example of a rzm-lhrozrgh buckle 
at  the upper anchorage point. 

Other solutions for reducing the retraction force are on the market. For 
example, a locking mechanism always locks the retraction mechanism in the 
last position that the occupant has chosen. 

With respect to comfort and seat-belt usage, passive seat belts were used in 
the U.S. market for more that 15 years. The reason for this development was 
the requirement by the National Highway Traffic Safety Administration for 
passive restraint systems. The rate of seat-belt usage at that time was low in 
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North America, and the penalty for not wearing a seat belt was not introduced 
at that time. Furthermore, because airbag systems were not advanced techni- 
cally enough to be sold, passive seat-belt systems were developed. These 
consisted of either passive two-point body belts with a knee bolster or passive 
three-point belts. The first car on the market with the passive seat-belt system 
was the Volkswagen Golf (see Figure 10.8). 

Figure 10.8 Volkswagen passive seat belt. (Source: R e t  10-6.) 

The body belt was attached on one side at the upper part of the door and on 
the other side at the seat, where the run-through buckle and retractor were 
mounted. Part of the belt also had an emergency latch and was attached via 
bolts to the seat-belt anchorage points at the B-pillar. Ifthe latch was opened, 
the engine could not be started. To avoid "submarining" of the occupant under 
the seat belt, the seat plate was reinforced, and a knee bolster was installed in 
front of the occupants. In later versions, there also were some designs where 
the upper part of the seat belt was moved at the roof. If an occupant opened 
the door of the vehicle, the upper part of the seat belt was pulled into a forward 
position to allow easy entry and exit from the vehicle (see Figure 10.9). 
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Figure 10.9 Layout of an automatedpassive seat-belt system. (I) Drive 
zmit; (2) Switch jor B-pillar with latch control; (3) Locking device with 
emergency latch and deforination element; (4) Pansport rail; (5) Belt 

latch; (6) Slip device; (7) Switch for A-pillar; (8) Warning light; 
(9) Ignition; (10) Warning relay; (11) Knee bolster; (12) Switch ieearward 

gear, (13) Switch for sensor locking; (14) Door contact switch; 
(15) Retractor with sensor locking; (16) Acceler*ation jor driver and 

passenger system. (Source: Re( 110-6.) 

With respect to avoiding submarining, many alternatives were available on 
the market. These ranged from knee bolsters alone to actively operated lap 
belts and a lap belt integrated into the automated three-point belt. With the 
lap belt, the head and neck loading often increased because of the downward 
pulling force created by the vertical forces of the lap belt. 

Influenced by the progress in airbag development and performance and 
because more U.S. states have introduced seat-belt usage laws, the passive 
seat-belt system has been replaced by a combination of three-point belts with 
airbag systems. 
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10.2.2 Airbags 
Development of the airbag system began in the late 1960s [lo-71. At that 
time, the system used compressed gas as the deployment means. Although 
performance was good in accident simulation tests, the influence of outside 
temperatures changed the pressure in the airbag gas bottle significantly. At 
high temperatures, the pressure was too high; at low temperatures, the pres- 
sure was too low. In any case, airbags did not perform well. Either the bag 
pressure was too high, putting the occupant at risk of injury, or the bag failed 
to inflate. It took some time before a pyrotechnic solution was ready for 
introduction into production cars to avoid these disadvantages. 

American legislative requirements to test airbag-equipped cars with and 
without the use of the front seat belt led to a complicated development of the 
airbag system design. The decision by the National Highway Traffic Safety 
Administration to define, via FMVSS 208, that the test should be performed 
also with unbelted dummies was based on the low seat-belt usage rates at 
that time, particularly in some U.S. states where no seat-belt usage laws were 
enforced. 

We believe that airbags are only a supplement of the main restraint system: 
the worn seat belt. The public should not feel safe in any case that the vehicle 
itself gives adequate protection if occupants do not wear seat belts. Mean- 
while, as we will see later, many additional requirements by FMVSS 208 have 
been introduced as of today, especially to cover the problem of occupants of 
different sizes, seating positions, and restraint system variations (e.g., when 
using child restraints). At the beginning of the rule-making period, airbags 
were considered for only frontal impacts. 

10.2.2.1 Airbags for Frontal Impacts 

If we analyze the performance of the three-point belt alone in frontal collisions, 
the occupant first moves forward relative to the vehicle interior compartment 
until the belt is locked. After that, the relative movement in relation to the 
body continues at a lower speed. Superimposed over this is a downward 
movement of the occupant due to the effect of the lap belt. This effect 
and the limitation of the belt elongation due to its design create at the final 
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phase of the accident a stronger head rotation. This head rotation is reduced 
significantly by front airbags. Also, direct contact ofthe head against the vehicle 
interior is prevented. Figure 10.10 shows the layout of an airbag system for 
front occupants in frontal accidents. 

Figure 10.10 Layout of an airbag system ( I )  Driver module; (2) 
Passenger module; (3) Control box with sensor; (4) Failure indication 

lamp; (5) Safety belt; (6) Diagnosis connection. 

The system consists of several components: two pyrotechnic powder contain- 
ers, the driver and passenger air bags with relevant covers, the electrical wire 
harness with several sensor units, the special power transmitter for the ignition 
of the steering wheel airbag, and the electronic control unit (ECU), including 
the diagnosis system. For gas generation, purely pyrotechnic powder or some 
hybrid designs (pyrotechniclgas) are used. The pyrotechnic material should 
create the least amount of emission components as possible, although the 
number of critical parts is small. The bag material consists of polyamid (PA) 
or polyester (PETP) partially with blow-out holes for a controlled ride downward. 
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After a crash of a severity at slightly below the 20-kmlh ( 12.5-mph) barrier 
impact speed, the ECU calculates in a threshold and deceleration time analysis 
whether or not the ignition of the gas generator should be fired. After ignition, 
the pyrotechnic material creates a gas that fills the airbag. In a 50-km/h (3 1-mph) 
barrier impact, the sensor ignition time is less than 30 ms. The initiated airbag 
pressure lies between 1.8 and 2.2 bar. Figure 10.1 1 shows the principle hnc- 
tion of an airbag system in connection with a three-point belt. 

Start of Impact Airbag Ignition Bag Deployment Occupant Contact End of Impact 

Figure 10. l I Injation of driver andpassenger airbags. (Source: Rej I O-8.) 

Because of the American experience with an airbag system that also must 
work both with and without a seat belt, the airbag pressure had to be much 
higher in the case where no seat belt was used. If the seat belt is used, 
basically only the head must be prevented from rotation. Without the seat 
belt, the mass that must be absorbed is more than 5 times higher. An easy 
comparison demonstrates this: the reduced head mass of a 50% male is 
approximately 6.8 kg (15 lb), whereas the reduced body mass is 36 kg 
(79 lb). This high pressure and the inflation speed of the airbags of up to 
100 kmlh (62 mph) has created several accidents with severe injuries in the 
years 1995-2000. Figure 10.12 shows a distribution of lives saved versus 
deaths related to airbag performance, as of 2000. 
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Figure 10.12 Airbag safety eflectiveness. 
(Sozwce: Re$ 10-9.) 

New statistics show that in the meantime, because of improvements to the 
vehiclelairbag system, the number of deaths caused by inflating airbags has 
been reduced from a peak number of 65 in 1995 to close to zero in 2004 (see 
Figure 10- 13) [ 1 0- 101 and decreased further. 

In most cases, the severe injuries were consequences of incorrect use of the 
car seating position and seat belt. These can be categorized in the following 
groups: 

An out-of-position situation 
Wrong type of child seats and incorrect mounting position 
Children directly in front of the passenger front airbag 

The immediate reaction to these accidents by vehicle manufacturers in most 
European countries was to allow the front passenger airbag to be disconnected 
(e.g., if child seats are installed). Meanwhile, some manufacturers offer dual- 
stage airbag systems. This means that in crashes with low severity, the bag 
inflation time is longer and the pressure is smaller than with high-speed 
accidents. Also, the standard FMVSS 208 has been revised to a great extent, 
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Figure 10.13 Deaths caused by inflating airbags, 1990-2004. 
(Source: Re$ 10- 10.) 

and European legislation and NCAP tests strongly influenced airbag design for 
frontal impacts. As a result of these changed requirements, we find that the 
airbag systems will have an even more complex design that is known as smart 
restraints. For frontal impacts, other types of airbags are installed in some cars, 
such as the knee bag. Revised FMVSS 208 of May 2000 [lo-1 11 has many 
new requirements, which are shown in Figure 10.14 [lo-12, 10- 131. 

The expansion of FMVSS 208 should increase the level of protection for a 
wider group of vehicle occupants and simultaneously minimize the risk for 
occupants of different sizes, occupants who are belted or unbelted, out-of- 
position passengers, and small adults, children, and infants. 

If we compare these requirements with the rules of today introduced in the year 
2000 due to the additional tests (e.g., with the 5% female Hybrid I11 dummy) 
and the necessity to prove the belted and unbelted cases, the experimental 
work also will increase. Furthermore, the additional definition and use of a 
neck injury criteria has increased the development effort. 
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Figure 10.14 Test requirements, for FMVSS 208. 
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For the second group (i.e., small adults, children, and infants), the require- 
ments were defined as shown in Figure 10.15. 

As stated, these new requirements should mean that a wider group of vehicle 
occupants will be protected. A specialty is the choice of the protection strat- 
egy. For the one-year-old child dummy, we can select the airbag cutoff or the 
low-risk deployment. In this case, the airbag is ignited with a performance 
stage that is determined in a pre-crash: 

For the one-year-old child dummy with a rearward-facing child seat with 
a 64-kmih (40-mph) test against a rigid barrier 

For the three- to six-year-old child dummies at the passenger seat and 
for the 5% female dummy with the 26-kmih ( 1  6-mph) crash against the 
rigid barrier 

Other options are cutoff in out-of-position situations and cutoff if the three- 
to six-year-old children are in front of the dashboard. This requires that the 
vehicle must be equipped with dual-stage airbags. Table 10.1 provides a 
good overview related to the complex test configuration and possibilities for 
complying with FMVSS 208. 

Figure 10. I6 shows one possible trigger strategy for the ignition of the airbag 
system, where the center and front sensors are used [lo-131. This strategy is 
related to the deployment threshold, where the obstacle, the closing speed, 
the impact direction, and the impact configuration play important roles. The 
legal requirements and the real-world accident situation strongly influence 
the deployment of air bags and the ignition of the pretensioner of the seat- 
belt system. 

Although not requested by FMVSS 208, car manufacturers test other occupant 
sizes, such as the 95% male. It is necessary to test not only the dual-stage 
design but the optimization of the airbag itself, size and ventilation holes, and 
the identification of occupants in the front seat. This means that the child 
seat must be recognized in the passenger seat, where the seating position of 
the passenger also must be identified, and several other techniques such as 
infrared radiation or ultrasonic must be used in combination with the seat 
sensor. Figure 1 0.17 shows a layout in principle. 
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Figure 10.15 Test to minimize the risk to small adztlts, 
children, and infants. 
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TABLE 10.1 
REQUIREMENTS OF FMVSS 208 

AS OF SEPTEMBER 2003 
DummytTest 
Requirement 

Rigid Barrler Crash Test. Belted. 
48 kmlh (30 mph); 
Perpendicular 

Rigid Barrler Crash Test: Belted; 
56 kmlh (35 mph), 
Perpendlcular 

Rigid Barr~er Crash Test, 
Unbelted: 32-40 kmlh (20-25 
mph), Perpendicular and 30" 
Offset 

Offset Deformable Barrier Crash 
Test (Driver's Side); Belted. 
40 kmlh (25 mph) 

Aulomallc Suppresston Option 
(Slalic tesllng to determine if the 
airbag is autornalicaliy 
deactivated when an infant is in 
a car seat or a chlld is In the 
passenger seal in the posltion(s) 
specilied in Ihe standard) 

Low-Risk Deployment Option 
(Vehicle must meel injury crlteria 
specilicatlons when the driver or 
passenger side airbag is 
deployed as speclfled in the 
standard) 

Out-of-Position Dynamlc 
Aulomalic Suppression Option 

50th Percentile 5th Percentile 6-Year-Old 3-Year-Old 12-Month-Old 
Adult Male Adult Female Child Dummy Child Dummy CRAB1 Dummy 

X' X NIA NIA NIA 

X NIA NIA NIA NIA 

X X NIA N/A NIA 
(Perpendlcular 

Only) 

NI A NIA X X X 

NIA 

' 4 8 . ~ 1  11 (30.1n~I.) lor1 LS 119 male d,wu ts ,sod lo' roll ces u, I1 Illro.gl 1I.e urul.cllw ytdr  pr1d.o 1r1 911103. altef 
9!1!07 tnc n gn-spcca rlgd (56-kmln '3j-mpn]) barf cr tcsl &. ng male amm cs s rcq~lrca 

Type A 

Left and right UFS 
measure the same 
acceleration 

100% barrier 
Car to car 
Center pole 

Truck under-ride ; ;;;gz:sh 1 

Type B 

Left and right UFS 
measure significantly 
different acceleration 

Type D 

CCS, left and 
right UFS 
measure the 
same 
acceleration 

Type C 

Left and right UFS 
measure high 
acceleration; CCS 
measures low 
acceleration (first 
10-15 ms) 

Curb test 
AZT 

Figure 10.16 Crash-type class@ation CCS end UFS sensors. 
(Source: Re$ 1 0- 13.) 
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Figure 10.17 Ultrasonic sensors Jor occupant protection. 
(Sozrrce: Re$ 10-13.) 

10.2.2.2 Side Protection by Airbags 

As a result of the great success of frontal airbags, side airbags in the upper 
torso area were introduced first by Volvo [lo-141. Special design features for 
this system are sensors for evaluation of the lateral acceleration and airbags, 
mostly installed laterally on the outside of the seat back. Because the free 
distance between the inner door and the occupants is much smaller in a side 
impact compared to frontal collisions, all events related to airbag perfor- 
mance must occur more rapidly. For example, the side impact sensor requires 
a strong connection between the lower part of the door and the outer part of 
the floor panel and the mounting location of the sensor. The results with the 
torso airbag alone were not efficient enough with respect to head protection 
in side impacts. For this reason, the head side impact airbag mounted at the 
outside of the inner roof was a positive step in further reducing injuries in 
side impacts. For side impact protection, because of the complex accident 
mechanism, a combination of seat belts, strong seats, good design of the 
occupant cell (i.e., integrity under high load), a stiff connection between the 
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outer parts of the vehicle and the sensor mounting place, and the installation 
of a torso and head side airbag are the basis for good protection. Figure 10.1 8 
demonstrates a head side airbag, which also protects the rear passenger, from 
the A-pillar as far as the D-pillar. Nearly the entire length of the windows is 
covered [ 1 0- 151. 

Figttre 10.18 Side protection system in a pole impact 
crash simtdation. (Source: Re$ 10- 15.) 

In Figure 10.19, we can see that even in a convertible, an inflatable curtain bag 
is possible. The Volvo C70 folding hardtop convertible uses a door-mounted 
device [lo- 1 61. 

10.2.2.3 Additional Airbag Applications 

In addition to front and side airbags, other airbag applications are possible, 
as follows: 



Occupant Protection 

Figure 10.19 Door-mounted side head airbag [ I  0-161. 

The side curtain airbag also could be used in rollover accidents to prevent 
head contact with the vehicle interior. Because a rollover takes more time 
(more than 5 sec) compared to milliseconds in frontal and side impacts, 
the airbag design must be changed in a direction to keep the airbag filled 
over a longer period of time. 

The knee area also has been investigated to reduce possible knee and 
femur injuries by the installation of a knee airbag at the driver and passen- 
ger seats. One initial application can be seen in the BMW 7er (Fig. 10-20) 
as of November 2001 [lo-51. Other vehicle manufacturers followed this 
installation, especially in the upper class segment. 

Another application is under investigation to fulfill future requirements for 
pedestrian protection. In this case, an airbag system could be installed at 
the front hood of the vehicle to reduce the deceleration level if the child 
and adult heads are impacting the front hood. 
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Figzrre 10.20 Knee airbags for the driver and front 
pmsenger: (Source: Reb 10-5.) 

10.2.2.4 Sensors for Restraint Systems 

Crash Severity. As shown in Figure 10.2 1, the number of sensors and actua- 
tors has increased continuously during recent years. In a Ph.D. thesis [lo-171, 
it was found that the data from all sensors (front and side) could be used to 
better determine the crash severity and direction of the main impact force. 
The rollover sensors provide an additional signal for this specific accident. 
In all relevant accidents, we must decide whether the airbag should be fired 
and at which level (Stage I or Stage 2), and whether the pretensioner of the 
seat belts should be activated (see Figure 10.22). 

The vertical axis of Figure 10.22 shows the crash severity and the horizontal 
v-close. The v-close means the relative velocity between two colliding objects. 
In general, we could say that the combination of front and side sensors with a 
central sensor gives the highest degree of opportunities for correct determina- 
tion of the accident severity. 
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Figure 10.21 The nzrmber of sensors and actuators, as a function 
ofyears. (Source: ReJ: 10-1 3.) 
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Figure 10.22 Typical deployment strategy for a dual-stage airbag. 
(Source: Re$ 10-13) 
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In side impacts, the time for the decision to fire the airbag is due to the geo- 
metrical situation, which is even lower compared to that of frontal collisions. 
Therefore, in addition to the g-sensing sensor, a pressure wave-based satellite 
sensor is used (Figure 10.23) [lo- 181. 

Intrusion d door skin during a wde Ouler door skln 
collision leads to reduction d 
volume within the door 

This volume reduction auses a 
\ , - -  

pressure wave due lo adiabatic ‘. -.  

pressure rise within Lhe door cavity -Satellite-4 ,, , 

* ,I.. 4' + 
.,.A . 

Change of pressure eignal over lime . --- -- 
gives information about intrusion - - - 
velocity and severity of impact 

Re-enforcement bar 
Very fast and reliable discrimination 
of firelnowfire situations 

Figure 10.23 Pressure wave side impact sensor [ I  0-1 81. 

For the reason already mentioned, pre-crash sensors also could be used in 
the future, such as a radar sensor that is working up to 10 m (33 ft) ahead 
and perhaps to the side. Some typical data are for the beams: 20' wide, 12' 
high, wavelength 905 nm, accuracy 0.1 m (0.33 ft), velocity range 4.8 to 
190 km/h (3 to 1 18 mph) [lo-191. This might help to identify the type of 
closing obstacle. Because radar also cannot provide a determination with 
respect to mass and stiffness of the crash partner, the pre-crash sensor must 
be used in addition to the system already mentioned. 

Sensors in the Vehicle Compartment. The interior sensing systems must 
identify occupants (adults and children) on all seats. For the optimized per- 
formance of the airbag system, we need much more information about the 
vehicle occupants, such as why the airbag should be fired on the passenger 
side if no occupant has taken the seat, or, as another example, the passenger 
airbag should not be fired if a rearward-facing child seat is installed. Another 
important piece of information is the weight of the occupant, his or her size, 
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and the seating position, particularly at the moment of the crash. Two types of 
sensor systems will be used in the future. One measures the pressure and the 
pressure distribution at the seat with a flat seat mat (see Figure 10.24), which 
can identify to some extent whether humans or child seats are occupying the 
relevant seat or whether the seat is empty. 

Figure 10.24 Child-seat recognition system on the passenger seat. 
(I)  Resonator # I ;  (2) Resonator #2; (3) Electronic device for child-seat 

detection and passenger presence detection; (4) Antenna A; (5) Antenna B; 
(6) Passenger presence detectov: (Source: ReJ II-4.) 

The other type of sensor is used to determine the initial occupant position, 
because it is important to avoid situations in which the airbag could create 
negative effects. In this case, ultrasound or infrared sensors are the technical 
solutions. 

Figure 10.25 shows a Photonic Mixing Device (PMD) that also can provide 
a determination about occupant movement [lo-201. The device has the fol- 
lowing features: 
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PN-Modulated 
Light Emitter 

PMD Array mxn Times 
(per Pixel) 

Figure 10.25 Photonic Mixing Device. (Source: Ref 10-20.) 

Emission of "RF" modulated incoherent light 
Reflection of desired three-dimensional object 
Detection of reflected light 
Mixing with originally emitted signal on chip 
Gray-scale image 
Distance information from each pixel 

These sensors could suppress the airbag activation if occupants are in the non- 
firing zone. A typical situation is a child standing in front of the dashboard or 
if the occupant is out of position. Figure 10.26 shows a typical firing decision 
matrix for driver and passenger [lo- 131. 

Identification of Child Seats. [n cases where the ISOFIX child seat is used, 
sensors in the two locking mechanisms also could identify a mounted ISOFIX 
child seat at the front passenger seat, although today no production solution 
exists. In this case, the airbag in front of the child seat is not activated. 
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Firing-Decision Matrix: 

1 Rear Passenger 1 11 

Driver 

Rear Passenger 2 &I 

Passenger 

I Rear Passenger 3 11 

Figure 10.26 Firing-decision matrix. (Source: Ref 10.13.) 

Figure 10.27 shows the large number of sensors and actuators for the different 
fields of application [ I  0-2 I]: 

Accident avoidance 
Mitigation of injuries 
Driver assistance 
Autonomous driving 

From Figure 10.27, we also can see that some sensor fusion seems possible 
in the future. It is important that driver assistance systems are developed 
and installed, which both support the driver and passenger and are accepted 
by them. 

PRE-SAFE Systems. An advanced protection system was developed by 
DaimlerChrysler and is called PRE-SAFE [I 0-221. As shown in Figure 10.28, 
the system increases occupant safety after the system has recognized that a 
severe accident might occur. 
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Figure 10.2 7 Sensor applications. (Sowee: Re$ 10-21.) 
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b Seat-belt tensioner pre-activated 

b Seat back inclined, headrest put up 
into the most upward position 

b Sunroof closed 

b Knee protector, if available, locked 
and side door panels put into position 

b Automated pre-accident braking 

Figwe 10.28 PRE-SAFE system. 
(Source: Ref 10-22) 

Several protection items can be pre-activated. For example, there is the seat 
belt tensioner, the seat back is tilted into an upright position, the headrest is 
brought into its position, the sunroof could be closed, and vehicle parts such 
as armrests could be brought closer to the occupant. Although not all of 
these items might be seen in future production cars, the research approach is 
interesting. Some of these ideas are already in production. 

10.3 Child Restraints 
In accordance with legal requirements (e.g., in Germany), children who are 
younger than 12 years old and are smaller than 150 cm (59 in.) in height 
must be placed in special child restraints in vehicles. Child restraints must be 
designed in conformance with the regulation ECE-R44 [lo-231. Figure 10.29 
shows an overview related to different child restraint systems as a function of 
the weight of the child [lo-231. The performance of the child restraint system 
is based on the limits defined in Table 10.2. 



Baby carrier I Baby seat I Reboard seat 

Group 1: 9 - 18 kg I Group 1111: 9 - 25 kg I Group II: 15 - 25 kg 

Group 011: up to 18 kg Group 0: up to 10 kg 

Impact absorber I 3-point belt system I Impact absorber 

Group 010+: up to 1011 3 kg Group 1: 9 - 18 kg 

5-point belt system 

Group 111111: 15 - 36 kg 

Booster seat withlwithout 
sleeping support 

Figure 10.29 Child restraint systems according to ECE-R44. 
(Source: Rej.' 10-23.) 
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TABLE 10.2 
REGULATIONS FOR CHILD SEATS 

Limits for Children 
ECE-R44 

Limits for Children 
CMVSS 21 3 [I 0-261, 

FMVSS [I 0-271 

Chest acceleration 55 g 
(ares 3 ms) 

Head injury criteria 1000 
(HIC36 ms) 

Chest acceleration 

30g  I Chest acceleration 60 g 
vertical (a, 3 ms) (ares 3 ms) 

Head displacement 550 mm 
horizontal 

Head displacement 800 mm 
vertical 

Biomechanical values 
(experiences): 

Neck moment (My) 20 Nm 

Neck force (F,) 2.0 kN 

Excursion limits: 

I Head 81 31720 mm 

I Knee 915 mm 

Special attention must be given to the correct use of child restraint systems. In 
competitive tests, it was shown, for example, that with a belt slack of approxi- 
mately 75 mm (3 in.), the child dummy measurement data were approximately 
30 to 40% higher, compared to a correctly used seat belt. Two special child 
restraints should be mentioned: (1) the baby carrier, and (2) the reboard seat. 
In most cases, both are placed on the front passenger seat. This automati- 
cally creates the previously mentioned conflict with the inflation of the front 
passenger airbag. The other system is the ISOFIX child seat [lo-241, which 
includes in accordance with I S 0  [lo-251 a standardized connection between 
the child seat and the vehicle interior. Beginning in 2006, the ISOFIX is 
allowed to be installed only with a top tether. A bracket as a third anchorage 
point gives not only a better (more secure) connection but also a safer feeling 
because of little lateral movement during driving. The anchorage point also 
must fulfill the requirements set by ECE R14, FMVSS 225, and CMVSS 2 10. 
Figure 10.30 shows the layout of an ISOFIX seat. 
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r 

Body 

1 2 3 

Figure 10.30 Schematic illustration of a top-tether ISOFIX system. 
(Source: Ref: 10-28.) 
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Interrelationships Among 
Occupant, Restraint System, 

and Vehicle in Accidents 

Although the single elements of the total vehicle, the vehicle interior, and 
the restraint system have been discussed in detail in Chapters 9 and 10, 
Chapter 11 describes the interrelationships among the occupant, the vehicle, 
and the restraint system. 

1 1 .1  Frontal Impacts 

1 1 . 1 1  The Unrestrained Occupant 
In a frontal impact against a fixed barrier or another vehicle, the occupant is 
moving toward the dashboard or the steering wheel due to the impact vector 
created by the impacting vehicle. In the first approximation, the following 
interrelationship is relevant. 

Vehicle Occupant Until Impact 

Vehicle Occupant Until Impact 
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The relative movement As between the occupant and the vehicle can be cal- 
culated from the preceding formula as follows: 

At a 50-krnlh (3 1.15-mph) impact with an average vehicle deceleration of 
15g and a distance between the occupant and the steering wheel of 30 cm 
(12 in.), the occupant hits the steering wheel after approximately 64 ms. 
Figure 11.1 shows the distance between the chest to the steering wheel in 
certain vehicles. From this figure, we could conclude that the 30 cm (12 in.) 
distance is not unrealistic. 

The differential speed between the occupant and the steering wheel remains 
at 33.4 kmlh (20.8 mph) at the time the chest hits the steering wheel because 
of the free forward movement of the occupant. In a more severe frontal 
accident without any restraint system, the kinetic energy of the occupant 
must be absorbed by the interior of the vehicle, (e.g., the steering wheel, the 

- o B- s m + E  U 9 5 
E z ?=g g 6 g: F, s z e  ex i n  F b q  m d  ,E* z" g s  
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Figure I I. I Avemge chest-to-steering-wheel distance, by vehicle. 
{Sozwce: Re$ I I - I .) 



Interrelationships 

dashboard, the knee impact area, and the windshield). If we assume that for 
this deceleration, a deformation length of 0.1 m (0.33 ft) is available, then 
the average deceleration of the occupant is close to 50g via a time period of 
approximately 25.5 ms. Figure 11.2 demonstrates this theoretical pattern. 

This deceleration level of the occupant body is already three times as high as 
the average vehicle deceleration level. This clearly explains two matters. If 
the occupant is hitting the vehicle interior, it is necessary to prevent injuries 
and, more importantly, to connect the vehicle occupant to a stable occupant 
cell as quickly as possible, to allow a ride downward in the restrained system 
together with the vehicle. If, for example, an unrestrained occupant is hit- 
ting the vehicle interior, the impact zone must be built from energy-absorbing 
material. Figure 11.3 demonstrates one technical solution related to the new 
requirements of FMVSS 20 1. Of course, other energy absorbing materials, 
such as polyurethane foam, are possible. 

The most important element with respect to minimizing injuries is the use of 
seat belts and/or the child restraint system. 

1 1.1.2 The Three-Point Belt 
With a three-point-automatic belt, without a belt clamping device or a preten- 
sioner, the occupant is moving forward in the direction of the impact vector 
of the car that is being hit until the seat-belt retractor is locked either by the 
belt extension speed or by the force of gravity and until the belt is contracted 
at the belt retractor spool. Through the lap belt and the upper torso belt, the 
occupant's body is decelerated in its relative movement to the vehicle. With 
increasing load and the forward movement of the occupant as a result of its 
geometry, the lap belt creates a vertical load in a downward direction. For this 
reason, the seat and the seat pan must be integrated into the optimization of the 
performance of the overall occupant restraint system. Figure 1 1.4 shows, as a 
function oftime, some typical data for the resulting head and chest acceleration 
and shoulder and pelvic belt force for a 50% male dummy that was restrained 
by a three-point-belt in a 50-km/h (3 1-mph) frontal barrier crash. As illus- 
trated in Figure 11.4, it takes more than 30 ms until the belt is locked, any 
slack between the seat belt and the occupant is removed, and the first sign of 
an increase of the restraint force can be identified. 
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Figure 11.2 Deceleration, velocity, deforination, and movement, 
as a function of time. 



Interrelationships 

Figure 11.3 Thernzoplastic honeycomb for the head impacz area. 
(Source: Re$ 11-2.) 
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Figure 11.4 Decelerations and belt forces, as a function oftime, 
for a dummy restraint by a three-point belt. 

For the performance of the restraint system, it is important to minimize this 
time as much as possible; therefore, we must prevent the pulling out of too 
much of the remaining belt from the retractor spool. The technical features 
used are belt clamping devices and pretensioners. In addition, the belt slack 
around the occupant must be reduced, especially when the occupant is wearing 
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many pieces of clothing or heavy clothing (i.e., in winter time). With the 
use of a pretensioner, this positive effect is achieved. After a specific acci- 
dent severity level is reached, mechanical or pyrotechnic belt tensioners are 
activated. With the pretensioner, we also find some seat-belt load limiters to 
avoid the shoulder belt force being too high. In the PRE-SAFE system, this 
pre-loading is done by electrical motors so that the belt can be released if no 
accident occurs or if the accident is not severe. Some of the systems used 
are described as follows: 

1 1.1.2.1 The Seat-Belt Clamping Device Above the 
Retractor 

This part can be used to stop a contraction ofthe remaining seat belt at the belt 
spool. By a kinematic activation through a relative movement of the occupant 
to the vehicle, the belt is grabbed directly above the seat-belt retractor. 

1 1.1.2.2 The Mechanical Pretensioner 

Basically, two systems were put into production: (1) a pretensioned spring 
with a mechanical or a pyrotechnic release, and (2) as a specialty, a system 
called PROCON-TEN, which was used by Audi AG for several years and is 
shown in Figure 11.5 [l l-31. This system used the relative movement of the 
transmission housing and the vehicle body to pull the steering wheel away 
from the driver, and tensioned the belts for the driver and right front passenger, 
if the accident was severe. The belt forces in the shoulder belts were limited 
by force limiters to avoid chest injuries. 

Most of the devices mentioned here are no longer in use today because the 
pyrotechnic pretensioner is more flexible in its vehicle applications and better 
in its performance. 

1 1.1.2.3 The Pyrotechnic Pretensioner 

Again, several different designs are in production. Most often, a pyrotech- 
nic pretensioner is used either as part of the seat belt, above the seat-belt 
retractor, or integrated into the retractor itself. Figure 10.5 shows a typical 
layout for a pyrotechnic pretensioner. 
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Figure 11.5 The PROCON-TEN system by Audi AG. (Sowce: Ref: 11-3.) 

The pretensioning function is activated by a sensor-triggering signal. This sen- 
sor could be a mechanical or an electronic sensor, together with the relevant 
electronic control unit. With this technical feature, the designer has more 
capability to improve the performance of the restraint system. 

Figure 11.6 shows another design [ I  1-41, This design of the pretensioning 
device has been integrated into the seat-belt retractor and has a function similar 
to the rotor of the Wankel engine. In a severe crash, the spool of the retrac- 
tor is rotated via a pyrotechnic gas in the direction opposite to the pull-out 
function, if the sealt belt is worn by the occupant. 
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Figure 11.6 Pyrotechnic rotational seat-belt pretensioner: 
(Souire: Re$ 11-4.) 

1 1.1.2.4 The Seat-Belt Load Limiter 

To prevent too high a seat belt load, especially at the shoulder belt, various 
three-point belts use an integrated seat-belt force limiter. Figure 11.7 shows 
a relatively simple layout [ll-41. 

By the selecting the proper seat-belt retractor dimensions and the rotating 
shaft material, the force level can be predetermined. The most sophisticated 
system, as of today, is installed in the BMW 7 series. The principle for this 
system has already been shown in Figure 10.6. Figure 11.8 shows the load 
level as a function of time [I 1-51. 

The adaptive belt force limiter uses a two-stage torsion bar installed via the 
shoulder belt part in the seat-belt retractor. With a pyrotechnic device, the 
system can switch from a high force level to a low force level. In the initial 
stage, the high force level is applied. If the accident is too severe, the system 
switches to a lower level during the loading phase, based on the force applied 
by the occupant to the seat belt. This allows a force time function where the 
force is reduced, if the loading phase-applied through the occupant to the 
upper torso belt-takes too much time. 
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Figure 11.7 Seat-belt force limiter. 

Validation Sled Test 

All Load Limiter Curves 

5% and 50% Dummy Types 

Figure 11.8 Adaptive belf,force limitation with a two-stage torsion bar: 
(Source: Ref: 11-5.) 
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1 1 . 1  -3 Passive Restraints 
Because of the low seat-belt usage rate, especially in the United States in the 
late 1 9 6 0 ~ ~  the introduction of passive restraints into production cars was 
discussed. One solution at that time was the installation of airbags for the 
front passenger. At that time, the filling process for the airbag was done by 
compressed gas. Unfortunately, the pressure in the gas bottle was too sensi- 
tive to temperature changes. This means that at high temperatures, the bag 
pressure was too high. Likewise, at cold temperatures, the bag did not inflate 
sufficiently. Even in later years, especially in the United States because there 
were no special campaigns or enforcement actions, the seat-belt usage rate 
was not high enough. As a consequence, the request for the introduction of 
passive restraints increased again, and the development of pyrotechnic infla- 
tor systems was successful. 

Figure 11.9 shows for some individual U.S. states an increase of approximately 
10% by buckle-up campaigns, with a usage level between 49 and 84%. There- 
fore, the pressure for passive restraints never stopped. Because of the problems 

Alabama Florida Georgia Kentucky Mlsslsslppl North South Tennessee 
Caroilna Carolina 

O Before Campaign Height of Campaign 

Figure 11.9 Seat-belt ztsage rates in vaviozts states in the United States. 
(Source: Re$ 11-6.) 
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with airbags as mentioned, passive seat belts were installed in various vehicles 
in the United States and partially in Europe as an interim solution. 

The Volkswagen Passive Restraint System 111-7, 11-81. The Volkswagen 
Restraint Automatic System (VW-RA) was the first such system in the U.S. 
market. Passive seat-belt systems were either upper torso belts with a knee 
bolster andlor, at a later stage, an additional lap belt or passive automatic 
three-point-belts. Figure 10.8 shows the design of the VW-RA. 

The upper torso belt was connected on one side via an emergency latch to 
the door frame and on the other side at the seat structure. In the event of 
an accident, two bolts transmitted the belt pulling forces to a plate that was 
mounted at the B-pillar, where normally the upper seat belt anchorage point is 
installed. In front of the front occupants, a special knee bolster prevented the 
"submarining" of the occupant during frontal accidents. The anti-submarining 
effect also was supported by the seat layout, where particularly the seat pan 
was designed strong enough to prevent submarining. Figure 11.10 shows a 
comparison of the head and pelvic motions for a three-point-belt compared 
to the VW-RA. 

Figure 11.10 Difference o f  occtlpant kinematics for a passive body belt 
and conventional three-poin f belt. (Source: Ref I - I .) 
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As shown in Figure 1 1.10, we could observe significantly less head rotation 
and vertical ride downward for the occupant restrained by the VW-RA. The 
VW-RA was offered in a subcompact car. For compact and high-class cars, 
passive automatic three-point belts were installed. If a lap belt was used, the 
performance was more similar to the behavior of a three-point belt. 

The upper torso belt did move automatically into a forward position if the front 
doors of the vehicle were opened, and it returned to position after the doors 
were closed. All other elements such as the pretensioner and force limiter, 
as well as an emergency locking mechanism, were possible. 

Although the degree of comfort was much higher than with the standard three- 
point belt, the further successful development of the airbag system caused a 
change in restraint system technology. 

1 1.1.4 The Airbag System 
Since first introduced in production vehicles during the second half of the 
1980s, the airbag system has undergone continuous development that is 
ongoing today. Figure 10.10 shows the layout of a basic airbag system. 

The sensor system identifies the crash severity and, for some vehicles, the 
occupant seating position, as explained in Chapter 10. For the driver, the airbag 
is installed in the center of the steering wheel. For the passenger, the airbag 
is installed in the upper part of the dashboard. Because of U.S. requirements 
for the fulfillment of FMVSS 208, the airbag system also must be tested in 
the relevant vehicle without seat belts, and the lower part of the dashboard 
is designed in such a way that in the event of a leg impact, no sharp edges 
nor rigid vehicle parts create injuries. Furthermore, some energy absorption 
to avoid too high of an upper load must be possible. After the evaluation of 
the sensor signal through the electronic control unit, and if the decision is 
made that the airbag should be deployed, the pyrotechnic material in the gas 
generator is ignited, and the gas fills the driver and front passenger airbags. 
The size of the driver airbag is approximately 60 1 (1  6 gal), and the passen- 
ger bag is approximately 120 1 (32 gal). In most cases, the bag material is 
normally polyamid with some pop-out holes to allow a better ride downward 
of the occupant. The geometric layout depends greatly on the vehicle itself. 
On the driver side, we frequently find a cylinder shape for the airbag. On the 
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passenger side, the airbag resembles the form of a tube. Inside the airbag in 
some designs are strips to prevent the airbag from becoming an undefined 
shape. Especially on the passenger side, the airbag configuration also 
must take into consideration the performance in an accident with an out- 
of-position occupant. 

In a single-stage system, the bag can reach a relative high speed of deploy- 
ment of more than 100 kmlh (62 mph), when it comes close to the occupant. 
In a dual-stage mode, the airbag is filled with lower pressure if the accident 
is not as severe or if the occupant is located in an out-of-position situation. 
Examples are the standing child or ifthe occupant is too close to the dashboard. 
Also, different occupant sizes, such as a small driver sitting too close to the 
steering wheel, influence the strategy of the airbag inflation characteristics 
and the geometric design. 

With respect to the pyrotechnic material, improvements were made to reduce 
particles and carbon monoxide. New designs also are using a hybrid genera- 
tor as a good compromise between the inert gas and the propellant material, 
as shown in Figure 1 1.11. 

I 

Inert Gas 
(=220 bar) 

Figure 11.11 Hybrid gas generator. (Sozwce: Re$ 11 -4.) 
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To reduce the knee and upper leg forces and the local pressure at the knee, 
the first production cars also featured a knee bag installed below the steering 
wheel area. 

As mentioned, the airbag system is only complementary to the major restraint 
system, which is the seat belt. The optimal protection function can be achieved 
only via a good combination of the crash characteristics of the vehicle struc- 
ture, the integrity of the passenger compartment, the seat, the seat-belt system, 
and the airbag. 

1 1.1.5 Comparison of Test Results for D fferent 
Restraint Systems 
In Figure 1 1.12, dummy measurement data for two different restraint systems 
in a frontal collision are compared. In one case, we can see a three-point belt; 
the other case shows a combination of a three-point belt with a driver airbag. 
One could identify the much lower resultant head acceleration. 

1 1.2 Lateral Collisions 
The possibilities for applying special restraint systems for the protection of 
vehicle occupants in lateral collisions are much smaller compared to those for 
frontal collisions. This is due to the proximity of the occupant to the vehicle 
interior side (door). One of the influencing parameters is the stiffness of the 
body-in-white. The side of the impacted vehicle must be strong to show at 
least some resistance against the intrusion of an impacting car. This requires 
a corresponding design of the body sills, the side beams in the door, and 
other door reinforcements (e.g., a connection via a hook between the lower 
part of the door and the body-in-white sill). Also, cross-bars (i.e., below the 
dashboard) in the vehicle and the seat design in the seat-mounting area have 
a positive effect on crash protection with respect to resistance against lateral 
forces, as well as cross-bars in the rear of the vehicle. The other parameter is 
the layout of the side interior of the vehicle. Special attention must be given 
to the size, shape, and material characteristics of the side door panel and the 
head impact zone. 
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p 11.12 Dummy data. Uppere diagiwnz: three-point bell. Lower 
diagr#arn: three-point belt with airbag (driver.). 
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The very positive element of passenger protection in lateral collisions is the 
installation of side airbag systems in the chest and especially in the head 
impact areas. 

1 1.2.1 Theoretical Analysis for Lateral Collisions 
Compared to frontal impacts, the variables of an accident pattern are much 
higher in lateral collisions, such as the direction of impact, point of impact, 
and geometry of the obstacle. The main parameters are as follows: 

Collision partner involved (mass, deformation forces, structural integrity, 
and structural geometry) 

Occupant size 

Impact point and angle 

Impact velocities 

Seating positions of the occupants 

Interior design of the vehicle 

Use of the seat-belt system by occupants 

Installation and type of side airbags 

For a better understanding of this complex accident situation, Figure 1 1.13 
explains in principle the sequence of a typical lateral collision between two 
vehicles. With a simplified representation of the impacted and impacting 
vehicles and the one simulated occupant as one mass, the velocity-time func- 
tion of the two vehicles and the occupant is shown. 

In Figure 1 1.13, the numbers I to 6 identify the velocity-time function related 
to the occupant and parts of the hidden vehicle. The areas surrounded by these 
velocity traces correspond with the relative distance between the identified 
vehicle parts and between the vehicle components and occupants. The free 
deformation characteristics of the structure and the lateral restraint system-in 
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Figure 11.13 Theoretical velocity-time functions for the vehicle strzrctzrre 
and the occupant in side impacts. (Source: Re$ 1-1.) 
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this case, a cushion-have been defined to react against external forces with a 
rectangular force deflection characteristic. Also, the oscillation of the dummies 
or vehicle parts is not taken into consideration in this simulation. Therefore, 
the results for the velocity v, the deformations, and the relative movement 
of the simulated occupant as a function of time f(t) differ from the behavior 
in a real accident. However, the main interaction of the occupant and the 
vehicle can be understood. The impacting vehicle drives with the velocity 
under 90" into the side of the impacted vehicle. 1n this case, the impacted 
vehicle has zero velocity. After a short time, the outside of door 5 reaches 
the same velocity as the bumper of the impacting vehicle 6. The inside of 
door 3 reaches the same velocity as the bumper. The contact between the 
occupant and restraint system 3 starts at the time when the occupant hits the 
inner door. At the time tT, the relative velocity between the occupant and 
door reaches its maximum. The relative speed could become higher as the 
total change of velocity of the impacted vehicle. The occupant is deceler- 
ated by the inside components of the vehicle. The deformation of the door, 
including the armrest, is sR. The occupant and the bumper have at time tR 
the same velocity. Until point tp,,, the velocity of the impacted occupant 
remains high until the occupant comes to a standstill or hits the front-seat 
passenger. The deformation of the side structure is finished at the point tF 
because the seats and the underbody of the vehicle, including the cross-bars, 
have no further deformation capability. The front structure of the impacting 
vehicle has deformed itself by the amount of sF. The deformation of the side 
structure is described through the relative movement of door 5 related to an 
undeformed point of the impacting vehicle 7. Figure 11.14 shows that even 
without airbags, a strong relationship is given by different layouts of the 
structure and the vehicle interior, especially the door. 

The upper part of Figure 1 I .  14 shows a design layout with arelatively low stiff- 
ness of the side structure combined with some thin upholstery of the impacted 
vehicle. This means that a relatively large free distance exists between the 
occupant and the upholstery. For the occupant, high loadings are expected 
if the distance between the occupant and the inside of the vehicle increases. 
The upholstery is deformed at point tA. The occupant then is spontaneously 
accelerated to the speed of the front part 6 of the impacting vehicle. Because 
of the low energy-absorption capability of the upholstery, this impacting speed 
cannot be reduced. 



Interrelationships 

q-= -- t= 

""""'"""=- - -

I 

lr-
0 1 2 3 4 5 6 7 

Velocity 

Vehicle 2 
/ ;· 

4---

3,~-

Vehicle 1 
tA tT tR 

Velocity 

Vehicle 2 

6/ 

5, 

3,~_ 

Vehicle 1 
tA tT tR 

c:==:J Deformation whlcle 2 a 5t; 

c:==:J Defonnatlon door vehicle 1 

c::::::3] DeformaHon door padding /side alrbag " SR 

c:::J Defonnatlon passenger 

1,2 

Time 
tF tges 

c:==:J Deformation vehicle 2,. SF 

c:==:J Delonn.tlon door vehicle 1 

c::z:::::J DeformaHon door padding /5lde alrbag = SR 

c:==:J Defonnatlon passenger 

Time 
lF iges 

Figure 11.14 Theoretical velocity-time jimctions for the vehicle structure 
and occupant, with vehicle variations in side impacts. 
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The lower part of Figure 11.14 shows the other extreme. In this case, the 
side structure of the impacted vehicle is stiff, and the upholstery at the door is 
relatively large. It also could be a torso side airbag. Loadings for the occupant 
are much less because of the energy-absorbing capability of the upholstery or 
the torso side airbag and the lower relative velocity of the inner door. This 
is because the contact between the occupant and the inner part of the door 
occurs in a much shorter time. 

1 1.2.2 Side Airbag Systems 

1 1.2.2.1 Thorax Side Airbags 

The first thorax side airbag was installed by the Swedish car manufacturer, 
Volvo [l l-41. Figure 1 1.15 provides a good overview of the system. This 
system consists of an airbag installed in the outer side of the seat back, a 
pyrotechnic inflator, and a sensor with the control unit. 

lnitial results in comparative testing showed in some cars similar deceleration 
levels at the chest area, with and without installed thorax airbags. This is eas- 
ily understandable if we examine the distance between the inner door panel 
and the occupant. Even with a thorax airbag, the free deformation length in 
the transverse direction is rather small. On the other hand, if we compare 
the specific pressure at the occupant or at the dummy due to the much larger 
impact area typically offered by the thorax airbag, there is an advantage for 
the airbag system. This means the deceleration level is not reduced, but the 
specific pressure is much lower. Figure 11.16 shows the results of a com- 
puter simulation for the analysis of the protection level for a child in a lateral 
impact, with and without an airbag [ll-91. The improvement is significant, 
particularly with the optimized version. The two systems in production today 
are torso bags, mounted either in the outer side ofthe seat back or in the inner 
part of the door. 

The thorax airbag also allows earlier contact by the impacting door panel. 
The acceleration distance for the impacted occupant will be extended through 
this effect. The seat-mounted version has the advantage, in that the position 
of the thorax airbag is independent from the seat longitudinal position. This 
provides not only a constant position to the occupant but allows more rapid 
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Figure 11. 15 Vehicle seat with SIPS bag module. 
(Source: Ref: 11-4.) 

inflation because of the smaller size of the airbag. Figure 11.17 shows the 
time sequence for airbag performance in a lateral collision [I 1-10]. 

The side airbag, including the sensor control that calculates the level of 
severity of the accident, is inflated after 15 ms. The occupant is hit after 20 
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Figure 11.16 Compavison of the protection level, fov a child dummy in a 
lateral impact, with and without an airbag. (Source: Ref: 11-9.) 

Figure 11.1 7 Typical side airbag, firnction versus time. 
(Sozrvce: Ref: 11 -I 0.) 



to 25 ms. In a side impact, the occupant can be supported by the padding 
design in the pelvic area, as well as through the airbag in the chest area. Some 
other solutions are the use of a special shape of side airbag, the thorax-pelvic 
airbag. The decision regarding which type of airbag will be used depends on 
the strategy of the vehicle manufacturer. Figure I I .18 shows the two different 
installation modes [ I  1 - 101. 

Figure 11. I8  Two dvyeleent modes of installation for side airbags: 
(a) seat-mounted; (b) door-mounted. 

For lateral collisions, special attention must be given to the sensor installa- 
tion. The sensors must be as close as possible to the doors; however, they also 
must be located in the area where the passenger compartment remains intact, 
even in severe accidents. The free distance between the side door sill and the 
sensor should be as small and as stiff as possible to transmit the acceleration 
data created by the impacting car to the sensor unit as rapidly as possible. 
New sensors that measure pressure during contact with the impacting vehicle 
are in production. (See also Section 10.2.2.4.) 
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1 1.2.2.2 Side Head Protection Airbags 

After installation of the torso side airbag, solutions for head protection in 
lateral collisions became more important. Figure 1 1.19 [ l  1 .11] shows an 
analysis of severe injuries for different regions of the human body in lateral 
collisions. The data were taken from cars before the head protection airbag was 
installed. These data show that injuries are most common to the head, thorax, 
and neck. Again, several installation modes for head airbags are possible, as 
shown in Figure 1 1.20 [ll-41. 

Meanwhile, the "inflatable curtain" has become an attractive installation 
system. The head airbag is installed in the side roof area as a pre-assembled 
unit to protect the heads of the outside front and outside rear passengers in 
severe lateral collisions. Figure I 1.2 1 [ 1 1 - 121 demonstrates deployment of a 
typical window airbag, which prevents severe head impact against the vehicle 

Head Neck Thorax Abdomen Pelvis Arm Leg 

Figure 11.19 Severe injuries related to the human body in lateiaal 
collisions. (Source: Ref: 11-11.) 
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Figure 11.20 Different head airbag systems for lateral collisions. 
(Source: ReL 11-4.) 

Figure 11.21 Side window airbag. (Source: ReL 11-12.) 
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interior such as the B-pillar and the pop-out of the occupants' heads through 
the side window area. As mentioned, the side head airbag also will be used 
for the protection of passengers in rollover accidents. 

1 1.3 Rear-End Collisions 
For the development of vehicles related to their performance in rear-end 
accident simulation tests, in addition to the full-scale test (check of the 
integrity of the fuel tank and fuel lines), the resistance of the seats, and the 
performance of the seat backs are tested most frequently in sled tests and in 
tests that are defined by the vehicle manufacturer. The legal test procedures 
for the seat and head restraints are valid for the single components but not 
for total vehicle tests. Although the number of rear-end collisions is small 
compared to the number of frontal and lateral collisions, the whiplash injuries 
that occur in rear-end collisions are complicated and the injured people take 
a longer period to recover. Rear-end collisions also represent a high percent- 
age of cost with respect to insurance claims. Therefore, the newest features 
for occupant protection in rear-end collisions also are based on the results of 
accident statistics. In a study conducted by Temming [l l -131, it was found 
that females have a higher risk compared to male occupants and that a large 
number of injuries occur (see Figure 11.22) at a relatively low change in 
velocity of approximately 8-12 kmlh (5-7.5 mph). 

For evaluation of the performance of the seat and the seat head restraints, 
a large number of mathematical models exist, and new types of three- 
dimensional dummies have been developed. For example, many activities 
conducted in Sweden [ 1 1 - 14 through 1 1 - 161 resulted in the development 
of the Bio-RID dummy. This dummy has a multi-segmented spine and 
allows better determination of the performance of the seat, including the 
head restraint. A paper by TNO Automotive [ I  1-1 71 describes the RID 2-2 
prototype, which was developed in the European whiplash project. The 
results of tests with this dummy have improved the situation with respect to 
the evaluation and assessment of the vehicle, the seat, and the head restraint 
related to their performance in rear-end collisions. 

The physical relationships among the partners in rear-end crashes are described 
briefly here. In addition to some plastic deformation, the impacting car is 
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Velocity change, Av (kmlh) 

Figure 11.22 Relationship between the risk of whiplash injury and Av 
(single rear-end impact, belted occupants). (Soulace: Re$ 11-13.) 

creating a change in velocity of the impacted car, Av,, depending on the col- 
lision speed and the vehicle weight. 

where 

Av, = v, . mi 
m, + mi 

Av, = Change of velocity of the crashed car 
v,. = Relative collision speed 

m, = Mass of the impacting car 
m, = Mass of the crashed car 

The acceleration level of the impacted vehicle usually is significantly below 
the deceleration level observed in frontal collisions because the free deforma- 
tion zone in the rear of the impacted vehicle is larger on average, and the relative 
velocities are smaller compared to a car-to-car fiontal collision. Figure 9.13 shows 
that even in a collision with a speed of48.3 kmlh (30 mph) and a heavy barrier 
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( 1  800 kg [3968 lb]), the maximum acceleration, measured at the impacted 
car, is in the range of only 15g, compared with a frontal impact with a fixed 
barrier of only 113 (see also Figure 9-4). 

The forces created by the inertia force of the occupant are transmitted first 
to the seat back, then to the seat frame, and (because of the rearward bend- 
ing of the spine) to the headrest. Some basic requirements must be fulfilled. 
It is evident that the seat back should not bend too much, so that the head 
contact is so late that the head does not receive any support from the head 
restraint. Another problem will occur if the headrest is too low. In this case, 
it might increase the injuries to the occupants. Data are published from 
some institutions (e.g., in Switzerland and also by the Insurance Institute for 
Highway Safety (IIHS) [ l  1 - 18]), which represent the results of head restraint 
with respect to geometric data. Figure 11.23 demonstrates the measurement 
methods and the methods of the judgment with respect to geometric data as 
performed by the IIHS. 

Backsel (cm) 

Figure 11.23 Head restmint measurement. (Source: ReJ: 11 - 18.1 

As mentioned, in rear-end collisions we experience a dynamic loading of 
the seat, the seat back, and the head restraint. Thus, the real performance is 
shown only in dynamic tests. Because whiplash-associated disorders are so 
significant in the field, car manufacturers have reacted on their own. One 
indication of that activity is shown in the geometric layout of the head 
restraints. Figure 11.24 demonstrates that the head restraints rated as "good" 
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Figzwe 11.24 Head restraint improvements. 
(Source: Ref.' 11 - 18.) 

by IIHS increased from 3.3 to 46% between 1995 and 2003, and the head 
restraints rated as "poor " decreased from 82 to 40%. 

Another innovation was created by Saab [ l  1- 191. By active loading of the 
seat back, the head restraint is brought into its most upward position. The 
Saab active head restraint system (SAHR-System) has been in production 
since 1997. Figure 1 1.25 shows its basic function. 

Also, biomechanical activities such as the development of the Bio-RID dummy 
have contributed to improvements of the seats, including the head restraints-not 
only in laboratory tests but with respect to their performance in the field. If we 
look to the neck extension angle as a function Av, there is significant improve- 
ment in sled tests and on the roads. The analysis of accidents on Swedish roads 
shows a reduction of 75% of accidents with people who received whiplash 
injuries, after the SAHR-System was installed [ 1 1-20]. The study was performed 
two years after the SAHR-System was in production. 
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Figure 11.25 Headrest developed by Saab. 
(Sowce: R e t  11-19.} 

1 1.4 Rollover Protection 
The vehicle body with its designed structure, the vehicle interior, and the 
glued-in front windshield provide good protection to vehicle occupants dur- 
ing rollover accidents, particularly if the occupants are wearing seat belts. 
For example, the glued-in windshield increases roof resistance during the 
quasi-static roof test (FMVSS 2 16 [l l-2 11) by more than a factor of two 
[ I  1-22]. Also, it is obvious that the doors of the vehicle should not open by 
themselves during the rollover, and a valve activated by gravity forces in 
the ventilation line from the fuel tank to the charcoal canister prevents fuel 
leakage. Figure 1 1.26 shows head acceleration during a dynamic rollover 
test, described in FMVSS 208, for two 50% male dummies on the driver and 
passenger sides. As these data show, the resultant head acceleration is less 
than 20 to 25g, which is far below the critical value of 8Og. 
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Figure 11.26 Dummy measzrrement data during a dynamic rolloveu: 

For more severe accidents, the occupants' heads also must not come into 
contact with other obstacles. For this reason, the airbag curtain, installed in 
both sides of the vehicle roof, is a good supplement to the seat belt and the 
side torso airbag. With a special sensor system that is designed to detect a 
rollover situation, the airbag could be inflated rapidly enough to prevent head 
injuries. Because the time for airbag inflation in a rollover situation could be 
much longer compared to side impacts, it is not a big difficulty to use the side 
window airbag (e.g., inflatable curtain) for rollover protection also [ll-231 
(see Figure 1 1.2 1). 
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1 1.5 Special Requirements and Opportunities 
for Sensor Applications 
For the proper functioning of the pretensioners and airbags, inadvertent igni- 
tion must be avoided, and the sensor system must show sufficient performance 
during accidents. After several years of field experience, knowledge about 
special effects has grown. In a Ph.D. study [l l-241, it was found that the use of 
several sensors up front, plus central and other sensors used for side impacts, 
could improve the determination of the severity of an accident. Even side 
effects such as an increase of signals measured by the sensor accelerometer 
due to sheet metal oscillations could be observed. 

Another effect that has been taken into consideration is optimization of the 
ignition timing of the airbag system. The following example shows the reason 
for this statement. In a 40% offset crash against a deformable barrier, the 
deceleration of the crashed car is not high enough in the beginning of 
the crash to create a large forward movement of the occupant relative to the 
vehicle. If the airbag inflates too early and the occupant hits the airbag at a 
time when the gas in the airbag is already becoming cold and is leaving the 
airbag through the pop-out valves and the inflator holes, then the occupant's 
ride downward might be not adequate to prevent high deceleration of the 
occupant [l l-251. For this reason, the layout of the sensor system must take 
into consideration the total safety function of the car, including characteristics 
of the body structure, the sensor system, the pretensioners, and the airbag 
system. One conclusion of this analysis is that with a shorter ignition time, 
the inflated airbag must keep the pressure for a longer period of time. This 
consideration also is important for all types of pre-crash sensors because the 
pressure in the airbag must be retained over a longer period of time. 

Because some automated cruise control (ACC) sensors are used to control 
the distance between the vehicle and the car in front of it, there is some hope 
of using these same types of sensors, which are part of accident avoidance 
systems, for devices in the field of mitigation of injuries. One big European 
program for the analysis of various sensor systems is Chameleon [l l-261. In 
this program, not only are different types of sensors used, as shown in 
Table 11.1, but the possibilities of improving the protection systems in cars 
for the fulfillment of legal requirements with respect to crash performance 
are being investigated. 
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TABLE 11.1 
SENSOR SPECIFICATIONS PROVIDED BY 

SENSOR SUPPLIERS [I1 -261 

Saab IBEO TAMAM Temic Thales A.S. 

Technology 

Scan Rate 

Delay Time 

Aperture 
Angle 

Field Depth 

Distance 
Accuracy 

Angle 
Accuracy 

Velocity 
Accuracy 

Microwave 
radar 

50 Hz 

20 ms 

100" 

Laser-rotating 
radar 

40 Hz 

25 ms 

270" 

*1 kph 

Artificial 
vision 

25 Hz 

40 ms 

60" 

Laser multi- 
beam radar 

100 Hz 

10 ms 

3 x 15" 

10 kph 

Microwave 
radar 

25 Hz 

40 ms 

60" 

+0.2 kph - 

Figure 11.27 shows the possible function of the detection areas of various 
types of sensors. With an analysis of the combined information, the failure 
rate with respect to identification of the type of collision partners and the 
severity of the accident could be reduced significantly [I 1-27]. 

One reason for this optimization process is the vision and hope to save lives 
and to reduce severe injuries in the traffic environment. Some future possi- 
bilities were demonstrated by DaimlerChrysler at the Frankfurt Motor Show 
in 2001. In a visionary project for the future called PRE-SAFE, the company 
mentioned several examples using pre-crash devices, such as the following: 

Early pretensioning of the seat belt 
Earlier ignition of the airbag propellant 
Inclination of declined seat back and positioning of the headrest 
The sunroof will be closed 
The side door panel could be moved closer to the occupant 

Although the technology for pre-crash sensor systems will be available rela- 
tively soon, its introduction in production cars will depend on the benefit to 
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Figure 11.2 7 Detection areas of variozis types o f  sensors. 
(Source: R e t  11-2 7.) 

the customer and the reliability of the system. One basic requirement should 
always be kept in mind: The positive effects of new systems should not by 
themselves create even a single additional failure. Meanwhile, during 2002, 
the DaimlerChrysler S-Class introduced pre-crash safety items, if a possible 
accident is defined: 

Pretension of the seatbelts 
The seatback and cushion are brought into a normal position 
The windows and the sunroof are closed 

In the meantime, the PRE-SAFE system was extended by the DaimlerChrysler 
PRE-SAFE braking system, where the brakes are applied automatically if an 
accident is predefined. (See also Section 10.2.2.4 in Chapter 10.) Other car 
manufacturers followed with similar functions. 
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12.1 General 
Although vehicle safety continues to improve, it is evident that if only pas- 
senger car occupants become safer in the traffic environment, the total neces- 
sary reduction of fatalities and severely injured people cannot be achieved. 
This means that other groups, such as pedestrians, must be considered. If we 
compare the situation in Europe in 1980, we could identify approximately 
15,000 fatalities in pedestrian accidents, whereas in 1998 this number was 
reduced below 7,000 fatalities [12- 11. Figure 12.1 shows that this trend is still 

Figure 12.1 Fatal pedestrian injuries in Europe (E U). (Source: Re$ 12-2.) 



Automotive Safety Handbook 

positive, but the absolute numbers support the necessity to further improve 
the protection of pedestrians [12-21. 

The percentage of pedestrian fatalities with respect to all accidents in Germany 
was 23.7% (3,095 out of 13,041) in 1980, and 12.2% (814 out of 6,618) in 
2003. This means that not only the absolute number but the percentage of 
fatal pedestrian accidents was reduced [12-21. From an analysis of accident 
data in Germany, we can identify that the total number of injuries, seri- 
ous injuries, and fatalities is highest in urban traffic, with a total of 37,581 
(93.2%). This is followed by rural accidents with a total of 2,539 (6.3%), 
and on motorways, with a total of 185 (0.5%). If we examine the number of 
fatal accidents, that number is 983, with 67% in the city, 29% rural, and 4% 
on motorways. Figure 12.2 shows the zone for the first contact in vehicle- 
pedestrian collisions. Seventy percent of all first impact contact points are 
in the front of the vehicle [12-21. 

Figure 12.2 First contact points in vehiclepedestrian collisions [12-31. 

The reduction of fatalities was achieved by vehicle improvements and other 
measures in the traffic environment. Figure 12.3 supports that vehicle design 
definitely has had a positive influence on safety. In Figure 12.3, we find the 
frequency of pelvislfemur fractures for pedestrians older than 11 years old 
[12-31 and a comparison between older cars (1 974 to 1983) and newer cars 
(from 1989). The improvements can be stated as being significant. 
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25 
PEL VIS FEMUR 

" Old can,  accidents 
from 1974 to 1983 
(1 69 pedest~ia ns) 

Recent c a n  > 1989 
(234 pedestrians) 

I\dults 12-19 Adults 12-49 
yea IS years 

Figure 12.3 Frequency ofpelvis/femur~fi.actures ofpedestrians 
older than 11 years. (Source: Re$ 12-4.) 

Figure 12.4 shows how complicated the accident situation can be in the real 
world. This graph shows the head contacts on the front of the vehicle, as a 
function of injury severity and collision severity. The accidents were analyzed 
from 1985 to 2003. 

There is a high distribution of contact areas on the vehicle in relation to the 
Abbreviated Injury Scale (AIS). An in-depth study conducted by a university 
team analyzed pedestrian accidents in the city of Hanover from 1985 until 2003, 
with respect to injury frequency to various body regions [12-41. Figure 12.5 
shows the results of the analysis. 

This figure can be interpreted as follows: Head injuries occurred with 60.5%, 
the windscreen area contributed to 19.0% of all injuries (16.6% of the head 
injuries), the front hood 26.9% of all injuries (13.2% of the head injuries), 
and the bonnet to 21.2% of all injuries (16.1% of the hip injuries). The 
bumper contributed to 42.6% of all injuries (26.2% to the legs); the chest, 
pelvic, and arm areas are involved by 44.7% of all injuries, and the leg area 
by 77.5%. From these data, you also can see the high involvement of the 
road (70.4%). 
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Figure 12.4 Head contact ofpedestrians on the,fi.ont hood o f  the vehicle, 
versus injury severity and collision speed. (Source: Re$ 12-4.) 

Pedestrian hit by front of car 
~ 6 5 5  

frequency of injured 
body regions 

~~i jured body regio.1~ rela:ed to car mpact area 

. injuries caused by car 

D ' . '  

road 70.4% 
Prof Dlpl hg 3 O!:r 

Figure 12.5 Injury, jiequency to various body regions of pedestrian 
and vehicle collisions. (Source: R e .  12-4.) 
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Also, contact with the road surface as a secondary impact causes different 
severe injuries. Therefore, further improvements cannot be achieved by single 
measures but only by the sum of several activities. Because of the mixed 
traffic on the roads particularly in Europe and Asia-a large number of cars, 
two-wheelers, and pedestrians-pedestrian protection has received great attention 
from the public and, as a consequence, by legal authorities. Realizing that, in 
many developing countries we have a dramatic change in traffic participants. 
Thus, pedestrian protection might become even more important. Many actions 
in the field of accident avoidance for pedestrians were mentioned in Chapter 6. 
Future improvements for pedestrian protection must consider the possibilities 
in the areas of both accident avoidance and mitigation of injuries. Figure 12.6 
describes the task of the driver. Often, the critical situation of a potential 
accident is underestimated by the driver. Likewise, pedestrians, especially 
children, do not pay enough attention to other traffic participants. 

Task: - 

Disturbances: F. -1 

Figure 12.6 The task of the driver: (Source: Rej.' 12-5.) 

.Weather cond~IM~s ' .Trafiic 
-Light conditions I .Other road users 

In Chapter 6 on accident avoidance with respect to the reduction of collisions 
between pedestrians and other traffic participants, several measures were 
recommended. The most important parameters are as follows: 

I 

-Road condions 
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View of the driver, also to avoid blind spots (a priority for truck drivers) 

Detection of pedestrians, especially in dark environments 

Traffic management and road design 

Traffic signal improvement 

Optimization of the red-light time on crosswalks for pedestrians 

Measures on the vehicle, such as antilock brake systems (ABS) and daytime 
running lights 

The area (i.e., accident avoidance or mitigation of injuries) in which the level 
of protection achieved is greater can be determined only in the future. We 
also should keep in mind that the task is complex due to the different ages 
and sizes of pedestrians. Directly related to age is the physical resistance of 
the pedestrian; that is, older people have a higher risk of bone fractures. 

The knowledge that pedestrian protection in Europe is of great importance 
has stimulated intense research activities during recent years. The EEVC 
with its Working Group 17 [12-61 finalized scientific work at the end of 
1998. In this work, a good balance between test requirements and real injury 
risk, new biomechanical knowledge, and the development of test experi- 
ence, EEVC has created the basis for all current activities. For example, the 
proposal introduced by the European Commission [12-71 and information to 
the consumer provided by the European NCAP [12-81 are based on EEVC 
activities. It has been some time since the NCAP findings presented the first 
results in the area of pedestrian protection also. Although there is no direct 
advantage for the vehicle owner and the self-protection ofthe car occupant, the 
public interest related to pedestrian protection is increasing. In the European 
NCAP-Test as of July 2006, we already find several cars with three stars and 
with four stars related to pedestrian protection [12-91. 
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12.2 European NCAP-Test 
The European NCAP-Test is performed on the basis of the activities of the 
working group EEVC WG 17 [12-61 with some changes in the evaluation pro- 
cedure. Figure 12.7 gives an overview of the Euro NCAP-Pedestrian Test. 

Figure 12.7 Euro NCAP pedestrian test procedwe [12-81. 

Table 12.1 describes the details of the test method and the evaluation criteria 
for the original EEVC WG 17 and the Euro NCAP-Test. 

12.3 Legislation Activities 
After the intensive research phase by EEVC and in-depth studies done by vari- 
ous laboratories and the industry, the European Commission and the Japanese 
government decided to introduce pedestrian requirements. The introduction 
date for the new type approval for phases 1 and 2 in Europe and the introduc- 
tion in Japan are shown in Figure 12.8 [12- 101. The Euro NCAP-Test for 
pedestrian protection has been published since 2001. 
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TABLE 12.1 
EEVC WG 17 AND EURO NCAP PEDESTRIAN TEST DATA 

Test Method 

Lower legform impactor to 
bumper 

Upper legform impactor to 
bumper 

Upper legform impactor to 
bonnet leading edge 

Child headform impactor1 
small adult headforrn 
impactor to bonnet 

Adult headform impactor, 
child headform to wind 
screen 

Adult headform impactor to 
bonnet 

Child headform impactor to 
bonnet 

EEVC 
WG 17 

40 kmlh 
0" 

150 g 
15" 
6 mm 

40 kmlh 
0" 
5 kN 

300 Nm 

40 kmlh 
65" 

I65 mm 
4.8 kg 
1000 

40 kmlh 
50" 

130 mm 
2.5 kg 
1000 

Euro NCAP 

Lower Limit I Ueeer Limit 

40 kmlh 
0" 

40 kmlh 
0" 

5 kN 6 kN 
300 Nm 380 Nm 

2040 krnlh 
10-47" 

5 kN 6 kN 
300 Nm 380 Nm 

40 krnlh 
65" 

I65 mm 
4.8 kg 

1000 1350 

40 krnlh 
65" 

I65 mm 
4.8 kg 

1000 1350 

40 kmlh 
50" 

130 mm 
2.5 kg 

1000 1350 

The European Commission introduced the EC-Directive 2OO3/lO2/EC related 
to pedestrian protection in December 2003. The directive is relevant to all 
vehicles of the class MI and derivatives N1 with a total weight of less than 
2.5 tons. This directive requests tests with impactor-simulating human body 
parts. 
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Figure 12.8 Introduction dates for pedestrian protection 
in Ezrrope and Japan. 

For the type approval of vehicles as well as for the NCAP-Test, the funda- 
mental work of EEVC WG 17 is the basis for these requirements. The tech- 
nical parameters are described in the technical specifications 2004/90/EC, 
February 2004. With head, leg, and hip impactors, different areas of the 
front of the vehicle are tested. [n these tests, specified levels should not be 
exceeded [12-111. Figure 12.9 [12-81 demonstrates the test procedure and 
describes the child and adult headforms for phase 1. 

The detailed requirements are as follows: 

1.1 The following tests are required to be carried out; however, the 
limit values specified in items 1.1.3 and 1.1.4 are required only for 
monitoring purposes. 

1.1.1 Legform to bumper: One of the legform tests described in 
Section 1.1.1.1 or 1 . I .  1.2 is required to be performed: 
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Pedestrian Protection Test Procedures 
according to EC-Directive 2003/102/EC 
Phase 1 Adull headlonn lnnpnclor 

4.8 kg 165 mm 

ChM headfordmall 
adult headform mpador 

V p p r  laglorm m m o r  

Lwer  leglorm Impad 

Upper leglwm 

.- 

Figure 12.9 Pedestrian protection test procedure according 
to 2OOYI 02/EC and 7O/l W E C .  

1.1.1.1 Lower legform to bumper: The test is performed 
at an impact speed of 40 kmlh. The maximum 
dynamic knee bending angle shall not exceed 2 l.OO, 
the maximum dynamic knee shearing displacement 
shall not exceed 6.0 mm, and the acceleration 
measured at the upper end of the tibia shall not 
exceed 200g. 

1.1.1.2 Upper legform to bumper: The test is performed at 
an impact speed of 40 k d h .  The instantaneous sum 
of the impact forces with respect to time shall not 
exceed 7.5 kN, and the bending moment on the test 
impactor shall not exceed 5 10 Nm. 

ChilcUsmall adult headform to bonnet top: The test is 
performed at an impact speed of 35 k d h  using a 3.5-kg test 
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impactor. The head performance criterion (HPC) shall not 
exceed 1000 over two-thirds of the bonnet test area and 2000 
for the remaining one-third of the bonnet test area. 

Upper legform to bonnet leading edge: The test is performed 
at an impact speed up to 40 kmlh. The instantaneous sum of 
the impact forces with respect to time should not exceed a 
possible target of 5.0 kN, and the bending moment on the test 
impactor shall be recorded and compared with the possible 
target of 300 Nm. 

Adult headform to windscreen: The test is performed at an 
impact speed of 35 k d h  using a 4.8-kg test impactor. The 
HPC shall be recorded and compared with the possible target 
of 1000. 

The European Commission and the various automobile companies also have 
a voluntary commitment related to the improved pedestrian protection dis- 
cussed. In the amendment to the Conch Directive 70/156/EC, the following 
wording is written down: 

On 21 December 2000, the Commission adopted a communi- 
cation disctrssing the possibility of using a voluntary industry 
commitment to improve the safety of pedestrians and other vzrl- 
nerable road users as a ~eesult of collision with a motor vehicle. 
In that communication the Conzmission agreed to undertake 
discussions with the Ezr~opean Automobile Manufacturers Asso- 
ciation (ACEA) with a view to reeach such a commitment and 
to engage in parallel discussions with the Japan Automobile 
Manz!factz~r~er*s Association ( J A M )  and the Korea Automobile 
Manzlfactz~rers Association (KAM). 

In a comlnunication adopted on 11 Jzrly 2001 the Commission 
presented the commitment undertaken by ACEA on pedestrian 
protection to the Council and the European Parliament. The 
commitment included a series of tests aimed at irnpreoving the 
constrzrction of thejiontal structures of' motor vehicles, as well 
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as a number oj'additional active and passive safety measures 
also conducive to enhanced pedestrian protection. Those mea- 
sures concerned: the equipment of  all motor vehicles with 
Antilock Brake Systems-ABS-as well as Daytime Running 
Lights-DRL-, the ,fi~tzwe introduction of advanced active 
safety ICTsystems and a voluntary ban on the sale ofrigid bull 
bars. Since then, the J A M  and KAMA have undeletaken com- 
mitments similar to the one undertaken by ACEA, with the result 
that 99% of the existing manzfacturers are covered by identical 
commitments. 

In the July 2001 communication, the Commission annozmced 
that it would decide whether to accept the industry commitment 
by means of a recommendation or to propose legislation in the 
jield of pedestrian protection after having consulted the Ez~ro- 
pean Parliarnent and the Council. 

Both the European Parliament and the Council welcomed the 
main elements of the industvy commitment as regards the mea- 
sures for improving the design of caqfronts. However; the Coun- 
cil in its Conclusions of 26 November 2001 made its acceptance 
of the commitment conditional to spec@ conditions including 
the Member States involvement in the commitments' implemen- 
tation and deferral of the adoption of DRL measures. 

The European Parliament, in its resolution of 13 June 2002, 
asked ,for a 'fframework" directive laying down the applica- 
tion dates, the goals to be achieved and the method to monitor 
their application. As a result, the Commission agreed to pro- 
pose,frainework legislation, based on the relevant content of the 
commitments. 

This pi-oposal, for legislation was presented, for co-decision, and 
the result was the Directive .XW/I O2/EC relating to theprotec- 
tion of pedestrians and other vulnerable road users. 

Phase 2 is still under discussion, but an initial set of requirements was published 
by the European Commission, as can be seen from Figure 12.10 [12-81. 
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Figwe 12.10 Pedestrian protection phase 2, according 
to 2OOYI 02/EC and 70/156/EC. 

The following list shows the details of the phase 2 requirements: 

1.2.1 Legform to bumper: One of the legform tests described in 
1.2.1.1 or 1.2.1.2 is required to performed: 

1.2.1.1 Lower legform to bumper: The test is performed 
at an impact speed of 40 krnlh. The maximum 
dynamic knee bending angle shall not exceed 19.0°, 
the maximum dynamic knee shearing displacement 
shall not exceed 6.0 mm, and the acceleration 
measured at the upper end of the tibia shall not 
exceed 170g. 

In addition, the manufacturer may nominate bumper 
test widths of up to 264 mm in total, where the 
acceleration measured at the upper end of the tibia 
shall not exceed 250g. 
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1.2.1.2 Upper legform to bonnet leading edge: The test is 
performed at an impact speed up to 40 kmlh. The 
instantaneous sum of the impact forces with respect 
to time shall not exceed 7.5 kN, and the bending 
moment on the test impactor shall not exceed 
510 Nm. 

1.2.2 Upper legform to bonnet leading edge: The test is performed 
at an impact speed up to 40 kmlh. The instantaneous sum of 
the impact forces with respect to time shall be compared with 
a possible maximum of 5.0 kN, and the bending moment on 
the test impactor shall be compared with a possible maximum 
of 300 Nm. 

This test shall be completed only for monitoring purposes, 
and the results shall be fully recorded. 

1.2.3 Childlsmall adult headform to bonnet top: The test is 
performed at an impact speed of 35 kmlh using a 3.5-kg test 
impactor. The HPC shall not exceed 1000 over two-thirds of 
the bonnet area to be tested and 1700 for the remaining one- 
third of this area. 

1.3 The vehicle shall be equipped with a verified brake assist system. 

Japan 
A different set of requirements was chosen by the Japanese regulation of the 
J-MLIT (Japanese Ministry of Land, Infrastructure and Transport) related 
to pedestrian protection. The regulation is valid for passenger cars with 
fewer than LO seats and its derivative light-duty trucks with a total weight 
of 2.5 ton and the engine in front of the driver's seat. As can be seen from 
Table 12.2, there also are component tests, but the tests differ, based on the 
type of vehicle. 



TABLE 12.2 
PEDESTRIAN TEST-REQUIREMENTS IN JAPAN [12-111 

N 
W 
\D 

Category Type 

1 Sedan 

2 SUV 

3 1 BOX 

Definition 

BLE Bonnet 
Height Angle 
[mm] ["I 

<835 <30 

8 3 5  <30 

- >30 - 

Child Head 
Impactor (3.5 kg) 

Impact Impact Angle 
Speed ["I Bonnet 
[kmlh] Top Area 

32 65 

32 60 

32 25 

Adult Head 
Impactor (4.5 kg) 

Impact Impact Angle ["I 
Speed Bonnet Top 
[kmlh] Area 

32 65 

32 90 

Oliver Zander, BAST 

Limits 

HIC 1000 1213 of whole bonnet test area] 
HIC 2000 1113 of whole bonnet test area] 

HIC 1000 1.213 of whole bonnet test area] 
HIC 2000 1113 of whole bonnet test area] 

32 50 HIC 1000 1213 of whole bonnet test area] 
HIC 2000 1113 of whole bonnet test area] 
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12.4 Technical Solutions for Vehicles 
in Accidents 
The design trend for vehicles with respect to aerodynamic optimization, styl- 
ing elements, and technical changes such as plastic front ends, including the 
bumper, definitely helped to reduce the negative consequences in pedestrian 
accidents. Also, the facts that the outside contour of the vehicle must have 
only parts with a radius greater than 3.2 mm (0.13 in.) and that the outside 
mirrors must fold away during an impact have reduced the number of injuries. 
This also is true for the glued-in laminated windshield, which prevents head 
injuries to a greater extent, especially cuts from glass separation. 

The new European requirements are demanding many more changes for 
vehicles. Some examples of possible solutions are described in the following. 
It is evident that three areas in particular must be redesigned [12-101: 

During the leg test, the front impact zone with its bumper system must 
absorb the kinetic energy of the pedestrian leg impact device and must 
prevent the rotation of the legform. Whereas the impact energies can be 
reduced due to energy-absorbing components in the front bumper, the 
rotation of the leg must be reduced by the geometric shape of the front of 
the vehicle. 

The hip impact test requires a redesign of the front hood, with the front 
hood latch transverse bar. 

The most complicated part of the requirements is the reduction of the 
deceleration level during the headform impact to fulfill the head protec- 
tion criteria (HPC) at the front hood of the vehicle. If we assume that 
the impact speed is 40 kmlh (25 mph) and the average deceleration level 
should not exceed 60g, then we already need a free deformation length 
below the front hood of approximately I00 mm (4 in.). 

In Figure 12.1 1, computer animation shows which vehicle components under 
the front hood would have to be redesigned [12-I]. 

Because of the design restrictions and the location of vehicle components 
under the front hood and to accommodate the requested free field of view 
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Figure 12.11 Engine compartment with an 80-mm (3.1 -in.) 
lowered front hood. (Source: ReJ: 12- 1.) 

for the driver, different design solutions are being investigated to ensure that 
the front hood is not built too high. For example, if a pedestrian hits the 
bumper, a mechanical or pyrotechnic upward movement of the front hood 
could achieve the necessary free deformation area. 

Another solution was demonstrated first at the International Automobile Show 
in Frankfurt [12- 121. Figure 12.12 shows possible improvements in one spe- 
cific vehicle, which were achieved by dynamic uplifting of the front hood rear 
edge by approximately 100 mm (4 in.) and the use of pedestrian protection 
airbags. Via two airbags on the left and the right sides at the rear part of the 
front hood, it is lifted upward. The bags also improve the head impact situation 
against the windshield. For all systems that must be activated by pyrotechnic 
actuators or airbags, the sensor system must discriminate not only objects of 
different sizes but objects of different stiffnesses as well. This means, for 
example, that the sensor system must be able to differentiate an impact against 
pedestrians or trees. It also is important that at low-speed impacts against 
obstacles other than pedestrians, the system will not be activated. For this 
reason, the priority lies in the development of reliable sensor systems. 
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Figure 12.12 Pedestrian protection via front hood airbags. 
(Sozrrce: Ref: 12-12.) 
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Compatibility 

Because of progress in the field of mitigation of injuries for vehicle occupants, 
more activities in areas other than the simulation of typical road accidents 
(such as front, lateral, and rear impacts) have been investigated in greater 
detail. One of these activities is the question of compatibility among traffic 
participants and how that compatibility could be increased. Compatibility 
in this context means the positive performance of traffic participants among 
each other in the event of an accident. In the traffic environment, the follow- 
ing group of participants must be considered: pedestrians, two-wheelers, and 
occupants of passenger cars, trucks, and buses. Injuries could occur during 
impact with another collision partner or during a single accident against a 
fixed obstacle. For compatibility investigations, it has been shown that a 
global approach, which includes all groups of possible collision partners, is 
complicated, and the solutions are more than complex. Thus, in the follow- 
ing analysis, this compatibility view is limited to passenger car, S W ,  and 
light-duty truck collisions. 

For the layout of the vehicle design, the following criteria have a direct influ- 
ence on the collision process: 

Mass ratio of the collision partners 

Geometry of the vehicle structure 

Force-deflection characteristic of the vehicle structures, stiffness 

The location of the installation, size, and mass of the powertrain unit 

The type and rigidity offered by the occupant cell (survival space) 
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The performance of the steering wheel and column, dashboard, knee 
impact zone, and pedals during deformation 

The following figures show some data relating to the relevant points 
mentioned. 

Vehicle mass. Figure 13.1 demonstrates for the U.S. market that the death 
rate is different for the weight and the type of vehicles. In general, heavier 
cars are safer, but cars generally are safer than pickup trucks. These data also 
include the performance of the driver, showing not only the influence of the 
vehicle design [l3- 1 1. 

A - pickups 

weight: 2.500 1b 3.500 4.500 5.500 

Figure 13.1 Driver deaths per million registered vehicles by vehicle 
weight, 1999 to 2003, models in the United States during 2000 to 

2004 [13-I]. The rates are adjusted to accozmt,for some dijjferences 
in driver age and sex within and between vehicle types. The 

remaining differences in vehicle use patterns and driver 
demographics may account for some of the death mte d@erences. 
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or less Curb weight 
bsl 

Figure 13.2 Mass distribution of cars in the United States and Germany. 

The mass ratio in car-to-car collisions has declined during recent years, as 
can be seen in Figure 13.2 [13-21. 

From the diagram, one can determine that with a mass ratio smaller than 1.7 
in Germany and below 2 in the United States, most car-to-car collisions are 
covered. 

Geometry of the vehicle structure. Because we also must consider lateral 
car-to-car or light-duty-trucWSUV-to-car accidents, the geometry of the col- 
liding cars has major importance to the behavior in these types of collisions 
(see Figure 13.3). 

Stiffness. Although the vehicle manufacturers are not publishing their data, 
we find in Figure 13.10 some force-deflection curves for different car groups. 
It is surprising that the differences in this test do not show a higher deviation, 
at least in the first 600 mm. 
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Figure 13.3 Longitudinal member height [13-31. 

Research activities on the subject of compatibility were performed as early 
as 1970 [13-41. Because of other priorities, the intensity of research on 
compatibility was relatively low but increased during the mid-1990s. Before 
the theoretical analyses are discussed, we first should examine the relevant 
accident data. 

Figure 13.4 shows the distribution for car accidents with fatal and seriously 
injured persons in Germany. 

Figure 13.5 demonstrates the situation in the United States, showing the num- 
ber of fatal accidents for car occupants and for SUV occupants [13-61. 

Although some statistical differences in various countries are evident, one 
could state that we still find a high number of single-car accidents and a rela- 
tively high number in crashes where compatibility plays an important role 
(e.g., car to car, car to pickup truck, car to truck, car to SUV). In the case of 
SUVs, the percentage of single-car accidents is higher. Because of the much 
lower market penetration of SUVs in Germany (new registrations in 2004 
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F a t a l  c a r  occupants rn 2003 Seriously ~ n j u r e d  c a r  o c c u p a n t s  In 2003 

I Single car Car to car 
1 Car to motorbike Ii Car to truck 

Car to others B Car to more than 2 other road users 

Figure 13.4 Car accident categories in Germany [13-51. 

m$tribution of deathsin ciiis and mb 1 
2000-03 models during 2001-04 

Car occupant deaths 

15% crashes 
involving +2 

blg lruck 
or bus 

8% car to suv \// Y' - 
16% car to car 

SUV occupant deaths 

10% crashes 
tnvolving >2 

vehicleslother 

Figure 13.5 Car and SUVjatal accidents in the United States [13-61. 
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approximately 5%, compared to 50% in the United States), car-to-SUV and 
SUV-to-car accidents do not play such an important role compared to that in 
the United States. 

If we further analyze the type of accidents, the Volvo accident database [13-71 
and GIDAS data [13-51 show the results displayed in Figure 13.6. 

Crash Type Distribution 
Volvo Accident Database 

Other 5.796- 

Dr~ve On Rwd - 

Side Imp- 

Proportion of seriously or latally injured 
car occupants with respect to impact direction 

Others 
6?i 

Non-Struck Sidq '*?m 
Struck S~dey, Frontal 

24% ' 58% 

Figure 13.6 Distribution of crash types [13-5, 13- 71. 

If we consider that the rear impact and the multiple collision often also include 
car-to-car collisions, the frontal collision is still of high importance. However, 
the lateral collision shows that we must consider both types of accidents when 
examining compatibility. 

Another important element is the relative velocity of vehicles with severe 
injuries (MAIS 3+). Figure 13.7 shows that a v,,~,,,,, of approximately 
170 kmlh (106 mph) again covers 90% of all accidents. With respect to 
the overlapping ratio of the vehicle, the accident analysis data show that a 
high percentage of accidents occurs with an overlapping of less than 50%. 
Also, the deformation length of the vehicles in relation to severe and fatal 
injuries shows a direct correlation. If cars are so heavily deformed that the 
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Closing Velocity [kmlh] 

Figzrve 13.7 Accidentfiequency as a function of  closing velocity 
(Source: Ref: 13-8.) 

deformation already reaches the windshield area, the probability of severe 
injuries is high. 

13.1 Theoretical Analysis 
As mentioned, the legislation today mainly covers self protection, which 
means the protection of the occupants in their own vehicles. If we compare 
two vehicles where m, = 1000 kg (2205 Ib) and m2 = 1600 kg (3527 Ib) in 
a vehicle against a fixed barrier collision and use triangular force deflection 
characteristics, then we find a deformation length of 0.6 m (2 ft) in a 50-km/h 
(3 1 -mph) frontal barrier crash (plastic deformation). Figure 13.8 shows the 
force deflection characteristics. 

The maximum deformation force can be calculated by multiplying the mass 
times the maximum deceleration, neglecting that a partial portion of the 
vehicle mass is already at a standstill. The maximum deceleration is 33g, and 
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Deformation Force 
[kNl 

Deformation Length 

Figure 13.8 Theoretical force deflection characteristics 
in a crash against aJixed barrier 

the maximum forces for the vehicle m, with 1000 kg (2205 lb) are 330 kN; 
for the vehicle m2 with 1600 kg (3527 lb), the forces increase to 528 kN. Fig- 
ure 13.9 illustrates the car-to-car collision, where two vehicles collide against 
each other. The change of velocity can be calculated by the formulas 

and 
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I Deformation force PN] 

0.7 0.8 0.5 OA 0.3 0 2  0.1 0 0.1 0 2  0.3 0.4 0.6 

Ddormation lenglh In] 

Figure 13.9 Theoretical force deflection characteristic, 
as a,firnction o f  deformation length. 

and 

The deformation length of the lighter vehicle increases with this theoretical 
observation to = 0.74 m (2.43 ft). For the heavier vehicle, the deformation 
length is reduced to approximately 0.46 m (1.5 ft). From this theoretical 
example, we can easily follow the conclusion that this deformation must 
be available in the light vehicle without disturbing the occupant cell. Both 
the larger deformation and the higher g-level in the lighter vehicle must be 
considered with respect of the layout of the restraint system. 

The question of whether a compatible free-deformation characteristic could 
be achieved for various vehicles is not answered easily. In a study performed 
by Huibers [13-91, the force deflection characteristics for a number of cars 
measured behind the deformable barrier element demonstrates interesting 
results. Figure 13.10 shows the average force deflection characteristic for 
various groups of cars. The four different vehicle groups (phases) of the 
forceldeflection characteristic are shown. Number 3 shows subcompact 
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Figure 13.10 Force dejection characteristics for varioza vehicle groups. 
(Source: ReJ: 13-9.) 

cars sold in Europe, such as the Volkswagen Golf or the Toyota Corolla. 
Number 4 shows larger vehicles, such as the Audi A6 or the Mercedes E 200. 
Number 6 shows MPVs, such as the Volkswagen Sharan or the Chrysler 
Voyager. Number 7 shows minis, such as the Volkswagen Polo or the 
Peugeot 206. 

It is interesting that for all passenger cars to a deformation length (offset test) 
of 1 m (3.3 ft), the force deflection characteristic is very similar. This is not 
the case for the MPVs. We believe this situation can be solved. This 
requires a test or a computer simulation that eliminates the existing differences 
of today. Keeping the preceding results in mind, we should concentrate on 
the geometric layout of the vehicle structure and the strong integrity of the 
vehicle compartment. 

One approach was described by Schwarz and Zobel [13-41. They define a 
bulkhead concept that requests a minimum resistance of the occupant cell, 
together with a test for the agressiveness of the front end of a vehicle. The 
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front end could be checked, for example, in a crash against a special hydraulic 
deformable barrier, where the energy absorption capability of the impacting 
car versus this barrier could be used as a scale for compatibility. 

This approach also helps in the design phase of a vehicle. Relou [13-101 has 
developed a simplified mathematical model, where he simulates the front 
structure by a mathematical model. This model is much easier to handle with 
respect to computer power, cost, and time than the finite element model. The 
different force deflection zones are reflected versus an optimal deformation 
force distribution of the front structure of the vehicle. Figure 13.11 shows 
the layout of the model. 

Figure 13.11 Simulation model for frontal impacts. 
(Sotlrece: Ref 13-1 0.) 

In Figure 13.12, the actual data of the investigated vehicle are shown versus 
the optimal compatibility index [KVG], which is a pre-defined force deflec- 
tion characteristic. The left side of the figure shows the actual force versus 
deformation, and the right side shows the compatibility index (KVG). 
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Figure 13.12 Compatibility index versus deformation. 
(Source: Rej.' 13- 10.) 

The advantage of this mathematical approach is the possibility of optimizing 
by computer techniques the different vehicles of one car manufacturer or of 
a group such as Ford, Volkswagen, or DaimlerChrysler, without performing 
expensive car-to-car or car-to-barrier crash tests. 1t is evident that this method 
also could be used to simulate lateral collisions. With these new tools, it is 
possible to simulate a great portion of the real-world accident science and to 
use this data for vehicle design. 

13.2 Research Analysis Proposals, Consumer 
Information, and Legal Requirements 
In October 2005 in Dresden, Germany, nearly all worldwide actors discussed 
the question of "compatibility on the road." In his conclusion, the conference 
chairman showed the test and analysis procedures, as well as assessments 
for compatibility. Figure 13.13 gives an overview related to the different 
possibilities [13-111. 

In the United States, we already find some legal activities that could be 
described as follows [13-121: 
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Existing Proposals 
Compatibility Test Procedures 

Full-W~dlh Deformable Barr~er 

Progresstve Deformable Barr~er 

Movmg Deformable Barr~er 

Quasi-Stat~c Pressure Test 

Fln~te Element Analysis 

Slal~c Measurement 01 Slruclures 

VNT = Vemcal component ol negawe 
Icnamn horn largcl r u ~  loaa 

UNT = Honronlal crmwrenlol n q a h v e  
dewatran Born larget row tom 

PEAS = Pnmanl ancrgy absolbing structure 
SEAS = Secondarv energy rDsomrg slruclum 
AHOFIHOF =Average heghl d force 
PO8 = Prcqresstve OelmaDle bamer 

Compatibility Assessments 

VNT 1 HNT 

Suffic~ent Support Test (SST) 

Impulse Assessments 

Energy Assessments 

AHOF I HOF 

PDB Aggresslv~ty Metrtc 

Deformallon Llm~t 

lntrus~on Assessmenls 

Dummy Assessmenls 

Quasl-Stattc Mtnlmum Load 

PEAS I SEAS In Bumpe- 7--- 

Figzwe 13.13 Existing p~*oposals vegal*ding test and assessment p~*ocedures. 

Industry self commitment: 

Phase 1 : 

Phase 2: 

Phase 3: 

Phase 4: 

Ensures a common structural interaction zone and aims to avoid 
override 

Adds performance requirements for SEAS (secondary energy 
absorbing structure) 

Development of a dynamic assessment, proposals are FEM 
(finite element method) simulations, full-width deformable 
barrier test, and MDB (mobile deformable barrier) approach 

Stiffness matching 

The self commitment of the new light-duty trucks should comply at the begin- 
ning of September 2009 with two options: 

257 
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1. Low ride heights, primary energy-absorbing structure overlap with part 
581 zone 

2. Blocker beams, secondary energy-absorbing structure overlap with part 
581 zone 

Figure 13.14 shows the static requirements for energy-absorbing structures. 

508 rnm 1 1 406 rnm 

Figure 13.14 Static ~~equivements oj'enevgy-absorbing structuves (13- 121. 

The NHTSA is looking via the AHOF (average height of force) approach to 
optimize the stiffness of the vehicle with the following data: 



Compatibility 

AHOF over first 400 mm 
- Low: Less than 408 mm 
- Medium: 408 to 5 16 mm 
- High: Greater than 5 16 

Work stiffness for the first 400 mm 
- lntegral of NCAP force-deflection curve, is really worldenergy 
- Low: Less than 1300 Nimm 
- Medium: 1300 to 1700 Nlmm 
- High: Greater than 1700 Nlmm 

Also in the United States, the IIHS barrier test (see Figure 13.15) is used in 
frontal, lateral vehicle-to-vehicle tests, as well as for the NCAP-Test. 

cai passenger car 
llHS barrier taller and rides higher, contoured edges 

- FM VSS 2 14 Barrier u llHS Barrier 

Figure 13.15 Comparison of FMVSS 214 and the IIHS barrier [13-61. 
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As can easily be seen from the picture, the IIHS barrier is high above ground 
and has rounded edges. 

In Europe, two tests are analyzed. Figure 13.1 6 describes the TRL (Transport 
Research Laboratory, U.K.) barrier test [13-21. 

Figure 13.16 TRL barrier test. 

Figure 13.17 shows the French approach. 

Both evaluation procedures are not ready for the rulemaking procedure. Both 
tests and the HOF (AHOF) assessment were analyzed by Zobel [13-111 with 
the following results: 

TRL Full-Width Barrier Test 

There is a strong mass dependency due to the higher forces that gener- 
ally occur with heavier vehicles. This results in, on average, larger errors 
between measured and average values for larger cars. 

The resolution of the LCW makes the evaluation sensitive to the impact 
location of frontal structural parts. 
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Figure 13.17 Progressive deformable barrier-the French approach [13-21. 

Smoothing cannot remove the influence of this sensitivity. 

This sensitivity also may have implications for reproducibility, as all 
vehicles have slight differences. 

The deformation element detects only stepwise forces. This may mis- 
represent the homogeneity of a vehicle in cases where the barrier is not 
bottomed out. 

PDB (Progressive Deformable Barrier) Assessment 

Force homogeneity is not evaluated in the horizontal direction. 

Horizontal members cannot be evaluated due to the turning of the vehicle 
in an offset crash. This is in spite of the presence of a deformable element, 
which aims to induce shear forces. 

Stiffer cross beams are penalized. 

Heavier vehicles are penalized. 
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All vehicles are encouraged to be softer. 

All vehicles are encouraged to converge structures to the lower edge of 
the barrier. It is obvious that small cars are more able to fulfill this than 
SUVs. 

HOF (Height of Force) Assessments 

HOF and UWHOF are both unstable at lower force levels. 

AHOF enforces an average lowering of forces, which increases the pos- 
sibility for geometrical compatibility but does not enforce it. 

AHOF does not assess force homogeneity. 

13.3 Conclusions 
Compatibility is a very strong element for the future of even safer cars on 
the road. Based on the accident data, opinions differ about the benefit of 
compatibility measures. The BAST [13-51 comes to the conclusion that 8% 
of all fatally and 4.2% of all seriously injured car occupants in Germany will 
benefit from compatible frontal car structures. 

IIHS [13-61 predicted for a 2003 car front-to-front compatibility if SUV 
front ends become more car-like, a 16% reduction for lighter SUVs (3000 to 
3099 Ib), and a 29% reduction for heavier SUVs (4000 to 4099 lb). 

Because of the already high number of crash tests used in the development 
of the car, one of the tests already used should be modified to judge the car- 
to-car performance as well. 

An interesting alternative could be the use of FEM vehicles to check vehicle- 
to-vehicle crash performance. 

In the priority for the hture rule-making process, it is important not to hrther 
increase self protection while reducing the protection of collision partners. 
For example, because of a higher impact speed against a frontal barrier, if 
the deformation force of the relevant vehicle must be increased, the vehicle 
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might become too aggressive. The other method, which is to make the crash 
length of this relevant vehicle longer, is impossible because of space and 
weight factors. 
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Computer Support for the 
Development of Safety 

Components 

14.1 The Basics 
The virtual development process has already become a reality in the research 
and pre-development phases in all areas of the vehicle. This includes the area 
of accident avoidance and the field of mitigation of injuries. This chapter 
describes the tools for accident simulation. Together with the geometric data of 
the vehicle components, an optimization process among the design, performance 
during the accident, noise, and vibration must be performed. The breakthrough 
in the field of calculation for safety items was achieved by the development of 
stable software programs and the much higher performance of the supercom- 
puter. One reason for the success was an interdisciplinary working group 
of the German research organization FAT [ 14- 1 1. Figure 14.1, created by 
Holzer et al. [14-21, shows how much progress in simulation techniques has 
been achieved in the meantime. 

Independent of the success of the simulation technique, it is very important 
that the computation is supported by comparative analysis by using the results 
of hardware tests. The performance of the supercomputer has doubled nearly 
every two years, and many software programs running on computers can be 
used by engineers without limitations. Although the number of parameters 
that influence accident simulation tests has increased in recent years, calcu- 
lation becomes an important part of the development process. In the newly 
defined product creation process, the simulation and calculation technique 
is an integrated part of marketing, development, production, finance, quality 
assurance, and service. 
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Figure 14.1 Simulation effort per car development verst~s model 
complexity. (Source: Re$ 14-2.) 

14.2 Description of the Numeric Tools 
The most important task for any computer-supported engineering work is the 
generation and use of physical-mathematical models. 

During the creation of the model, you must know the physical input data and 
the vehicle component that shall be investigated. Depending on the status of 
the project, the results achieved by calculation will be able to support trends 
and to detail solutions up to full prognosis capability. A large number of 
devices are already available to convert physical models into mathematical 
ones. 

For an automotive engineer, the development of new software is not as important 
as its creative use. For a crash calculation, several calculation models are 
used. These models include knowledge systems and a coupling of FEM and 
MKS models together with the test database. This database must be updated 
continuously. Today, material data and the connecting and the manufacturing 
process of the material also are part of the calculation method. 

The CAD (computer aided design) database is the basis for the use of FEM 
(finite element model) calculation. Meanwhile, the performance of the total 
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vehicle and the performance of single components are optimized by com- 
puter simulation techniques. Most automotive companies use both high- 
power supercomputers and simplified models that can run on less-expensive 
computers. In many applications, the performance of the vehicle structure 
is calculated by using FEM crash software with multi-body systems, such 
as MADYMO for the simulation of the occupant and restraint systems. The 
solution used today is a software-based coupling of both systems. This solu- 
tion allows the replacement of certain modules and an integrated calculation 
of the total vehicle together with the restraint system (airbag and belts) and 
with the choice of different sizes of occupants. 

It is important that the scientific knowledge database is updated continuously 
on the actual level for the optimization of certain vehicle components, as well 
as for total vehicle performance. 

14.3 Calculation of Components 
In many accidents, the front longitudinal beams are important vehicle parts 
for energy absorption. Numerous theories have been established by research 
in the area of fold bulging as one means to achieve an optimal energy conver- 
sion. In practical tests, the following formula for the average bulging force 
for the profile shown was determined, as shown in Table 14.1. 

where 

- 

OF = Dimensional coefficient 

aF = Elastic limit of the material 

a~ = 1.0 to 1.5 velocity dependent 

S, = Sheet thickness 

U, = Profile circumference with the sheet metal thickness S, 

U, = Total length of the profile 



TABLE 14.1 
CROSS SECTIONS OF DIFFERENT LONGITUDINAL BEAMS 

(SOURCE: REF. 1-1.) 
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Figure 14.2 shows the results of FEM calculations of a longitudinal beam 
during the deformation phases. 

Figure 14.2 Finite element model (FEM) o f  longitz~dinal beams. 
(Source: Ref: 1-1.) 

The program module DYNA 3D and PAM-Crash can be used effectively 
in these types of calculation problems. For example, rectangular tubes of 
different profiles (square, hexagonal, and octagonal) were investigated by 
computer-supported calculation methods. The results demonstrate that hex- 
agonal and octagonal tubes have a greater ability to absorb energy compared to 
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that of square tubes. In real-world crash situations, the design of longitudinal 
beams and the transverse support in front of them are important in achiev- 
ing the fold-bulging process of the beams. The fold-bulging process has the 
greatest capability for energy absorption during deformation. In the event of 
buckling of the longitudinal beams, the capability to convert the crash into 
deformation energy is the lowest. Figure 14.3 provides an overview of the 
calculation of deformation force versus crash time in a frontal collision for 
the front end of a vehicle. 

Force 

I60  

kN 

120 

80 

40 

0 

Time 

Figwe 14.3 Comparison of dejormation jorce as a,fi~nction of time 
,for the,front end of a vehicle. (Source: Re$ 1-1 .) 

The calculation time for the crash simulation of a front end (not the total car) 
by the use of a modern supercomputer such as a NEC SX6 could be reduced 
to approximately 15 min. 

The program PAM-STAMP [14.3] can even include the production process. 
Figure 14.4 shows how many parameters can be used today for this type of 
calculation. The program AUTOFORM simulates the material formation; the 
effective plastic elongation is taken from the program PAM-STAMP. Together 
with the material data, we can calculate the foreseeable design. 
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1 Allocation of the elements 

I Calculation of the thickness of the weighted elements 

1 Classification of the elements 

Writing of the new material data 
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Figure 14.4 Dutujow diagrum,for the simzrlation of nzechunical data. 
(Source: Ref 14-3.) 

Reference 14-4 shows the increased reliability in crash safety development 
through numerical robustness analysis. 

14.4 Total Vehicle Crash Computation 
In the concept study, the design engineer could run first calculations with 
specified key data, such as wheelbase, track width, powertrain location and 
size, auxiliaries, and other vehicle components. This allows the design 
engineer to perform a much better initial design study. Consequently, the 
first prototypes have much better quality with respect to their performance in 
crash tests. For the simulation tool, finite element model, of the total vehicle, 
350,000 elements are used. This requires not only powerful computers (either 
parallel computers or a supercomputer) but good tools for generation of the 
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finite element model. Figure 14.5 demonstrates the quality of the computer 
simulation technique in showing a 56-km/h (35-mph) offset crash against a 
deforrnable barrier. 

Crash beginning 

Figtire 14.5 Total car crash simulation. 
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The finite element model (FEM) could be used not only for the total vehicle 
crash but for the detailed analysis also. In a Ph.D. thesis, Hiibler [14-51 simu- 
lated the vehicle floor panel to determine whether vibrations could influence 
the triggering of the airbag sensors. In this case, the FEM for the body floor 
panel together with the longitudinal bars and the inner wheelhouse had to use 
668,000 elements to demonstrate the expected effect. 

Through the level achieved today, the use of calculations became an important 
element in vehicle development. The necessary future activities for an even 
greater use is the consideration of the vehicle body structure together with the 
different types of occupants, restraint systems, and the interior of the vehicle. 
With this, the dummy, or with a more human-like dummy, performance in 
the vehicle environment could be better calculated. 

14.5 Occupant and Restraint System 
Simulation 
With the simulation of the dummies by the use of MKS (multi-body systems) 
and/or FEM, restraint system performance can be optimized. Using MKS as 
a dummy substitution, the necessary calculation time is much less, compared 
with the FEM dummy. 

The MKS methods allow safety development primarily in three areas: 

Principle and trend analysis 
Plausibility of the system 
Components and detail development 

A typical application field is the optimization of systems. Figure 14.6 shows 
one example. In this case, two different finite element models are used in a 
European side impact test. The results for the acceleration of the upper and 
lower spine are shown. 

Meanwhile, MADYMO dummies of various sizes (through a child up to a 
95% male) are used for accident simulation runs. This is possible even for 
out-of-position situations. Figure 14.7 shows the result of a calculation of an 
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Figure 14.6 Finite element models (FEM), for side impact and acceleration 
o f  the upper and lower spine. 

unrestrained dummy test in the passenger side for the head and neck, compared 
to the measurement of two tests [14-61. 

As we can see from the calculated and measured data, the match is sufficient. 
In other cases, the trend of results could be reproduced but not the actual 
numbers. Therefore, the development technology could be categorized into 
the following groups: 

Expanded MADYMO models with extensive use of finite element fea- 
tures, including a coupling with the PAM-Crash model. 
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Comparison of the Simulation 
Results with Test Data. 
Mode Head on IP. 
Load Parameter: 
Head Acceleration, Resultant 

Comparison of the Simulation 
Results with Test Data. 
Mode Head on IP. 
Load Parameter: 
Upper Neck Force, Shear (F,) 

Comparison of the Simulation 
Results with Test Data. 
Mode Head on IP. 
Load Parameter: 
Upper Neck Moment, Flexion- 
Extension (My) 

Figure 14.7 Comparison of calculations with test data. 
(Soutw: R e t  14-6.) 

Coupled MADYMO and PAM-Crash, where MADYMO is simulating 
the dummy and PAM-Crash is simulating the airbag and the vehicle. 

Using full finite element models (FEM) for occupant, airbag, and vehicle. 
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Special attention must be given to the simulation of side impacts. In a study 
of the optimization of vehicle stiffness distributions by means of numerical 
simulation for the development of crash-compatible vehicle components by 
Kersten [14-71, it was found that the PAM-Crash Euro-SID-1-FE dummy 
gives a better representation of the dummy testing compared to the MADYMO 
Euro-SID dummy. 

14.6 Pedestrian Simulation Tests 
Because of the importance of pedestrian protection and the on-going rule- 
making process, pedestrian simulation tests are done for the whole pedes- 
trian as well as for component testing. Figure 14.8 shows a simulation of a 
pedestrian impact. 

14.7 Summary 
The simulation tools for evaluating the performance of the vehicle, its compo- 
nents, its occupants, and other traffic participants with respect to automobile 
safety have made a hndamental contribution to the product creation pro- 
cess. The continuous further development of these tools also in the areas of 
accident avoidance, software development, mechatronic systems, durability, 
and comfort is more than necessary to further improve the safety of traffic 
participants [14-91. 
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