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Foreword 
This report of the proceedings of the Tenth Inter- 

national Technical Conference on Experimental Safety 

Vehicles was prepared by the National Highway Traffic 

Safety Administration, U.S. Department of Transpor- 

tation. 

We wish to thank the authors and all those responsible 

for the excellence of the material submitted, which aided 

materially in the preparation of this report. 

For clarity and because of some translation difficulties, 

a certain amount of editing was necessary. Apologies are, 
therefore, offered where the transcription is not exact. 
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Section 1 
Opening Ceremonies 

Welcoming Address: 

Sir Peter Lazarus However, we cannot be complacent, and this conference 

Permanent Secretary, United Kingdom will highlight several areas in which we can--indeed, 

must--make progress toward designs that provide even 

............ 
Department of Transport greater safety for both vehicle occupants and other road 

....... users. 

It is my very great pleasure to open this conference I note with interest how the subject matter of these 

todayandtowelcomeyouallonbehalfoftheGovernment conferences has developed over the years. The early 

of the United Kingdom to this Tenth Experimental conferences dealt solely with safety features on cars. This 

Safety Vehicle Conference and to the University and City conference extends the discussion to include safety 

of Oxford. problems associated with trucks, buses, motorcycles, and 

.... Experimental Safety Vehicle Conferences have played pedal cycles, which are widely used as personal transport 

an important role in stimulating the development of safer in many parts of the world. 

vehicles, and I congratulate the Government of the In this country, injuries to motorcyclists and their 

United States and in particular NHTSA for being so passengers are a matter of grave concern, and we must 

farsighted in sponsoring these conferences since 1971. find ways to improve the safety of this group of road 

.......... We have here today a considerable number of the users. I am very heartened, therefore, to see the conference 

........ world’s experts directly involved in improving the safety will be considering safety features for motorcycles and, in 

features of vehicles, as well as those who are influential particular, I note that antilock braking systems for 

for ensuring that the momentum of progress made in this motorcycles are now being actively developed. 

field in recent years will continue into the future. Even though improvement in the design of cars for 

Your past efforts have resulted in considerable progress safety is very important and will remain so, progress must 

being made in this important area of vehicle design, be made with safer designs for al! types of road vehicles. 

However, in spite of these improvements there is much I would like to remind you of one event that has taken 

still to be done. The public expects a constant flow of place in this country that we consider one of the most 

improvements to make life safer for all classes of road effective measures taken in our battle to reduce injuries 

users--motorist, cyclist, and pedestrian. For this reason I and fatalities arising from road accidents. I am referring, 

welcome particularly your discussions on reducing the of course, to the compulsory wearing ofseatbelts. In the 2 

adverse effect of the motor vehicle on other road users, years since this requirement has become compulsory, we 

It is 11 years since an Experimental Safety Vehicle have seen a large reduction in deaths and serious injuries 

Conference was held in this country. In the intervening (17 percent fewer deaths, 22 percent fewer injuries), and 

period there have been many changes in design. Cars, you will be hearing more of our experience during the 

even though they are lighter in weight to aid better fuel conference. 

economy, incorporate many more safety features for the One of the most important benefits of this conference is 

protection oftheir occupants than at the time ofthe1974 that it will further encourage the free exchange of 

Conference. ! congratulate industry on the inventiveness information and stimulate the cooperation necessary for 

it has shown in reconciling these often conflicting demands the rapid development of safer vehicles, I would, therefore, 

arising from considerations of safety, economy, and the like to thank the Institution of Mechanical Engineers for 

environment, organising this conference on behalf of the Department 
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of Transport and for their efforts in preparing the eKioy and benefit from your brief stay in this ancient 
Conference facilities, t am sure you will find much to university city. 
interest you during the next 4 days, and 1 hope you will 

Keynote Address: 

Diane K. Steed ments in production design are being tested in Sweden, 
U.S. Department of Transportation, National including advanced energy-absorbing front structures 
Highway Traffic Safety Administration and improved safety designs for other vehicle subsystems. 

France has underway exciting work on designs for the 

3-point safety belt. In the United Kingdom, research is 
It is indeed a special privilege to be here in the United producing new information on skidding and loss of 

Kingdom, home of the English Parliament, Buckingham 
control, as well as new concepts on barrier design. 

Palace, and, this week especially, Wimbledon, As said lhese efforts and the list could go on and on---are 
earlier, 1 have been looking forward for quite some time reducing traffic fatalities and serious injuries, and 1 
to joining you at this conference, 

applaud these achievements. The engineers in this room 
I b~ing you personal greetings from U.S. Secretary of 

seldom make the headlines, but you are quietly and 
Transportation Elizabeth Dote, who very much wanted 

effectively laying the foundation for a better, safer 
to attend this important safety conference to express 

tomorrow for all of us. 
personally our countr3’s strong commitment to vehicle In the United States, we are also striving to be 
satety I kno~ it is a commitment that all of us share. As innovative in motor vehicle safety. One of our concerns is 
Secretar3 Dole has often said, safety is her highest making certain that our limited research dollars are 
priorit.,,. My oxen commitment to highway safety is no properly directed to a balanced safety program and the 
less absolute, most important safety issues. 

O~er the past decade of cooperative safety research To respond to this concern-and because we know 
effort, \~e have seen many technologica! advances in government does not have all the answers ~ I am working 
automotixe safety. Most of the safety improvements on now to establish a Motor Vehicle Safety Research 
toda:,’s xehicles ,aere made possible through research of Advisory Committee. This will be a joint effort between 
the go\ernments, private industry, and individuals government and the private sector to advise me on 
represented at this conference. We appreciate these important safetyissuesofmutualconcern. The committee 
contributions, and we have all benefited from them. will consist of motor vehicle safety research experts 
These combined efforts have contributed substantially to selected from the ranks of automotive manufacturers, 
the reduction of deaths and injuries resulting from motor academic institutions, trade associations, and government. 
~ehicle crashes. It will coordinate safety research to avoid duplication 

The critical goal of improved safety can best be realized and encourage innovation. Initially the committee will 
when goxernment and the private sector cooperate. We concentrate on occupant crash protection and heavy 
do not 1ook on industry as an adversary-we consider truck safety. These two areas, we believe, are most 
ndustr} a key partner in the common goal of improved appropriate at present for coordinated research. 
notor safer3. There are three other important subjects I would like to 

It is government’s job to regulate--and appropriately discuss with you: 
~o but it is the manufacturers who bring the experience, 1. Our increased emphasis on internationa~ har- 
the resources, and the expertise necessary to design and monization 
build the safer automobiles of the future. And industry is 2. Secretary Dole’s decision on our Standard No. 
doing just that 208 on occupant protection 

Manufacturers throughout the world are working 3. Our dedication to continued international 
tox~ a rd the de~e!opment of new technologies. Germany is cooperation 
giving us the opportunit3 to look at technology in the real In 1982 we announced our commitment to harmonizing 
~ orld by offering airbags as optional equipment in some our safety regulations with other countries. We recognized ..... 
of its automobiles. Japanese automakers have devised ~hen that differences in test procedures, performance ...... 
improvements in the comfort and performance of safety standards, and compliance criteria were unnecessarily 
belts. Italy is stud.~ing ways to reduce xehicle weight complicating and increasing the costs of producing 
,~ithout sacrificing vehicle safety. Majoc safety improve- automobiles in a world market. 
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International harmonization is an important goal of new safety technology. For each car built with nonbelt 

this administration. In that regard, 1 am pleased to 
technology, manufacturers will receive extra credit toward 

announce that 1 have established a new Office of their percentage requirement if they use something other 

International Harmonization at NHTSA. To give it 
than automatic safety belts to protect the driver. Inother 

appropriate visibility and increased emphasis, 1 have words, manufacturers get extra credit for the installation 

placed this new office under my direct supervision. I of airbags, protective interiors, or other nonbelt tech- 

recognize the importance of international harmonization-- nology that meets the test requirements of the rule. 

and am making this a priority in our 1986 budget. We believe there is a definite advantage in the initial 

In the past 3 or 4 years, we have seen many benefits stages ofcomplianceto encourage avariety of automatic 

from our participation in the work of the Group of protection technologies. This will promote the develop- 

Experts on the Construction of Vehicles. Two cases in ment of what may be better alternatives in the future than 

point are the common symbols on vehicle control what might otherwise be developed. 

displays and recent changes we have made in lighting The Secretary’s decision is not an either/or decision--- 

standards. These are small breakthroughs, but accom- either automatic devices or belt use laws. tt means both. 

plishments in minor areas such as these are the forerunners We know the decision resulting in the enactment of State 

of compatibility in more complex areas such as brake belt use laws already has saved many lives and prevented 

designs and side impact harmonization, countless injuries. In New York, the first State to have a 

We will continue to work toward eliminating conflicting mandatory belt use law, fatalities are already down an 

regulations that make it burdensome for manufacturers impressive 27 percent. I hope to be able to report to you at 

to construct cars for both domestic and foreign markets, our next conference that most U.S. citizens are protected 

Those differences serve as nontariff trade barriers that by belt use laws. 

restrict international commerce and increase costs to 
Finally I want to discuss another priority of ours-- to 

consumers and industry alike, 
encourage continued international cooperation and 

In some cases, harmonization will promote increased 
technology sharing. I believe all of us agree that we can all 

production, marketing flexibility, and cost savings for 
benefit from collaboration on safety research projects. 

vehicle manufacturers, and ultimately for consumers, What each of us may find difficult to do alone we can and 

without compromising safety. In fact, international have accomplished together. 

harmonization canactuallypromotesafetybyupgrading In the area of transportation, no country has a 

standards and encouraging the sharing of safety tech- monopoly on the best ideas or most advanced technology. 

nology by removing the differences between domestic Therefore, we support an active international research 

and imported vehicles, and development program to foster data and technology 

My pledge to you today is increased emphasis on 
sharing. 

international harmonization, and 1 know that through Independent, uncoordinated research and development 

our joint efforts great accomplishments can be achieved 
can be wasteful and redundant. It can lead to development 

in the future, 
of safety technologies that may not always be suitable for 

Now 1 want to discuss briefly the background and worldwide application, lnternational cooperation, onthe 

rationale behind Secretary Dole’s decision on the 208 other hand, can lead to the development and expanded 

standard on occupant protection. This was one of the use of improved safety equipment on a global scale. 

toughest, most complex policy decisions in which 1 have 
And international cooperation does not lie exclusively 

ever had a part. The Secretary’s goal from the outset was with federally sponsored projects. American scientists 

to do what was best for the motoring public and to save as and engineers from the private sector engage in a great 

many lives as possible as quickly as possible, many cooperative international ventures. Often they 

Last July when Secretary Dole announced her ruling, work through the universities or the industrial firms that 

it was one of the most significant decisions of her employ them, with the Federal Government acting---at 

administration. It calls for automatic crash protection~- most-as a catalyst. An important goal of this admin- 

either automatic belts, airbags, or other new technology-- istration is to encourage such private sector cooperation. 

to be phased in beginning with 1987 model cars. The The benefits we will derive from international co- 

decision also encourages States to pass mandatory safety operation and from conferences such as this are crucial 

belt use laws, with a provision that if by April 1, 1989, because they eventually filter down to improve the 

two-thirds of the population is covered by mandatory use quality of life for all people. This research-this sharing 

laws, the automatic protection requirements will be of knowledge-is an essential investment in our future--- 

rescinded. Her decision was a major achievement in the one we must wisely and responsibly nurture. 

history of occupant protection because, for the first time, 1 want to close my remarks today by extending to you a 

the regulation is actually saving lives, very personal invitation to my Nation’s capital. In May 

Of particular interest to those of you at this conference t987 the United States will host the Eleventh Experimental 

is the emphasis this decision gives to the development of Safety Vehicle Conference in Washington, D,C. We have 
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already started our preliminary planning, and I know the conference’s stated purpose and our sincere goal. There is 
conference will be challenging and professionally 

mutual interest in these important areas we have discussed 
stimulating. 1 hope we can provide you with an equal this week. There will be mutual benefit, and we in the 
measure of hospitality that our British colleagues have United States pledge to all delegates present at this 
shown us this week. conference our mutual cooperation. 

’rhrough continuing communications we will move 

closer to the spirit of international cooperation that is this 



Awards 
Presentations 

Safety Awards for Engineering Excellence 

In recognition of and appreciation for extraordinary contributions in the field of motor vehicle 
safety engineering and for distinguished service to the motoring public. 

Italy 

Dott. Ing. Lamberto Maestripieri 
Manager of the Alfa Romeo Safety 

...... Laboratory 

Dr. Maestripieri has been working actively for improved weight reduction without sacrificing safety, and reductions 

passive and active safety since joining Alfa Romeo in 
in noise and air pollution. He was responsible for the 

1967. He was directly involved in the development of the 
design, development, and testing of the Alfa Romeo 

Safety Laboratory established by Alfa Romeo at its Synthesis Vehicle (S.V.A.R.), which was presented at the 

Experimental Center and in 1970 was appointed head of Ninth ESV Conference in Kyoto. By these many efforts, 

the laboratory. Dr. Maestripieri has conducted both 
Dr. Maestripieri has made a mAior contribution to 

theoretical and experimental research on improved vehicle vehicle safety. 

structural performance in frontal and side impacts, 

Federal Republic of Germany 

Professor Dr.-Ing. Klaus Rompe 
Director of the Institute for Traffic Safety, 

TUV Rheinland 

Professor Rompe has made significant research con- understanding of the driver-vehicle-environment system, 

tributions in the areas of active safety. First he analyzed 
for investigations of the causes of accidents. Professor 

passenger car handling characteristics by comprehensive 
Rompe also investigated the view conditions of the 

computer programs. Then he initiated the development 
drivers, especially for night driving, the interaction 

and application of objective test procedures for these 
phenomena in a car crash with two and more passengers, 

characteristics, in comprehensive comparative test 
and improved passenger protection in bus crashes. For 

programs for passenger cars, cars and trailers, trucks, 
these many safety accomplishments, Professor Rompe is 

and truck combinations, he developed the necessary 
deserving of special recognition. 

evaluation criteria and test procedures needed for a better 
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France 

Francois Hartemann 
Head of Section on Accident Research 
Investigation, Laboratory of Physiology 
aiad Biomechanics, Peugeot-Renault 

In 1970 Mr. Hartemann was appointed head of the of test procedures, and improvements in the efficiency of 
Research Unit created by Peugeot and Renault to the 3-point seat belt. Many oftheresults of these research 
conduct detailed analyses of accident data. In this efforts have been incorporated in production vehicles, 
position Mr. Hartemann has made major contributions resulting in a reduction in deaths and injuries. Through 
to vehicle safety by his work on the relationship between his research work, Mr. Hartemann has made a significant 
driver fatigue and accidents, the effects of collision force contribution to improved vehicle safety. 
in frontal and side impacts, the definition and validation 

Jean Leroy 
Manager, Laboratoire des Chocs et de 
Biomecaniquee, Organisme National de 
Securite Routiere 

Mr. [eroy has had a long and distinguished career in environment. Mr. Leroy is well recognized both nationally 
furthering vehicle sat)ty. His work with Renault involved and internationally for his expert participation in inter- 
accident analysis, improved restraint systems, deformable national working groups and scientific and technical 
vehicle structures, and improved interior padding. His societies. His contributions have resulted in major 
work with ONSER addressed improved protection for 

improvements in the safety performance of vehicles. 
motor car users as well as research to improve the road 

Therefore, he is especially deserving of this award. 

Sweden 

Hans A. Norin 
Senior Safety Engineer 
Volvo Car Corporation 

Through lectures, technical papers, and presentations, systems, advanced energy-absorbing front structures, 
Mr. Norin has taken part in and deepened the international 

improved gas tank design and location, improved safety 
traffic sa%ty debate with special emphasis on child safety belt systems, and improved safety designs for doors, 
and side collisions. The work of the Volvo Car Accident seats, suspension systems, and other vehicle subsystems. 
Research Group for which Mr. Norin is responsible has For these many impressive safety accomplishments, Mr. 
led to major safety improvements in production car 

Norin is deserving of the special recognition. 
design. Some examples are improved steering column 

Dr. Berti! Aldman 
Professor, Department of Traffic Safety, 
Chalmers University of Technology 

Dr. Aldman has been instrumental in the design of Conference in 1964 and participated in the development 
protective devices of various types. His research has 

of booster cushions for children. Together with a team in 
influenced the development of 3-point seat belt systems, France, he is currently involved in the design of a new 
automatically locking retractors, and crash helmets and type of pedestrian dummy, which will be presented 
protective clothing for motorcyclists. He designed the during the Tenth ESV Conference. Dr. Aldman has 
first rear-facing child seat and presented it at the Stapp 

published over 200 technical papers covering subjects 
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from first-aid and hospital care, the biomechanics of many safety contributions, Dr. Atdman is especially 

trauma, the design of protection devices, to definitions deserving of receiving the award for engineering 

and theories as a basis for road safety research. Eor these excellence~ 

United Kingdom 

Gwilym Jones 
:Manager, Vehicle Legislation and Safety 
Research, Austin Rover Group 

Product Engineering 

Mr. Jones began his career working in car development 
research work on the skidding behavior of vehicles, 

and then specialized in vehicle testing, particularly braking 
vehicle handling, loss of control, and future trends in 

and handling. As a result of this work, he was appointed 
improved protection in frontal impact. Mr, Jones has 

Chief Experimental Engineer andthenassumed responsi- 
been chairman of the S MM&T Car Safety "lechnical 

bility, for the Vehicle Safety Engineering Department. In 
Committee for the past 4 years. Because of Mr. ,tones’s 

conjunction with this responsibility he is also managing 
significant contributions to vehicle safety, he is recognized 

the vehicle legislation aspects of car design and develop- for his accomplishments by this award for engineering 

ment. His major contributions to vehicle safety include excellence. 

Gunter Persicke 
Ing., F.I. Plant E., Quinton Hazell Ltd. 

...... For the past 20 years, Mr. Persicke has been particularly now in production and in use. Mr. Persicke currently 

interested in the development of hydraulic shock absorbers 
leads a development team at Quinton Hazell de~eloping 

and their application to a wide range of safety problems, 
suspension energy absorbers to provide controlled but 

Mr. Persicke has developed a versatile and inexpensive 
variable rates of damping to improve handling and ride 

design for use in the design of barriers and bridge 
for road vehicles. For his significant comribution to 

parapets, truck bumpers, and truck front and rear 
vehicle safety, Mr. Persicke is deserving of special 

underride protection. Many of these applications are 
recognition. 

G.D. Suthurst 
Ford Motor Company Limited, Research and 
Engineering Centre 

Mr. Suthurst joined Ford in 1963 in its Passenger 
development of adjustable B-piltar seatbelt mountings~ 

Vehicle Research Department. He has been involved and development of computer optimization programs for 

with vehicle safety since 1968 and has managed Body and simulating side impacts and pedestrian impacts His 

Safety Research for the past 8 years. During this time he research group is the focus for developments within Ford 

has been associated with initial development of a col- for improving the safety of cars and bridges the gap 

lapsible steering column used in the Cortina; design, 
between outside research and production design. Vor his 

development, and fabrication of the Ford demonstration major contributions to vehicle safety, Mr. Suthurst is 

car of 1974 to show the protection possible without 
deserving of special recognition. 

restraints and the resulting loss of interior space; initial 
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Japan 

Kenichiro Nomura 
Project Manager, Toyota Motor Corporation 

Mr. Nomura has been manager of Toyota vehicle developments such as the supermonitoring display, the 
safety research and development since 1979. The results radar-autodrive system, and the back sonar and antiglare 
of much of this research can be found in Toyota mirrors. These latter two systems now appear in 
production vehicles. Mr. Nomura was the project manager production vehicles. Because of his dedication to auto- 
of Toyota ESV-III, which was introduced and exhibited motive safety, Mr. Nomura is selected to receive this 
during the Ninth ESV Conference in Kyoto. The ESV-III 

award for engineering excellence. 
incorporated advanced accident prevention electronic 

Tomokazu Tokuda 
General Manager, Research Department No. 1, 
Vehicle Research Laboratory Central 
Engineering Laboratories Nissan Motor 
Company, Ltd. 

Mr. Tokuda has had a distinguished career with the troduced and exhibited duringthe Ninth ESV Conference 
Nissan Motor Company since 1958. As general manager in Kyoto. The NRV Ii featured advanced technologies to 
of the Research Department, Vehicle Research Labora- lighten the driver’s tasks as well as improved accident 
tory, Mr. Tokuda has conducted research in all areas of avoidance and occupant protection, energy and resource 
vehicle technology including safety, fuel economy, and savings, and significant vehicle weight reductions. Mr. 
weight reductions. As a part of his work, he developed the Tokuda is certainly deserving of the award for engineering 
NRV II (Nissan Research Vehicle ll), which was in- excellence. 

Shoichi Sano 
Staff Engineer and Manager for Research Section 

Tochigi R&D Center, Wako R&D Institute 

Honda R&D Co., Ltd. 

Mr. Sano, as the chief engineer for development of the bilities of production cars has centered on the development 
Honda ESV project, contributed immeasurably to the of a four-wheel steering system. Mr. Sano is now leading 
completion of the compact 1,500-pound advanced tech- a major effort to develop this new four-wheel steering ......... 
nology ESV. Since completion of the ESV project in system for commercial production cars. Because of these ........... 
1974, Mr. Sano has actively participated in the develop- major safety research efforts, Mr. Sano is most deserving 
ment of an airbag system for Honda small cars. His of special recognition. 
current effort to advance the accident avoidance capa- 
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The Netherlands 

Dr. Johan G. Kuiperbak (Retired) 
~irector, Department of Road Transport 
Ministry of Transport and Public Works 
The Netherlands 

Upon Dr, Kuiperbak’s retirement from the Netherlands Vehicles Committee and through his support and parti- 

..... Ministry of Transport and Public Works, it is appropriate cipation in the International Technical Conferences on 

~hat we recognize his many years of effort to improve Experimental Safety Vehicles. Dr. Kuiperbak’s major 

vehicle safety on the world’s highways. Dr. Kuiperbak contributions to road and vehicle safety are recognized 

has been an active supporter of the ESV Program by this special award. 

through his participation in the European Experimental 

Sweden 

Nils Bohlin (Retired) 

Senior Engineer for Automobile Safety 

AB Volvo 

Mr. Bohlin received the NHTSA Award for Engineering advancing the state of the art in safety engineering and 

Excellence in 1979 for his many contributions to auto- development. His contributions have indeed been impres- 

motive safety. Now on his retirement, we are especially sive and have directly affected the safety performance of 

pleased to again recognize his outstanding research work production vehicles. 

over the years. Mr. Bohlin has been instrumental in 

United Kingdom 

J.W. Furness (Retired) 
Chief Mechanical Engineer 
Department of Transport 

Mr. Eurness has had a long and distinguished career in brought a keen insight to all the environmental aspects of 

furthering the cause of vehicle and road safety. His efforts motor vehicle safety, emissions, noise, weight, and fuel 

in the harmonization of vehicle safety regulations are consumption. Because of Mr. Furness’s major contri- 

worthy of special recognition. As Chief Mechanical bution to improved vehicle and road safety, he is most 

Engineer for the United Kingdom Department of deserving of this special recognition. 

Transport during the past 10 years, Mr. Furness has 
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Federal Republic of Germany 

Professor Dr.-Ing. Willi Reidelbach (Retired) 
Director, Passenger Car Body Basic Research, 
Daimler-Benz A.G. 

Professor Reidelbach initiated the Daimler-Benz interaction in both real life as well as mathematical 
accident anatysis effort resulting in mathematical models models is a yardstick for the designers today. As the 
that permitted evaluation of occupant behavior in al! Daimler-Benz safety officer for the Body Division, he 
accident modes. The results were incorporated in vehicle was most influential in the design, testing, and final 
design to improve structural integrity and controlled installations of the Daimler-Benz SRS System. For his 
stiffness of the passenger compartment while reducing many years of productive safety engineering, Professor 
the weight of the car bodies. Profegsor Reidetbach’s work Reidelbach is especially deserving of special recognition. 
in the area of car-to-car compatibility and driver vehicle 

Italy 

Dott. Ingo Giacomo Pocci (Retired) 
Head of Studies and Research 
General Administrative Department 
Department of Civil Motorization 
and Licensed Transports Ministry of Transport 

Dr. Pocci has been an activeand productive participant rnanship of Working Group 6 of the EEVC, and other 
in xehicle safety improvement since 1955. His contri- impressive researchcontributionstointernationalgroups 
butions include not only his impressive work for the and committees. Dr. Pocci has published many significant 
~talian Ministry of Transport but also his performance as technical papers covering all aspects of vehicle safety. It is 
chairman of Working Party 29 of the ECE, his chair- appropriate that he receive this special recognition. 
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Reports 

John W. Furness, Chairman, United Kingdom 

Status Report of the United States 

Michael M. Finkelstein from 2.1 to t.6 in 1984, the lowest rate ever recorded in 

Associate Administrator for Research the United States. The total number of traffic fatalities 

and Development, U.S. Department of 
decreased from 51,091 in 1980 to an estimated 44.250 in 

Transportation, National Highway Traffic 
1984, while travel increased by approximately 3 percent 

Safety Administration 
per year. 

A major goal in NHTSA’s continuous effort to reduce 
the number of traffic fatalities and injuries has been to 

Introduction increase the use of occupant restraints in passenger 

vehicles. Within the past few years, almost all States have 

It is my pleasure to present the U.S. Government adopted mandatory child restraint taws with very 

Status Report on our progress in automotive safety, encouraging results. In 1979 only 11 percent of young 

Since the Kyoto conference in November 1982, the children in car accidents were restrained: by 1983 the 

National Highway Traffic Safety Administration’s proportion had increased to 48 percent. 

~NHTSA) automotive safety program has undergone Following on this achievement, mandatory safety belt 

several significant changes with encouraging results, use laws are being enacted throughout the United States. 

Of most importance has been Secretary Dole’s decision As of J une 15, 1985, mandatory safety belt use laws for 

of July 1984 on FMVSS 208, with the resulting efforts in front seat passenger car occupants have been enacted in 

many States to require the mandatory use of safety belts. 13 States and legislation is pending in many others. The 

In the near term, these laws will have a greater impact on first law took effect in January 1985 in New York. 

highway safety than anything else we can do. However, Another NHTSA priority is the reduction of drunk 

we are also excited by the prospects offered by passive driving on the Nation’s highways. Since 1980 the number 

protection both airbags and automatic safety belts, of drivers who were involved in fatal accidents and had a 

Major efforts are also progressing throughout the BAC of.10 or above has been decreasing steadily. In 

United States to get drinking drivers off our highways, addition, although traffic fatalities decreased during all 

The decade of the 1980’s has witnessed impressive periods of the day between 1980 and 1984, the reduction 

reductions in the proportion of intoxicated drivers during nighttime hours, 6 p.m. to 6 a.m., was 19.2 

involved in fatal crashes, percent, as compared to 3.4 percent during daytime 

Taken together, these steps have resulted in changes in hours. 

vehicles and driving habits. The combination has been 

paying off. Last year witnessed the lowest fatal accident 

rate ever measured in the United States, and highway Accident Data Collection and Analysis 
fatalities have declined by more than 11 percent from the 

levels we reported in Kyoto only 3 years ago. The accident data cited throughout this report are 
derived from the Fatal Accident Reporting System 

The Accident Environment (FARS) and the National Accident Sampling System 

(NASS). Both of these accident data collection systems 

Since 1980 the fatality rate per 100 million vehicle are operated by NHTSA’s National Center for Statistics 

kilometers of travel in the United States has declined and Analysis. 
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FARS is a computerized data base containing infor- In a joint effort by NHTSA and Motor Vehicle 
marion on all fatal motor vehicle accidents occurring in Manufacturers Association (MVMA), a coordinated 
the United States. The system became operational in study of side impact accident data was completed and the 
1975 and currently has records on almost 500,000 predominant sideimpactinjurycategoriesweredefined. 
fatalities. VARS data are acquired directly_from each Analyses of the accident data provided insight into the 
State’s operational records. The FARS file provides the sources of injury and the injury-causing mechanisms in 
most comprehensive, detailed, and accurate data available side impacts. 
on the U.S. aational motor vehicle fatality toll. 

NASS is a network of 50 experienced, highly trained 

accident investigation teams that collect data on a Frontal Protection 
nationally representative sample of police-reported 

accidents. Data are compiled and evaluated from detailed The major activity in our frontal crashworthiness 
accident site inspections, measurements and assessments research program is the accurate assessment of the safety 
of damaged vehicles, driver interviews, medical records, problems associated with both restrained and unrestrained 
autopsy data, and other pertinent State records. The occupants of passenger cars involved in frontal impacts. 
NASS system coltects intk)rmation in significantly greater The current effort focuses on the analytical characteri- 
detail, both in number of variables and precision of zation ofthein-usevehiclefleettoidentifypresentinjury 
observations, than existing records or systems. NASS mechanisms, alternative countermeasures, and to predict 
presently has more than 40,000 accidents in the file from the effectiveness of these countermeasures. 
1979 through 1984. In addition to these efforts, a study of the safety 

performance parameters of production vehicles for 

Crashworthiness Research restrained occupants is continuing. Belt systems, steering 

assemblies, and frontal structural energy management 

designs are being carefully examined from the New Car 
Since Kyoto, crashworthiness researct~ at N HTSA has 

Assessment Program test results. concentrated principally on the reduction of harm 
With an increasing number of mandatory safety belt 

resuiting from lateral crashes. We have completed most 

of our research on chest injuries resulting from contact use laws in the States and the effect of FMVSS 208, it is 

expected that a much larger percentage of U.S. vehicle 
with the vehicle interior. We are now attempting to 

occupants will be restrained. The different problems 
increase our understanding of side crash protection, 

faced by unrestrained and restrained occupants will be 
addressing other types of injuries, particularly head 

contacts with interior objects and ~jections. Our other closely examined in the course of our research. 

major project initiated since Kyoto has been a frontal 

protection project. Initially it was addressing unrestrained Biomechanics 
occupants, but the changing environment with respect to 

mandatory bett use laws has us expanding this pr~iect to 
In biomechanics we have initiated several efforts to 

cover restrained occupants as well. The foundation for 
investigate injury production in frontal impacts for both 

much of our crashworthiness research is our biomechanics 
the driver and passenger. 

program, which is now completing work on the Side 
Trauma assessment technology efforts have also been 

Impact [)umm5 (SID) and exploring the possibility of 
very active. Thedesign, development, testing, evaluation, 

expanding the capabilities of the Hybrid Ill. Finally we 
and documentation efforts on the SID have been 

have been exploring the feasibility ofaftermarket airbag 
completed. This has been complemented by the recent 

systems as well as encouraging the introduction of 
publication of theThoracicTrauma Index (TTI), which 

airbags from vehicle manufacturers, 
links the SID’s impact response measures to the proba- 

bility of producing various levels of thoracic injury. 

Side Protection 

Airbag Fleet Demonstration Programs 
Since Kyoto, the research reported on the Moving 

I)eformable Barrier (MDB) was completed. A detailed N HTSA, in cooperation with State police agencies, is 

test procedureforconductingperpendicularsideimpact conducting two demonstration projects to support 
tests using the MDB has been made available, research, manufacturing, and testing of retrofit airbags. 

In addition to fulI system tests, a component test q-he first project uses conventional airbag technology in 
procedure was developed to simulate the interaction of retrofit kits developed by the Romeo-Kojyo Company of 
the human thorax with the side door interior. Tempe, Arizona. 
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Our second retrofit project began in March 1984 with Comprehensive Headlamp Environment Systems Simu- 

the Breed Corporation. This project requires the produc- lation model indicated the need for a more comprehensive 

tion of retrofit driver airbag systems using a mechanical approach to headlamp evaluation. At the present time, a 

rather than an electrical signal to initiate inflation, program is underway to examine improved measures and 

The Department of Transportation is also interested in procedures for evaluating headlamp performance in the 

gaining more experience with original equipment airbag 
context of the driver-vehicle-roadway system. 

systems. To this end, in March 1983 DO’[" signed an Research to examine approaches for reducing crashes 

interagency agreement with the General Services by increasing vehicle conspicuity is continuing. Prelimi- 

Administration (GSA) to purchase 5,000 model-year nary results from a fleet study involving nearly 4,000 

t 985 Ford Tempos equipped with driver-side airbags, 
tractor-trailer units indicate that reflectorization of trailers 

virtually all of which have been delivered and are may be an effective means of reducing the number of 

currently on the road. crashes of other vehicles into trailers° In another fleet 

study, the use of daytime running lights will be evaluated 

to determine if the benefits of this countermeasure in 

Crash Avoidance Research reducing multiple-car crashes apply to U.S. roadway and 

environmental conditions. 

Crash avoidance research continues to receive con- 

siderable attention at NHTSA. Several of our research Handling and Stability 
programs have reached the point where we have been 

able to quantify safety benefits in terms of predicting In handling and stability, we have just concluded 
actual accident reductions. In other areas we are focusing extensive research on the inl]uence of brake balance on 
our efforts on the development of the technical framework vehicle yaw instability. Several new computer simulations 
and data bases necessary to insure that our activities are have been developed to predict lateral position and yaw 
addressing well-defined safety problems and that they deviation as a result of rear axle lock. Open loop 
will yield useful results, experiments with an instrumented variable brake balance 

Work continues on the development and refinement of vehicle have been conducted to confirm the simnlations. 
the data bases that will be used for problem identification In addition, human factors testing has been performed to 
and establishing research priorities. We are concentrating investigate the effects of brake balance on the driver’s 
on developing large-scale crash data files that focus on ability to maintain vehicle brake controt during braking 
the precrash events leading up to the accidents. We are with rear axle lock. 
particularly interested in identifying vehicle maneuvers Finally, under our crash avoidance research program, 

and driver actions in the 3- to 5-s time period immediately a joint project has been initiated between N HtSA and 
prior to the crash, the National Aeronautics and Space Administration for 

the development of an advanced radar crash warning 

Lighting and Visibility system. The program is being conducted at the Johnson 

Space Flight Center in ttouston, lexas, and is expected 

In the report at the Kyoto conference, earlier research 
to be completed 18 months from now, A prototype 

on rear-lighting systems was described where we estab- 
system suitable for vehicle test and evaluation wil! be 

lished the effectiveness of a high-mounted brake lamp in 
available at the completion of the project. 

reducing rear-end collisions. Since then a regulation has 

been promulgated that will require all passenger cars 
manufactured on or after September 1, 1985, to be 

equipped with a single center high-mounted brake lamp. 
Heavy Duty Vehicle Safety Research 

In current research, we are assessing the photometric 

requirements contained in Federal Motor Vehicle Safety The goal of the heavy duty vehicle safety program is to 

Standard 108 that deals with the intensity of presence and improve the accident avoidance capabilities and crash- 

brake lamps. During the past 2 years N HTSA’s headlight worthiness of vehicles with gross vehicle weight ratings in 

research has been directed toward improving the light excess of 10,000 lb through improvements in vehicle 

distribution pattern of low beam headlights. In a recently performance and driver/vehicle interaction. Even though 

completed experimental study, a new low beam was they comprise only 3 to 4 percent of the motor vehicle 

found to offer potentially better lighting in comparison 
fleet, heavy trucks continue to be involved in more than 

with typical U.S. and European beam patterns. Com- 10 percent of the fatal accidents. 

parison of the results of the experiment and an analytical Current heavy truck research focuses primarily on high 

evaluation of the same beam patterns using the priority crash avoidance programs aimed at improving 
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the dynamic performance of heavy vehicles in braking to buckle up voluntarily, attention is now focused on 
and steering maneuvers. A core level brake research providing educationalinformationforStatesconsidering 
program continues to seek ways to improve the safety belt use laws and assisting those States that have such 
performance of both air and hydraulically braked trucks laws to develop programs to implement them in the most 
in accident avoidance maneuvers involving braking, i.e., effective manner. Research concentrates mainly on: (1) 
improved stopping capability without compromising assessing the impact of these laws through the analyses of 
directional stability, crash data and tracking use rates; (2) exploring the 

situational and demographic variables associated with 

nonuse of belts; and (3) field testing and evaluating both Driver and Pedestrian Safety Research 
traditional and innovative techniques to achieve higher 

belt use rates. 
~;, h~le most of the acti~ Ity we are focusing attention on 

at this conference deals with motor vehicle safety research, 

N HTSA has an active program addressing the behavioral 

components of traffic safety. Our major efforts these past Vehicle Safety Standards 
few years have continued to concentrate on impaired 

driving problems and on safety belt and child restraint 
Since the Ninth ESV Conference in Japan, some 

ase, 
significant changes have occurred in our Federal Motor 

Vehicle Safety Standards (FMVSS). 

Alcohol Safety Research In the crashworthiness area, in July 1984 we reinstated 

the FMVSS 208 requirements for automatic occupant 

Fhe goal bf the alcohol safety program is to develop crash protection. Automatic crash protection will be 

procedures that effectively reduce alcohol-impaired required in 10 percent of new 1987 models, 25 percent of 

dri,,ing and related accidents, new 1988 models, 40 percent of new 1989 models, and in 

Alcohol safety is focused on the following four areas: all new cars starting with 1990 models. 
o General Deterrence-Development of combined However, if mandatory safety belt usage laws meeting 

enforcement, public information, adjudication, specified conditions are passed by a sufficient number of 

and licensing programs designed to increase States, effective not later than September 1, 1989, the 

public perception of DW1 detection risk among automatic crash protection requirements will be rescinded. 

the general population FMVSS 205 was amended to permit antilacerative 
¯ Specific Deterrence-Development of programs glass/plastic windshields and other windows in U.S. cars. 

directed at identified drunk drivers and designed Some U.S. car models are already being sold with 

to prevent future DWI offenses glass/plastic windshields as an option or as standard 
¯ Prevention--Development of education, public equipment. 

information, and local community training In the near future, NHTSA is considering crash- 

programs designed to instill responsible attitudes worthiness improvements in the side impact area. Every 

toward drinking and driving andpromote coop- attempt will be made to include full consideration of the 

erative action for avoiding DWI worldwide efforts underway in side impact protection 
¯ Intervention Development of programs de- research. 

signed to identify techniques that wi!t enable and Finally, we have recently issued a proposal to permit 

motivate third parties (e.g., bartenders, hosts/ the use of the Hybrid Ill anthropomorphic test dummy, 

hostesses, drinking companions) to take action and to ultimately have it replace the dummy currently 

in a drinking situation that will deter potential used in U.S. crash tests. 

DWl incidents In the crash avoidance area, we have issued a proposal 

We are also beginning to initiate more work on drug- for a new hydraulic brake systems standard for passenger 
impaired driving, a potentially significant problem in the cars. This new FM VSS is the culmination of severa! years 

United States and many European countries, of our work with the GRRF, and represents a significant 

attempt by the United States to harmonize European and 

Safety Belt Use Research 
U.S. brake system regulations. 

We have issued several amendments to the FMVSS 

108 to harmonize rear lamp photometrics and headlamp 

The enactment of mandatory belt use laws by State height with the European requirements. Additionally’, we 
governments has brought about a revamping of the now permit replaceable bulb headlamps in the United 
agency’s program to foster increased safety belt use. States, a major step toward international harmonization: 
father than relying almost exclusively on educational and we have proposed adoption ofa U.S. version of the 
and persuasive efforts to motivate drivers and passengers H-4 headlamp bulb. 
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The United States has just proposed that devices be On November26. 1984. FMVSS 108. Lamps. Reflecuve 

installed on heavy trucks and trailers to reduce the splash 
Devices. and Associated Equipment. was amended to 

and spray from the tires when driving on wet roads, bring the requirements into closerharmonywiththoseof 

lncluded in the proposal are spray suppressant flaps 
ECE. 

behind the wheels, and side skirts on both sides of the 
The agency recently published, on May 10. 1985. a 

vehicle wheels, 
notice of proposed rulemaking that proposes a new 

standard. VMVSS 135. Passenger Car Brake Standards. 

which would replace FMVSS 105. Hsoraulic Brake 

International Harmonization Systems for passenger cars. [’he new .~tandard would 

differ from the existing one primarily in that ~t contains a 

NHTSA is committed to fostering international har- revised and shortened test procedure based on a draft 

monization o f motor vehicle safety standards. This policy 
harmonized international procedure developed by ECE, 

is. of course, tempered by legal and procedural require- 
With regard to future endeavors, the agency has under 

merits that the agency must follow and by concern that 
~crious consideration the question of establishing a new 

motor vehicle safety in the United States not be 
stanaard for side impact protection ol occupants of 

com promised, 
passenger cars. 

ECE WP29. through its Group of Rapporteurs on 
Our efforts are directed toward controls and displays, Crashworthiness I G RCS). is also stud ying the problem. 

lighting, and brakes. The agency has issued amendments 

to the controls and displays standard and the lighting 
The United States. as a participating member, has offered 
to test both the anthropomorphic device and movable 

standard and recently proposed a new harmonized 

standard for passenger car brakes, 
deformable barrier that are decided on by the GRCS in 

the interest of furthering harmonized requirements for 
FMVSS 101, Controls and Displays, was amended on 

July 27, 1984. by changing several identification require- 
both devices. 

ments to agree with the symbols recommended by the 

International S tandards Organization (ISO). 

Status Report of Canada 

Eric R. Welbourne relevant ECE regulation is an acceptable alternative ~o 

Chief. Vehicle Systems. Road Safety and Motor compliance with the North American standard, 
Vehicle Regulation Directorate, The high level of harmonization o~ standards between 

Transport Canada the U nited States and Canada is a logical consequence 
the integration of vehicle manufacturing tn the 

Introduction countries, which followed the conclusion in 1965 of the 
Canaaa-U.S. Automotive Products Agreement, 1his 

As many of you are aware. Canada has been an high levct of harmomzauon offers certain evident advan- 

interested observer of the ESV and RSV programs 
rages to Canada but does not relieve the Federal Govern- 

almost from their beginnings. We have participated in 
ment of two important obligauons arising from its 

most of the conferences, which continue to provide 
regulatory role. The first is to de~ermine ~ hether the net 

unequalled opportunities for the exchange of research 
social and economic benefits of adopting a specific t 

information relating directly to the development of safer 
standard are likeh to be positive in Canada \ ~ccond 

motor vehicles. I am pleased to have this opportunity to obligation is to c~etermine whether current and proposed 

contribute to that exchange by telling you something of U.S. standards are ,ufficient for Canadian needs. Such 

recent work in Canada. 
considerations have. in the pasu led to significant dit- 

The design, construction, and performance of motor 
ferences m the .~pecific requirements o~ Canadian and 

vehicles manufactured in or imported to Canada are U.S. standards in such areas as occupant protection. 

regulated bv the Vederal Cox ernment under the authority 
lighting, heavy truck braking, and exhaust emissm 

of the Motor Vehicle Safety Act of 1970. The associated They have also resulted in the dexelopment oi several 

Canada Mot or Vehicle Safer y Standards I C M VSS} are. 
standards having no equivalents in the U nitcd States. 

for the most part. either identical or compatible with the Perhaps more im portantl,x in the present context~ these 

corresponding U.S. Federal Motor Vehicle Safetv obligattons have continued to provide the principal 

Standards. In a few instances, compliance with the motivation for a modest research ~md deve!opmem 
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program in support of the Canada Motor Vehicle Safety head and facial impacts with the vehicle interior, the 
Standards. The resources now available are such that we thoracic loading induced by the upper torso belt, and the 
can usually consider only one major topic in crash internal abdominal injuries induced by the lapbelt. 
avoidance and one in crashworthiness at any given time. I It did not appear there was any particular difficulty in 
~ ould therefore like to describe briefly the work we have designing a belt system to give the desired performance 
been doing; first, on daytime running lights and, second, (some existing systems were evidently very good). The 
on the improvement of occupant protection, problem was simply that the current design-based 

standards for seatbelts permitted the use of a wide range 

Daytime Running Lights (DRL) of designs, many having obviously unsatisfactory features 

from a biomechanical viewpoint. It was also evident the 

The Directorate first became interested in the potential use of the existing set of three performance criteria (H IC, 

maximum chest acceleration, and maximum femur load), of daytime running lights as a crash avoidance counter- 

measure in 1973. Following a review of the existing specified in CM VSS and FM VSS 208 for passive restraint 

literature, our first thoughts concerned the feasibility of systems, offered no panacea. From some tests of our own 

and from an analysis of data from other sources, we conducting a properly controlled field experiment to 

measure effectiveness and obtain associated cost data. In determined that those criteria can be met readily by the 

use of belt systems that provide very poor control of fact, we began a series of studies, addressing many of the 

specific questions relating to the costs and effectiveness of occupant motion during a collision yet impose very high 

I)RL, that x~as completed in 1984. restraining forces on the occupant. Indeed, it became 

clear that under some circumstances the criteria could be }rom these studies and the results that had been 
met with a completely unrestrained test dummy. obtained from DRL use in Finland and Sweden, we 

The general problem then was to develop a set of concluded the general use of daytime running lights in 

Canada ~ould lead to important reductions in the performance criteria that addressed the actual injury 

experience of restrained occupants. That is what we set number of accidents involving two or more vehicles or a 
out to do, accepting as a practical constraint that those si,~gle ~ehicle and another road user. In our view, the 
criteria would be applied in the context of the standard fa~ orable results obtained in Scandinavia had little to do 

;~ith the lower texels of ambient illumination in the more 48kmih frontal barrier crash. We then turned to the 

northerly latitudes of those countries; it had much to do specific problems of defining performance criteria and 

~ith the high proportion of collisions that are associated developing the means of determining compliance with 

\~ith perceptuaI errors on the part of drivers and other them. Within the scope of the present short report, it is 

road users under at! lighting conditions. It was further not feasible to describe the development work in any 

detail. Much of it has been described elsewhere. For apparent that these accident reductions (equivalent to a 3 

to 6 percent reduction in all accidents) could be obtained present purposes I shall, therefore, simply summarize the 

at a ~er5 modest cost, provided that the measure was not current status of the work. 

impiemented simpt5 by the use of existing lighting Usinga modified General Motors Hybrid llI dummy, 

s3stems ~ith low beam headlights on. we are presently proposing performance criteria to 

A comprehensive discussion paper that deals with address closed head injuries, facial bone fractures, and 

several options for the implementation of general DRL thoracic injuries in the standard barrier test collision. The 

use in Canada is substantially complete and will be basic Hybrid III head has been substantially modified to 

pubiished shortly. Following a review of its contents with incorporate a frangible facial insert of methyl methacrylate 

~arious interest groups, it is hoped that a decision will be and a compliant chin of silicon rubber. The original 

made quickly on implementation, covering of the head has been replaced by a featureless 

skin of nominally uniform thickness. The Hybrid llI 

chest has been replaced with a new structure that more 
Improvement of Occupant Protection closely approaches the shape of the human thorax. Its 

compliance distribution is based on the results of human 

Fo!lowing the introduction of the first provincial laws volunteer tests and cadaver data. The deflection response 
requiring the use of seatbelts, a study was undertaken of to blunt mid-sternal impacts is essentially the same as 
the injur3 experience of passenger vehicle occupants that of the original Hybrid II1 chest. 
restrained by 3-point belt systems. The results of this An interim criterion for the prevention of closed head 
stud~, and a review of the literature on the performance injuries has been proposed. It is based on a linear 
ol~3-point belt systems, suggested that the effectiveness of combination of the instantaneous value of the resultant 
current systems could be improved significantly with translational acceleration of the head and the rotational 
little increase in either their cost or their complexity. The acceleration of the head in the sagittal plane. Facial bone 
principal areas for improvement were the incidence of fractures are controlled by the frangible insert, which 
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fails at an impact energy level based on available cadaver Other Activities 
data. Thoracic injury is presently controlled by specifying 

a maximum chest compression at mid-sternum. Although I do not wish to take any more time than is 
............ No dynamic criterion has been proposed to control necessary, it would be remiss of me not to mention at least 

loading of the soft tissue of the abdomen. Instead, a a major cooperative research project presently in progress 
separate static test procedure has been developed that in Canada. The project, which is funded jointly by the 
provides a quantitative measure of the fit of the lapbelt in Federal and provincial governments and industry, seeks 
relation to the anterior/superior iliac spines. The pro- to provide objective data on the implications of more 
cedure uses the standard H-point machine, modified to uniform weight and dimensional regulations for com- 

:accept pelvic and thoracic forms. A small number of mercial vehicles in Canada. The research addresses the 
these accessory sets has been produced and the partici- effects of vehicle weight and dimensional variations on 
pation of interested agencies in evaluating the proposed the stability and control characteristics of the vehicles 
procedures and hardware will be sought shortly, themselves and their effects on the strain and deflection 

We believe the U.S. administration’s recent acceptance response of pavements. The availability of a common 

of the Hybrid III dummy as a compliance test device is a base of objective information should facilitate the more 
significant step toward the specification of more relevant uniform acceptance of vehicle configurations offering 

and comprehensive criteria for the performance of improved safety and operational efficiency, t would be 

occupant protection systems. As we approach a first glad to provide additional information to anyone who 

series of crash tests to evaluate the developments 1 have would like to know more about the work, 

described, we are optimistic the results will contribute to 

some long overdue progress in that direction. 

Status Report of the European Experimental 

Vehicles Committee (EEVC) 

Prof. Dr. Bernd Friedel serious attempts at improving the quality of the air have 

Chairman, European Experimental Vehicles 
to be made--still, we should not give up and cease 
developing, making demands for, and introducing auto° 

Committee (EEVC) motive engineering solutions to improve road safety. 

As you know, the European Communities (EEC) have 

When we met in Kyoto in November 1982, we stated in declared !986 as the year of road safet3 in Europe. For 

the Status Report of the European Experimental Vehicles several international bodies, the subiect of occupant 

Committee (EEVC) that the considerations in Europe protection has remained under discussiom i.e., the ~ork 

with respect to occupant protection are based on the for a global test in a frontal collision has continued along 

compulsory use of the seatbelt. In this respect, a number with priority discussion on side impact and pedestrian 

of changes have been successfully introduced since 1982. protection at the Economic Commission lor Europe 

In some European countries, it has been possible to (ECE). 

achieve drastic increases in seatbelt usage rates on the For passenger protection in frontal collisions, it has 

front seats: up to 90 percent and even more. These high been proved that a big step forward had been taken. It 

rates, apart from various other factors, certainly con- now seems necessary to implement the available scientific 

tributed to injury mitigations and further reductions in knowledge into political decisions to improve also the 

the number of traffic deaths in particular, protection of passengers in side collisions and the safety 

Apart from these positive developments with regard to of pedestrians and two-wheelers. It is our conviction that 

the number of accident-involved injured and killed 
differences ofexistingopinionscannotbeharmonized by 

persons, a series of problems had to be dealt with since further research alone. It needs a stern resolve and firm 

the Ninth ESV Conference. We will have to take care will, with its reflection in policies, to achieve solutions for 

that, under the pressure of other urgent problems, the all parties concerned. 

safety of our cars does not lose in importance. Environ- 
Upon an extensive inquiry of NHTSA~ EEVC proposed 

mental problems and their discussion doubtless are after the last ESV conference cooperation in the field of 

growing in. importance. We all know that extensive and 
research between Europe and the United States. It was 
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our opinion the following tasks were robe dealt with by As stated at the Kyoto conference, EEVC dealt with 
cooperative efforts: the subject of "Cycle and Light-powered Two-wheeler 

Accidents" within new Working Group 8. An extensive 
® NHTSA participation in the EEVC ad hoc 

group on side impact dummies report was published in 1984 that outlined the following: 

o Participation in the EEVC ad hoc group on ® Detailed presentation of numbers of accidents 

pedestrian safety involving cyclists and riders of light-powered 
¯ Clarification ofnationa! viewpoints and interests two-wheelers 

with regard to the compatibility of cars ® Description of injury-influencing parameters 
t N HTSA establishment of bilateral contacts with ® Current knowledge on hmnan tolerances (with 

partners in different European countries to deal special relevance for two-wheelers) 
with special studies by joint efforts, e.g., ® Injury prevention measures and related con- 
Advanced Motorcycle Brake S}stem, Driver sequences for other road users 
Performance Measurement Systems, and Heavy 

Fruck Control at~d I)ynamic Stability Among the results one will find proposed improvements 

of two-wheelers and other vehicles (e.g., lighting 

Efforts initiated to improve cooperation have just equipment, braking performance of bicycles, energy- 
started Despite ourgoodintentions, however, itmustbe absorbing materials in front structures of cars, and 
admitted that cooperation was more difficult than we underrun-guards on heavy goods vehicles). In general 
expected, partl> due to the traveling costs involved, there seem to be no big discrepancies in measures to 

:\s mentioned before, special efforts were invested in protect pedestrians and two-wheelers. General recom- 
the deve!opment of a side impact dummy for a study and mendations and recommendations for future research 
exaluation of occupant protection in side impacts. A set are outlined. We hope the EEVC report will be included 
~ f specifications and requirements for the EU ROS1D, as in the proceedings of this conference. 
the durum? is called, was drawn up by an EEVC ad hoc Suggestions and proposals with respect to pedestrian 
group under the chairmanship of Mr. Neilson (FRRL) protection are reviewed and discussed within an EEVC 
a~d published in !984. The Commission ofthe European ad hoc group under the chairmanship of Mr. Moreau de 
Communities (EEC) has sponsored in their large bio- Saint-Martin (ONSER). Thus the state of the art of 
mechanics programme intensive research concerning the pedestrian safety continues to be kept up to date despite 
comparison of different side impact dummies. Those the completion of the work of EEVC Working Group 7 
s~udies formed the basis of the common attempt to (the report was published and disseminated at the ESV 
develop a special European side impact dummy. Various conference in Kyoto, 1982). The ad hoc group concen- 
i~stitutions were engaged to produce specific parts of this trated on the following factors in particular: accident 
dummy (e.g., pelvis, neck, and shoulder)2 We are pleased anal>sis, injury mechanism, human tolerances, and 
to demonstrate a protot>pe of the EUROSID at this possible methods to test and evaluate the effectiveness of 
conference. A validation program concerning the pedestrian protection measures. 
EI,, ROSID is set up~ in particular to investigate whether It was further attempted to draft guidelines for the 
this dummy v, ould meet the abovementioned EEVC design of cars related to stiffness and shape and to list 
specifications. The involvement of EEC will still be priorities for further research. With respect to the 
continued and the validation work v~ill probably be guidelines, the idea was that although they should be 
undertake~ x~ith the contribution by EEC. After finishing introd uced soom the points to be considered in the long 
this task, the dummy wi!~ be available for a wider use in run should also be taken into account. There will be a 
side impact testing. N HTSA, the car industr3, and other report about this presented at the conference. 
interested bodies are then invited to collaborate and We have come to this year s ESV conference to present 
participate. It is hoped that arrangements can be made and discuss the results and suggestions arrived at by 
for production of the EUROSID. EEVC since the last conference. We have also come to 

Efforts were made b3 several European research exchange newresearchfindingsandinformationobtained 
h~stitutions to advance the work on the mobile barrier at other places, e.g., in the United States and Japan. We 
wit}~ a deformable front face, which had been proposed trust this exchange will deepen our understanding and 
b3 a working group of EE VC, The barrier is built with a insight and also our acceptance of the need for further car 
polyurethane hard foam block and will be exhibited safety improvements. The possibilities of cooperative 
during this conference. It seems the test device performs efforts should be studied thoroughly and coordinated so 
according to EEVC specifications for the perpendicular as to fully concentrate our resources on priority .... 
crash mode mentioned by our Working Group 6. For 2 problems the protection of passengers in lateral col- 
years the EC E group of rapporteurs of vehicle structures lisions and the protection of pedestrians and two-wheelers. 
(ECE G RCS) have based the draft regulations [’or side 

impact tests on this EEVC barrier. 
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Status Report of the Federal Republic of Germany 

Prof. Dr. Heinrich Praxenthaler in taking risks must be controlled and more relaxed 

President. Federal Highway Research Institute attitudes displayed with respect to traffic. 
Among other things, motorcyclists will have to comply 

When the Ninth ESV Conference was held in 1982 in with the mandated use of low lights during daylight 

Japan. we stressed the necessity of continuing our efforts hours, and mofa riders will be required to wear safety 

to improve motor vehicle safety, to save energy and raw helmets. The seatbelt usage law has now been made 

materials, and to reduce further the impacts on our compulsory for occupants in rear seating positions, but 

environment in close collaboration with the car industry, they are not fined for the time being. A model test will 

Since that conference, efforts to improve environmental demonstrate whether it is possible to reduce the number 

conditions by vehicle measures have gained prominence, of traffic signs on roads. The introduction of antilock 

Since 1982 the trend of road traffic accidents in the braking systems for heavy-duty trucks and coaches has 

Federal Republic of Germany is marked by an increase in been set as an aim; the same applies to in-car displays that 

accidents of about 9.3 percent, with injury accidents visually or acoustically remind drivers of buckling up and 

remaining more or less unchanged. A noticeable decline to the further standardization ofseatbelt locking systems. 

in fatal accidents took place in 1984, amounting toabout On the road sector, accident black spots, the con- 

12 percent compared with 1982. Based on the mileage struction of bypasses and cycle lanes, and influencing 

figures, which have risen by about 5 percent since 1982, drivers by means of variable message signs are in the 

these figures gain special importance. Concerning car foreground. Further improvements to the emergency 

occupants from 1982 to 1983, there was an alarming medical services system are also being undertaken. 

increase in fatalities, but an encouraging decrease took In the field of accident research, activities of the 

place from 1983 to 1984 resulting in an overall drop in the Federal Government, car industry, and motor vehicle 

number of car occupant fatalities by about 8.6 percent insurers can again be mentioned at this ESV conference. 

since 1982. Further improvements to occupant protection continue 
Of special importance in this connection is that from to be an issue of general concern, especially in side 

the summer of 1984, noncompliance with the seatbelt collisions, from the viewpoint of the compatibility of cars 

usage law by front seat occupants incurs a fine of DM40. and the protection of other road users, i.e., pedestrians 

Because of this measure, belt usage rates changed between and two-wheel riders. We are confronted here with the 

March and September 1984: on motorways from 81 problem of designing front and side structures, based on 

percent to 97 percent and on rural roads from 62 percent detailed accident analyses, to optimize deformation 

to 94 percent. In urban areas the rates rose spectacularly, values, bearing in mind the other road users. 

from 47 percent to 88 percent. There has been no decline The accident research efforts of the German motor 

in these figures so far; they even continued to increase vehicle insurers (HUK Association)are continued in the 

slightly up to March 1985. field of interior safety. In addition, studies on active 

In 1984 the Federal Government presented a compre- safety, driver training, and the rating of the safety of 

hensive program for improving road safety. It strongly driver groups and car categories are becoming increasingly 

appeals lbr road users to be more circumspect in traffic, important. 

drive more relaxed, and be regardful of others. Federal The H U K Association’s dccident research data base. 

states and communities, associations and industry, and revised in 1980, has been extended and presently comprises 

companies and societies are asked to support road safety about 11,000 accidents occurring since 1980. Roughly 

to an even greater extent than before. Higher financial 2,000 car accidents in which belts had been used, 3,000 

commitments are also needed because road safety efforts single car crashes, 4,000 two-wheeler accidents, and 2,000 

cannot be the sole responsibility of the state. One does truck and bus accidents are available for accident research. 

not rely so much on more rules and regulations but on These retrospective studies are increasingly undertaken 

strengthening road users’ individual and joint responsi- in direct collaboration with the police and accident 

bilities for human life and health. That is why traffic clinics. A study of 200 car frontal collisions in which 

education measures and safety campaigns are priority occupants had been belted again confirmed the high 

concerns of the Federal Government. Still, additional protective et’t~ct of this restraint system: this effect may, 

regulations are considered to be indispensable. Young however, be bettered by additional measures, such as 

car drivers and young two-wheel riders are marked by preloaders and the use of airbags or steering column and 

above-average learner risks. The introduction ofa proba- wheel design alterations. Another study revealed that belt 

tionary driving license and a graduated driving permit for usage in rear seating positions could protect about 350 

motorcycles is to effect more caution by learners during car occupants in Germany per year against fatal injuries 

their first years of driving practice. The pleasure enjoyed and about 4,000 against major injuries. 
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Work on the sector of active safety concentrates on between three and five cars also did not provide a 
describing the accident characteristics in relation to the confirmation of the effect of these lights. 

interactive driver-car behavior and particularly on the A pilot study on the definition of critical situations 
possibte benefits of an anti!ock system. Based on the with respect to driver-car behavior has been completed. 

outcome of these initial studies, the motor vehicle Furthermore, reconstructions of accidents have been 
i~surers have been granting a premium rebate of 10 started to determine characteristic driving maneuvers in 
percent in the case of complete vehicle insurance policies the phase preceding a crash and in the direct precrash 

tor antitock braking system-equipped cars, trucks, and phase. 
buses. Concrete studies into the effectiveness of such The effects of safety helmets for motorized two-wheel 
vehicles are envisaged for 1985-86. riders were analyzed in laboratory tests and at-the-scene 

It is also an objective of the HUK Association’s accident investigations. Fhe main questions concerned 
accident research to use accident research findings for the the impact points and the resulting head injuries. On the 
benefit of driver training. In collaboration with other whole, the studies clearly confirmed the helmet’s positive 
i~stitutions, it has been possible to derive knowledge effects on safety, which mitigates considerably the severity 
from studies on actual accidents, such as, for instance, the of inj uries. The benefits of a safety helmet for riders of 
distribution of accidents with respect to categories of light-powered two-wheelers were also confirmed. A 
motorc?cles, and consider them in the proposed revision study of protective clothing demonstrated its positive 
of the regulations applying to the operating permit for effects; these mainly consist of mitigating open wounds 
motorized two-wheelers and the probationary driving and the danger of infection whereby otherwise protracted 
license, healing processes are shortened. 

An analysis oi !,!00 truck accidents with respect to An extensive research project, "Design of Cars 
exterior safety and partner protection has been completed Affording Optimum Occupant Protection from the 
by collaboration with the Research Association Motor Viewpoint of the Economy," sponsored by the Federal 
Vehicle Techniques (FAT); work on the truck front Ministry for Research and Technology, was undertaken 
structures is being continued by means of a second series to study the optimization of the safety-related design 
of 14 crash tests and shows that practicable solutions are aspects of cars, taking economic viewpoints into account. 
possible. An analogous study on truck occupant safety A mathematical simulation program was developed for 
\~as started early in 1985. this purpose. Occupant injuries were studied and evaluated 

Further research efforts of the HUK Association will in addition to the cost of design and production and 
aim at reducing injuries despite buckling tip and at changes in operating costs. Among other things, the 
obtaining improved biomechanical safety criteria, results demonstrate that by optimizing requirements, 
Improved starting points for an approach to the safety considerable safety gains are still attainable without an 
rating of different car models in a crash can be expected increase in costs. 
~o emerge from new methods of evaluation. A project All efforts toward optimization presuppose belt usage 
extending over several years is expected to lead to by occupants. It is clearly important that car structures be 
information about accident frequency characteristics for adjusted to the restraint system employed. If that is not 
particular car models and the accident consequences the case, a part of the restraint system’s benefit is wasted. 
therefrom; it is also expected to provide tips, particularly It was further recognized that occupant protection in 
for automotive engineers, as to necessary remedial side collisions can be even partially achieved by designing 
measures, car front structures accordingly, i.e., attenuating the 

The accident research efforts of the state ha~e primarily aggressiveness of the impacting car. Based on experience 
been co,~centrated on continuing the numerous projects acquired by car manufacturers, such improvements appear 
started since the last ESV conference: At-the-scene to be possible. 
accident investigations undertaken since 1973 have been It must be the objective of future efforts to develop test 
coatirmed. These include special evaluations with respect methods taking the protection of both the occupants of 
to truck accidents, pedestrian accidents, and accidents the impacting car and those of the impacted car into 
involving motorized two-wheelers, consideration, thus simulating car behavior in an actual 

Roughly 30,000 rear-end collisions, each involving two accident more realistically than is possible by means of 
cars, ~espectivety, were analyzed to study the effects of head-on collisions against a rigid barrier. 
two additional high-mounted stoplights. This analysis In another side collision project, a deformable element 
revealed no noticeable effects on accidents, either in of a movable barrier was developed in accordance with 
terms of frequency or severity A fact that attracted EEVC specifications. The barrier is currently being tested 
attention is the disproportionately high percentage of in collaboration with institutes in France and Great 
rear-end accidents in which both cars inw~lved were Britain. 
eqt@ped with additional high-mounted stoplights. An In a new series of tests, the studies on the interaction of 
analysis of about 8,000 rear-end accidents involving car occupants were continued. With respect to the frontal 
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collision, it has been possible to demonstrate that an Federal Government to increase the proportion of such 

interaction load can be totally avoided if occupants in noise-controlled trucks in the total number of registered 

rear seating positions are belted. To avoid such loads in vehicles. 
:the rear-end collision, the stiffening and additional The extent to which measures of traffic restraint can 

upholstering of the backs of front seats should be contribute to mitigating the noise exposure of the 

required, residential population is currently being studied. 

Furthermore, the variations of data measured on the In the Federal Republic of Germany, particularly 

car and dummy in collisions against a rigid barrier at a because of exhaust emissions, environmental impacts 

speed of 50km h were determined. The scatter for the caused by cars have become an issue of symbolic 

vehicle loading remained clearly below 10 percent and character, "Waldsterben"is spreading and has becomean 

that for the protection criteria HIC and SI between 22 alarming concern. This is not the place to talk about "the 

and 33 percent. It still must be clarified how the scatter stony path to an emission-controlled car. Facts have 

should be taken into account in the legal regulations compelled us to act and emotions have aggravated the 

applying to full-scale tests, situation, but nobody should believe it is primarily the 

Accident analyses revealed that it appears appropriate domestic policy conflict that has determined our outlook, 

to incorporate clear evidence of the elimination of All responsible forces of the Federal Republic want 

submarining into the corresponding regulation on frontal resolute efforts to be undertaken to reduce the levels of 

collisions, air pollution and want automotive engineering to con- 

Since no method is known at present by which the tribute its share. We are also convinced that this recog- 

aggressiveness of vehicles with respect to pedestrians can nition will soon spread to countries that are not yet 

be adequately described, a proposal for a standardized alarmed by damage to their forests. What matters is not 

.......... : pedestrian test was worked out in collaboration with only the protection of our forests but the protection of 

other European research institutions. Based on accident human beings. 

statistics, dummy positions and collision speeds were Although activities aim mainly at the new environ- 

determined in particular and their applicability studied in mentally acceptable car, the roughly 25 million cars with 

a global test. In cooperation with experts from internal combustion engines on our roads are also the 

Switzerland, recommendations with respect to vehicle objective of our efforts. No efforts should be spared to 

design considerations for the protectionofthe pedestrian obtain noticeable emission reductions by means of 

were developed for the responsible ECE group, subsequent alterations to the combustion system of cars, 

A number of the projects mentioned were undertaken Furthermore, the annual emission control introduced 

in close cooperation between state authorities and the car in January 1985, in association with optimal engine 

industry. The wide range of the car industry’s own adjustment, will reduce emission levels. The customary 

activities is the topic of numerous contributions to this interval between two emission controls has thus been 

conference, reduced by half. This control concept also applies to cars 

The objective of safety was enlarged years ago by with catalytic converters until a suitable test method 

including in a farsighted manner the three well-known becomes available. 

E-factors energy, environment, and economy. The emission behavior of diesel engines with respect to 

The last conferences paid special tribute to the achieve- gaseous emissions is essentially superior to internal 

ments of the car industry in the field of more economical combustion engines without an exhaust gas cleaning 

vehicles. We are accustomed to their existence and often system. Itowever, the Federal Government is presently 

forget how difficult the path toward fuel economy has working on a concept of reducing the gaseous pollutants, 

been and that the favorable energy situation today is also and especially the noxious particles, emitted by diesel 

due to fuel savings in motor vehicle traffic, vehicles. 

Environmental problems regarding the car are charac- Economy also stands for the moderate price of a car. 

terized above all by noise pollution and exhaust emissions. We still regard a car as a means affording freedom that 

In EEC countries, the noise emission limits for motor should be owned by many citizens. The production of 

vehicles were reduced in the past years, based on ISO emission-controlled cars has its pricejust as safety does. 

measurements. The noise emission limits for motor So that those who contribute to environmental protection 

vehicles should be lowered still further. In the past years, are not put at a disadvantage, the state provides support 

the car industry, with the decisive support of the Federal and assistance. This is the approach we chose; it is in no 

Government, developed commercial vehicles to the way unusual since state incentives and state subsidies are 

production stage with a noise emission level comparable given in many areas, not onl> in our country. 

to that of cars. An important condition of mass production Concepts and activities today largely concentrate on 

and the corresponding demand for these vehicles was the environmental and competitive objectives. These matters 

establishment of binding criteria in respect to a noise- should not, however, push the issue of safety out of the 

controlled commercial vehicle. It is important for the limelight, which was the problem of original concern at 
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ESV conferences. Each time we face conflicting aims, issues. For that reason, the ESV conferences continue to 
there is the danger that the permanent objectives, pursued be meaningful and significant. 
for so tong, are inadmissibly pushed aside by current 

Status Report of Italy 

Dr. Franco Rossi and 46 corresponding Community Directives. These are 

Direttore Centrale Motorizzazione, Direzione practically all the legislative documents issued by the 

Generale M.C.T.C., Ministero dei Trasporti international intergovernmental bodies. As a result of the 

experience gained from such instruments, we think 

careful consideration should be given to future 
Analysis of Accidents amendments. 

The criteria that have formed the present regulatory 
In the past few years, the Italian domestic statistics policy, based on geometric protection concepts, are no 

have shoran a slight decrease in casualties due to road longer adequate in view of the evolution of accident 
accidents and a practically stable situation with regard to investigation and vehicle test techniques. 
injuries. Fhis notwithstanding, it appears further im- We think it is necessary to evaluate the means--for 
pro,,ement is still possible, example, biomechanics, dummies, and mathematical 

In this connection, it should be pointed out that models now available. Development of integrated test 
accident distribution according to type varies from one methods to evaluate overall vehicle behavior is, in our 
countr} to another. It is, therefore, necessary that an opinion, a more adequate response to the need to 
international accident data bank be established so the improve the motor vehicle fleet. 
international regulator} bodies can determine priorities The Italian Government thinks, however, that efforts 
ofinterventionandevatuatetheeffectivenessofprovisions made so far to improve vehicles have already yielded 
adopted. Lack of such a data bank is a gap in the considerable results and that further progress will require 
legislative procedure that both the EEC (European extensive investigation. 
Economic Community) and ECE (Economic Commission It is necessary to point out here the need to improve use 
for Europe) must fill. EEC has already stated that a road of the vehicle through more shrewd traffic management 
accident and safety data bank should be established at the to reach the main goal of reducing accidents and their 
communit~ level, effects. 

General Provisions 

Road Infrastructures 
The Human Factor 

Our country has been developing a General Transport Finally, as far as the last and most important safety 

Plan that also takes road safety into account, factor--MAN--is concerned, it should be noted that in 

The Italian political authority will, therefore, have our country a great many initiatives are underway to raise 

some guidelines available for the priority actions aimed the public consciousness about traffic safety and to 

at improving the infrastructures and reducing road educate road users. 

tk~talities. The Ministero dei Lavori Pubblici has declared 1985 

Statistics show that whereas the Italian motorway the "Year of Road Safety," thus anticipating of one year 

network is more than adequate, the secondary road the initiative of the European community. This means 

net\~ork perhaps does not compare with that of some that throughout 1985 and 1986 the efforts of many of our 

other nations when related to traffic density, This is an national bodies will be focused on traffic problems. 

area in which considerable effort will have to be made in In particular, the Ministero dei Trasporti has set up a 

the future, permanent Commission on Road Safety, chaired by the 

Minister of Transport, whose tasks are--- 

Motor Vehicle Regulations . To examine the Italian road safety situation 

* To propose a Road Safety Plan that will take 

With regard to technical provisions concerning motor into account the most recent technical progress 
vehicles, Italy has adopted as many as 55 ECE regulations in the areas of standardization and information 
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o To express opinions on provisions and initiatives exposed road users and to assessing and setting up test 

concerning road safety and environment instruments for occupant protection in side collisions. 

protection In the session devoted to pedestrians, Alfa Romeo will, 
Investigation committees will be established within in fact, present a paper on the results of overall tests 

this Commission to examine and discuss specific problems, conducted with suitably instrumented dummies, italy 

also participated in the three EEVC Working Groups 

Active Safety                                       (Pedestrian Protection, Bicyclists and Moped-Riders 
Protection, and European Side lmpact Dummy). The 

evaluation of the results obtained by these groups is 
With regard to active safety, consideration has been included in the schedule of the Congress. 

given at the international level to braking regulations. Mention should also be made of the significant contri- 
ro extend antilock systems even to medium small button to the solution of safety problems given by the 

class vehicles, the possibility of approving simplified GRCS, GRDP, and WP29, chaired by representatives of 
antilock systems was advocated during appropriate the Italian administration. 
meetings. 

In addition to the braking performance of a vehicle 

obtained with traditional means, these devices permit Exhaust Emissions and Noise 
excellent stability on low-adhesion courses even though 

their cost Ls within acceptable limits, ltaly is providing an active contribution to international 

In the past few years, ttaty has conducted extensive work on new emission limits and test methods. 

investigations of braking, which have resulted in concrete For applicability at the national level, community 

proposals about replacement linings. Since vehicle safety decisions are awaited to harmonize the ltalian regulations 

shall be insured over many years of use, a test method has with European legislation. 

been devised for spare linings to assess braking perfor- Regarding the technology to be adopted to reduce 

mance and to insure they are fully interchangeable with emission limits, legislation should be enacted to permit 

original linings, the use of techniques already tried in the United States, 

This is particularly important because the average life and other solutions should be adopted during research 

of in-use vehicles is increasing. The Italian Government that will yield excellent results in terms of exhaust 

also favors the addition, where possible or necessary, of emissions and represent valid alternatives. 

conformity standards and in-use vehicle inspection When investigating new motor vehicle regulations, an 

standards to the existing approval regulations, analysis should always be made of the cost/benefit of 

It is also necessary to investigate whether spare parts possible solutions to take account of the user’s require- 

mus~ be original equipment and, if so, which ones, or if ments and industrial impact. 

thev must at least have the same characteristics as the As far as noise pollution is concerned, ttaly has 

original parts, adopted promptly the latest EEC tightened requirements, 

thus showing its consciousness and availability. 

Passive Safety Generally speaking, the Italian Government is of the 

opinion that to further protect the environment from 

motor vehicle pollution and noise, action should be taken 
In the period from the Ninth ESV Conference to this 

in regard to traffic density and organization. 
conference, research acuvity was directed mainly to 

Status Report of France 

Jean Moreau de Saint-Martin 
figure had dropped below the 12,000 mark since 1964, 

Director. Organisme National de This trend continued in 1984, when 11.685 people were 
S~curite Routi~re killed and 284.907 injured (73,3 !4 of them seriously) in 

202,637 accidents. The level of risk has decreased cot- 

Road safety remains an overriding preoccupation of respondingly, since the number of vehicles on the road 

the French government, which is sustaining and continues to increase slightly. It is difficult to give an 

developing its effort in this direction and achieving exact measure for the level of risk. however, since recent 

positive results in consequence. In 1983 some 11,946 research shows the volume of traffic using secondary 

people were killed in road accidents, the first time the roads has been considerably underestimated in past 
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assessments. Once this has been rectified, the level of risk (5) Additional regulations were introduced for heavy 
~i!l certainl.~, work out to less than four deaths per 100 goods vehicles: 

millima vehicle-kiiometers. ¯ Rules concerning rear bumpers were har- 

French road safety policy is largely devoted to measures monized with the EEC directive. 

aimed at influencing the behavior of road users and at o Lorries of 10 t and over must be equipped 

encouraging local authority officials and opinion leaders with speed limitation devices corresponding 

to take action in support of road safety. This policy does to the permitted maximum. 

~ot rule out other possibilities for taking steps of a more ~ Lateral bars are mandatory to prevent 

generat ~ature, such as measures for improving vehicle pedestrians and cyclists from being run 

safety. The main elements in the government’s policy down. 

are ....... ~ For the same reason, additional rear-view 
(1) The "Rbagir" (React) campaign provides for all mirrors are now mandatory to comply with 

serious accidents to be investigated adminis- the new EEC directive. 

tratix ety and technically to identify, all the factors Furthermore, the "lorries for the future" project 

that might have played a role in the accident, as (which forms part of the "Virages" program) is 

~ell as to propose preventive measures and to going ahead and its effect on road safety will be 

counteract the tendency of public opinion to evaluated shortly. 

treat road accidents as events of no importance. (6) The following measures have been taken in 
This program aims to have 10,000 accidents respect to motorcars: 
analbzed per year. ¯ Safety laminated windscreens have been 

(2) ~Ihe "Objectit Moins 10 percent" (Objective 10 made compulsory. 
percent Less) program is an incentive scheme ~ Mandatory roadworthiness tests are to be 
aimed at local authorities (at both departmental introduced shortly for all cars that have been 
and big cit) levels) that links the level of involved in accidents, as well as for all 
subsidies allocated to each local community secondhand cars over 5 years old each time 
taking part to their success in reducing the they change hands. 

number of road accidents caustng personal injury ¯ An agreement has been reached with motor 

by l0 percent. Since the scheme was launched in manufacturers and importers to refrain from 
1983. some 80 departments and as many urban advertisements stressing maximum speeds 

authorities of over 50,000 inhabitants have that exceed legal limits. 
committed themselves to this objective, and * All motorists are now subject to stiffer speed 
several haxe already succeeded in reducing the restrictions when it is raining. 
number of accidents by 10 percent. In addition, with a view to taking advantage of the 

(3) A new drinking and driving law passed in 1983 latest technicaldevelopments for making driving easier, a 
will make it easier to carry out breathalyzer tests tender has been launched inviting manufacturers to bid 
and render penalties more effective, for the supply of six types of driving aid. They are 

(4) Following extensive consultations with motor- concerned with information about road conditions, 
cyclists, changes were introduced on January 1, drivers’ lack of attentiveness, avoiding obstacles, addi- 

1985, in the administrative classification of tionaldevices for near rear-view vision, limits on visibility 

motorcycles and the corresponding driving and speed in fog, danger of skidding, and loss of tire 

licenses. Motorized two-wheelers are now divided pressure. 
into three categories: To improve the protection of car occupants in head-on 

¯ Mopeds: under 50cc, designed to give a collisions, France and West Germany have proposed a 

maximum speed of 45kmi h, minimum age joint program of experiments aimed at a more accurate 

14 and realistic assessment of protection when new official 

® Small motor bikes: less than 125cc and standards are laid down in the future. As far as side-on 
13hp, minimumage 17 foranAElicense(16 collisions are concerned, France is participating in the 

for bikes of under 80cc with a maximum studies and consultations that are taking place at a 
speed of 75kmih) European level, such as those being conducted by the 

¯ Motor bikes: over 125cc, maximum power European Experimental Vehicles Committee. The results 
100hp, open to 18,yearrotds with an A of some of this research will be presented at this 
license conference, along with those of other research work 

In addition, new regulations were laid down dealing with all aspects ofthe fight against road accidents. 
concerning two-wheelers’ lights and indicators To complete this summary of current developments 
(officially approved headlights, lateralreflectors and initiatives, I should point out that ONSER (the 

at rear). National Road Safety Agency) and IRT (the Transport 
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Research Institute) have been merged into a new public scope for developing transport research in general and 

research establishment, with a view to giving greater road safety research in particular. 

Status Report of the Netherlands 

Pieter W. Hoekstra on easier and safer transportation in road vehicles 

Ministry of Transport and Public Works, through fixation of better constructed wheelchairs. At 

The Netherlands 
the same time, we think that by changing car designs, 
much can be gained for people in cars. These road users 

also deserve our special attention because roughly one 
For the first time representing our Government at an 

ESV conference in many years, it is my pleasure to out of every two road traffic casualties was seated in a car. 

present here a short statement on Dutch policy and Some of the measures under consideration, alter the 

............ introduction in recent years of a front seatbett use 
activities regarding safety of road vehicles. After many 

years of following at some distance the experimental obligation, helmet use for mopeds and motorcycles, and 

work on safer vehicles, the Netherlands has become more 
safety seats and systems for children, are the following: 

involved in the past few years; both as far as research 1. Extra mirror for the off-side of HGV-cabs 

work by private institutions is concerned, such as govern- 2. Slow-moving vehicle warning plate 

mental activities in planning and sponsoring such work 3. Side reflection for bicycles (January 1, 1987) 

and other measures, and through contribution to and 4. Improved side protection on HGV’s for pedes- 

preparation of international requirements, trians and two-wheelers 

One of the reasons for this involvement is the remaining 5. Making cars less aggressive toward pedestrians 

number of traffic casualties. As in most countries, the and two-wheelers 

total number of both killed and injured in traffic has gone 6. Draft ECE regulation on side protectior~ in 

down from an absolute maximum of 3,264 killed in 1972 passenger cars 

and 72,167 injured in 1971 to 1,710 killed and 52,212 7. Installation of seatbelts in the rear of cars (1987 

injured in 1982, both lowest figures since 1966. (For 1984, or 1988) 

1,610 casualties are indicated, but a recent study says that Of course such proposals form only part of our traffic 
the development is less positive; the registration rate safety policy. Many other activities aim at preventing 
seems to have diminished.) accidents: 

Nevertheless these figures represent an enormous 

amount of harm and misery, and, of course, material or ¯ Physical planning (towns, roads) 

financial damage (recently a figure of 7 milliard guilders, ¯ New types of restricted areas (like "woonerf")~ 

or some 1.5 milliard pound sterling has been calculated the so-called 30kmi h zones 

for 1984). ¯ Antialcohol campaigns and measures 

Among these remaining casualties in our country in ¯ Education 

1982, 260 pedestrians were killed and 5,117 were injured * Emergency services 

by road vehicles (15.2 and 9.8 percent). Figures for ¯ lmproved organization of and communication 

bicyclists are especially high in our country: 372 (21.7 within the Administration at all levels 

percent) resp. 12,897 (24.7 percent); for mopeds: 143 (8.4 For 1984 and 1985 a National Traffic Safety Scheme 

percent) killed and !2,380 (23.7 percent) injured. These was published, listing among others some 125 measures, 

categories amount to 45.3 percent killed and 58.2 percent problems, and research areas. This scheme will be 

injured; a large part of them crashed with cars (50 percent updated yearly to provide a continuous guideline and 

if private cars are considered, 80 percent if HGV’s and program of work. (A summary was published in 1984 by 

vans are included). EEVC produced reports on these UNOiECEinDoc. TRANS SCIiGE.20iR.223.) 

problem areas during the Ninth ESV Conference in We look forward to a fruitful conference, where once 

Kyoto 1982 (pedestrians) and at IRCOBI, Delft 1984, more information may be brought forward that will help 

and this ESV Conference 1985, regarding bicyclists and us, motor vehicle manufacturers as well as governments~ 

moped riders, to make decisions that will benefit the road users in 

Consequently, the Dutch Government gives high value traveling more safely than today. We count on inter- 

to the vulnerable road users: children, elderly, handi- national cooperation in research as well as in drawing up 

capped, pedestrians, cyclists, moped riders, and drivers new legal requirements, preferably on the basis of 

of motorcycles. For pedestrians and cyclists, we work on internationally harmonized and recognized requirements 

the outside/front construction of cars; for handicapped, as set up in ECE WP29 and/or EEC. 
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Status Report of Sweden 

Professor Dr. Bertil Aldman 
Swedish Transport Research Delegation, 
Chalmers University of Technology 

Ihe positix e trend in Sweden, indicated by decreasing 

numbers of police-reported road accidents since 1970, 

,aas unfortunately broken 2 years ago. In 1983 the 

number of injur)-producing accidents increased by 3.7 

percent from the previous year. An additional increase of 

4 percent was reported in 1984. The accidents of last year 

resulted in 717 fatalities, 4,882 severely and 10,792 

slightly injured people. The number of accidents was 

highest in built-up areas where an increase by 6 percent 

was reported. One explanation for this unfortunate 

development may be that the number of vehicles on the 

roads is increasing again after some years with almost 

co~stant numbers~ 

Figure 1. The development of vehicle registration, 
fuel consumption and casualties 1970~1984. 

!000 "t 

It~e negative trend for two-wheelers was particularl~ 
0 ~..&.,..,,., -- disturbing, and in December 1983 the Swedish Govern- ’ ’        " ’" ..... 

ment appointed a special group of experts to deal with 
70 7~ ?2 r~ ~. 75 76 r/ 7~ ~ 80 81 ~2 ~ t~ .... 

this problem. Its task was to initiate coordinated efforts 

toward better safety for pedal- and motorcyclists. The 

actual work was carried out by three subgroups, and Figure 2. Number of people killed (top) and 
some of their proposals have aheady been implemented. (bottom) in road accidents 1970-1984. 
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The recommendations regarding motorcyclists include ¯ They will also be trained in using the vehicle’s 

the following items: full braking capacity both when going straight 

and during evasive maneuvers. Driving tests will 
............ ¯ Improved training for driving instructors and include braking from 50, 70, and 90km/h. 
............ additional training for the staff carrying out ¯ Condensed, t-day courses will be available for 

driving tests will be instituted, continued training of those holding a driver’s 
¯ Motoryclists will be taught how to drive with a license for motorcyclists. 

pillion passenger and will have more driving ¯ A standard will be prepared for type approval of 
hours on rural roads before they get their license, protective clothing for motorcyclists. 

¯ They will be trained in estimating their vehicle’s ............ ¯ Measures will be taken to improve the visibility 
......... turning capacity and be taught the technique and of motorcycles. 

hazards involved in turning, particularly with a 

pillion passenger. 

Status Report of Japan 

Takashi Shimodaira involving pedestrians accounted for about 15 percent, 

Deputy Director of the Engineering and whereas those accidents involving motor vehicles 

Planning Division, Land Transport Engineering accounted only for about 5 percent. 

Department, Regional Transport Bureau, 
The foregoing statistics of road traffic accidents clas- 

sified by the category of accidents show that motor- 
Ministry of Transport vehicle to motor-vehicle accidents far outnumber other 

kinds of accidents. However, as far as motor vehicle 
It is a pleasure to know that a series of ESV international fatalities are concerned, the combined number of the 

conferences have produced many fruitful results since the killed pedestrians and bicycle riders accounts for 40 

first ESV international conference was held in Paris in percent. This fact behooves Japan to exert more efforts 

1971. Also, it is a pleasure to see that the ESV conferences on safety measures for pedestrians and so forth than 

have been playing a significant role in enhancing the other countries. 

safety of motor vehicles. With a view to preventing road traffic accidents and 

Nevertheless, in view of the current situation in which a tackling its countermeasures with efforts of the whole 
....... great number of persons are killed or injured due to road Nation, the Fundamental Law Related to Traffic Safety 

traffic accidents, we believe the furtherance and strength- Measures was enacted in 1970. Based on this taw, the 

ening of traffic safety measures are indispensable to traffic safety basic planning has been made at intervals of 

insure the healthy and cultural living of people. 5 years. Moreover, wide-ranging safety measures, 

As for the trend of road traffic accidents in Japan, the including keeping the traffic safety facilities in good 

number of annual casualties was on the decrease after condition, have been promoted totally and powerfully, 

1970 when a peak number was reported. This trend was At present, the Third Planning, which covers a period of 

reversed in 1980. Since then the number of annual fiscal years t981 through 1985, is underway. A wide 

casualties has been on the increase. The government- variety of measures have been promoted with emphasis 
conducted forecast survey of traffic accidents in the placed on realizing a safe, comfortable traffic society-.--- 

future reveals this increase trend will continue. It estimates one that makes it possible for people and motor vehicles 

the number of casualties will reach about 10,600 in 1990, to co-exist and that is benefiting the motor vehicle 

while the number of accidents will reach about 576,000 in society. 

the same year. According to statistics of road traffic As a concrete road traffic safety measure achieved 

accidents in 1984, the death toll was 9,262, representing recently, the use of seatbelts by drivers and passengers of 

7.7 persons per a population of 100,000. Furthermore the motor vehicles becomes a statutory obligation effective 

number of persons injured reached 644,000, representing September 1985. It is expected that the rate of wearing 

536 per a population of 100,000. When the accident cases seatbelts will increase sharply and fatalities owing to road 

were broken down according to the category of accidents, traffic accidents will decrease significantly with this 
motor-vehicle to motor-vehicle accidents accounted for statutory provision. 

about 80 percent. Also, the majority of these accidents On the other hand, as for the safety measures from the 

were head-on accidents and rear-end accidents. In regard viewpoint of motor vehicle construction, they have been 

to other kinds of accidents, motor-vehicle accidents progressing steadily toward a stage of practical use, based 
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on ttae technical development accomplished through (2) Installation of front windshields made of 

};!SV and RSV vehicles. Concretely, we can cite the penetration-resistant, laminated glass, as has 

toilowing accident preventive measures: been the case with European countries and the 

(l) Measures where the drivers’ ability to prevent United States 

accidents is assisted from the side of motor (3) Strengthening offuelleakagepreventiverequire- 

vehicles, the reduction in drivers’ burdens, the ments in the event of rear-end collisions 

use of abnormality ~arning de~ices for systems, With respect to these draft standards, in accordance 

and so forth with the GATT Agreement, we have already notified 
Measures to enhance accident preventive pertbrm- those persons concerned in the relevant nations so we 
ance inherent in motor vehicles themselves, may hear their comments. 
improvements of controllability, stability and With a view to promoting the importation of foreign- 
braking performance, the use of fail-safe made motor vehicles, the government of Japan has been 
mechanisms, the installation ofimpact-absorbing- endeavoring to further the rationalization and inter- 
t>pe bumpers, and so forth nationalization of our standards and certification systems. 

Eurthermore, for safety measures in the event of Concretely, as for the certification procedures, we have 
accidents we can cite the following: stipulated the following measures for the sake of 

(1) Occupant protective measures, the use of devices convenience for overseas motor vehicle manufacturers: 
that take into consideration insuring a safe space (1) Dispatch of examining officials abroad 
for occupants, the restraint of occupants and (2) Acceptance of results of tests conducted by 
impact reduction, and so forth foreign official testing institutes 

(2) Preventive measures for motor vehicle fires, the (3) Handling system of small quantity motor vehicles 
prevention of fuel leakage in the event of col- Since August 1983 the type designation system has 
lisions, etc., the adoption of flame-resisting been drastically simplified. 
materials of interior appointments, and so forth With regard to implementation of motor vehicle 

b’rom now on, it is expected the number of various standards, the government of Japan has been paying 

systems incorporating electronic control equipment wilt thorough consideration to various aspects, such as 

increase rapidly, Hence we believe it is urgently needed to insuring of safety, harmonization with the standards of 

r~ake these systems safer and more reliable, foreign countries, and hearing opinions from those in 

Regarding the motor vehicle safety standards in Japan, foreign countries concerned with the process of preparing 

they are to be stipulated progressively in accordance with the standards. 
the Second E:~targement and Strengthening Targets of In October !983 as many as 12 items of the Safety 

motor vehicle safety standards set forth in October 1980. Regulations for Road Vehicles were revised to attain 

We ha~e been exerting efforts to further the research harmonization with the counterpart standards in 

activities necessary for achieving these targets. European nations and the United States. 

As an example of revisions of the safety standards, the Besides the aforesaid measures, we have been taking all 

maximum permissible luminous intensity of headtamps possible measures, including positive participation in the 

,{as raised in October 1983. Also, the performance WP29 as the international uniform standards planning 

requirements of other lamps were harmonized with activities. 

international standards, With respect to the drafting activities for international 

In addition, draft standards were completed as to the uniform standards for motor vehicles, we intend to 
foiiowing subjects in June 1985, while taking into con- participate positively in their activities in the future 

sideration the harmonization with those standards of through meetings of the ECE WP29. Thus, we are 

o~her nations: determined to make our utmost efforts to fulfill an 

(l) Enlargement of categories of motor vehicles international role as the second largest motor-vehicle- 

~ here the installation of seatbelts is compulsory producing nation. 
and et~largement of applicable seats 



Section 2. Government Status Reports 

Status Report of the United Kingdom 

............ David Lyness Rear Seatbelts 
Head of Vehicle Standards and 

Engineering Division, U nited Kingdom The restraining of rear seat passengers provides further 

Department of Transport 
scope for reducing casualties. At present we are con- 
sidering making mandatory the fitting of rear seatbelts, 

1 have pleasure in reporting that since the 1982 with child restraints ordisabledpersons’beltsaspermis- 

Experimental Safety Vehicle Conference in Kyoto, there 
sible alternatives. 

has been progress both through the introduction of new 
regulations and the fruition of research work toward Improved Design of Steering Wheels 
improving the safety of vehicle occupants, pedestrians, 
motorcyclists, and other road users in the United Information from accident studies and other research 

Kingdom. work has shown that drivers wearing seatbelts can be 
subject to injuries of up to AIS 2 due to the face hitting 

Compulsory Seatbelt Wearing the steering wheel. Later in the week, TRRL will report 
on the work they have carried out aimed at reducing this 

At the Kyoto conference, it was announced the United type of injury. A modified test procedure has been 

Kingdom intended to introduce compulsory wearing of 
developed using the standard pendulum procedure but 
with an aluminum honeycomb-faced head form~ We 

seatbelts for front seat occupants in cars and similar believe tests have shown that the modifications suggested 
vehicles with effect from 31 January 1983. In our view, by TRRL can be readily incorporated into vehicle design 
this has been a very successful measure. Since the and that such changes will produce worthwhile benefits. 
implementation of this law, we have observed a con- 
sistently high wearing rate (well in excess of 90 percent) 
among those required to do so. This in itself is a very Accident Studies 

......... impressive result when compared with the wearing rate of 
around 35 percent in 1982, the year before the new For well over 10 years, the United Kingdom has had 

regulation went into effect, and compares very favourably programmes running, almost continuously, to collect 

with the wearing rates reported by most other countries, and analyse data relating to car accidents. Although such 

Our regulations have been introduced for 3 years, exercises are costly and difficult to finance, we are at 

ending January 1986, after which they will lapse unless present in the process of planning to extend this work 

renewed by Parliament. Parliamentary debate on whether until about 1989. The current studies are carried out for 

compulsion should continue will take place toward the the Department of Transport and other sponsors by the 

end of the year. Already the pros and cons of the existing Universities of Birmingham and Loughborough, using 

requirements are a matter of public controversy, and data collected by the universities and by the Department’s 

much has been written about certain side effects. The Vehicle Inspection Division. This work will be described 

facts remain, however, that in the first 23 months of to you in more detail duringthecourseoftheconfcrence. 

compulsion, February 1983 to December 1984, there 
were 690 (17 percent) fewer deaths and 12,153 (22 Current Levels of Car Occupant 
percent) fewer injuries to front seat occupants of cars and 
light vans compared with the corresponding period Protection 

before the regulations. 
These results were achieved with the seatbelts on the TRRL has carried out a series of tests on six models of 

current car fleet and show that the current designs of recent design by leading manufacturers around the 

seatbelts perform well. However, there is room for world. The tests included front and side impacts and 

improvement in seatbelt design. For example, TRRL is checked much of the interior for resistance to head form 

investigating methods of reducing the forward movement impact. When compared with earlier and similar tests on 

of a seatbelt wearer without causing injury. There is designs of 10 years ago, I am pleased to report there has 

reason to believe that quite small changes in the detailed been a distinct improvement in occupant safety, particu- 

design of seatbelts could bring substantial additional larly from frontal impacts, even if not from side impacts. 

benefits in future years. It is encouraging to report that a number of manufacturers 

29 



Experimental Safety Vehicles 

are designing well in advance of the current mandatory motorcycles amount to less than 3 percent of motor 

requirements, The test programme and the results will be vehicle traffic. In the United Kingdom, we have been 

presented in a TRRL paper later, working on several ideas to improve the safety of 

motorcycles. In particular I would draw your attention to 

Side Impact Protection                          the antilock braking system that is now undergoing 
service trials with several police forces in this country. 

The leg guard shown is an advanced design that has 
At the Kyoto conference, we expressed concern that it performed well under test and is a design we believe with 

had not been practicable to establish minimum mandatory 

standards for side impact performance. Sadly that is still 
a little more work could be incorporated in production 

the case The work on a manikin and deformable barrier 
machines. These developments give the prospect of major 

improvements in motorcycle safety in the long term. 
essential for a mandatory requirement continues, but 

More immediately we intend to introduce the newly 
there is still some way to go before we have a practical 

agreed ECE standard for wet braking into our national 
~est, As an alternative to the full-scale test, we in Britain 

consider that more attention should be given to subsystem 
regulations. 

requirements---at least as an interim measure. For 

example, it would be feasible to legislate against unneces- ]~llses arid Coaches 

sarily stiff armrests, which can be tne cause of internal 

injuries. We have put this idea to ECE with the proposal in general, buses and coaches have a very good 
it should become a common European requirement. We accident record, but there are some areas that need 
believe such a measure will constitute a worthwhile, attention. One such area is a standard for the structural 
albeit a small, step in reducing injuries from side impact, strength of coaches to mitigate the results of rollover ......... 
We intend to continue searching for similar areas where accidents. There has been a very recent agreement in ECE 
worthwhile improvements can be made to a suitable specification for structural strength, and we 

intend to introduce this specification into our national 

Pedestrian Protection rules for the construction of coaches. 

It is now possible to put forward a set of design Goods Vehicles 
guidelines for the frontal area and bonnet (hood) tops of 

cars. Designs following these guidelines should much A great deal of progress has been made to improve the 
reduce the severity of leg injuries and soften the impact at safety of heavy lorries. At Kyoto it was reported we were 
many places likely to be struck by the heads of both investigating a basis for U.K. requirements for underrun 
children and adults. In the outdoor exhibition, you can guards and sideguards for lorries and trailers. We now 
see how these guidelines can be applied; for example, to have mandatory requirements for sideguards to be fitted 
an Austin rnetro. TRRkwillpresentadetaileddescription to all new lorries and trailers and to existing heavy 
of this work. There are several papers later in the trailers. Rear underrun protection is also required on all 
conference dealing with pedestrian protection, and I new lorries and trailers. We are also investigating the 
draw attention in particular to that from EEVC. I urge all practical application of front underrun devices to com- 
manufacturers to take note of this important exhibit and mercial vehicles. On display is an example of a device 
of the guidelines, which indicate a potential saving of developed by TRRL and industry that has proved 
some 33~1 3 percent of serious injuries and 10 percent of satisfactory under test. We continue to encourage the 
fatalities, fitting of antilock braking systems to heavy goods 

vehicles, and over 80 percent of trailers are now being 

fitted with antilocks as standard equipment. 

Finally, we have made mandatory antispray devices on 

all new trailers, and these requirements will be progres- 
Motorcyclists and pillion passengers in the United sively extended to new motor vehicles (October 1985) and 

Kingdom comprise about 30 percent of~he total number 
existing trailers in 1986/87. 

of motor vehicle users killed, this despite the fact that 



Section 3 
Progress With and Discussion on Safety 

Developments for Road Vehicles 

Michael M. Finkelstein, Chairman, United States 

.......... PSC1--A Demonstration Car with Improvements for Pedestrian Protection 

C.A. Hobbs, niques--the aim being to demonstrate that worthwhile 

G.J.L. Lawrence, and improvements in pedestrian protection could be achieved 

C.S. Clarke 
without radically altering a current car. No attempt has 

been made to incorporate any safety features for car 
Transport and Road Research Laboratory, occupants. It is recognised that pedestrian safety require- 
Department of Transport, Crowthorne, ments would need to be integrated with those of other 

Berkshire, United Kingdom road users. The effectiveness of the modifications was 

tested by impacting the car into adult and child pedestrian 

dummies. Additional headform impact tests were carried 

....... Abstract out to check those parts of the head impact area not hit by 

the dummy heads. 

A demonstration pedestrian safety car has been This project was carried out by TRRLin cooperation 

produced based on the Austin Metro car. The modifi- with Austin Rover Group Ltd. and DA & PR Simpson 

cations did not require the use of materials not already Ltd. 

familiar to the motor industry, and changes to the car’s 

styling were limited. The modifications have been shown Pedestrian Accidents 
to give substantial improvements in the level of protec- 

tion offered to adult and child pedestrians up to impact 
Of the 60,000 U.K. pedestrian casualties each year, 

speeds of 40km/h. In particular, the most frequently 
about three-quarters are hit by cars, most of them hit by 

injured body region, the lower limbs, was afforded much the front. About 35 percent of the casualties are children 
increased protection. Tests on the head impact area 

under the age of 15, and 20 percent are under 10(2). 
indicated that worthwhile reductions in child head injuries 

could be expected. It should be possible for modifications 

of the type made to this car to be incorporated in other 

production cars, in which case significant reductions in 

pedestrian injuries could be expected. 

Introduction 

Following a cooperative project carried out by TRRL 

and Austin Rover(l), it was decided to produce a 

demonstration pedestrian safety car (PSC1) designed to 

give improved protection to adult and child pedestrians 

in impacts up to 40kin/h (25mph) (Figure 1). The car was 

based on the Austin Metro, this being the car chosen for 

much of the earlier work. The modifications were carried 

out without using new materials or manufacturing tech- Figure ~1. PSC’I -- pedestrian safeW ear 
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Accidents with impact speeds below 30km/h (19mph) be slightly stronger than desirable, but by removing 

have been shown to result in predominantly minor (AIS internal flanges and returns it could be weakened suffi- 

t)(3) injuries, with those above 30km/h being predomi- ciently. To make the bumper assembly taller, it was 

nantly more severe than minor(4). The transition from combined with an air dam taken from the Metro Turbo, 
predominantly survivable to predominantly fatal injury which was positioned immediately below the leading 

is between 50 and 60kmi h. Further analysis predicted edge of the bumper. As an energy-absorbing medium to 

that a car front that eliminated serious injuries induced go behind the bumper-air dam skin, it was found the best 

by vehicle contact, at speeds up to 40kin/h, would result characteristics were obtained using a low-density, rigid 

in a 30 to 40 percent reduction in the number of seriously polyurethane foam, cored to reduce its stiffness. A 

injured pedestrians(5), maximum crush depth of 150mm was provided. As the ......... 

The most frequently injured parts of the body are the polyurethane foam was produced using the bumper-air 

lower limbs and head, with fatal injuries being predomi- dam as a mould, it was possible to use it to support the 

nantly to the head. In general, injuries to the lower legs assembly along its length. Additional sliding clips were 

and knees result from impact with the bumper. The upper fitted between the bumper ends and the front wings. 

legs and pelvis are injured by the leading edge of the Although this construction performed satisfactorily, the 

bonnet, and the head from contact with the windscreen, use of a weaker outer skin and stiffer foam would be 
its surround, the scuttle, bonnet, or wing tops. The stiff preferable. 

areas, which are of particular concern, are the windscreen Even though a bumper of this type has local compliance 

surround, joints between bonnet and scuttle or bonnet when hit by the almost line contact of a leg, much larger 
and wing, and the bonnet where it is supported by a stiff forces would be generated when hit by a wide object. 

frame or where there are stiff structures close to its Such a bumper could be satisfactory for other types of 
underside. On the scuttle, the wiper spindles present the impact. However, additional strengthening may be needed 
additional risk of penetrating injury, behind the crushable bumper. 

Because of the Metro’s short bonnet length, most adult 

heads would impact the windscreen. Head contact with 

the bonnet top and scuttle should be restricted to children Bonnet Leading Edge 
and short adults. The stiffest part of the bonnet is at the 

hinge mounts. Immediately below the bonnet are the Although the leading edge of the Metro’s bonnet is not 
carburettor, the rocker cover with its oil filter, the brake itself sufficiently strong to pose a problem for pedestrians, 
master cylinder, and the battery. These could each be it is supported by the bonnet lock platform, which is 

contacted if the head hit the bonnet above them. supported by the radiator that sits on the lower front 

cross member. To reduce the effect of this support, the 

bonnet was extended 75mm forward. The bonnet lock 

platform and radiator were left where they were though it 

Modifications To Improve Pedestrian was necessary to extend the platform forward to support 

the grille. An advantage of extending the bonnet was the 

ability to accommodate the extra bumper crush depth 

without the need for it to protrude unduly. 

Bumper Area 

Because of the high initial force necessary to displace a Headlight and Grille Area 
complete bumper assembly, a locally compliant bumper 

was required. Adoption of a tall bumper-air dam assembly The headlights, grille, and front wings were extended 

should give a large leg contact area, and if the lower edge forward to correspond with the bonnet leading edge but 

were contacted first, then this should overcome foot to were softened to reduce their potential to cause injury. 
ground friction early in the impact. Early tests showed Metro headlights are mounted in enclosed units with 
that the most uniform bending moment in the adult’s internal beam adjustment. The mounting arrangement 
lower leg was obtained if the bumper to air dam force was was changed to allow the headlight units to collapse 
split in the ratio 60:40. rearward if impacted. The mountings for the grille were 

The high cost of manufacturing a mould prevented the arranged so it would not form a strut supporting the 
production of a new bumper skin; therefore, standard bonnet leading edge. To remove the hazard of their stiff 
mouldings were used. Tests on a range of plastic bumpers leading edges, the front wings were made with separate 

in current use showed that without their inner steel leading edge sections that could break away on impact. 
reinforcements, most could be adapted to give good leg Though these leading edges are steel on the demonstration 
impact characteristics. The Metro bumper was found to car, in production they could be made in plastic: 
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Bonnet the bonnet lock and antirattle pads were mounted on 
collapsible pillars (Figure 3). 

With the bonnet area, the most difficult problem is 
posed by the closeness of under-bonnet structures. As a Windscreen Surround and Scuttle Area 
crush depth of up to 100mm is required to achieve 
satisfactory decelerations for an adult head, adequate The windscreen surround is stiffand presents a narrow 
clearance over stiff structures is essential. Clearance can contact area. Any major improvement in the crush 
be achieved in three ways: the components could be characteristic of the windscreen pillar would almost 
lowered, the bonnet could be raised, or a mechanism certainly result in a reduction in driver visibility and 
could be incorporated that would detect the initial impact possibly in roof strength. Although improvements to the 
and elevate the bonnet in anticipation of head contact. leading edge of the roof should be possible, there has been 

With the Metro, lowering the under-bonnet structures insufficient time for this area to be considered. 
is not feasible. Although the carburettor and oil filter The lower windscreen edge forms part of the scuttle 
could be moved, moving the rocker cover would involve where there is more potential for improvement. On the 
lowering or tilting the engine. Lowering would result in Metro, the scuttle is cantilevered out from the lower 
insufficient ground clearance, and both would be tech- windscreen edge and is relatively soft, other than at the 
nically difficult. The brake master cylinder is mounted windscreen edge. However, mounted on the scuttle are 
vertically above the servo on the bulkhead. Space exposed windscreen wiper spindles. As the bonnet could 
limitations make moving them difficult. On the other not be extended rearward over the scuttle area without a 
hand, lowering the battery would not be difficult, redesign of the hinging arrangement, a new scuttle panel 

The third option, that of elevating the bonnet at the 
time of an accident, has been considered and work is in 
hand to develop such a system. If a satisfactory method 
could be developed, other measures such as improving 
the scuttle and windscreen lower edge may prove 
unnecessary. 

In the demonstration car, the second option has been 
adopted. The rear of the bonnet has been raised by 
50mm. This has provided adequate clearance at the 
bonnet’s rear for an adult head impact. Toward the centre 
of the bonnet, where a child’s head would impact, 
clearance is also increased. As there was little increase in 
clearance toward the front of the bonnet, the battery was 
lowered, even though the likelihood of head contact in 
this area is small. 

To eliminate the stiff joint between the bonnet and 
wing, the joint was taken over the side of the car. The line 
of the new bonnet joint was dictated by the inner wing Figure 2. Metro bonnet frame 
panel and styling considerations. With a new design, it 
would be desirable to have the joint a little lower. 

The bonnet strengthening frame on the Metro is 
essentially V-shaped with two top hat sections going 
between the centrally mounted bonnet lock at the front 
and the two hinges at the rear corners. An additional 
strengthening plate spans the V about halfway up the 
bonnet (Figure 2). For head impact considerations, an 
ideal bonnet would have almost uniform stiffness. To 
achieve this, a considerable amount of work would be 
needed on the development of a strengthening frame. In 
the time available, it was necessary to modify the existing 
frame in an attempt to achieve satisfactory performance. 
This was done by drilling holes along the edge of the top 
hat sections adjacent to the bonnet skin. The cross plate 
was weakened by slitting it lengthwise and shortened so 
that it did not reinforce the top hat sections. At the front, Figure 3. PSC1 bonnet frame 
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was fitted above the original. The original scuttle panel hit the bonnet. By this time, the pelvis was travelling at 
was angled downward and the wiper spindles repositioned about the speed of the car. As the body became horizontal, 
to increase their clearance beneath the new scuttle. The forces transmitted up the spine caused the head to 
panel was then used to support the new scuttle panel accelerate suddenly toward the pelvis. Because of the 
above it. This arrangement provided for collapse of both inelastic nature of the dummy’s spine, this resulted in 
panels, as a sandwich, as well as collapse of the top panel, high vertical accelerations on the head at precisely the 
In this way, the scuttle was prevented from bottoming out same time the head hit the bonnet. This is a phenomenon 
on the spindles. The windscreen edge itself was weakened not seen before and is probably not a realistic represen- 
by slotting the retur~ in which the windscreen rubber tation of a human, where the spine is slightly elastic. 
locates. Because of the short duration of this vertical acceleration, 

about 2ms, only a small time difference is required to 

reduce substantially the effect on the bead’s resultant 
Safety Performance Evaluationa acceleration. 

Dllmrny Tests With the child impacted on the standard Metro’s 

centreline, the head hit the bonnet above the central plate 

A p~ototype of PSC 1 was tested b5 being impacted at of the bonnet frame. This gave an H1C value of nearly 

40kin h (25mph) into a 50th percentile adult pedestrian 1,300 and a 3ms exceedence level of about 140 (Table 1). 

dummy(6) and a 50th percentile 6-year-old child dummy. When the child was impacted toward the side of the car, 

’~ hese tests were each carried out on the centreline of the the head hit the bonnet near to, but not over, part of the V 

car and offset to,s ard the side, virtually in line with the frame. In this case, the HIC was about 1,000 and the 3ms 

centre of the car’s headlight. E’or comparison, the same level about 100. In neither case was any contact made 

~ests x~ere carried out on a standard Metro. with any structure below the bonnet. With the modified 

The child and adult dummies were instrumented to car, the head accelerations were a little lower b~t were 

measure accelerations of the head, thorax, and pelvis and affected, as previously stated, by the timing of the force 

to measure the bending moment in the middle of the transmitted up the spine. 

~pper and lower leg first hit by the car. On the adult With the adult, the centreIine test on the standard car 

dummy, additional measurements were made of the gave an HIC of about 600 and the side test gave one of 

bending moments at the hip and the top of the lower leg, nearly 700. The 3ms exceedences were about 80 and 100, 

and of acceleration at the knee. respectively (Table 2). With the modified car, the head 

Because of the way the car was modified, the original accelerations were slightly higher, though still acceptable. 

tests were carried out with the bonnet leading edge When tested, the bonnet frame on the modified car was 

mounted about 40ram too !ow. Subsequent centreline unaltered in the child’s head impact area. Modifications 

ests were performed with the bonnet leading edge at the carried out later should reduce the child dummy’s head 

correct height and with the bumper weakened by ad- acceleration, but their effectiveness has not yet been 

ditional coring of the foam. checked with the dummy. 

The target limits for the head have been taken as a 

Head Injury Criterion (HIC)(7) of 1,000 or agreement Thorax 
,sith the Wayne State criteria(8). Preferably the head 

In general, the thorax was not found to be a problem should not sustain an acceleration of over 80g for a 
area and indeed accident data support this assertion. 

period exceeding 3ms. For the thorax and pelvis a 
However, with the standard Metro, the 3ms exceedence Severity Index (SI)(9)of 1,000 and an acceleration of 60g 
level on the child was slightly high at around 70g. The 

for 3ms have been taken. For the knee, a limit of 60g for 
initial modifications brought these levels down. However, 

3ms was used with the rest of the lower limbs having a 

limit of 200Nm for 3ms(6). 
they appeared to be closely related to what happened to 

the legs, and subsequent alterations to the bumper 

Head 
increased the accelerations to this level again. 

With the standard Metro, the child dummy’s head Pelvis and Hip 
impacted about halfway along the bonnet and the adult’s 

head on the windscreen. Because of the forward extension On the adult dummy, pelvic accelerations and hip 
of the bonnet on the modified car, the impacts were a bending moments with both the standard and modified 
little further i~rward, cars were low and did not give cause for concern. With 

With the child dummy and the modified car, while the the child, however, the standard car gave very high pelvic 
forward movement of the body had resulted in the head accelerations with 3ms exceedence levels of around 130 
moving vertically downward, the head had not started and 150 for the ccntreline and offset impacts, respectively. 
mo~ing in the direction of travel of the Car by the time it In both cases, the SI was above 2,000. 
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Table 1. Results of car to child dummy tests at 40km/h (25mph) 

Car                             Metro             PSC1         PSC1 * 
Target 

Impact Location Centre Side Centre Side Centre Level 

HEAD 
HIC 1,277 1,019 852 973 853 1,000 

Peak acc. (g) 159 136 139 143 132 300 

3ms exceed. (g) 141 105 119 116 119 80-140 

10ms exceed. (g) 56 72 60 59 57 65 

THORAX 
Sl 705 410 372 403 469 1,000 

3ms exceed. (g) 72 70 64 62 70 60 

..... PELVIS 
....... Sl 2,059 2,067 975 841 973 1,000 

3ms exceed. (g) 131 149 81 81 87 60 

UPPER LEG 
3ms exceed.             (Nm) 558 612 182 177 136 200 

........ LOWER LEG 
3ms exceed. (Nm) 265 340 212 214 162 200 

* Following correction to ride height and weakening of bumper 

........ The modified car gave much lower values, with a 3ms upper leg of under 200Nm and for the lower leg of just 

exceedence level of about 80g and Sl’s of under 1,000. over 200Nm. Subsequent centreline tests with the bumper 

Later modifications to reduce leg accelerations increased weakened slightly more gave even better results, with a 

the 3ms exceedence level to nearly 90g. Post-impact 3ms exceedence level of around 135Nm for the upper leg 

examination of the bonnet revealed that the fronta! and 160Nm for the lower leg. Although improvements 

extention of the bonnet frame had resulted in a locally were made for the adult, particularly to the top of the 

stiff area, at the point where the extension was joined to lower leg, it was not possible to get the levels as low as 

the original frame. In the impact, a plastic hinge was would have been desirable. Nevertheless, the leg injuries 

formed at this point, and it is thought this allowed the that would be sustained in a severe impact such as this 

pelvis to partly interlock with the bonnet. This could have would have been substantially reduced in severity. 

given rise to higher than necessary accelerations. On the 

demonstration car, the bonnet frame has been modified 

in an attempt to avoid this hinge, and tests will be carried Safety Performance Evaluation-- 
out to see whether these modifications have improved the Headform Tests 
situation. 

Legs To check those parts of the head impact area not hit by 

the dummy, headform impact tests at t lmis were carried 

With the standard car, the leg accelerations and out. Thisimpactvelocityistowardthetopoftherangeof 

bending moments were all very high. In impacts at this expected head impact velocities. The only headform 

speed, it is clear that very serious damage would be done presently available for use with the air gun was adult size. 

to a pedestrian’s legs. For the child, upper leg bending The headform impacts were carried out on both the 

moments of around 600Nm were measured. The lower standard Metro and the modified car at the following 

leg bending moments were also high at between 260 and locations: 

340Nm. With the adult, the highest bending moments ¯ Scuttle midway between the nearside wiper 

occurred at the top of the lower leg. Here the 3ms spindle and the windscreen lower corner 

exceedence levels were about 500Nm. o Scuttle over the offside wiper spindle 

The modified car gave a greatly improved performance. ¯ Scuttle at the base of the windscreen pillar 

With the child, initial tests gave 3ms exceedences for the ~ Scuttle at the windscreen lower edge 
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Table 2, Results of car to child dummy tests at 40km!h (25mph) 

Car                                Metro               PSCl          PSC1 * 
Target 

Impact Location Centre Side Centr Side Centre Level 

HEAD 
HIC 597 676 770 617 750 1,000 
Peak acc. (g) 114 125 133 134 122 300 
3ms exceed. (g) 78 98 111 79 105 80-140 
10ms exceed (g) 44 43 41 51 47 65 

THORAX 
SI 60 67 93 67 64 1,000 
3ms exceed~ (g) 17 23 25 21 19 69 

PELVIS 
St 187 115 93 107 123 1 ,O00 
3ms exceed (g) 43 30 28 35 33 60 

HIP 
3ms exceed~ (Nm) 141 105 119 104 114 200 

UPPER LEG 
3ms exceed.           (Nm) 370 226 244 246 195 200 

KNEE 
3ms exceed (g) 146 134 116 t07 89 60 

LOWER LEG-TOP 
3ms exceed. (Nm) 507 477 387 303 280 200 

LOWER LEG-MIDDLE 
3ms exceed. (Nm) 336 282 345 296 261 200 

* Following correction to ride height and weakening of bumper 

¯ Bonnet over the V frame midway between the 

hinge and the bonnet lock Scuttle Over the Offside Wiper Spindle 
® Bonnet over the midpoint of the frame centre 

plate The main purpose in testing at the wiper spindle was to 

check whether the scuttle panel bottomed out on the ¯ Bonnet over the hinge mount 

¯ Bonnet over the original bonnet to wing joint, spindle top. Although the standard Metro gave an HIC 

halfway along the bonnet of about 900 and a 3ms exceedence level of 100g, this is 

not representative of what would happen to a human 

head. With a real head, the wiper spindle would penetrate 
Scuttle Midway Between the Nearside Wiper causing very serious injury. With the modified car, the 
Spindle and the Windscreen Lower Corner acceleration levels were higher, partly because of the 

greater inertia of moving two panels and partly because 

On the standard Metro, an HIC of’just under 800 was the lower panel had been unintentionally stiffened when 
recorded with a 3ms exceedence level of almost 100g the test car was modified. A correctly made scuttle should 
(Table 3). With the rnodified car, although the impact be somewhat softer, though this has not yet been tested. 
velocity of the headform was a little higher, the HIC was More importantly, the upper panel did not contact the 
reduced to nearly 700 and the 3ms exceedence level to spindle and, as expected, both panels collapsed together 
below 80g. with some extra collapse of the top panel. In an impact 
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Table 3. Results of comparative headform impact tests 

.......... Location Scuttle Over Wiper Scuttle Windscreen 

Panel Spindle Corner Edge 

Car Metro PSC1 Metro PSC1 Metro PSC1 Metro PSC1 

....... Impact Vel. (m/s) 10.7 11.6 10.4 11.3 10.4 10.6 10~3 

HIC 83 715 91t 1,224 4,677 4,987 827 

Peak acc. (g) 111 79 121 118 316 335 97 N/A 

3ms exceed. (g) 99 79 191 109 233 216 93 

10ms exceed. (g) 65 67 69 85 47 48 75 

Location Bonnet Bonnet Bonnet Bonnet 

V frame Centre Over Hinge Over Wing 

Plate Joint 

Car Metro PSC1 Metro PSC1 Metro PSC1 Metro PSC1 

Impact Vel. (m/s) 10.0 11.1 10.4 10.1 10.3 10.7 t05 10.8 

HIC 1,834 937 1,243 874 2,035 1,120 1,071 1,078 

Peak acc, (g) 158 115 147 109 198 112 127 131 

3ms exceed. (g) 146 102 135 105 152 !05 114 102 

tOms exceed. (g) 51 69 64 68 52 79 74 79 

with a human head, there would not be a penetrating head. The weakening of the windscreen edge should 

injury, though accelerations would be higher than reduce this effect. Unfortunately, as stated previously, 

desirable, this area on the test prototype was unintentionally 
stiffened during modification and so was not suitable for 

Scuttle at the Base of the Windscreen Pillar       testing. 

No attempt has been made to improve this area. On the Bonnet Over the V Frame Midway Between the 
Metro, the main box section from the front of the car Hinge and the Bonnet Lock 
joins the A-pillar just below this point. A major redesign 
of the car would be required to make improvements, in On the standard car, an HIC of about 1,800 and a 3ms 
the absence of a bonnet elevating mechanism. On both exceedence of about 150g was measured. With the 
the standard and modified cars, HIC values of between modified car, the HIC was reduced to about 950 and the 
4,500 and 5,000 were recorded with 3ms exceedence levels 3ms exceedence to about 100g. A more radical redesign 
over 200g. In the few head contacts that might occur in of the bonnet frame would probably be needed to 
this area, serious injury should be expected, improve on these figures. 

Scuttle at the Windscreen Lower Edge 
Bonnet Over the Midpoint of the Centre Plate 

Tests on the standard Metro gave an H1C value of 
around 800 and a 3ms exceedence of about 90g. However, By slitting the centre plate along its length combined 

this area gives a concentrated line loading so that with the weaker V frame, the HIC was reduced from 

localised forces could cause serious damage to the human about 1,250 to 900 with the 3ms exceedence level from 
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135g to 105g. Further reductions may be possible by windscreen pillars, and the scuttle at the base of the 
increasing the separation between the half plates, pillars were not attempted at this stage. 

The modifications incorporated in this car have not 

Bonnet Over the Hinge Mount required the use of new materials or technologies and 

have not radically altered the car’s styling. Any additional 

Where the hinge mounts onto the bonnet, the frame is cost in manufacturing the car would probably be small. If 

necessarily stiff to resist hinge forces. On the standard cars in production were built with the characteristics of 

Metro. an HIC of over 2,000 and a 3ms exceedence of this car, significant reductions in pedestrian injuries 

150g were recorded. The modified car gave an HIC of could be expected. 

about 1,100 and a 3ms exceedence of about !00g. This 

was thought to be due to the reduced support given by the 

bonnet to wing joint, because of its greater distance from References 
the hinge. Following the weakening of the V frame, which 

was extended around the hinge area, head accelerations 1. Harris, J., and N.D. Grew, "The influence of car 
at the hinge should be reduced even further. To date, it design on pedestrian protection," Proceedings Tenth 
has not been possible to retest this area. International Technical Conference on Experimental 

Safety Vehicles, Oxford, t985. 

Bonnet Over the Original Bonnet to Wing 2. Department of Transport, Road Accidents in Great 
Britain 1983, London, H M Stationery Office, 1984. Joint, Halfway Along the Bonnet 

3. American Association for Automotive Medicine, 
The A bbreviated Injury Scale (1980 revision), M orton 

When impacted by the adult headform, the standard 
Grove, IL: AAAM, 1980. 

and modified cars gave similar HIC values of just under 
4. Ashton, S.J., and G.M. Mackay, "Some charac- 

1,[00. Although the 3ms exceedence level was lower on 
teristics of the population who suffer trauma as 

the modified car, it was still over !00g. However, 
pedestrians when hit by cars and some resulting 

examination of the acceleration traces showed that for 
implications," Proceedings Fourth International 

the modified car, the acceleration remained at about 35g 
IRCOBI Conference, Goteborg, Sweden, 1979. 

for the first 6ms, which corresponded to a deflection of 
5. Ashton, S.J., "A preliminary assessment of" the 

60mm. The amount of kinetic energy absorbed in this 
potential for pedestrian injury reduction through 

period was more than that required to decelerate a child’s 
vehicle design," Proceedings 24th Stapp Car Crash 

head from 11 m/s to rest. So it would appear that moving 
Conference, Troy, 1980. 

the bonnet joint over the side of the wing has been of 
6. Fowler, J.E., and J. a rls, Practlcalveh~cledes~gn 

benefit to the child. If protection were to be adequately 
for pedestrian protection," Proceedings Ninth Inter- 

provided for the adult, the joint would have to be lower 
national Technical Conference on Experimental 

on the wing, and structures under the bonnet at this point 
Safety Vehicles, Kyoto, 1982. 

would also have to be lower. 
7. Newman, J.A., "On the use of the Head !-.jury 

Criterion (HIC) in protective headgear evaluation," 

COIlClI1siorl Proceedings 19th Stapp Car Crash Conference, 

Warrendale, Pennsylvania, 1975. 

The production ofthis demonstration pedestrian safety 8. Patrick, L.M., H.R. Lissmer, and E.S. Gurdjian, 
car has shown that substantial reductions can be readily "Survival by design-~-head protection," Proceedings 

made to the pedestrian injury-producing potential of a 7th Stapp Car Crash Conference, Springfield, lllinois, 

small car, at impact speeds up to 40ki!! h (25mph). 1963. 

Modifications to the front of the car resulted in 9. Gadd, C.W., "Use of a weighted-impulse criterion 
substantially reduced toads on the lower limbs and pelvis, for estimating injury hazard," Procedures of the 

particularly for the child. Although protection of the Tenth Stapp Car Crash Conference, New York, 

head impact areas is not complete, again worthwhile 1966. 
improvements were made. The problem of the head 

contacting stiff structures below the bonnet skin was 

eliminated, except in the unlikely event of an adult head Acknowledgement 
hitting the bonnet at its edge. With a little further work, it .... 
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ESM2 A M  orcycle Demonstrating 
Improved Safe y Features 

P.M. Watson fitted with an antilock brake system to both wheels that 

Transport and Road Research Laboratory, has been developed by Lucas/Girling. This is a fully 

Department of~lra~sport, Crowthorne, 
productionised, developed system. The control is 

mechanical and contained within each separate unit. 
Berkshire, Ur~ited Kingdom Motorcycles are now being fitted with these units for use 

by police forces, and a number are already in service. This 

exercise is part of a field tria! to assess the performance of 
Abstraclt motorcycle antitock from the point of view of effective- 

ness, reliability, and rider reaction. 
This paper gives details of safety features that have A paper, Aspects of Motorcycle Braking(2), by Donne 

been incorporated in the second United Kingdom Safety and Watson is being presented at this conference and 
....... Motorcycle (ESM2). Progress on research and adoption gives details of some experiments with antilock brakes. 
....... of those features fitted to ESM ! exhibited at the Seventh The Transport and Road Research Laboratory has been 

International Technical Conference on Experimental promoting their use on motorcycles for 20 years. 
Safety Vehicles in 1979 is outlined. ESM 1 was also fitted with sintered metal brake pads to 

An assessment is made of the benefits of four of these the calipers of the disc brakes. The problem of having 
features in relation to the saving of casualties, inconsistent braking(3) when the discs were wet could be 

prevented by replacing the standard pads of that time 
Introduction with the sintered metal alternative. Today the problem 

has largely been overcome by developments in industry in 

At the Seventh International Technical Conference on response to regulations that will require new motorcycles 

Experimental Safety Vehicles in Paris, June 1979, the to be tested with the brake system both dry and wet. 

United Kingdom exhibited their first Experimental Safety Unfortunately there is no such requirement for replace- 

Motorcycle (ESM1)(I). This vehicle incorporated six ment pad linings, whose users may have problems with 

features that were in the prototype development stage to inconsistent brake performance if they fit replacements 

provide solutions to the problems of motorcycle safety of a lower standard. 

derived from a number of studies since 1974. In the exhibition associated with this conference, the 

On the occasion of the Tenth International Technical United Kingdom is showing an experimental version of a 

Conference on Experimental Safety Vehicles, the United mechanical brake incorporating a simple antilock system 

Kingdom now exhibits their second Experimental Safety still under development. Promising results from experi~ 

Motorcycle (ESM2). This vehicle is based on a BMW ments have been obtained on good dry surfaces and wet 

800cc twin-cylinder motorcycle, which is in service with a slippery surfaces without wheel-locking. We consider this 

number of police forces. ESM2 has seven safety features system is best exploited on light machines with low 

and shows the progress made on those originally fitted to performance. Simple antilock systems have not yet been 

ESM !. The features are-- developed for these vehicles. 

® Improvements in braking 

® Daytime conspicuity aids Conspicuity 
® Forward impact restraint system 

® Safety fairing with leg protection Studies by the Transport and Road Research 
¯ Nonspill fuel system Laboratory conclude that in many accidents between 
® Interlocked parking stands motorcycles and other vehicles, the other-vehicle driver 
¯ Digital speedo and instruments did not see the motorcycle in time to avoid a collision. 

The subject of motorcycle conspicuity has been widely 
Brakes studied in many countries by researchers during the past 

decade, and it is generally agreed that other road users 

ESM1 was fitted with an antilock brake system to both not seeing motorcycles is a major probtem. 

wheels using a system (developed by TRRL) that had It is not possible to identify another single motorcycle 

originally been designed for cars. The contro! system was safety problem that is a contributory cause in over 30 

electronic. The motorcycles fitted with this system gave percent of casualty accidents. Particular attention has 

excellent results when tested but the device was very been paid to this topic to find solutior~s to improve the 

much in the experimental stage at that time. ESM2 is situation. Details of the joint study by The Institute of 
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Consumer Ergonomics and TRRL are given in the paper, A solution to this problem is to provide a restraint 
"Motorcycle Conspicuity in Daylight,’(4) by Donne, system that operates for this type of impact, to reduce the 
Fulton, and Stroud, which is in the proceedings of this rider’s kinetic energy and control his trajectory. A total 
conference, restraint system would not be acceptable because, in 

The two main options for conspicuity aids are rider- some accident situations, it is preferable for the rider to 
based and machine-based features. Of the rider-based part from his machine. 
options, a fluorescentjacket or waistcoat has been found ESM1 was fitted with an experimental chest pad 
to be the most effective. However, fluorescence decays restraint system that produced excellent results in tests 
with exposure to light, and garments must be stored away for frontal impacts. It required fairly major design 
from light to prolong their effectiveness. Because of this changes to the frame and fuel tank to assemble the unit, 
decay, they need to be replaced fairly frequently. A and it also detracted from the general appearance of the 
further disadvantage with all rider-based options is that motorcycle. The paper supporting ESM1 particularly 
for each journey, the rider has a choice whether or not to examined the problems associated with the initiation 
wear theconspicuityaid. For thisreason, machine-based device for airbags for motorcycle applications and 
options are to be preferred because they provide the concluded these problemsshould be solved before further 
conspicuity aid as a permanent feature. The use of work could be justified on a system that otherwise had 
headlamps has considerable appeal because they are much to offer. 
machine-based and are generally fitted as standard. Further research into bag initiation by sensing vehicle 
Research has shown that the use of large, powerful deceleration concluded this could not be engineered to 
headlamps is beneficial but small headlamps provide no provide a reliable restraint system that would fire when 
benefit. In Great Britain, over half the motorcycle required without inadvertent activation. Of other methods 
population has a capacity of l50cm3 or less and is neither studied, it was decided to proceed using the forward 
likely nor required to have headlamps of adequate movement of the seated rideras the sensor. From studies 
dimensions to provide effective conspicuity. Conse- of rider trajectories in frontalimpact, it became clear that 
quently, a requirement to use headlamps in daytime is a significant force was generated on the saddle by the 
unlikely to be of overall benefit because small machines rider moving forward at impact. This force is used to 
may be put to increased risks. One solution would be to move the saddle forward a short distance against an 
require better headlamps for small machines. One problem energy absorber; this movement operates a mechanical 
with headlamps is that they can be switched to full beam switch that provides current to fire the cartridge, which 
and cause glare in daylight. Results show the most inflates the bag in the centre of the handlebar mounting. 
effective machine-based option assessed was a pair of This system has been tested successfully on a full-scale 
daytime running lamps, and the combined wattage impact rig and on a complete motorcycle with dummy 
required can be as low as 16 watts. ESM2 is equipped rider at 50km/h into the side of a car at 90°. 
with a pair of these lamps, which has been shown to be With this airbag frontal impact protection system, the 
effective for all machines. Some 80 percent of new police rider’s forward velocity was significantly reduced when 
service machines are now supplied with this equipment, compared with that in a similar test on an unmodified 
The situation for nighttime conspicuity continues to be a machine. 
problem where, despite considerable effort, no adequate The airbag provides the restraint system for the rider 
solution is apparent. Between one-third and one-half of relative to his motorcycle, but other work shows that 
motorcycle casualties occur at night because the risk per some features need attention if the best use is to be made 
mile at night is twice as high as during the day, although of the airbag as a restraint. First, the stiffness of the front 
the accident sites are similar. The possible introduction of end components has a marked effect on the pitch of the 
two level lighting systems (Dim/Dip) for new vehicles in motorcycle during impact. Cast wheels are stiffer than 
Great Britain may now provide an opportunity for spoked wheels, and it has been found that because of this 
motorcycles to be identified more easily in traffic because the pitch of the motorcycle on impact is greater when it 
of the variations in light output between them and other has a cast wheel. This could detract from the effectiveness 
vehicles. Future research on nighttime conspicuity will of the restraint system. Second, it is preferable for the 
study this new syste:m, which at present appears to be the motorcyclist to ride down in the restraint system during 
only available option that may provide a solution, the soft crush of the vehicle. Third, the interaction 

between the knees of the rider and the padding of the 
safety fairing also helps to reduce the kinetic energy of the 

Fro atal Impacts rider and is part of his trajectory control. Fourth, as pitch .... 
of the motorcycle is undesirable, a second load path has 

A frontal impact on a standard unmodified motorcycle been introduced high on the motorcycle that takes the 
at 30mph causes a rider to be ejected horizontally form of a tubular structure in the fairing headlamp 
headfirst at 28 mph. Fatal accidents often occur when a surround, and this transmits some of the load to the main 
hard obstacle is in the path of the rider’s head. frame. 
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These features, together with the airbag and rider- Safety Fairing 
movement initiation system, form the basis of a viable 

frontal impact protection system that would not require ESM2 is fitted with a safety fairing. The top part is a 

drastic redesign of the motorcycle, particularly ifa fairing standard BMW RT fairing modified to receive the new 

is fitted. It is not claimed that this system has yet been instrument pack. The lower part has been restyled so the 
optimised. Although there is no problem with fully leg protection devices can be contained within the inner 
inflating the bag prior to the rider reaching it, considera- and outer skin panels. The forward impact test motorcycle 
tion must be given to using a bag larger than the 70 incorporates the leg protection cones, which can be seen 
1-devices used in these tests. Inflation of the bag was by inside the fairing together with the tubular framework 
firing a cartridge, but a system using high-pressure stored that provides the second load path for frontal impact. 
gas should be evaluated in terms of bag inflation rate, The inner skin panels of ESM2 cover these features and 
cost, and serviceability. The fairing screen forms part of also supply the crush zone for the riders’knees in forward 
the bag reaction system and could be designed as a impacts. On the outside, the fairingis painted white as an 

yielding structure to assist rider deceleration. This may aid to conspicuity, and the twin daytime running lamps 
permit the inflation time to be increased, which could are positioned on either side of the headlamp. The 
reduce the effect of a secondary impact, smooth line of the fairing with no external projections 

ESM2 is fitted with the forward impact restraint provides the best available solution for primary impact 

system described. A machine that is fitted with the system with a pedestrian. 
and has been impacted into the side of a car is also on Further work on the fairing is needed to provide 

display, controlled yield of the windscreen for part of the 

A paper by Chinn, Donne, and Hopes, "Motorcycle occupant ride-down with the airbag restraint system. 

Rider Protection in Frontal Impact,"(5) is in the pro- Further research will show if the airbag stowage position 

ceedings of this conference, is more effective if it is contained within the fairing rather 
than in its present position. 

It is considered that this safety fairing offers significant 
Leg Protection protection in impacts without detracting from the visual 

image of what is acceptable for a motorcycle. 

The high incidence of serious injuries to the legs 
directed attention to possible methods for reducing the 
severity of these injuries. ESM1 was fitted with a safety Other Features 
fairing to provide a survival space for the legs on impact 
and a progressive crush to prevent the rider being ejected 
unnecessarily violently into the obstacle struck. Work on Digital Speedo and Instruments 

leg protection devices has since been carried out on light, 
medium, and heavy motorcycles. This work is summarised ESM 1 was fitted with a speedometer with a 1-in-high 

in the paper, "Leg Protection for Riders of Motor- digital display. Experiments had shown that a significant 

cycles,’(6) by Chinn, Macaulay, and Hopes, which is difference exists in the time riders take to read their 

presented at this conference. Results are given for speedometers and this depends onthetypeofinstrument 

damage to the dummy leg and of changes in head ve!ocity fitted. The time taken to read a large-dial instrument was 

after the motorcycle impact. These are for different reduced by 0.58s when a digital displaywas used. During 

designs of a leg protection device and are compared with this time saved, a distance of 8m is covered at 48km/h, 

results for unmodified motorcycles. The results show which allows the rider to concentrate more fully on the 

clearly that for the tests conducted, a worthwhile reduction road scene. 

in injury severity and head velocity is to be expected when ESM2 is also fitted with a digital display speedometer, 

motorcycles are fitted with such leg protectors. While at adapted from a unit produced for a car, supplied by 

this point it is not claimed that the required characteristics Lucas. This also provides a tachometer and fuel gauge 

for leg protection have been optimised, the importance display together with warning lights. A warning light is lit 

must be stressed of the design of the device in absorbing on the panel if a system failure develops in either of the 

some of the kinetic energy of the rider and motorcycle antilock brake units to alert the rider the machine is back 

during the impact, to standard brakes. At this stage, the speedometer is also 

ESM2 is fitted with a B MW RT fairing that has been switched off as a further warning of a failure. This failure 

modified to contain the leg protection device on both warning system is now being developed so the speedometer 

sides within the outer skin panels of the fairing. It is felt is a constant on-vehicle monitor that the antilock brakes 

that this demonstrates leg protection can be adopted are functioning. A separate failure warninglamp willalso 

within a fairing without detracting from the appearance be provided. This section of the instrument display is 

of the vehicle, 
considered to be a part of the antilock brake system. 
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Fuel System Interlocked Stands 

Reports on accidents show that in the case of motor° Accidents have been caused by drivers riding off from 
cycles, 30 percent involve spillage of fuel from the rest with the side stand down, so requirements are in hand 
machine; in one-third of these, spillage is reported to be for the vehicle to be constructed to prevent this. The side 
excessive. The incidence of fire in motorcycle accidents is stand on ESM2 is automatically returned when the clutch 
higher than for cars, and spillage of fuel is an unnecessary is operated and is additionally provided with an interlock 
hazard if it can be avoided easily. The Transport and with the ignition circuit. The centre stand is also fitted 
Road Research Laboratory has developed a simple with an ignition interlock, but a manual override is 
system using two fixed tubes inside the petrol tank that provided that locks the stand down so the engine can be 
shut off the fuel supply to the fuel lines if the machine falls run for servicing while the machine is raised on its centre 
over on either side (Figure 1). Designs are available using stand. A better solution would be to have the centre stand 
this principle for both gravity feed systems and pumped also hand-operated so the rider could use it while still 
feed systems. ESM2 is fitted with a gravity-fed system, astride the motorcycle. More effective use of the main 
The petrol tap positions have also been resited to forward stand could result on heavy motorcycles where frequently 
takeoff points to overcome the external protrusions only the side stands are used for convenience. This was 
provided by the original taps. A single tap is now notfoundtobepossibleonESM2becauseofthecylinder 
provided in the centre position of the fuel tank. This fuel layout. 
tap is operated by a solenoid valve that turns the fuel on 
when the ignition is switched on. Similarly, the fuel is 
turned off when the ignition is switched off. Assessment 

A habit with some riders is not to refuel their motorcycle 
until they have gone on to the reserve fuel position. This Accident and casualty data in Great Britain have 
can be a hazard in some instances as the engine loses shown that motorcycles are 10 times more likely to be 
power until the fuel supply is resumed, which can lead to involved in a casualty accident per mile travelled than are 
accidents. No manually operated reserve fuel supply is cars(not allowing for rider and driver age differences). In 
available on ESM2 because a fuel gauge is fitted. 1983, there was a total of 64,494 casualties among their 

Air space ~ ¯ ...................... Air vent 

Fuel supply pipes 

... 

Fuel would syphon out 

,but air vent breaks syphon Fuel supply pipe above fuel level 

Figure 1. Nonspillable motorcycle fuel tank 



Section 3. Progress with and Discussion on Safety Developments for Road Vehicles 

riders and passengers, of which 963 were fatal. In this these the restraint system could assist in reducing the 

year, the casualty rate was slightly up on previous years rider’s kinetic energy. 

but the total number of casualties was lower. The trend of The work on motorcycle safety at the Transport and 

reducing motorcycle mileage continued in 1983, and the Road Research Laboratory is aimed at providing viable 

casualty savings for the year appear to be due mainly to solutions to problems identified by research without 

this reduction. The reasons for the decline in motorcycling departing from the image of a motorcycle. Although this 

in recent years are not clear, but the recession could be task is far from complete, there has been some notable 

one of the variables producing this trend. If in subsequent progress made since the first safety motorcycle exhibit 

years the motorcycle mileage increases, as has occurred ESM 1 in 1979. A preliminary consideration of possible 

previously, the increase would contain a larger portion of costs and savings for antilocking brakes, by protection, 

inexperienced riders, which would tend to increase the forward trajectory control, and daytime conspicuity 

accident rate, thus producing a disproportionate rise in suggests that all are likely to be worthwhile and deserve 

casualties, further development for general use. 

There are certain safety features that can be incorpo- 

rated in a motorcycle to provide part solutions to Acknowledgments 
problems that exist, and estimates of effectiveness can be 

made from the data available. Of the accident avoidance The work described in this paper forms part of the 
and rider protection systems on ESM2, it is worth programme of the Transport and Road Research 
speculating on four features and the value of each of them Laboratory and is published by permission of the Director. 
independently. This is done in terms of casualty savings 

using 1983 data and assumes that all motorcycles would 

be fitted with these systems (Table 1). 
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reduction in head injury severity would also be expected, cycle rider protection in frontal impacts," Proceedings 

Frontal impact research has considered the motorcycle Tenth International Technical Conference on Experi- 

hitting an object normal to its direction of travel. The mental Safety Vehicles, Oxford, July 1985. 

research work on leg protection has shown that on an 6. Chinn, B.P., M.A. Macaulay, and P.D. Hopes,"Leg 
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43 





Section 3. Progress with and Discussion on Safety Developments jbr Road Vehicles 

Driver Airbag Police Fleet Demonstration Program-- 
A 24-Month Progress Report 

David Jo Romeo 
components peculiar to each type vehicle, complete the 

Romeo Kojyo Company Inc. 
retrofit kit. Once design was finalized, these components 
needed some additional minor tooling for limited 

~lohn B. Morris 
production, and parts needed to be produced in sufficient 

U.S. Department of Transportation, Nationa! 
quantities to enable evaluation testing and retrofit of 
selected demonstration vehicles. 

H~ghw ~y Traffic Safety Administration The system consists of sensor(s), wiring, diagnostics, 

connectors, steering wheel, gas generator, airbag and all 
module components including the cosmetic cover, and a 

Abstract knee restraint. The system design consists (to the extent 

possible) of commercially available production com- 
The objective of this program is to design, test, ponents. The gas generator, airbag, and sensor are 

evaluate, manufacture, and install in 500 state highway production designs and heretofore have been subjected to 
patrol vehicles a driver airbag retrofit system, acceptable automobile manufacturer’s qualification tests 

Airbag system benefits are universally accepted, and specifications. 
However, the costs, complexities, and availabilities of The project was initiated April 15, 1983. A review of 
these systems are widely misunderstood. This program the program through April 1985 is presented here. Topics 
takes much of the mystery out of the airbag and to be discussed include- 

.......... demonstrates to fleet operators and the public at large ¯ Selection of States 
that airbag technology, components, and systems do ¯ Selection of Vehicles 
presently exist and can be acquired at a reasonable cost. ® System Design 

Detailed information on system design, selection of * Sled Testing 
vehicles and states to participate, as well as sled testing * Crash Testing 

....... and full-scale crash testing are presented as SAE Paper ® Installation of the Retrofit System 
........ 841216, "Driver Airbag Police Fleet Demonstration * Field Experience to Date 

Program- -A 15-Month Progress Report" by the same 
authors. The present paper reviews very briefly those 
aspects of the program and places emphasis on the field Selection of States 
experience of the 500-car fleet, which to this point has 

experienced 18 actual airbag deployment crashes (16 of 
When fundingfor the program was committed, NHTSA 

which have occurred in the past 9 months), 
sent letters to each of the States regarding their interest in 

participation. Approximately 20 States responded 
positively and the selection of six States was made, based 

Program Discussion on earlier commitments, earnestness expressed, and 

geographical location (there was an effort to represent as 
The primary goals of this program were to design, test, wide a range of locations, e.g., west, southwest, midwest, 

and evaluate a driver airbag retrofit system, and using etc., as possible). 
production hardware to manufacture sufficient kits for Vehicle availability, type, and scheduling were con- 
demonstration purposes, and to install these kits into sidered. The States originally participating in the program 
police vehicles in a number of State Highway Patrols. were Arizona, California, Ohio, Maryland, Mississippi, 

Retrofitting the driver’s side with an airbag system was and Wisconsin. Later in the program, the system was 
not overly difficult; the essential production components modified to include improved installation procedures 
already existed. It was accomplished by replacing the and a new diagnostic. At that time, the New York State, 
existing steering wheel with an airbag wheel, installing New York City, and River Vale, N.J., police fleets were 
crash sensors, providing a proper electrical circuit, and added. 
adding a knee restraint to the instrument panel. The 

retrofitted vehicle appears little different from the original 
vehicle. 

Selection of Vehicles 
To make retrofit kits available for this program, 

engineering effort was required to finalize design of 
Two basic car types were included-the Ford Panther 

airbag components (airbag, module, steering wheel, 
and the Chryster M-body. Both represented Ford’s and 

crash sensors, and knee restraint). These components, 
Chrysler’s V-8 engine, rear-wheel drive, full-size cars. 

with the addition of minor brackets and cosmetic 
Ford versionsofthisvehicleincludetheFordLTDupt° 
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1982, Ford LTD Crown Victoria, Mercury Gran Marquis, module is attached to the special wheel using four allen- 
and, with some front end change, the Lincoln Town Car. head cap screws and consists of the gas generator, the 
This vehicle has been manufactured without change from nylon airbag, metal mounting components, and a highly 
1979 to the present. The Chrysler M-body has been sold developed reinforced cover assembly. 
since !982 as the Plymouth Gran Fury and at least since The knee restraint is mounted over the lower part of 
1981 as the Dodge Diplomat. It was formerly sold as the the instrument panel on the driver’s side and consists of a 
Chrysler Le Baron and presently is the Chrysler 5th sheet metal frame, energy-absorbing foam, and a vinyl 
Avenue. cover colored to match the vehicle interior. 

A photograph of the system mounted in a police 

System Design cruiser is shown as Figure 2. 

The sensors and diagnostic system were supplied by the 

The latest system (see Figure 1) consists of the following Technar Corporation of Arcadia, California. The steering 

items: two front sensors, a sating sensor, and wiring with wheel and airbag module were supplied by Takata 

protective shielding in the engine compartment that Corporation ofTokyo, Japan, and the gas generator was 

passes through the firewall and plugs into a diagnostic supplied by Bayern Chemie GmbH of Ottobrunn, West 

unit mounted in the occupant compartment. From the Germany. 

diagnostic unit, wiring leads go to (1) power and ground, 

(2) a readiness indicator light, and (3)up the steering Sled Testing 
column through a special coiled connector to a four- 

spoke airbag steering wheel. The wheel, which mounts A total of 31 sled tests were run using the HYGE 
using a hub fabricated to fit the column shaft, has two facility at the Transportation Research Center, TRC, in 
horn buttons mounted on the upper spokes. The airbag Marysville, Ohio. Twenty-two tests were run with the 

AIR BAG SYSTEM 

MODULE 

SAFING 
SENSOR 

COIL-SQI 

FRONT SENSOR(S) 

Figure 1. Airbag system 
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but pla3 s no rote in controlling injury to the head. The 
airbag and lapbelt work well in combination and provide 
superior protection to the head than does the lap and 
shoulder belt. 

Crash Testing 

Seven full-scale tests were conducted between 

September 1983 and January 1984 to evaluate the 

performance of the driver airbag system, The results of 

these tests are summarized in Table I A description of 

each of these tests is presented in the previously mentioned 

SAE paper. 
Results of crash tests with the 1982 Ford LTD were 

Figure 2. Typical Romeo Kojyo airbag system instal- better than anticipated, while results with the Dodge 
ation 

Diplomat were satisfactory but not as good. To a lesser 

degree, these results were seen in the sled tests, which used 

Ford body buck and crash pulse and nine with the nearly the same crash pulse. 

Dodge. A detailed discussion of these tests is beyond the Regarding overall system performance and design in 

scope of this paper, but is available through NHTSA. the two vehicles, the following remarks can be made: 

Only a brief summary of results is presented here. 
¯ Sensor closure rime was sufficiently early in both 

The tests on the Ford body were run first to finalize vehicles. 

system design. Once this was accomplished, the remaining 
o The bag pos ition was exce llent, Therefore. 

tests were run to study effects of test dummy size and to though some improvement in chest ride down, 

simulate crash speed, crash angle, and a range of restraint that is -Ca, would result from removal of the bag 

configurations, straps, there is strong reluctance to do so since it 

The airbag system, that is. the steering wheel, airbag is believed that the bag straps are tmportam in 

module, and knee restraint, were tested alone and in 
locating the bag. 

combination with lapbelt only, and with lapbelt plus 

shoulder belt. The belt restraint configurations were also 

tested without the airbag. Two other comparisons were 
Installation of the Retrofit System 

made. The 50th percentile dummy was tested with no 

restraint system, and finally the airbag was tested without 
When police cruisers are purchased and received from 

the knee restraint, 
the automobile dealers, they are cars that have been 

These results are summarized below for the 50th assembled with special police package options such as 

percentile head. chest, and femur load results, heavy-duty springs, shocks, radiator, and a large engine, 

However. before the vehicles are put into service, they are 

Sled test results, Ford LTD. 32.5mph prepared by police technicians at special facilfiies and 

receive radio equipment, sirens, light bars, bumper bars. 
decals, and various other equipment. The point is, each 

HIC C~ Femur* highway patrol agency has its own skilled mechanics, 
technicians, radio men. and garage facilities, These men 

Unrestrained 2,401 59g’s 2,7541b and facilities were used for installation of the airbag 
Lapbelt 2,584 44 410 

Lapbelt/Airbag 468 43 702 retrofit systems. 

Lap/Shoulder Belt 865 36 433 For each vehicle type, a detailed set of installation 

kap/Shoulder/Airbag 510 35 427 instructions was written and supplied to the police 

Airbag 209 38 1,690 agencies. In addition to these instructions, a few days 

Airbag, w/o Knee Bar 263 40 3,002 were spent at each State facility demonstrating installation 
of the first half-dozen systems. After installation in the 

¯ max value, left or righl leg first one or two cars was completed, the technicians took 
over ~nstallation responsibility with Romeo Kojyo and 

It is clear that results for the unrestrained case are very NHTSA representatives in atte ndance to answer specific 

poor Ithe reader’s knowledge of injury criteria, Le., H IC, questions, This methodology worked very well in every 

C~<, and femur loads is assumed). As ca n be seen further. 
State. and comments or feedback from the installers were 

the lapbelt controls leg loads and improves chest results used to improve on the installation method, 
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Table 1. Crash test results 

Test 1 2 3 4 5 6 7 
Date 9/1/83 9/9/83 10/3/83 12/1/83 12/8/83 12/13/83 1/6/84 
Vehicle Ford Ford Dodge Ford Ford Dodge Dodge 
Speed, mph 29.7 30.3 29.4 30.1 35.4 29.4 29.9 
Mode Barrier Barrier Barrier Pole Barrier Barrier Pole 
Restraint NAB/KB AB/KB AB/KB AB/KB AB/KB/3PT AB/KB AB/KB 
Sensor Closure,MS 20 24 20 16 16 16 
HIC 821 470 991 306 866 919 950 
Cn, g’s 55 48 54 38 43 61 59 
Femur, Ib 

Heft                  1,448 1,775 1,420 1,700 672 1,820 1,610 
right 1,485 1,356 1,420 2,000 820 1,585 2,290 

NAB - nondeployed airbag module/steering wheel 
A8 - airbag 

KB - knee bar 

Field Experience be argued that in nine of the deployments supplemental 
airbag protection may not have been needed, it is 
interesting to note, however, that with the exception of 
the initiation threshold level of the first deployment, 
there were positive reactions from the officers who were 

No major problems associated with any of the system driving the vehicles. 

components have occurred. A few minor problems arose The deployment threshold of the crash sensors used in 

that required changes to the system itself or to its this program was established to accommodate the general 

installation procedure. These were discussed in the earlier driving public. Following the first airbag deployment, the 

paper, question arose as to whether the threshold level should be 
raised for police vehicles, which, as previously mentioned, 
are subjected to harder than normal use. To further 

Accidents Involving Airbag-Equipped Vehicles complicate matters, two police fleets, California and 
Arizona, use pusher bars attached to the front of the 

Appendix A presents a synopsis of the airbag deploy- vehicle. Test data indicate that pusher bars lower the 
ment crashes as of Aprit 15, 1985. Photographs of some deployment threshold 2 to 3mph compared to cars 
of these crashes are shown in Figures 3-5. Attempts have without pusher bars. 
been made to analyze and categorize the 18 deployments From an engineering standpoint, it was concluded that 
-using several different approaches (see Table 2). Two an increase in the threshold level of the crash sensors 
methods were selected. The first was by crash type, could be accepted. Accordingly, the higherlevel threshold 
frontal or frontal offset, versus undercarriage or suspen- sensors were incorporated into the California Highway 
sion impacts. The second method was whether a higher Patrol vehicles and into the newer systems provided to 
sensor threshold could have been used. the State Police of New York and to the New York City 

The second method of comparison is clearly subjective Police. 
and necessarily includes such important factors as whether Currently, two airbag deployment strategies are being 
or not the belt was worn, and whether or not police used in the study: a deployment threshold intended for 
cruisers should be considered as a separate group because the general driving public and a higher deployment 
of the hard use to which they are subjected, threshold possibly more suitable for police use. During 

With regard to belt use, it was a condition of each State the remainder of the program, the two deployment 
participating in the program to have a strict belt use strategies will be evaluated. 
policy. However, 100 percent belt use was not an The program will continue for at least 1 more year. 
allowable assumption, and a goal of the design was to During this time, we expect to gather valuable information ......... 
provide adequate protection for both belted and unbelted on the types of accidents in which the airbag deploys, the 
officers, injury prevention capability of the system, and the 

From Table 2, it is seen that by counting all under- appropriate sensor threshold for vehicles depending on 
carriage accidents and the two impacts with deer, it might the use to which they are put. 
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Figure 3. Police fleet airbag deployments 

Figure 4. Police fleet airbag deployments 
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Figure 5. Police fleet airbag deployments 

Table 2 

r 

Crash Da! e State Veh cle Objec~ Velocity 
Type Struct Change mph 

1 4/11 84 CA Dodge Rough Road 6 
2 6/29 84 AZ Ford Car 10 
3 7/25 84 Wl PtV Embankment 6 
4 8/25/84 OH Ply Ramp 6 
5 9/04/84 MD Ford Car 12 
6 9/12/84 MS Ford Car 10 
7 10/10/84 OH Ply Deer 6 
8 10/24 84 QH Ply Pole t6 
9 11 10/84 MS Ford Ditch 10 

10 12/1 2/84 OH Ply Tree 18 
11 12/15/84 AZ Fore Car 13 
12 1/22 85 OH Ply Car 13 
13 1/24 85 MD Ford Car 10 
14 1/31 85 AZ Ford Rock Wall 7 
1 5 2/09 85 CA Dodge Car 8 
1 6 3/10/85 MS Ford Ditch 10 
1 7 3/29/85 MD Ford Culvert 9 
18 4/9/85 MD Ford Deer 8 
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Conclusion chasing a motorcyclist across a golf course. 

The fully belted officer received abrasions 

1. In 450 police vehicles, approximately 20 million and contusionstotheinnerwristsiforearms 

vehicle-miles, there has been no occurrence ofairbag and biceps that did not require treatment. 

deployment without a reportable accident. The car bottomed out with such force that 

2. There have been approximately 25 to 30 accidents, of the officer driving was thankful for the 

varying intensity, involving the airbag-equipped police airbag deployment. The officer drove the car 

vehicles, resulting in 18 deployments, away after apprehending the cyclist. The 

3. There have been no significant injuries of consequence investigation is by Calspan, Buffalo, NY. 

in any of the accidents. 8-25-84 Ironton, Ohio--Airbag deployed when the 

4. In no case has an accident occurred in which the 
torsion bar bracket (undercarriage) of the 

airbag should have deployed and did not. 1984 Plymouth Gran Fury dug into the 

5. Evaluation of the system will continue at least entrancerampofanasphaltchurchdriveway. 

through July 1986. The police cruiser had slowed from an 

80+mph pursuit down to an estimated 35mph 

when the impact occurred. The impact 

produced an estimated 15mph delta-V and 
Appendix A left a gouge in the pavement approximately 

30in in length and 2-½in deep. The cruiser 

did not sustain any deformation in the 

Police Airbag Retrofit Experience impact; the crash energy was dissipated by 

the stiff torsion bar bracket trenching the 

4-11-84 Sacramento, California--Airbag deployed pavement. The fully belted officer sustained 

while in hot pursuit on a dirt roadway. The an abrasion to his inner left forearm but was 

driver was wearing a lapbelt and received otherwise uninjured. He braked the cruiser 

bruises on inner wrist and upper right inner to a controlled stop after the impact and 

arm. The car was driven from the scene by apprehended the suspect, who tried to hide 

the police officer. The vehicle was a 1983 behind the church. The cruiser was driven 

Dodge Diplomat. The airbag was deployed from the scene. The officer, when asked if he 

after running through a ditch and striking would spend $500 for an airbag in his 

large stones in the roadway. The pusher bar personal car. rephed, Yes. The m~est~gat~o 

on the police car bumper was found to is by University of Tennessee. 

reduce the deployment threshold speed for 9-4-84 Elkridge, Maryland--Airbag deployed when 

this type of accident. These pusher bars are the 1982 Ford police cruiser impacted a car 

unique to the California police cars, and the stopped in a travel lane on the expressway as 

airbag sensors of all California cars have a result of a previous accident. Another car 

been adjusted for this difference. The had swerved in front of the police cruiser, 

investigation is by Dynamic Science. leaving the cruiser without an avoidance 

6-29-84 Cordes Jct., Arizona--Airbag deployed path. The left front corner of the cruiser 

when an unoccupied 1983 Ford Crown impacted the right front corner of the stopped 

Victoria police cruiser was pushed into the car (perpendicular impact) at an estimated 

rear of a 1980 Cadillac Eldorado as a result 45mph. The left front fender of the cruiser 

of the airbag car being rear-ended by a 1979 was peeled away from the car structure, the 

Dodge van. The airbag police vehicle had driver door was distorted and sprung, and 

stopped the Cadillac for a traffic violation, roof buckling occurred over the B-pillar. 

The ignition was on and the engine was The two officers in the front seat of the 

running in the unoccupied police car at the cruiser were both fully belted and neither 

time of impact; therefore, the airbag system received appreciable injury. The driver in, 

was readyforactivation. Only minorinjuries curred a minor lower back strain and a 

occurred to the driver of the van and both contusion to the left arm and left knee. The 

occupants of the Cadillac. The police officer Maryland State Police associated with this 

was not injured. The investigation is by incident were favorably impressed with the 

Dynamic Science. airbag performance. The investigation is by 

7-25-84 Reedsburg, Wisconsin--Airbag deployed Calspan, Washington, DC. 

when the undercarriage of the 1984 Plymouth 9-12-84 Magee, Mississippi--Airbag deployed when 

Gran Fury impacted an embankment while the 1984 LTD Crown Victoria Ford police 
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cruiser impacted the left front corner of a enroute to an accident scene. The cruiser 
1980 Chevrolet Caprice as it pulled from a swerved off the road to avoid the other car 
parking lot into the path of the cruiser. The and struck a 3ft-diameter tree with the left 
impact speed was about 15mph and inflicted front corner. The motion of the cruiser 
about 8in of crush to the right front of the continued, with the tree producing about 6in 
cruiser. The police officer was unbelted at of damage (crush) down the left side of the 
the time of the impact and received an cruiser. The cruiser separated from the tree 
abrasion to the inner left arm and chest. The before coming to its final rest position. The 
police officer was leaning to his right over fully belted police officer received a bruised 
the console with his left arm on the steering spleen and ribs from the driver’s door arm- 
wheel when the deployment occurred, The rest. The police officer was very pleased with 
driver of the Chevrolet left the scene of the the airbag performance in this crash. The 
accident prior to questioning and apparently investigation is by Calspan, Buffalo, NY. 
was not appreciably injured The investiga- 12-15-84 Tucson, Arizona--Airbag deployed when 
tion is by Dynamic Science. the 1983 Ford Crown Victoria police cruiser 

!~0q0-84 Ashland, Ohio- -Airbag deployed when the impacted the side of a t974 Oldsmobile 
1983 Plymouth Gran Fury impacted a 120 lb Cutlass. The police cruiser was enroute to 
deer (four-point buck) with the right front another accident scene when the Oldsmobile 
corner of the cruiser at an estimated 50mph. turned left in front of the cruiser. The impact 
The maintenance man driving the cruiser produced about 5in of crush to the front of 
was not injured. The cruiser sustained 3in of the police cruiser and about 8in of crush to 
buckling to the hood and fender, and the the right side of the Oldsmobile. The fully 
grille and right front headlight assembly belted police officer did not sustain any 
were shattered, The damage to the cruiser is injury whatsoever. He was particularly 
estimated at over $1,000. The investigation pleased that he "didn’t even have any bruises." 
is by University of Michigan. The investigation is by Dynamic Science. 

~0-24-84 Cuyahoga Falls, Ohio--Airbag deployed 1-22-85 Marion, Ohio--A 1983 Plymouth Gran 
when the 1983 Plymouth Gran Fury hit a Fury police cruiser was parked heading 
utility polehead-onatapproximately20mph, southbound off the road on U.S. 23 just 
The cruiser had gone out of control dnringa north of State Road #23 t. Its occupants, 
high-speed run to an accident scene due to two police officers, were attending another 
another vehicle pulling into the path of the accident. A northbound Ford Granada, 
cruiser. The police cruiser sustained 23in of whose driver was distracted by the first 
crush in the right front. The fully belted accident and lost control of the car, struck 
officer received only minor bruising and a the police cruiser head-on in a full frontal 
smalllaceration to the back of his hands as a collison. The airbag deployed. The two 
result of their contact with internally police officers in the Gran Fury were belted 
mounted radar equipment. The damage to and uninjured. The driver of the Granada 
the police cruiser is estimated at $3,700. The was also belted and uninjured. The investi- 
investigation is by University of Michigan. gation is by University of Michigan. 

11-10-84 Lucedale, Mississippi--Airbag deployed 1-24-85 Clement, Maryland--A 1984 Ford LTD 
when the 1984 Ford LTD police cruiser left Crown Victoria police cruiser struck the 
the roadway, grazed a pole, right front wheel right side of a 1979 Oldsmobile Cutlass 
dug into the dirt (which appears to have Station Wagon. The airbag in the Ford 
initiated the deployment), and then hit a deployed. The driver of the police cruiser 
tree. The cruiser had lost control enroute to had a contusion on the inside left upper arm 
an accident scene when another vehicle and small laceration on the outside surface 
pulled into the path of the cruiser, The fully of the right hand. The right front passenger 
belted driver received a swollen lip and had a smallcontusion of the right knee. Both 
scratch to the eye during the accident event, officers stated they were belted. The impact 
The investigation is by University of speed was about 10mph. There was !8in of 
Tennessee. crush to the side of the Oldsmobile. The 

12ot2-84 Galtipolis, Ohio----Airbag deployed when investigation is by Calspan, Washington, 
the 1983 Plymouth Gran Fury police cruiser DC, 
impacted a tree after losing control. Another 1-31-85 Globe, Arizona ---A 1983 Ford LTD Crown 
car turned in front of the cruiser as the Victoria police cruiser struck an embankment 
cruiser passed through an intersection while and rotated. The airbag deployed as the left 
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front corner of the vehicle was displaced Airbag Crash Experience** 
rearward about 7in. There was about $1,500 

damage. The unbelted driver suffered a As of July 1, 1985, NHTSA knows of 279 airbag 
........... minor abrasion to the left arm and an deployment crashes. The vehicles involved had397front 

abrasion and contusion on the left side of the seat occupants, sitting behind airbags, who had the 
forehead from the roof rail. The investigation following injury levels: 

is by Dynamic Science. None-Minor (AIS 0-1) 321 

2-9-85 Los Angeles, California--A 1983 Dodge Moderate-Serious (AIS 2-3) 53 

Diplomat police cruiser was stopped on 

Interstate 5 as its driver (a police officer) was Severe-Critical (A1S 4-5) 4 

out of the vehicle assisting a motorist with a Fatal (including 2 drownings) 12 

disabled car. The unoccupied police cruiser 

was struck in the rear by a third vehicle In these accidents, the airbag vehicles had primary 
travelling in the same direction, and moved damage as follows: 

forward into the rear of the disabled vehicle. Front 208 

........... The bag deployed during the frontal strike Side 49 

by the police cruiser. All parties involved Undercarriage 22 

received minor injuries except for a lower leg 

fracture toonepedestrian. The police cruiser NHTSA also has information on 161 accidents 
was totaled. The investigation is by Dynamic volving airbag vehicles where the vehicle frontal 

Science. deceleration was not great enough to deploy the airbag. 

.......... 3-10-85 Starkville, Mississippi--Airbag deployed The vehicles involved had 220 front seat occupants who 

when the Ford Crown Victoria police cruiser had the following injury levels: 
went off the road and impacted a shal!ow None-Minor 196 

ditch in the pursuit of a high-speed subject. Moderate-Severe 10 

The driver was lapbelted but had about 2 to Serious-Critical 0 

3ft of slack in the shoulder belt to facilitate Fatal 2 

the radar equipment that had been in use. 

The driver incurred ablackleft eye, contusion In these accidents, the airbag vehicles experienced 

to the left eyelid, and redness to the left side primary damage as follows: 

of his face. The right front passenger was not Front 106 

belted and received a sprained ankle and Side 33 

sore wrist (apparently from windshield Undercarriage 2 

contact). Both occupants were very positive 

about the airbag performance in this crash. Rear 8 

The investigation is by University of Rollover 3 

Tennessee. 
Exposure: The following is an estimate of the number of 

Summary of the Accident Experience of vehicle-years of operation of automobiles equipped with 

airbags. It was made using data on new car sales, 

1970 Vehicles Equipped with Airbags registration data from R.L. Polk, and general vehicle 

as of July 1, 1985 scrappage data. 

Models Car Years of Operation (1-1-84) 
Fleet Vehicles* 1972 Mercury Fleet 8,088 
1972 Mercury’s 831 

1973 Chevrolet Fleet 9,205 
1973 Chevrolet’s 1,000 

1974-76 G M Cars 84,008 
1975 Volvo’s 75 

Privately-owned Vehicles 

1974-76 G M Cars 10,281 * The data include a very small number of vehicles with 

(Buick, Cadillac, and prototype airbag systems, including a t980 Oldsmobile 

Oldsmobile) and a small number of 1982 Linco!as. 

¯ * Some data may be missing due to individuals who 

did not wish to provide us with information and vehicles 

that had been repaired prior to an investigation. 
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Summary of the Accident Experience of Results of Fleet Experience to Date 
1983 and Later Airbag-Equipped Vehicles 
as of O ctober 1, 1985 

Experience with the current generation airbag fleet has 

been very positive. The airbags deployed in cases where 

crash protection was desirable, and there have been no 
Fleet Vehicles 

failures to deploy when needed. Airbags have deployed 
1985 Ford Tempo’s-U.S. Gov’t. 5,300 only in accidents where they were designed to deploy. 
t983-1985 Police Car Retrofits 530 When airbags deployed, injuries were relatively minor. 
1985 Other Fleets (1) 2,100 (1) Airbag-equipped Ford Tempo’s in private fleets. 

Privately-Owned 
(2) There were two deployments in police cars struck 

while parked with engines running. 
~983-85 Mercedes I 1,500 (latest (3) Some data may be missing because individuals were 

estimate) unwilling to provide information or vehicles had 

Airbag-Equipped Vehicle Exposure been repaired prior to the investigation. 

(4) The accident notification criteria and level of injury 

Vehicle information available on nondeployment accidents 

Tempo’s-U.S. Gov’t. vary with each fleet of cars. 

Tempo’s-Other Fleets 

Police Fleets 

Mercedes-Benz 

Total Estimated Mileage 

25 million 

10 million 

21 million 

Unknown 

Deployment Accidents (**) 

D/P -- Driver/Front Passenger 

Accidents AIS-0 AIS-1 AIS-2 AIS-3 AIS-4 AIS-5 AIS-6 
Ternpo-Gov’t 16 4/1 9/2 3/0 0/0 O/0 0/0 0/0 
Poiice Cars (2) 20 4/1 14/3 0/0 0/0 0/0 0/0 0/0 
Mercedes (3) 5 2/0 3/0 0/1 0/0 0/0 0/0 0/0 
Others (3) 2 0/0 1/0 0/0 0/0 0/0 0/0 0/0 
Total 43 10/2 27/5 3/1 0/0 0/0 0/0 0/0 

Primary Damage Area in Deployment 

Accidents: Front - 34; Side ~ 3; Undercarriage - 6 

Nondeployment Accidents 

AIS-0 AIS-1 AIS-2 AIS-3 AIS-4 AIS-5 AIS-6 
Tempo’s 

U. S. Gov’t 178 7 0 0 0 0 0 
Police Cars 2 0 0 0 0 0 0 
Mercedes 0 2 0 0 0 0 0 
Others 0 0 0 0 0 0 0 
Total 180 9 0 0 0 0 0 
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The Breed All-Mechanical Airbag Module 

Allen Breed 
....... Breed Corporation ~nder 

Sensing Mass 

For almost a quarter of a century, Breed Corporation 
has engaged in the quest of finding simple mechanical 

i / 

......... solutions to complicated engineering problems in both "D" Shaft 

............. the military ordnance and civilian arenas. In the field of ;tab Primer 

automotive safety, Breed Corporation pioneered retrofit 
installation of conventional electrical driver side airbags. 

We are presently producing the electrical crash sensors 
~ used in the airbag-equipped Ford Tempo/Topaz vehicles. 

Firing Pin~" .... 

......... However, my presentation today will focus on our all- Level Bias Spring 

........... mechanical airbag module. 

We approach our problems analytically. Our standard ¯ In normal driving the sensing mass or ball is held in 

procedure is to develop a computer simulation, via math the position shown by the spring loaded lever, 

modelling, as our major problem-solvingand design tool. ¯ A deceleration of more than 4 G’s is required to 

Once we arrive at a mathematical solution, we design as overcome the spring loaded lever bias and cause the 

............. simple a mechanical device as possible for use in the field, 
sensing ball to forward. (The maximum deceleration 
attainable by the vehicle braking is less than 

........ That is the road--long, tortuous, and hard as it is--that 
Once in a crash with greater than a 4 G deceleration, 

we followed in the airbag case. ° the motion of the ball is damped or slowed by 

We developed three basic proprietary computer math gas flow throgh the ball-cylinder clearance. 

model simulations for our airbag work. First was our ¯ if a vehicle decelerates long enough above 4 G’s, the 
sensor simulation model to predict the sensor trigger time forward movement of the ball wilt cause the spring 

.... for various types of crash sensors. We further developed loaded lever to turn the "D" shaft sufficiently 

...... our VODS 1 and VODS 3 (Vehicle Occupant Dynamics 
to release the firing pin. 

Simulator) models to predict the occupant injury measures Figure 1. Breed airbag crash sensor initiator 
for various vehicle crashes and occupant sizes as a 
function of airbag system design. In conjunction with 
these computer models, we worked with our own extensive Most airbag systems place crash sensors in the vehicle’s 

automobile proving ground crash library of more than frontal crush zone (Figure 2). In a crash, these sensors act 

1,000 instrumented crashes. With these tools, we con- as an electric switch connecting the battery to an electric 

structed an acceptable sensor response curve for a sensor squib in the gas generator, which then initiates airbag 

mounted outside the crush zone--in the steering wheel deployment. These conventional systems also require 

for the driver side and in the instrument panel for the electrical wiring connecting the sensors to the battery and 

passenger side. We designed a sensor with a response up the steering column; a slip ring; an electric squib; an 

curve that would not allow the airbag to deploy in minor auxiliary power supply; and an electronic diagnostic 

accidents or bumps, but would act in sufficient time in a system that monitors all airbag wiring and components 

crash to keep injury levels well below those specified in for opens or shorts. All of these elements are eliminated 

FMVSS 208. We then built such a sensor and married it in our All-Mechanical Airbag Module (Figure 3). As 

to a simple mechanical military type initiator. Finally, we such, it is substantially simpler to both build and install, 

placed our Breed Sensor/Initiator inside the gas generator providing higher reliability at significantly less cost. 

itself to create, with the addition of a fabric bag, the Breed When working with individual automobile manufac- 

All-Mechanical Airbag Module. turers, we design an appropriate airbag system, using our 

Figure 1 depicts the Breed All-Mechanical Sensor/ computer math modelling to define the desired knee 

Initiator. Inacrashwithadecelerationofmorethanfour bolster, steering column, gas generator, sensor, and 

G’s, the ball-sensing mass will move forward. If airbag airbag characteristics for the specific vehicle under 

deployment is needed, the ball will push the bias lever far consideration. 

enough to release a cocked firing pin, which initiates a Because of confidentiality arrangements, it is not 

prime, thereby initiating the gas-generating material and possible to discuss our present activities with specific 

inflating the airbag. We build two separate and indepen- automobile manufacturers. We can, however, talk in 

dent sensor/initiators into each of our units to provide detail about our crash test results in a demonstration 

high statistical reliability, contract we have with Mike Finkelstein’s Office of 
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READINESS INDICATOR HGHT 

DRIVEr Air CUSHION AND INELATOR ASSEMBLY 

DRIVEr KNEE RESTRAINT 

((~) PASSENGER AIr CUSHION, 

KNEE RESTRAINT AND 

INELATOR ASSEMBLY 

E) Eor~aro MoUnteD crAsH 
SENSORS 

F) FUS~ PANEL 

(~) PASSENGER COMPARTMENT 
CRASH SENSOR AND 
SECONDARY POWER SUPPLY 

H~ RADIATOR MOUNTED 

CRASH SENSOR 

t ~IIP RING 

Figure 2. Conventional air cushion safety system 

[~ BREED DRIVER AiR BAG AND INFLATOR ASSEMBLY 

~NCLUDING INTEGRAL SENSORilNIllATOR 

,B) DRIVER KNEE RESTRAINT 

(~) grEED PAssENGEr AIr BAG, 
KNEe restraint aND 
INFLATOR ASSEMBLY 

Figure 3. Breed airbag module 
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Research & Development at the National Highway Finally, I would like to address the five specific points 

Traffic Safety Administration. We now have had and presented to all panelists. 

analyzed five successful crash tests of our driver side 1. In considering optimum airbag performance, how 

All-Mechanical Compact Airbag System retrofitted into critical is it to tune an airbag system to the characteristics 

three Ford LTD’s, a Dodge Diplomat, and a Chevrolet of a specific vehicle? 

Impala. The test results are summarized in Table 1. An airbag system must at least be tuned to each generic 

Suffice it to say, the dummy injury levels achieved in vehicle type, based on the stiffness of the crash pulse and 

these tests have been highly satisfactory, the occupant seating position. The use of sophisticated 

We have also run a series of Chevrolet Impala sled computer math modelling is critical to tuning an airbag 

............. tests, again with excellent results. Table 2 highlights these system for specific vehicle types. To optimize airbag 

........... results. Probably the two most significant sled test performance, we must concern ourselves with the candi- 

conclusions are that: (1) the Breed All-Mechanical date vehicle’s crash pulse, its interior ergonomics, the 

Compact Airbag System provides highly effective crash steering column and knee bolster characteristics, the 

protection on its own, and (2) when used in conjunction sensor and gas generator response curves, and the airbag 

with a 2- or 3-point belt system, it dramatically improves size and venting parameters. 

............ the performance of the seatbelt system. 

Table 1. Breed all-mechanical airbag crash tests 

......... NATURE OF CHEST LEFT RIGHT 

CRASH TEST DATE HIC G’S FEMUR FEMUR 

1979 Ford LTD 
30 mph Frontal Barrier 6/26/84 247 44 1,450 1,820 

1979 Ford LTD 
!2 mph Frontal Barrier 7/26/84 25 20 1,100 1,015 

1980 Ford LTD 
30 mph Centerline 8/08/84 187 43 1,350 1,310 

1983 Dodge Diplomat 

30 mph Frontal Barrier 12/20/84 461 49 2,100 1,500 

1983 Chevrolet Impala 

30 mph Frontal Barrier 1/10/85 289 44 1,850 1,000 

Table 2. Chevrolet Impala sled test results 

50% Male and 5% Female 
30mph Barrier Equivalent Velocity 

Test Injury Breed A/B Breed A/B Breed A/B 3-Point 2-Point No 

Condition Measures System Only Sys. & 2-pt Sys. & 3-pt Belt Only Belt Only Restraint 

50% Male HIC 215 160 291 855 734 651 

30mph Chest G 32 30 39 39 72 90 

Femur L 1,080 750 670 170 290 2,540 

Femur R 1,250 460 460 390 500 1,220 

5% Female HIC 55t 228 585 1,635 

30mph Chest G 46 45 51 58 

Femur L 550 340 300 300 

Femur R 700 280 500 200 
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After analyzing many crash pulses, it appears the is shown in Table 3. The first column is our own estimate, 
response curve of the Breed All-Mechanical Sensor! based on an automated production volume of 1 million 
Initiator probably wil! remain the same from vehicle to units per year. The second is by Mr. Ed Clary, a retired 
vehicle. After all, the crash pulse that activates the senior automotive engineer, at the same 1 million peryear 
interior crash sensor is the same pulse that propels the production rate; the third is an in-depth cost analysis 
occupants forward, under an independent NHTSA contract by Corporate 

2. Airbag applications in small cars, both at the Tech Planning along with Pioneer Engineering. This last 
driver and passenger position, set of figures is based on 300,000 units per year only and 

We believe we will be able to supply suitable All- does not assume automated production. 
Mechanical Compact Airbag Modules for the driver and Each of these estimates confirms that the Breed All- 
passenger side of small cars as well as large ones, if Mechanical Airbag Module would be substantially less 
steering column and dash intrusions are not severe, expensive than conventional electrical airbag systems. 

Using our sensor and VODS models; we have analyzed For the passenger side, a Breed All-Mechanical Airbag 
more than 600 crashes of various types of vehicles, Module should cost, at maximum, no more than double 
including many small cars. The spectrum of crashes that of the driver side. Accordingly, if current overall 
included head-on barrier and pole crashes, angled crashes, production were to exceed 300,000 units per year, the cost 
and car-to-car collisions. Results indicated that in all but to any individual car manufacturer for a complete driver 
two cases, the Breed All-Mechanical Airbag System and passenger side Breed All-MechanicalAirbag Module 
would have kept injury measures below 80 percent of the System would be under $165. And, if current overall 
requirements of FMVSS 208. Even for the two cases, the production were to exceed 1 million units per year, a 
FMVSS limits were not exceeded(l), complete driver and passenger module system would 

3. Prospects for passenger airbag systems in vehicles drop to under a $95 dealer cost. 
with two designated seating positions and in vehicles with 5. FMVSS 208 injury criteria and its impact on 
bench seats, airbags. 

"ro date, we have dealt only with vehicles having two We were pleased to see a General Motors proposal in 
designated front seating positions. We believe the auto- the recent DOT/NHTSA proposed rulemaking that 
mobile manufacturers will follow the Federal adminis- suggested different injury level limits for airbag/belt 
trative rule providing for active seatbelt protection for a restraints. For a new injury level measurement of chest 
center front seat passenger, deflection, General Motors suggested a 3in chest deflection 

4. Prospects for reducing system costs, limit for distributed loading restraint systems such as 
There have been at least three independent cost airbags and a 2in chest deflection limit for the lap! shoulder 

estimates to date of the driver side Breed All-Mechanical belt. We agree. We also feel the occupant safety industry, 
Airbag Module. A summary breakdown of these estimates automobile manufacturers, insurance companies, con- 

Table 3. Independent cost estimates of drivers side Breed all-mechanical compact 
airbag module 

CTP/ 
BREED CLARY PIONEER 

(Units Per Year) (1 Million) (1 Million) (300,000) 
Sensor $ 5.00 $ 7.56 $11.49 
Gas Generator 15.00 25.21 16.45 
Airbag/CoveriMounting Plate 8.00 8.00 20.35 

Total Manufacturing Cost 28.00 40.77 48.29 

Manufacturer Profit (15%) 4.00 6.12 7.24 

Cost to Distributor/Dealer 32.00 46.89 55.53 

Dealer Profit (30%) 10.00 14.07 16.66 
Installation 5.00 5.00 8.05 

Tota~ Cost to Consumer $47.00 $65.96 $80.24 
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sumer groups, and the government should now focus on Acknowledgments 
establishing different injury criteria for airbag restraints, 

active and passive seatbelt restraints, and friendly interior I wish to acknowledge the invaluable contribution 

protection systems because of the different character of provided by Thomas C. McGrath, Jr., Dr. Russel 

loadings produced by these systems. Current evidence Brantman, Dr. Ria Breed, and Ms. Cynthia Werthamer 

indicates that present safety criteria of 1,000 HIC and 60 in the preparation of this paper. 

chest G’s are conservative estimates for injury criteria 

using an airbag system. References 
I would like to thank our Chairman, Mike Finkelstein, 

for inviting me to participate in this panel discussion 1. Brantman, Russel, and David Breed, "Use of 
about state-of-the-art airbag technology. I would be computer simulation in evaluating airbag system 
happy to answer any questions you might have. performance," SAE Paper 851188, Washington, 

May 1985. 

Supplemental Driver Airbag System--Ford Motor Company 
Tempo and Topaz Vehicles 

.......... Roger E. Maugh ¯ Five crash sensors mounted in four locations 

Director, Automotive Safety Office, ¯ A unique wiring harness 

Ford Motor Company 
¯ An electronic diagnostic module 

Each of these airbag system components had to be 

redesigned and/or recalibrated in order to work in the 

Abstract smaller Tempo/Topaz models. 

The process of redesigning the airbag system for the 

This paper describes Ford’s supplemental airbag system Tempo/Topaz involved two basic aspects of system 

that is available to commercial fleet users in the United performance: 

States on Tempo and Topaz car lines. Several key 
¯ Meeting crash sensing requirements 

componentsofthesystemwerebasedondesignsusedina 
¯ Meeting occupant restraint requirements, in- 

1981 experimental program. Design considerations in 
cluding 

adaptingthat experimental system to a smaller production 
-- Inflation geometry/dynamics 

vehicle are presented. 
-- Dummy test "injury criteria" (with and 

In my discussion, I would like to describe the supple- 
without belts) 

mental driver-side airbag system currently being sold as a 
Let’s discuss these in more detail. First, the Tempo 

commercial fleet option in the United States on Ford’s Topaz crash sensing system has been designed to do the 

Tempo and Topaz compact front-wheel-drive car lines, 
following: 

To detect and deploy in frontal impacts above a 
This system went into production early this year. It was 

developed in part on the basis of experience we gained 14mph (22.4kph) perpendicular barrier crash 

with an experimental design originally developed for the 
equivalent 

full-size 1981 Lincoln Town Car. The Town Car is a large 
¯ To not deploy in frontal impacts below an 8mph 

luxury car, approximately 43in (1,088mm) longer and 
(12.8kph) perpendicular barrier crash equivalent 

1,540 lb (700kg) heavier than the Tempo/Topaz. Since 
¯ To detect impacts that are concentrated inboard 

the focus of our panel discussion is on airbag technology 
(pole), outboard (offset and angular), high 

and optimizing airbag system performance, I would like 
(truck), and low (fixed object) 

¯ To differentiate between impact and nonimpact 
to describe a few of the changes Ford made during a 

nearly 2-year program to adapt the experimental Lincoln- 
signals 

based airbag system to the much smaller Tempo/Topaz 
¯ To supply the firing signal to the bag assembly 

vehicles, 
on a timely basis 

First, the Ford supplemental driver-side airbag system To meet these objectives, the sensing system uses three 

consists of ...... primary sensors and two secondary sensors. All of the 

¯ An airbagmodulemountedinthesteeringwheel primary sensors are located across the front of the 

¯ A unique steering wheel and column vehicle; two are mounted low outboard and one is 

¯ An airbag readiness indicator light mounted high at the vehicle centerline. One of the two 
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secondary sensors, which confirm the crash, is mounted Each sensor must pass six individual production 
at this same high centerline position and the other is acceptance checks--three for insuring that it wil! close or 
mounted back on the dash panel, fire at a t0mph (16kph) velocity change with soft/ 

Electrically, the three primary sensors are wired in medium/hard g (haversine)pulse widths--and three for 
parallel and the two secondary sensors are wired in insuring that it will not close or fire when subjected to 
parallel. The firing circuit consists of a series loop formed 6.5mph (10.4kph) velocity change with soft/medium/hard 
by the parallel group of primary sensors, the ignitor, the g (haversine) pulse widths. And might I add that all of 
parallel group of two secondary sensors, and the battery, these checks are performed twice on every sensor shipped 
Firing occurs when any primary sensor and any secondary to Ford, once during the manufacturing process and 
sensor are simultaneously closed for at least 3ms. again after final sensor assembly. 

The sensors, which are manufactured by the Breed After the sensors were designed by the sensor manu- 
Corporation, use a bias magnet to hold a ball that, at a facturer, the system was subjected to a series of nine 
specified deacceleration, will pull away from the magnet validation crash tests. The test program included crashes 
and move through a tube to touch two electricalcontacts at various speeds and types. For example, we ran 
that close the circuit. These sensors are sealed in a shock- angular, perpendicular, truck underride, car-to-car, and 
mounted assembly so the motion of the ball is not pole-type tests. The end result of this process is shown on 
impeded by off-axis vibrations, the attachment. For all crash pulses above the shaded 

Selection of the sensor design for each location is an area, sensors will close and a firing signal will occur (such 
iterative process. The first step is to run a series of crash as the 31mph and the 14.8mph pulses shown on the 
tests to obtain the vehicle’s crash signature at the desired chart). For crash pulses in the shaded area, sensor closure 
sensor locations. This is followed by computer modeling and a firing signal may occur. For all crash pulses below 
of the crash sensor by the sensor manufacturer to select the shaded area (about 8mph), no closure or firing will 
the sensor component specifications that will provide the occur. 
sensor design objectives specified by Ford. Design The system was also tested in the laboratory and on the 
variables within the sensor, such as magnet bias, ball-to- track for durability’, corrosion resistance, and other 
tube clearance, and bali travel, can be adjusted to meet normal vehicle operating conditions. However, even with 
the design objectives. The final system design can then be all of this test and development work, we still need 
contirmed by an additional series of fully instrumented extensive on-the-road experience to confirm our sensing 
crash tests, system design. This is one of the primary benefits we hope 

On the Tempo/Topaz program, we ran 17 crash tests to get from the NHTSA-GSA fleet program and the 
at different speeds and angles to get crash signatures at a other fleet units now going into service. 
number of prospective sensor locations. Some locations The second major area of airbag system performance 
were eliminated, based on the lack of a good acceleration involved in redesigning the system for the Tempo/Topaz 
signal at that poinL Based on these data and modeling was to meet the occupant restraint requirements. As I 
work by the sensor manufacturer, sensor locations and mentioned earlier, this involved--. 
ten atwe cahbratmns" were selected as follows: ¯ Inflation geometry and dynamics 

¯ Dummy test injury criteria (with and without 
Calibration belts) Location (at Location) 

Since the basic relationship between the driver and the 

Priraary Sensors steering wheel is essentially common in most cars, it was 

Left Left front fender apron 10mph (1 6kph) initially assumed that the driver airbag module developed 

Center Center of radiator support 10mph (1 6kph) experimentally for the Lincoln could be used with little 
Right Right front fender apron lOmph (1 6kph) change for the TempoiTopazinstallation. A study of the 
Secondary "Sating" Sensor crush characteristics of the Tempo/Topaz showed that 

Forward Center of radiator support 3.Smph (5.6kph) even though it is substantially smaller than the 1981 

Rear Centerline of dash panel I1 mph (1.8kph) Lincoln, there is still sufficient crush space--approxi- 

mately 24in (610mm)--with its resultant delay of the 
I should point out that when we identify" a primary crash pulse reaching the occupant compartment---to 

sensor calibration as 10mph (16kph), the speed refers to permit the use of the nonaggressive bag fill incorporated 
the speed of the test device used by the sensor manufacturer in the original Lincoln airbag design. However, a crash 
to insure compliance with Ford’s 14mph (22.4kph) test identified another reason for making significant 
closure design objective. In other words, the 10mph changes to the Lincoln airbag module. The experimental 
(16kph) haversine test device pulse is equivalent to an I~incoln design used a firm unvented airbag that trans- 
actual 14mph (22.4kph) crash pulse in terms of causing mitted virtually all of the dummy energy into the steering 
sensor closure, column. It was concluded that the smaller Tempo/Topaz 
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models needed a softer bag that would absorb some At this point, it was clear that if we wanted lower test 

energy through a vent system, results at 35mph (56kph), we were going to have to soften 

Our engineers also decided to add a strap system to the the bag some more. Another sled test series was run to 

bag to control bag shape during inflation. These two bag evaluate the effects of larger vents at different speeds. 

changes (vents and straps) required a comprehensive sled belted and unbelted. From this work. it was determined 

test program to evaluate alternauve bag s~zes, inflator that 1.6in (40mm) vents could be used to provide lower 

calibration levels, and vent sizes. Following the sled test test results at 35mph (56kph) for the belted configuration 

program, our engineers selected a 26-½in (64.8cm) and still not "strike thru" at 30mph (48kph) for the 

diameter bag with two 1.1in (28mm) vents and the unbelted configuration. 

original experimental Lincoln inflator or gas generator New production level vehicles were then prepared and 

calibration, tested with the revised 1.6in (40mm) vent system. 

This package was then put through a series of develop- 

ment crash tests primarily aimed at confirming that the 30mph (48kph) 35mph (56kph) 

30mph (48kph) belted and unbelted GSA contract require- 
Belted Unbelted Belted 

ments would be met. Typical test levels for the system at 

this point ~n the program were as follows: HIC 540 377 550 

Chest G 52 52 52 
30mph (48kph) Perpendicular Barrier Test Results Left Femur 505 1,340 452 

Right Femur 622 t,804 1,175 

D river Belted Unbelted 

HIC 823 524 Test results were acceptable, and production started in 

Chest G 46 47 January 1985. We are satisfied that the Tempo/Topaz 

Left Femur (#) 414 1,663 airbag provides good supplemental protection at test 
Right Femur 1#) 1 ~346 1o750 speeds up to at least 35mph (56kph). Although we have 

not tested the system at test speeds above 35m ph (56kph), 

Throughout the development program, the primary we believe it also will provide added protection at higher 

focus had been on meeung the 30mph (48kph) contract speeds. 

criteria, although several tests had been run at 35mph Designing the supplemental airbag system to meet 

(56kph) with HIC results (belted) within the 1.000 range. N HTSA’s injury criteria at both 30 and 35mph (48/56kph) 

Just before production startup, production level vehicles probably affected its performance characteristics at other 

were tested at 30mph (48kph) to demonstrate the contract speeds. As test speeds increase, the possibility of upper 

requirements had been met. In addition, we tested one at torso or head "’strike thru" also increases. As we move 

35mph (56kph) to confirm the results were not out of line ahead to future airbag installations, we think it will be 

at this higher speed. ~mportant for NHTSA and manufacturers to learn more 

The results were good at 30mph (48kph) but not what about inj ury thresholds when impacting airbags and the 

we expected or wanted for 35mph (56kph) tests, relationship between test speed and "’strike thru" to be 

sure we aren’t sacrificing real-world protection just to 

satisfy an artificial test objective. 
30mph (48kph) 35mph (56kph) 

Belted Unbelted Belted 

HIC 653 721 1,202 
Chest G 49 58 55 
Left Femur 675 1,258 967 
Right Femur 898 1,198 1,922 
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The Daimler-Benz Supplemental Restraint System 

Prof. Dr. Ing. W. Reidelbach 

l)aimler-Benz AG In 1969 we turned to an entirely new technology of bag 
deployment and materials because of our earlier ex- 
perience and knowledge; in 1970 we initiated the 

We at Daimler-Benz consider safety belts as the development of a solid propellant gas generator that 
fundamental and absolutely essential restraining system could be packaged into the hub of the Mercedes-Benz 
in all vehicle crash modes. Everything else, including steering wheel without sacrificing the protective function 
airbags, are supplements to a comprehensive occupant of the kinetic energy-absorbing elements of the wheel .......... 
protection system. This principle has been the guideline This was done in cooperation with Bayern-Chemie, and 
for our airbag development activities, later with Morton-Thiokol. Today a German or an 

As earlyas 1966, Daimler-Benzbeganlnvestigatingthe American gas generator is used to inflate the 60-liter 
potential of airbags as a further possible element of the driver airbag. 
crash protection system already a part of the Mercedes- To trigger the system, we have selected an electronic 
Benz safety concept. Static airbag testing using liquified solid state deceleration sensor. The prime function of the 
or pressured gas as a deployment agent was first carried sensor is to measure deceleration forces and determine ....... 
out. It soon became apparent the dimensions of the bulky whether the impact speed is above the predetermined 
devices available at this time were irnpractical for instal- triggering threshold. If the threshold has been exceeded, 
lation in Mercedes-Benz passenger cars: the triggering signal will initiate the firing sequence. The 
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sensor is also responsible for monitoring and registering in December 1980 on the S-class models only, then, in 

system readiness, spring 1982, on all models in certain European countries. 

Considerable testing of the performance of the com, For model year 1984, the system was offered also in the 

ponents and the total system has been conducted since United States and Canada. As of June 1985, about 60,000 

1970, including thousands of gas generator performance Mercedes-Benz cars with driver a~rbags had been delivered 

tests, static bag inflation tests, impact simulations on worldwide, about 14,000 of these in North America. 

sleds, and full-scale crash tests. Several hundred company The functional reliability of the system has proved very 

cars were equipped with the driver airbag system and satisfactory. We were informed on accidents with or 

field tested, without airbag deployment. All nondeployment cases 

In 1980 the mileage accumulated during field operation occurred at a very low impact severity level, i.e., below 

of the test fleet exceeded 80 million road kilometers, and the triggering threshold. 

the system was released for production. In all cases with an impact severity level at or above the 

We started offering as an option the Supplemental threshold, the bag was inflated. There was no inadvertent 

Restraint System (a driver airbag system, together with deployment. The system has functioned as designed. 

an emergency tensioning belt retractor for the passenger) 

The Police Fleet Airbag Retrofit Program 

..... David Romeo 1. Optimizing airbag performance. 

Romeo Kojyo Co., I nc. From the standpoint of designing an airbag system less 
sensitive to vehicle design considerations than manual 
belts, there is less need to tune. The need to tune an airbag 

The Police Fleet Airbag Retrofit Program has been is driven more by subjecting its performance to FMVSS 

progressing successfully. With initia! placement of systems 208 dummy criteria evaluation (as opposed to the manuat 

...... into police vehicles in December 1983 and approximately belt, which has no such requirement) than it is to any 

450 airbag-equipped vehicles on the road, there have inherent sensitivityofairbagsystemstovehicledifferences. 

been-- (One acknowledged exception to this are systems that use 

1. No occurrences of airbag deployment without a sensors located remote from the crush zone.) 
reportable accident Quite a bit has been said by automobile manufacturers 

.... 2. Approximately 25 to 30 accidents of varying regarding the difficulty of fitting an airbag to different 

intensity resulting in 18 deployments cars. It is interesting to note, however, that there is in fact 

3. No significant injuries in any of the accidents little or no difference across car line in the systems offered 

4. No cases where an accident occurred in which by each of the three companies that produce driver 

the airbag should have deployed and did not airbags. These car lines range in size from compact to 

Evaluation of the system is continuing, luxury. 

Since a progress report on the program was submitted 2. Airbag use in small cars was addressed very 

to the conference in written form (paper by Romeo and recently by John B. Morris in a paper entitled "Airbags 

Morris), no further discussion of the program will be For Small Cars," SAE Paper 851200, May 1985. 

presented. Instead, this presentation will respond to the He compared predicted driver airbag performance in a 

chairman’s specific areas of interest, which were-- large car, full size, or Ford LTD versus a subcompact 

l. Considerations for optimizing airbag perform- Chevrolet Chevette. The fatality risk for drivers of cars of 

ance. How critical is it to tune an airbag system these classes based on an analysis for two vehicle crashes 

to the characteristics of a specific vehicle? by Cerrelli (see above paper) is five times greater for the 

2: Airbag application in small cars both at the small car. Yet, airbag restraint capability degrades only 

driver and passenger position, from 17.9 to 35.6 percent of allowable HIC and 47 to 65 

3. Prospects for passenger airbag systems in vehicles percent of allowable CR between these cars. 
with two designated seating positions and. in Therefore, the obvious conclusion is that although on 

vehicles with bench seats, an absolute basis airbag system performance is degraded 

4. Prospects for reducing system costs, in a small car, on a relative basis the potentia! benefits of 

5. FMVSS 208 injury criteria and its impact on the airbag in the small car are far greater than they are in a 

airbags, larg~:~?! Putting it another way, both my Toyota 
Succinctly these concerns are addressed as follows: Corolla and my Datsun Pickup have airbags. 
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3. With regard to passenger airbag systems, with system design constant and increasing production from 
recent FM VSS 208 exemption for automatic protection 1,000/yr to 10,000/yr or 100,000/yr shows cost reductions 
for the center front passenger, one can forget about a full of 50 and 75 percent, respectively. It is obvious, therefore, 
bench seat(threefrontpassengers)airbagsystem Besides, that in the near future quantity considerations will 
airbag technology is now being led by the Europeans overwhelm all others with regard to potential cost 
(spelled Mercedes and BMW) and they do not have a reduction. 
bench seat. For the right front passenger~ introduction of 5. Regarding FMVSS 208, it has been concluded that 
airbag systems are imminent, the evaluation criteria of this rule are clearly inadequate 

4. Cost reduction can be effected in two ways: for making comparable evaluations of the perforrnance 
¯ Make the system simpler of belt and airbag systems. This is due primarily to the 
¯ Make a large number of systems concentrated versus the distributed loading capabilities 

Holding quantity of production constant, i.e., 1,000/yr, of belts versus airbags. An excellent discussion of this 
10,000/yr, 100,000/yr, etc., the recently reintroduced point appears in the proceedings of the 20th Stapp Car 
"all-mechanical system" promises a cost reduction of Crash Conference in a paper by Walsh and Romeo, 
approximately 15 percent through elimination of "Results of Cadaver and Anthropomorphic Dummy 
diagnostic, wiring harness, and connector coil. Holding Tests in Identical Crash Situations." 

Passive Safety Belt Developments 

Clement A. Detloff 
General Motors, l~’isher Guide Division 

System Selection 

The selection of any restraint system must take into 

consideration complying with the MVSS 208 require- "Yhe U.S. Department of Transportation National 
ments, providing overall safety to the system users, and Highway Traffic Safety Administration MVSS 208 
also providing a usable and marketable product to the requirement for passive restraints and dynamic perform- 
customer. The user comfort and convenience of the ance on 1987 vehicles confronted virtually every auto 

manufacturer selling in the U.S. market with the problem system is a major concern as well as compatibility with 

of equipping vehicles with passive restraint systems. This the vehicle, such as rear seat passenger entry, driver 

presentation touches on some of the problems and visibility, and overall appearance. GM’s previous ex- 

perience with the passive safety belt systems and other 
concerns associatedwithprovidingapassivebeltsystem, 

passive restraint systems has not been good from a 

customer acceptance standpoint. Air restraint and passive 

safety belt vehicles produced by General Motors in the 

past were difficult to market due to lack of customer 

From a manufacturingstandpoint, the U.S. requirement acceptance, and the sales projections were not achieved. 
for passive restraints in 1987 U.S. vehicles has created Although some limited clinical data indicate that ac, 
more changes to safety belt restraints and more challenge ceptance of passive restraint systems has improved and 
for the related businesses than any action since safety our state-of-the-art safety belt systems are more acceptable 
belts were legislated into U.S. vehicles in 1968. For the to the potential buyer, we do not have clinical data to 
vehicle manufacturer, the performance of the restraint definitely establish the system that customers prefer 
system in the vehicle becomes an added concern since the today. The time limitations to meet the 1987 production 
injury performance criteria required in the standard must also provide limitations in tooling and manufacturing of 
be met by aii vehicles. Dynamic performance repeatability some possible restraint systems. In addition, the interior 
and the ability to meet requirements at different test styling andgeneralconfigurationofavehiclecanprovide 
facilities with different test personnel present some some limiting factors. Examples are door frames or 
concern. For the hardware manufacturer, !he compliance frameless glass. The differences in legal requirements 
to world seatbelt laws covering the components must still between countries also provide some concern and limita- 
be met along with the added requirements of the vehicle tions with regard to system selection. They have an effect 
manufacturer to assure vehicle system dynamic perform- on anchorage locations and actual performance of system 
ance compliance, hardware. 
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Body-Mounted 2-Point 
Passive Belt Systems 

............. Body-mounted retractor 2-point passive restraint 

systems (Figure !) use a single retractor that is body- 

mounted in the center of the vehicle with the upper or 

shoulder belt anchor located on the upper frame or B- 

pillar. Instrument panel knee bolsters or knee restraints 

............ are required with the system. The B-pillar-mounted 

anchor requires a power means to move the anchor 

forward on a guide track to allow vehicle entry and exit. 

From an engineering standpoint, the system presents 

limitations on center seating positions, use of center- 
Figure 2. Door-mounted 2-point passive belt system 

mounted consoles, and proper placement of anchorages 

for optimum dynamic performance. Also, webbing tends 

........ to drag across the occupants when the system is operated Door-Mounted 3-Point 
during entry and exit. This type of system does not Passive Belt Systems 
generally provide an emergency release latch, but an 

emergency or override of the retractor lock could be The door-mounted 3-point system (Figure 3) would 

provided, use two door-mounted retractors with the shoulder belt 

......... and lapbelt anchorages located on the door, allowing the 
¯ ~ belts to move with the door for entry and exit and 

providing conventional safety belt restraint for the two 

outboard front seat occupants. By using door-mounted 

retractors, a center seating position still can be incorpo- 

rated and the intrusion on center console space is 

eliminated. The instrument panel knee restraints are not 

required in most cases; however, in some specific vehicles, 

such a restraint may be required to insure proper 

dynamic performance. Dynamic performance with 3- 

point systems is similar to the conventional manual 

system; however, placement of anchorages and the use of 

any belt snubber has to be tuned to the vehicle to assure 
......... Figure 1. Body-mounted 2-point passive belt system 

proper kinematics. This systern allows flexibility of 

anchorage locations. 

Door-Mounted 2-Point 
Passive Belt System ..... 

Door-mounted retractor 2-point restraint systems 

(Figure 2) use a single retractor mounted on the tunnel . 
~ 

with an emergency release latch assembly mounted in the 

door area of the vehicle with instrument panel knee 

bolsters. The upper or shoulder anchorage of this system , 

is door-mounted and moves with the door to allow for ~,-~,~,~, 

entry and exit. Two-point systems present some unique 

challenges both from a performance standpoint and from 

an engineering standpoint. From a performance stand~ Figure 3. Door-mounted a-point passive belt system 

point, this type of system presents engineers additional 

challenges to provide adequate protection for various 

size occupants through the full range of seat adjustment Complementary Interiors 
travel. Like all restraint systems, these systems require 

tuning each vehicle system to assure performance over The passive interior concept (Figure 4) would not 

the full range considering all variables, require the use of conventional restraint systems to meet 
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the performance criteria but would use occupant kine- Summary 
matics and the interior services of the vehicle to control 
energy absorption. Any such system would be considered In conclusion, various systems can be used to comply 
supplemental tothe3-pointlap/shoulderbeltsystemthat with the passive requirements. Any system requires 
would be provided in the vehicle, and its use would be evaluation of the vehicle configuration, vehicle crash 
recommended, performance, compatibility with vehicle environment, 

and overall acceptability aimed at the vehicle purchased 
to assure acceptance in the marketplace. 

Figure 4~ Complementary interior 

Automatic Belt Restraint Systems for Motor Vehicle Occupants 

H. George Johannessen, P.E. public health and traffic safety in the State of New York: 
OmniSafe, Inc. He viewed traffic fatalities and injuries as a public health 

problem of epidemic proportions that could best be 
overcome by passive means--that is, by means requiring 
no overt action on the part of the parties affected. He 
cited past examples of successful passive solutions to 
major public hazards, such as inoculation of entire 

Following early U.S. Government regulatory action populations to overcome dread diseases, pasteurization 
requiring passive occupant crash protection for vehicle of milk, and use of automatic sprinkler systems to control 
occupants covered by Motor Vehicle Safety Standard fires. 
208, intensive development began on passive seatbelts as 
promising alternatives to the inflatable systems being 

Passive Systems for Passenger Cars considered, The general types of passive seatbelt systems 
are identified. Passive systems that have been offered to 

In November 1970, the U.S. Federal Motor Vehicle date as optional installations in production car lines are 
described. Design considerations are discussed. Recent Safety Standard 208, which addresses vehicle occupant 

usage rates of installed passive systems are compared crash protection, was amended to incorporate the original 

with manual belts, requirements for passive restraints in the front seating 
positions of all passenger cars manufactured on or after 
the first day of July 1973 for sale in the U.S. car market. 
Challenges to these original requirements and original 
effective date resulted in a series of subsequent actions 

The U.S. Congress enactedtheHighwayTrafficSafety from 1970 to the present by legislative and judicial 
Act of1966 to address the problem oftraffic fatalities and branches of the U.S. Government, in addition to the 
injuries on American roadways. The National Highway responsible regulatory agency, NHTSA, which recon- 
Safety Bureau was quickly established to carry out the sidered and revised requirements and effective installation 
provisions of the new law. (The National Highway Safety schedules for passive occupant protection. The most .... 
Bureau later became the National Highway Traffic recent action calls for passive occupant protection in 
Safety Administration.) The late Dr. William Haddon, front outboard seating positions on a phased-in schedule 
Jr., was appointed to head the new agency. He was a with installations in a minimum of 10 percent of the 
medical doctor with a long and distinguished role in manufacturers’ car build after September 1, 1986, 25 
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percent after September 1, 1987, 40 percent after Installations in Production Car Lines 
September l, 1988, and 100 percent after September l, 

1989. The passive requirement will be rescinded if States Some of the more promising developmental designs 

representing two-thirds of the Nation’s population enact have been offered to the public in production cars. These 

mandatory seatbelt usage laws before April l, 1989, that are described in Table 3. The first production model to 

will be in effect and enforced by September 1989. appear was a 2-point system, installed as an extra-cost 
The passive system for vehicle occupant protection option in a Volkswagen Rabbit in model year 1975 and 

that received immediate attention following the issuance subsequent years. Figure 1 shows the conceptual design 

of the original rulemaking in 1970 was the inflatable of the Rabbit installation. This system includes a 2-point 

restraint, or airbag. Alternative noninflatable means, 

however, were considered as well. Many categories of Table 3. Production automatic seatbelt systems 
such noninflatable passive candidate systems were 

identified, as shown in Table 1. These included transparent 

shields, deployable nets and blankets, cushions, restraining 
Me DEL YEAR 

arms and barriers, integrated seat systems, and seatbelt 
CAR LINE INTRO DUCED TYPE 

systems. VW RABBIT 1975 2-POINT 

GM CHEVETTE 1978 1/2 2-POINT 

GM CHEVETTE 1980 3-POINT 
Ta ble 1. Noninflatable automatic occupant restraints TOYOTA 1981 2-POINT 

MOTORIZED 

¯ Transparent Shields 

I Deployable Nets 

¯ Deployable Blankets 

¯ Integrated Seat Systems 

¯ Restraining Arms 

¯ Cushions 

¯ Seatbelt Systems 

Developmental Passive Seatbelts 
VW SYSTEM 

Of these various categories, passive seatbelts showed 

the greatest promise by far. Passive seatbelts were 

developed in many variations. Several distinctive classes ,~k,.o ~ %~ 

may be identified. These are listed in Table 2. They may 

be 2-point, 3-point, or 4-point systems based on the 

number of load-bearing connections to vehicle structure. 
Figure 1. First automatic seatbelt system in production 

They may be all mechanical or may be all or partially 
car line 

motorized. They may have retractors located in either 

inboard or outboard locations and fixed anchors located upper torso belt with the retractor inboard and the fixed 

either inboard or outboard. Some may require knee anchor attached outboard on the door. The door con- 

bolsters to control lower’body movement. All must have nection incorporates a buckle for emergency discon- 

some provision to permit disengaging the seatbelt after nection. The buckle has an electrical interlock with the 

an accident. Prototypes of all these classes of systems 
starter system to insure that the buckle is connected in 

have been developed and installed in production cars. 
normal driving use. The lower body movement is con- 

trolled by a knee bolster and a specially designed seat 

pan. Figure 2 shows the appearance of the VW system as 
Table 2. Typical automatic seatbelt systems installed in the Rabbit. 

The first production installation in a car produced in 

the United States appeared in the Chevette manufactured 
2-POINT Passive Shoulder Belt Only by the Chevrolet Division of General Motors in model 

3-POINT Passive Lap and Shoulder Belts year 1978. It was quite similar to the VW installation in 

4-POINT- Separate Passive Lap and Shoulder Belts the Rabbit, except that it used a seat of conventional 
design and included a manual lapbelt. Figure 3 shows the 

¯ Mechanical and Mote rized Models in All Types conceptual design, with a passive 2-point shoulder belt, a 

knee bolster, and a lapbelt. 
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1980 CHEVETTE 
3 POINT PASSIVE BELT SYSTEM 

DOOR UPPER 
SHOULDER BELT 
ANCHOR 

BUCKLE 
RELEASE WITH 
SWITCH 

INBOARD TUNNEL 
WITH TENSION RELIEVER 

Figure 4, Second generation automatic seatbelt sys- 
Figure 2, V~/automatic seatbelt installation tern in U.S. domestic production car line 

1978 1/2 CHEVETTE TOYOTA SYSTEM 
2 POINT BELT SYSTEM 

circuit 
breaker guide rail emergency lock 

limit TOP~LLAF~) 
computer I ~wltch [ 

~ 

~k~ 
~ ~ /~ ~limit 

re~octor assembly 
F~u~e 3. F~rs~ ~u~omat~c seatbelt system i. U~S. (wi~incover) 

The next production installation appeared in the 
Figure 5. Motorized automatic system 

Chevette in model year !980. This was a 3-point system 
with an inboard retractor and two fixed anchor points on traverse of the belt has been carefully timed to move the 
the door. Figure 4 shows the conceptual design of this belt quickly, yet not so quickly as to startle the occupant. 
system. A buckle on the lower anchor on the door was Figure 6 shows the relative movement and location of the 
provided for emergency release. This buckle also incorpo- motorized shoulder belt. 
rated a switch to provide an electrical connection with a 
buzzer to insure that the buckle was engaged during 
normal use. Design Considerations for Automatic 

The most recent automatic system has been installed in Seatbelt Systems 
the Toyota Cressida since model year 1981. It is a 2-point 
system with an inboard emergency-locking retractor and The general design considerations for all seatbelts are 
an outboard anchor location on the B-pillar. Figure 5 shown in Table 4. The list includes performance in 
shows the conceptual design of the Toyota system. A accidents and evasive maneuvers, simplicity in design and 
manual belt is included to control lower body movement, operation, reliability, durability, vulnerability to damage 
The lower portion of the instrument panel provides a during normal use or in accidents that could render them 
knee bolster as well. The motorized outboard anchor inoperable, comfort during use, convenience in use, 
point is routed along the roof rail and the upper portion packaging size and shape for accommodation in the 
of the A-pillar. This action moves the shoulder belt vehicle, esthetics, and cost. Automatic seatbelts have the 
forward out of the way for easy occupant ingress into the added requirement for automatic donning and doffing. 
vehicle, and then returns it to don the shoulder belt on the In any given system design, tradeoffs inevitably are 
occupant aider he is seated and the door is closed. The encountered such that optimization of one variable is 
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IO0- 

TOYOTA AUTOMATIC 

VW AUTOMATIC 

70- 

PERCENT 60- 

OBSERVED 

USAGE OF 50- 

AVAILABLE 

SEAT BELTS 40" 

30- MANUAL B E ~T~,,~ 

HIGH ~ 20- 

AVERAGE~ 10- 

1983 1984 

Figure 6, Toyota automatic shoulder belt system CALENDAR YEARS 

accompanied by some sacrifice in optimization of another. Figure 7. Recent seatbelt usage rates in US.A. 

Some obvious examples are (1) the possible degradation 

of performance in emergencies for the sake of increased these 19 cities increased from 13.3 perce~t in 1983 to 14.4 
comfort in normal usage by means of a tension-relieving 
device on th~ shoulder belt, and (2) the possible decrease 

percent in 1984 and 15.3 perce~t in the last quarter of 

1984. The upward trend was due mainly to the intensive 
......... in simplicity and reliability for the sake of increased efforts of NHTSA and others in the safety community to 

convenience and improved stowage through the us~ of increase s¢atb¢lt usage in th~ United States. Usage rates 
retractors, varied appreciably from one city to another in the 19-city 

study, with a low rate in 1984 of 7.1 percent and the 

Table 4. Design considerations highest rate of 30.1 percent. The principal predictors of 

usage, in the absence of mandatory use laws, are age and 

~ Performance in Emergency Events sex of the driver (with the greatest usage in the age range 
~ Reliability of 25 to 49, and wom~n consistently being mor~ ~requ¢nt 
~ Durability users than men); size of car (with greater usage in smaller 
@ Vulnerability to Damage 
@ Simplicity in Operation cars); foreign wrsus domestic U.S. cars (with drivers of 

~ Comfort foreign cars more than two t~m~s as likely to be wearing 

~ Convenience seatbelts); and the age o~ the car (with seatbelts more 
~ Packaging likely to be ~n use in later model cars). 
~ Esthetics The usage rate for the VW system has persisted in the 
~ Cost 

range of 80 percent through the years since 1975, when it 
was introduced, with observed usage ra~¢s of 75 percent 

in 1983 and 76 p~rcent in 1984. Th~ Toyota Cressida 

system has done even better, with usage rates of more 

Usage an~ P~[[o~an~ than 95 percent obserwd in the NHTS,~ 1g-city program. 

The Chevette system’s usage rates are ~n the same general 

The usage rates and performance of these automatic range as the VW, but somewhat lower. 

seatbelts in the field have been very satisfactory. Eigure 7 Performance data for these systems ~n accidents ar~ 

shows the usage rates ~or automatic systems as compared limited because of the relatiwly short time they have been 

with the usag~ rates for manual belts, representing data exposed on the roadways and the relatively small number 

obtained in the ongoing program sponsored by the involved in accidents. The data acquired to the present 

National Highway Traffic Safety Administration in through the National Accident Samp~ingSystem operated 

which usage rates are monitored in !9 cities across the in the United States by NHTSA, referred to as the NASS 

United States. ~verage driver usage of manual belts in data, indicate th~ performanc~ o~th¢se automatic systems 
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in the real world is generally comparable to the perfor- mandatory usage law became fully effective on the first 

mance of manual systems, day of January of this year, the usage rate is becoming 
acceptably high. Seatbelt performance in New York, in 
terms of reduction in fatalities and serious injuries, has 
followed the patterns observed in other countries having 

The Future of Automatic Seatbelts successful mandatory use laws. 
Automatic seatbelts are not inherently better performers 

The key to the need for automatic belts is the usage rate than manual belts, but they do appear to induce higher 
of seatbelts. In the many countries and jurisdictions usage rates when installed as extra-cost options. The 
around the world having mandatory seatbelt use laws, public acceptance of automatic seatbelts when installed 
starting with Australia in 1970 and including England as standard equipment remains to be seen. The degree of 
more recently, usage rates of 75 to 95 percent are achieved success in enacting and enforcing mandatory seatbelt 
with manual seatbelt systems when minimal--but usage laws in the United States will determine whether 
continuing--enforcement is observed and nominal fines automatic seatbelt systems will be required in the long 
are imposed. In the State of New York, where a term. 

Safety Belt Development 

S. Sano 
such as crush characteristics, impact duration, and the Honda Research & Development                  survivability space available for the occupants. 

Another consideration surrounds the system perform- 
Last summer, NHTSA issued a rule under MVSS 208 ance during a postcrash emergency escape, either by the 

that created the regulation to equip automobiles with occupants or by outside rescue personnel. This relates to 
passive restraints under a phase-in schedule, the selection of a detachable or nondetachable system 

Beginning with model year 1987, 10 percent of all and to the related issues of decreased seatbelt usage by 
automobiles sold will be equipped with passive restraints, user tampering or disconnection of the system. I do not 
That percentage will increase unless enough States think that whether the system is detachable or non- 
representing more than two-thirds of the entire U.S. detachable will have a lasting influence on the restraint 
population pass legislation mandating seatbelt use by usage rate, especially in the long term. For example, 
drivers and passengers, during model year 1974, there was a starter-interlock 

I believe the ideal situation would be the use of manual device that was adopted for improving seatbelt usage 
3-point seatbelts in conjunction with the adoption of rates. This rate was raised for a short period, but the 
seatbelt use laws by all the States. It is my hope that interlock system was subsequently defeated, and there 
effective regulation will be in place, as I feet this is the does not appear to be any significant difference in the 
most effective way of providing adequate protection to usage rate of seatbelts between the 1974 models and any 
automobile occupants, rather than by mandatory regula- other year model. 
tion requiring automatic restraints beg!nning with the It is my opinion that adopting a nondetachable system 
1987 model year. for the purpose of improving the restraint usage rates 

We are, of course, preparing to complywith the passive might have the same results as the earlier use of the 
restraint requirement and are considering an automatic interlock. Furthermore, it is quite possible that users 
seatbelt. Before considering what type of system should would subvert the restraint system by removing the belts, 
be used, at this point I would like to discuss the which would require a subsequent replacement by any 
requirements of a system and the utilization of it. future vehicle owners that would want the protection of 

First, I want to discuss the occupant protection the system. The most effective way to improve the rate of 
performance, especially the performance ofthe system in restraint system usage is to adopt legislation making 
restraining a driver or occupant at the moment of impact, seatbelt or restraint use mandatory, which would certainly 
Discussions for the passive belt system have involved make the question of whether to use the detachable or 
both the 2- or 3-point types. However~ the important nondetachable system no longer a point of discussion. 
issue is not whether the system is 2-point or 3-point, but When considering most emergency escapes in accident 
how efficiently the automatic system works for a particular situations or rescue of an occupant by outside personnel, 
car; that is, how efficiently any system can be integrated it is obvious the detachable system is far superior to the 
with other crashworthy characteristics of;an automobile, nondetachable system. Because of these considerations, I 
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am proceeding toward the adoption of a detachable the present system or a nonmotorized passive restraint 

system as my passive restraint system of choice, system. Additionally, there is no doubt a system that has 

There are two considerations affecting acceptance by simple component parts will have superior reliability 

consumers. One is that the car equipped with a passive when compared to the complexity of the motorized 

restraint system will be acceptable from a cost!benefit system. 

standpoint on the open marketplace, and the second is Again it is very difficult to evaluate the cost/benefit of 

that the system will be used in an unaltered configuration, the passive restraint systems. Because no system is a 

In the initial stages of the phase-in program, there wilt be perfect system in every aspect, one approach could be to 

a mixture of cars with passive restraints and cars with the evaluate various manufacturers’ systems over a period of 

current active seatbelts on the market. This will allow time. 

consumers to choose from among them. During the We began to develop the automatic seatbelt system in 

phase-in period, especially before most of the cars being the early 1970’s and exhibited a motorized version 11 

sold are equipped with the passive system, we can assume years ago at the ESV meeting held here in England. We 

that those who decide to purchase the cars with the abandoned that system after an evaluation program 

passive belts will have the intention and desire to use that because of concern about injury-causing potential from 

....... system, the positioning of the mechanical arm. 

If a consumer, given the choice, decides to purchase a Since that time, we have tried many different combina- 

car with the passive restraint, he has considered the tions, such as a motorized arm operating on the door 

benefits and determined they outweigh any detriments side, a motorized arm operating from the mid-portion of 

such as increased cost, perceived difficulty in entering the car interior, a system without a motorized arm, one 

and exiting the vehicle, or what we may call the spiderweb with a convenience hook, another system with an ELR 

appearance of the vehicle’s interior, set in the middle of the automobile interior as well as an 

The degree of perceived benefit of the automatic ELR on the door, 2-point systems, 3-point systems, and 

system will depend on the mind-set of the purchaser, every combination of all the elements mentioned. 

People who presently use seatbelts regularly and like the From our extensive experience, we concluded no 

manual system will probably not care for an automatic perfect system exists that is acceptable and satisfies every 

system; while people who don’t like the inconvenience of single consideration. The 2-point restraint system and the 

manualbelts but use them because ofthe perceived safety motorized arm system are not favored by people 

benefits will most likely prefer an automatic system, accustomed to the traditional manual belts, since space is 

Finally, people who are uninformed or simply don’t care further restricted by a knee bolster and is not considered 

about the added safety of seatbelts probably won’t like by those persons as a benefit. System users are influenced 

the automatic restraint system and are most likely the apparently more by the discomforts caused by the passive 

ones who will take the opportunity to disengage or defeat restraint system than by any improvement of the putting 

the system, on or removal of the system. 

As a consequence, we feel the focus during the phase-in Therefore, we consider the simple, nonmotorized 3- 

period will be on those consumers who do utilize point passive restraint system that is similar to the current 

seatbelts, although they feel seatbelts are difficult or manual belt system to be the most adequate during the 

inconvenient to use. phase-in period. 

Next, I would like to discuss the motorized system. However, we are well aware that the situation con~ 

Certainly amotorized system will improve the application cerning development of automatic restraints keeps 

and removal situation when a vehicle occupant enters or changing. We are keeping an open mind as to appropriate 

exits the automobile; however, it does not eliminate all forms of automatic restraints that are most desirable 

the problems of putting on and removing a belt. Moreover, from the standpoint of safety, efficiency, and comfort, 

certain discomforts will be generatedfor some occupants, and will change the system any time substantial and 

such as the belt rubbing against a user’s face or neck since significant advancements are made in accordance with 

the belt moves automatically regardless of user’s intention, our ongoing research programs. 

A motorized unit will increase the cost substantially 
when compared to the cost of the belt itself, either under 
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Die,mar Ko Haenchen 
fatalities and serious injuries. Van Dyke 

Volkswagen-Research concluded that the 19 percent fatality rate 

difference is reasonably consistent with the 
I would like to talk about four related topics: difference in observed usage rates. 

t. VW seatbelt t~atures Slide 6. Volkswagen researchers recalculated the data 
2, Belt use in VW Rabbits the other way round. Taking the FARS data 
3. Performance of automatic and manual belts in and using the 45 percent effectiveness of both 

the field belt systems, they calculated the usage rate. 
4, Whether measures to improve the vehicle As you can see in the slide, there is good 

structure for 35mph barrier crashes would result agreement of the calculated usage rate with 
in improved accident statistics the observed usage rate. Van Dyke concluded 

Let me now describe the main features of the Volkswagen that, "This evidence supports the conclusion 
belt systems: that the lower fatality rate for occupants of 
Slide 14 You are all familiar with the manual belt. automatic restraint Rabbits is attributable to 

Note that in VW’s 3-point belt system, the the higher restraint use by these occupants." 
buckle is mounted to the seat. This assures With this in mind, it is obvious that 
good fit of the belt in all seating positions, further significant decreases in traffic fatalities 

Slide 2,    The VW automatic belt has the same geometry and serious injuries can be achieved if we 
of the upper torso belt. In this case, the continue to increase belt use. 
retractor is mounted under the seat. This also Slide 7. This slide illustrates the remaining lifesaving 
assures good fit because the belt moves with potential of seatbelts. For reasons of sim- 
the seat when it is adjusted. The lower torso plicity, we have assumed an effectiveness of 
restraint is provided by the knee bolster. 50 percent for all belts. 

Slide 3. The advantage of this simple automatic belt The first column shows zero lifesavings if 
is that it is easy to use-just open the door, no belts are worn; the second shows 25 
get into the car, and close the door. percent usage (this is about the usage we see 

When we introduced this automatic belt in accidents with Rabbits with manual belts); 
system in !975, we were curious how this and the third shows the 50 percent usage that 
system would perform in the field. Although we see in accidents with Rabbits with auto- 
crash test data indicated good performance, matic belts. The last column shows the 
real-world performance could have differed improvement we would get with 100 percent 
due to the many accident types we have in the belt use. 
rea! world. Mandatory belt use laws have reduced 

When using the collective Fatal Accident fatalities and injuries in many countries, and 
Reporting System (FARS) data from 1975 I am convinced they will also work in the 
through 1983, it turned out the overall effec- United States. 
tiveness of automatic belts in VW Rabbits is Let me touch the topic of improving 
about 19 percent better than the effectiveness seatbelt performance by modification of the 
of manual belts, vehicle structure. 

Slide 4.    Observed belt usage in Volkswagen Rabbits Using computer simulation, Volkswagen 
has been relatively high for both the manual researchers developed force-deflection curves 
and automatic belts, as shown in this slide. It that would give optimum injury criteria for 
is around 30 percent for manual belts and 

3-point belts in 30mph barrier tests. Two 
around 80 percent for automatic belts, optimized structures were developed, one for 

However, belt use in severe accidents is a seatbelt system without preloader and one 
much lower, due to the fact that those 

for aseatbeltsystemwithpreloader. Both of 
occupants who don’t wear seatbelts also tend these systems had about the same overall 
to be more involved in severe accidents, benefit. 

Slide5, John van Dyke of NHTSA’s Center for Slide 8. The diagrams show the force-deflection curves 
Statistics and Analysis investigated whether of the vehicle front structure. In the left 
the difference in fatality rates is compatible diagram, we see the optimum curve of the 
withthe observed usage rate forboth restraint vehicle without preloader; in the central 
systems. Using belt use data from accident diagram is the system with r~reloader. The 
statisticsinthreedifferent States, heassumed dashed lines represcnt a present vehicle 
that both the manual and automatic belts in structure. 
Rabbits are 45 percent effective in preventing Our researchers also calculated a force- 
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deflection curve for an optimum performance Let me conclude with a summary: 

of the belt system at the 35mph barrier 1. Manuat and automatic belts show similar effectiveness 

impact velocity. As you can see in the right when worn. 

diagram, this optimized curve is very different 2. The difference in overall effectiveness between manual 

from the present curve. The optimized and automatic belts is basically related to the dif- 

structure for the 35mph system requires a ference in belt use only. Mandatory belt use laws will 

very high initial force to achieve the optimum help to further increase the effectiveness of both 

performance, types of belt systems. 

It is obvious that such a structure would be 3. Optimizing the vehicle structure to improve injury 

very aggressive to other vehicles, especially in 
criteria for 35mph crashes does not necessarily lead 

side impacts. Consequently, the overall safety to better overall accident performance in the field. 

benefit in the field would be produced by 
such a structure. 

1 SHOULDER BELT 

3 2 LAP BELT 

1 3 COMFORT "D"-RING 

4 BUCKLE FIXED TO 

SEAT 

5 RETRACTOR 

6    ANCHORAGE POINT 
5 
6 7 DASHBOARD 

~4 

Slide 1. Three point belt 

1 SHOULDER BELT 

--5    2 KNEE BOLSTER 
1 

3 RETRACTOR 

4 BELT GUIDE 
7- 

5 EMERGENCY BUCKLE 

6 ANCHORAGE POINT 
4 7 DASHBOARD 
3 

Slide 2. Restraint Automatic 
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EMERGENCY RELEASE 
RELEASE 

AUTOMATIC 
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~lid e 3. VW Automatic seat belt 
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OBSERVED USAGE PERIOD 
Stide 4. Automatic versus manual belt usage for VW Rabbit 
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Fo~,alities 

NHTSA-STUDY ON VW-AUTOMATIC SYSTEM iRA, ~oo 
(VAN DYKE: VOLKSWAGEN RESTRAINT SYSTEMS AND FATALITY - RATES) 

ASSUMPTION: TWO - POINT- BELT WITH KNEE - BAR 
AS EFFICIENT AS THREE - POINT- BELT 5o 

CONCLUSION: DIFFERENT FATALITY- RATES OF THE 
SYSTEMS DEPEND ON DIFFERENT 
USAGE RATE o 

THE ASSUMPTION HOLDS IF THE COMPUTED 
AND THE OBSERVED USAGE RATES CORRESPOND 

Slide 7. Decrease of fatalities 
Slide 5. NHTSA study on VW automatic system RA 

~tu~e~ compute~ ! rate Force --op~zed 

40 200 200 

2o .... ~o~ 
loo 

..... Slide 6. Automatic versus manual belt system              Slide 8, Force-deflection of the long member 
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Frontal Crash Protection 
and Pedestrian Protection 

Technical Session No. 1 
Biomechanics and Dummy Development 

Jean Leroy, Chairman, France 

Biomechanics of Diffuse Brain Injuries 

between 25 and 50 percent elongation at comparable 
Lawrence E. Thibault 

strain rates. These obs~rvations are in reasonable agree- 
Thomas A. Gennarelli merit with the estimations of critical strains obtained 
University of Pennsylvania from the primate and physical model studies. 

Introduction 
Abstract 

The development of head injury tolerance criteria for 

..... This report discusses the development of brain injury specific forms of brain injury remains one of the many 

tolerance criteria based on the study of three model challenging problems in the biomechanics of central 

systems: the primate, inanimate physical.surrogates, and nervous system trauma. Part of this problem is to 

isolated tissue elements. Although we are equally describe the variety of head injuries that occur and to 

concerned with the neural and neurovascular tissue associate with each injury a severity index. Additionally, 

components of the brain, the report will focus on the it becomes necessary to elucidate the mechanisms that 

former and, in particular, the axonat elements. Under produce each injury and to develop tolerance (or failure) 

conditionsofdistributed, impulsive, angular accelerati°n criteria for the components that constitute the brain. 

loading, the primate model exhibits a pathophysiologica! 
Finally, a method to relate the kinematics of dynamic 

response ranging from mild cerebral concussion to 
mechanicalloading of the head to the deformations of the 

massive, diffuse white matter damage with prolonged brain tissue is required. 

coma. When physical models are subjected to identical This report will discuss the use of three model systems 

loading conditions it becomes possible to map the selected to address these issues and, further, it will focus 

displacements and calculate the associated strains and on diffuse brain injury. Although the neural and 

stresses within the field simulating the brain. Correlating neurovascular tissue injuries may be of equal importance 

these experimental models leads to predictive levels of in terms of injury severity, the scope of this study is 

tissue element deformation that may be considered as a restricted to the axonal structures of the brain. The three 

threshold for specific mechanisms of injury. Isolated models therefore include the primate, simplified, in- 

tissue studies in the axon then serve to confirm the 
animate, structural models ofthe skull brain systern, and 

relationship between ultimate strain, for example, and isolated axonal tissue preparations. Previous studies 

the pathophysiological consequences. At this time, we have found(I,2,3) that inertial loading, and in particular 

have found that elongating strains of between 5 and 10 rotational acceleration, is capable of producing diffuse 

percent at strain rates of greater than 50sec~ produce injury to the brain of the primate. We have more recently 

membrance depolarization and a concomitant decrease shown that the severity of this injury can be varied to 

in excitability that recovers in minutes. The degree of include mild cerebral concussion as well as prolonged 

depolarization is directly proportional to the magnitude coma with axonal damage bilaterally in the hemispheres 

of the stretch. Further, total structural failure of the 
and in the corpus colossum and brain stem. Results to 

axonal membrane (diameters 400-750.jmm) occurs date suggest that as the brain experiences inertial loading 
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with significant rotational components it undergoes a 

deformation that depends not only on the details of the                           " 

loading but obviously on the local geometry and the 

tissue material and structural properties. 

Simp!e physical models of the skull-brain structure 

~mder carefully controlled inertial loading experiments 

at~ow one to study the temporal and spatial variation of 

these deformations as a function of the magnitude, 

direction, and time history of the rotational accelerations. 

These deformations result in strains and stresses that, ’"°°I \ 

\~hen excessive, are manifested in functional and structural 

changes in the tissue elements. To demonstrate the latter, 

it is most practical to use isolated tissue elements. We will 

discuss the giant axon of the squid as a model of axonal 

structures of the brain. Electron miscroscopic examination 

of the brain’s deep white matter reveals intracellular 
Figure 1. Experimental linkage and typi~al a~eleration 

injury to the axons in the regions of the nodes of Ranvier, 
profile 

and this particular injury has been associated with 

prolonged coma(4). Although the squid axon is non- 
Fresh brain weights are recorded in all cases imme- myelinated, we feel it is a reasonable model for this nodal 

region that is probably the most vulnerable from a diately post-mortem and in this study range from approxi_ 
mately 110 to 170g. structural point of view. Changes in the electrophysiology 

The rotational axis was varied to include the three o~ the axon under conditions of variable strain-rate 
mutually perpendicular planes of sagittal, coronal, and ~]niaxial extension are then related to the animal and 

physical mode! results, horizontal. 

Methods Physical Models 

Primate Model A surrogate brain material in the form of a silicone- 

based gel, known as Silicone Gel System (Dow Corning), 

A standard 6in diameter HYGE® (Bendix) shock tester was used for these studies. The material is supplied as a 
has been modified in the fol!owing manner: two-part mix of polymer and catalyst. By varying the 

~ The stroke length was reduced to 3. !25in. relative concentrations of these two components, it is 
® The internal acceleration and deceleration possible to alter the modulus of elasticity of the gel by 

metering pins were redesigned to produce the several orders of magnitude. For these experiments, the 
desired acceleration-time characteristics, material properties were closely matched to brain tissue. 

* A kinematic linkage was designed that converts The gel is an optically transparent substance cast at room 
the translationa! motion of the HYGE thrust temperature and can be layered with no mechanical 
column into an angular motion, 

discontinuity (i.e., the gel in a liquid state wilt adhere to a 
® A hetmet system was designed to rigidly couple polymerized surface upon curing). It is therefore possible 

the primate head to the kinematic linkage, to cast the surrogate brain in layers and print or paint an 
This system is used to provide controlled inertial 

orthogonalgrid on selected surfaces that can be entrained 
loading to the primate as well as the physical models, in depth within the model. As depicted in Figure 2, both 
Figure 1 depicts the kinematic linkage whose angular idealized right circular cylindrical geometries, as well as 
displacement is set at approximately 65o. Also shown in 

realistic skull boundaries, can be studied. 
the figure is a typical acceleration-time history expressed 

The physical models are mechanically fastened to the 
as tangential acceleration, kinematic linkage of the HYGE system in such an 

"lhe primates used in these studies were baboons 
orientation that deformations of the grid within the gel 

ranging in weight from approximately 5 to 10kg. Standard 
can be filmed in the plane of interest. Photography is 

physiological monitoring was performed includingintra- performed at 4,000 frames per second on 16mm film. 
cranial pressure, arterial pressure, respiration, respiratory Individual frames of interest are printed and then digitized 
carbon dioxide, respiratory oxygen, EKG, EEG, and using a Hewlett Packard 9836 computer and bit pad. 
multimodality evoked potentials. Upon sacrifice, both From the digitized data, one can then compute the field 
light and electron microscopic studies were performed on parameters of displacement, strain, and stress at node 
the brain tissue. With particular emphasis on the axonal points within the grid, Therefore, both the strains and 
s~ructures, the lesions are mapped according to anatomic strain-rates at a particular location can be determined for 
location and degree of severity, any given loading condition, 
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stage of an inverted phase contrast microscope. With this 

arrangement, it is then possible to obtain axonal 

mechanical properties as well as the neural tissue element 

electrophysiological response to mechanical stimulation. 

Results 

Primate Model 

Thus far we have been able to programmably reproduce 

the following brain injuries in the primate model: 
1. The acute subdural hematoma with varying 

Figure 2. Construction of the physical models degrees of severity. 

........... 2. Cerebral concussion from mild to periods of 

.... unconsciousness of up to 2 hours. 
Isolated Tissue 3. Diffuse axonal injury with prolonged coma. 

The subdural hematoma as part of a class of neuro- 
A system has been developed that permits one to study vascular injuries will not be presented here. 

the electrophysiology, morphology, biochemistry, and The cerebral concussion and diffuse axonal injuries are 
...... transport properties of the giant axon of the squid as a shown in Figure 4. These same data are presented in 

function of variable strain-rate and variable magnitude Figure 5 where the peak rotational acceleration is shown 
of stretch in uniaxial extension, plotted against the change in angular velocity. The data 

Approximately 5cm of dissected axon is mounted in a are scaled based on Holbourn’s(5) suggested relat~onshlp 
chamber where glass cannulae are inserted through small as a function of brain mass to an average human brain of 
cuts in the membrane. As portions of the membrane are approximately 1,400g. 

....... allowed to dry to the glass cannula, a tight grip is formed In the case of cerebral concussion, the period of 
between the glass and the internal circumference of the unconsciousness varied from less than 1 minute to 
axon. This procedure produces a viable length of axon of 

approximately 1.5cm, which is immersed in the physio- 
approximately 2 hours. For those animals listed as 

logically suitable fluid. The glass cannulae are part of 
having diffuse axonal injury with prolonged coma, the 

platens that on one end attach to an isometric force 
longest survivor was sacrificed at 6 weeks. At this point in 
our experiments, the threshold levels for cerebral con- 

transducer and on the other to a movable linkage. The cussion and diffuse axonal injury when scaling the 
linkage is driven by an audio speaker that can be primate data to man appears to be 5,000 rad s2(75rad s) 
programmed to move a predetermined displacement at a and approximately 15,000 rad/s2 ( 150 tad / s) respectively. 
given velocity. This constitutes a small materials testing The symbols [] and x in both figures refer to diffuse 
machine with a specimen environmental chamber. For axonal injury and cerebral concussion. 
purposes of this study, a wire electrode is inserted axially 

into the preparation to obtain membrane potential 

measurements. The system is depicted schematically in 

Figure 3. The entire device is integrated onto the movable 
Physical Model 

Depicted in Figure 6 are the digitized and computer- 

reconstructed still frames of the grid deformations within 

an idealized riqht circular cylindrical geometry. Time is 

shown beneath each frame and is expressed in milli- 

,o,,,         , .... ,~                        seconds. As the frames are presented, the cylinder is 

,~~ 

, ~ ]" II ~ rotating in a counterclockwise direction. Recalling the 

asymmetric acceleration-time history character of the 

loading, the peak deformation is seen to occur at a point 

that temporally corresponds to the peak of the tangential 
"~ deceleration waveform. Once the deformation field is 

~:~,o; ..... "-~ digitized, the computation of the field parameters can be 

performed. Shown in Figure 7 is a plot of one component 

Figure 3. Experimental apparatus for isolated tissue of the nonlinear strain tensor, El:, as a function of the 

studies nondimensional cylinder radius. This type of analysis is 
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Figure 4. Primate experiments--angular acceleration versus pulse duration 
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Figure 5. Primate experiments--angular acceleration versus angular velocity 
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radii as a function of the peak rotational acceleration. 

~ ~ O 

ThecurvesarelabeledA.B. andC. representingcvlinder 

dian~eters of 11.12cm. 7.94cm. and 6.35cm Experiments 

such as t hese enable one to test scaling relationships such 

as the one proposed by Holbourn given as 

~ ~ ~(~p - (~rn (MP)2;3~m 
...... _,0 t. ~3 

Figure 9 shows the relationship between the maximum 

strain and the peak rotational acceleration when this 
Figure 6. Digitized reconstruction of still frames for the scaling relationship is applied. The data in this case are 

right circular cylinder model scaled to the average brain mass of the baboon from the 

mass of each of the three cylinder models. 

==                                                                                 / 

/,- 

Figure 7. Strain versus nondimensional radius 

presented to demonstrate the somewhat asymmetric                          (~)’~’~ 

strain field expected in the case of a noncentroidal 

rotation and to show an example of the many kinds of 
Figure 9. Strain versus angular acceleration from the 

three cylinder experiments scaled to the 
analysis that can be performed with the physical model primate brain mass 

data. 

Figure 8 represents a comparison of the maximum 

elongating strains in three cylindrical models of different Isolated Tissue 

/ ~                       Figure 10 shows examples of the mechanical tesnng 
/ 

"’+ / performed on the giant axon of the squid. The load- 
/         / ,              elonganon curve exhibits the nonlinear behavior charac- 

/ / terisnc of soft tissue. Hysteresis and stress-relaxation .,s+                         / 
/ c              studies also depicted are representative of the viscoelastic 

"÷ ~ behavior of this class of biological materials. Under 

¯ "+ conditions of high strain-rate umaxial extension, there is 

-,+ an associated depolarization of the axon. Figure 1I 

.,,+ shows two such experiments where the magnitude of the 

.,~ 
axial elongatton is increased from approximately 15 

percent in the first case to 30 percent in the second study. 

’] ~/ A propornonate ~ncrease in the depolarization is observed. 
_:,l"., i ~ ~ ~ ~ ~ ~ ~ ’~ =~ ’~ ’~ ’~ ’~ We believe that this phenomena and the accompanying 

decrease in membrane excitability are analogous to the 

~,(=~°-’’~’°a~ cerebral concussion observed in the primate model. 

Figure 8. Strain versus angular acceleration for three 
Figure l 2 shows the time course of recovery of the resting 

cylindrical models A, B, and C of mass m1, membrane potential following a high strmn-rate (50s- 

m2,andm3 uniaxial extensmn (20 percent). The exponential 
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B 
A 

Extension Ratio 

Figure 10. Mechanical properties of the isolated squid giant axon 

Figure 11, Changes in membrane potential associated Figure 12. Membrane potential time course of recovery 
with high strain-rate uniaxia| elongation following mechanical stimulation 

recovery has a characteristic time constant of the order of distinctly different objectives share a common approach 
several minutes, that we describe as the cellular basis for injury from both 

the biomechanics and pathophysiological points of view. 
Figure 13 represents our first approach to developing 

injury criteria based on tissue response to mechanical 
The experiments described herein are designed to strain. The physical models, which are highly idealized at 

provide methods of improving on existing head injury this point, enable one to transform the inertial loading 
tolerance cri.teria and to develop model systems whereby data into tissue deformation, The predicted thresholds 
it is possible to study the mechanisms of injury with the for cerebral concussion and diffuse axonal injury ap 
ultimate goal of therapeutic intervention. These two roximate the isolated tissue response. 
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Effects of Different Types of Headrests 
in Rear-End Collisions ,, 

Ake Nygren, Background 
Hans Gustafsson, and 
Claes Tingvall                                           Neck pain seems to be an increasing problem in 

Folksam Traffic Safety Group, Karolinska Sweden(2). No other diagnosis has so increased its 

Hospital, Stockholm, Sweden 
proportion among those leading to sickness or disable- 

ment pensions during the past 5 years. The origin of such 

neck problems is mostly occupational strain injuries, but 

trauma will accelerate this problem. Nygren(1) showed 

Abstract that neck injuries due to car accidents led to disablement 

pensions to a higher degree than was recognized earlier. 

Nygren(1) showed that whiplash injuries in rear-end This paper discusses neck injuries in car accidents. 

collisions often lead to permanent disability. Ten percent especially those coded as AIS ! in rear-end accidents, 

of those initially complaining about neck pain after a Severe neck injuries in car accidents occur mostly 

rear-end collision had remaining problems 5 years after among unbelted car occupants, while slight neck injuries 

the accident and were judged as permanently, medically occur among belted ones in frontal collisions(3,4). One 

disabled, specially defined slight neck injury occurs among car 

It was also shown that fitted headrests had little effect occupants in rear-end collisions(3). This problem was 

in preventing whiplash injuries. Fixed headrests reduced discussed in the fifties and sixties, and at that time vehicle 

the incidence of whiplash injuries by 24 percent, while manufacturers started designing headrests to extend the 

adjustable headrests reduced the risk by only 14 percent, seat back. 
The results of whiplash injuries in terms of permanent Neck injuries in rear-end collisions are supposed to be 

disability were not affected by headrest fitting and type. a noncontact injury(5). The crash causes the trunk to 

The present study is based on 339.675 accidents and accelerate in a forward direction. The unsupported head 

determines if the variations of the effects of headrests in cannot follow this motion, which results in a hyper- 

different car models could be explained by their type and extension of the head. The head moves backward and 

position, sharply around its initial position and then rapidly 
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forward. Normally this type of injury leaves no visibly involved in accidents. In these cars, 8,592 drivers and 
palpable or radiologically distinguishable indication of 5,878 passengers were injured or killedl 
injury. That could explain why the medica! society has The accident reports contain data about impact 
not taken this type of injury into special consideration, direction, and 90 percent of the reports with bodily 
There are no investigations or treatment recommended injuries also contain hospital records or doctors’ 
for this type of injury. Nevertheless, it is the second most certificates. The material has been used in a thesis(l) in 
common diagnosis among car occupants with permanent which a more detailed description of the material can be 
disability(1), found. 

Neck injuries in rear-end collisions often occur in For this presentation, special measurements made by 
accidents with low speed(6,7). The initial pulse ofaccel- Autograph in Sweden(9) have been added to the 
eration when the rear bumper of the car is struck is computerized data, such as the vertical and horizontal 
apparently sufficient to bring about forces producing position of the headrests to the head of a normal-size 
injury, dummy. Horizontal and vertical positions were collected 

The injuries are supposed to be ligament or muscle for 39 car models. 
damage with bleeding. This bleeding may cause an The horizontal position was defined as the distance 
inflammation that can influence the cervical nerves(3), between the head (base of the skull) and the lowest 
These patients have pain, weakness or abnormal response position of the headrest. The vertical distance is the 
in the shoulder areas or upper back areas enervated by distance between the highest position of the headrest and 
the cervical nerves. Some authors have reported headache, the head (Figure 1). A roadside observation study, where 
blurred eyesight, hearing disturbance, or othersymptoms cars were stopped by the police, was conducted to 
involving the central nervous system(5,8), evaluate the normal position of adjustable headrests. 

This type of injury often occurs in accidents of low 
severity, which might explain why car manufacturers 
until quite recently have not done much to improve 
headrests. The injury-reducing effect is 24 percent for 
fixed headrests and 14 percent for adjustable ones. These 
figures are fairly tow(t). 

Objectives 

The aim of this study was to investigate the effectiveness 
of different types of headrests. Special attention was paid Figure 1, Headrest, vertical (A) distance and horizontal 

(B) distance to---                                                  SOURCE: Autograph HB, Sweden 

** Investigation of the outcome of rear-end collisions 
in cars with the same construction except type of 
headrests 

Results o Adjustment of headrests in real traffic 
o Evaluation of the influence of the starting year of 

production on the incidence of neck injuries in Table 1 shows the severity of injuries in rear-end 

rear-end collisions collisions correlated to different car weights. It can be 
seen that the injury severity is fairly low expressed in ISS, ~ Evaluation of the influence of the weight of the 

car on the incidence of neck injuries in rear-end especially in large cars. The majority of ISS 1-3 is neck 

collisions 
injuries. 

~ Evaluation of the influence of the horizontal and 
Table 2 shows the risk of medical disability is much 

vertical position of the headrest on the incidence 
higher for neck injuries in rear,end collisions than for 
other injuries coded as AIS 1. 

of neck injuries in rear-end collisions 
Table 3 shows the coefficient of variation for neck 

injuries in rear-end collisions compared to other directions 
of impact for 39 car models with headrests. The results 

Material and Methods show that the incidence of neck injuries in rear-end 
collisions is more dependent on car model than neck 

The material consists of data from car accidents injuries in other directions of impact. 
reported during a 5-year period to Folksam, the largest The variation of incidence of neck injuries in rear-end 
motor insurance company in Sweden with a market share collisions is due to a number of factors, e.g., car weight, 
of 27 percent. The study comprises 339,675 private cars horizontal position between head and headrest, as well as 
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Table 1. Injury severity in rear-end collisions correlated to car weight 

Type of car Fatally 
N ISS 1-4    ISS 5-10    ISS 11 - injured 

Small car 344 91.0 8.4 0.3 0.3 
Medium-size car 763 92.3 6.2 1.2 0.4 
Large car 405 94.3 5.2 0.5 0.0 

Table 2. Risk of medical disability >10% among car of the variance, which is fairly low. The rest of the 
occupants who sustained neck injury in rear- variation was due to reasons other than difference in 
end collisions (AIS 1 ) compared to all injuries 

position of headrest and car weight. The car weight and 
coded as AIS 1 except whiplash 

vertical distance were significant, but the horizontal 

distance between head and headrest was nonsignificant. 
Type of injury Risk of permanent medical The range of the horizontal distance was 7-15 and of the 

disability 
vertical distance 4-15 (1 = 2cm). 

In Figure 2 it can be seen that the injury frequency of 

All injuries except O. 1% neck injuries in rear-end collisions increased with increased 

neck injuries vertical position. 

Neck pain due to 
rear-end co lision 9.6% 

Table 3. Coefficient of variation for 39 car models with 
headrests, a comparison between rear-end and 
other directions of impact 

Rear-end =mpact    Other direction 

Total CV in % 58 47 

Figure 2. Relative frequency of neck injuries in rear-end 
collisions correlated to the vertical distance 
between headrest and dummy head (1 unit 

vertical position. To study the influence of these three 
vertical distance = 2 cm,) 

variables, a regression model was fitted to the data. 

In connection with the analysis of the relationship of y = a + ~lXl + ~2X2 4- ~3X3 + ~ 
how the position of the headrest affects the incidence of 

Y = Frequency of neck injuries in rear-end 
neck injuries a pilot study was made in real traffic. One 

collisions 
hundred eighty-seven cars with adjustable headrests were 

= Vertical distance between the head of a 
stopped by the police, and it was found that 83 percent of 

normal-size dummy and the headrest (see 
the drivers had their headrests in the lowest or second 

Figure 1) 
lowest position. This indicates that the analysis of the 

X2 = Horizontal distance between dummy head 
position of the headrest in vertical and horizontal 

and headrest (see Figure 1) 
distance to the head is adequate. 

X3 = Car weight 
The varianon of incidence of neck injuries correlated 

~    = Error term 
to the starting year of production of the studied cars can 

Y = 0,101 + 0.0295 X ~ - 0,00012 Xz - 0.0695 X3 
be seen in Figure 3. The incidence of neck injuries varies 

(2.05) (-0.042) (-2.68) 
for cars with different starting years of production, but 

Rz = 0.27 
there is no reduction of injuries in newer cars. 

To determine what happens in newer car models 

The coefficient of variation of injuries in rear-end concerning neck injuries, two car makes were studied, 

collisions was 58 percent. The model explains 27 percent The relative incidence of neck injuries in three model year 
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Relative frequency 
of neck injuries 
in rear-end 
collisions 

0,42 

0.29 0.30 

Starting year 
of production. 

~ -~ 

-! 966 1967- 1972- 1977- 
1971 1976 

Figure 3. Relative frequency of neck injuries (AIS = 1) in rear-end collisions for different starting years of production 

periods for each make was studied where the car models Discussion 
were similar during the period but with different types of 

headrests. It can be seen that Car A has a reduction of Neck injuries classified as AIS 1 have not been 

injuries tor newer models while there is no such reduction recognized earlier as a special medical problem. Nygren(1) 

for Car B. This explains why the total incidence of neck showed that neck injury is a common reason among car 

in.iuries does not decrease for newer models. It also occupants for medical as well as financial disability. It 

indicates that the knowledge of how the headrest really could be estimated that so-called minor neck injuries 

functions is low. Further studies, therefore, are necessary, (AIS 1) cost Swedish insurance companies 100 million 

Table 4, Relative frequency of neck injuries in rear-end collisions for two car makes with different headrest designs 

Type of car Production start N Relative frequency of 
neck injuries in rear- 

end collisions 

Car A 

No Headrest -1969 11,439 0.52 

Adjustable 1970-1974 49,003 0.44 

Fixed 1975-1983 30,499 0.28 

Car B 

No headrest -1973 11,760 0.37 

Fixed 1974-1979 16,714 0.33 

Adjustable 1980- 3,863 0.50 
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kronor a year and society at least the same sum. Measures problems in rear-end collisions can be seen in Figure 4. 
taken by the car industry and the medical society have not Rear-end collisions normally cause little damage, and 
had the desired effect on incidence of neck injuries in the repair costs are also tow(6,7). That is probably why 
rear-end crashes, the car industry, until recently, has looked upon neck 

In a rear-end collision, the occupant of the struck car injuries in rear-end collisions as a very small problem, 
will accelerate forward. The unsupported head cannot since many manufacturers make studies only on accidents 
follow that movement immediately. The head will bend above a certain repair cost. 
backward in relation to the torso and then flex forward. This study shows that the vertical distance between 
During that time, the ligaments, muscles, nerves, and head and headrest is important. Owners having cars with 
vessels of the neck can be damaged. For a person with adjustable headrests must be instructed how to fix the 
degenerative changes in the neck, the damage may be headrest in a correct position. Since the effectiveness 
even worse. The patient will have problems relating from varies, it is important to study rear-end collisions, both 
the neck, but only about half of those injured will go to under experimental conditions and in real life. 
the doctor immediately. In many cases, medical care is The actual analysis shows there are characteristics 
delayed by 3 days or more. This phenomenon with late- other than just the position of the headrest that are 
appearing symptoms leads to the fact that the patients important in reducing such injuries. These characteristics 
with such neck injuries go to different doctors, e.g., to the must be found to increase the effectiveness of the headrest 
doctor at the emergency care, at their work, to the family and avoid neck injuries in rear-end collisions. It has been 
doctor, or to a specialist in either neurology, orthopedic shown earlier that fixed headrests are more effective than 
surgery, or neurosurgery. The different specialists give adjustable ones(l). This could be explained by the fact 
different treatments, and no specialty recognizes neck that fixed headrests are in a better position than adjustable 
injury as a big problem. The normal course of neck ones. 

Accident Appearanc,e Maximum Healing Possible 
(rear-end collision) of symptoms symptoms period disability 

Black out Muscles Pain (cervical spine) 
time 

Amnesia Tenderness/stiffness Headache 
Confusion Dysphagia Stiffness 
Vertigo Vertigo 

Anger Parasthesia 
Numbness 
Blurred sight 

Figure 4, Normal course of neck pain (AIS 1) after rear-end collisions (according to Spangfort) 

Conclusions 4. There is no reduction of neck injuries in rear-end 
collisions for newer car constructions. 

1. Neck injuries classified as AIS 1 are a great medical 5. The vertical position has some influence on the 
problem, especially those that occur in rear-end incidence of neck injuries in rear-end collisions. 
collisions. 6. Adjustable headrests are normally adjusted in the 

2. Headrests have a certain influence on the incidence lowest position. 
of neck injuries in rear-end collisions. 7. The weight of the car influences the risk of neck 

3. There are big differences in effectiveness between injuries .in rear-end collisions. 
different types of headrests shown in a large, scale 8. Further studies on headrests, both experimentally 
study, and in real life accidents, are necessar3,. 
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Production of Injury in Blunt Frontal 

Rolf H. Eppinger and frontal crash, most notably those of Gadd(1) and 

Jeffrey Marcus Patrick(2) that led to the development of the charac- 

teristics of the energy-absorbing steering column, the 
U.S. Department of Transportation, National efforts of Kroel(3,4), Nahum(5), Neathery(6), and 
Highway Traffic Safety Administration Lobdell(7), using well-controlled pendulum impacts, 

have led to the current understanding of the dynamics of 

the thorax under impact conditions and have provided 

the basis for the generally accepted relationship between 

thoracic chest compression and the severity of the 

expected thoracic injuries. 

Blunt thoracic impact as experienced by automobile Characterizations of the thoracic response were made 

occupants in frontal impact has received considerable by cross-plotting the observed impact force imparted by 

research attention over the past 20 years. These efforts the pendulum to the thorax against the observed 

have provided the basis for the development of test normalized thoracic chest compression (chest compression 

dummy impact response specifications as well as evalua- divided by the original chest depth) for repeated tests in 

tion criteria to be used in conjunction with the dummy to two distinct impact situations: a 51.5-1b linear pendulum 

evaluate the hazard of various crash situations. This striking the thorax at an initial velocity of either 14 or 

paper will attempt to extend the current understanding of 21 ft / s. 

thoracic injury production by examining the results of 82 Additional testing with various pendulum speeds and 

impact tests to determine the effects that several funda- masses provided sufficient data for the authors to observe 

mental parameters have on the production of i~uries in and propose the relationship between chest compression 

the thorax, and the degree of thoracic injury severity(6), the severity 

measure being the Abbreviated Injury Scale. This relation- 

ship is linear in nature and combines deflection together 
Pendulum l’esls                                 with age as the independent variables predicting injury 

severity. Viano(8), after reexamination of the experi- 
While several pioneering efforts investigated the inter- mental pendulum impact data as well as extensive 

action of the driver with the steering system during a manipulations of Lobde 1 s thoracic model, concluded 
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that chest deflection was still the most viable injury injuries in the AIS severity classifications of 3 or greater. 

measure, the averaged normalized chest deflection is almost 

Examination of one of Viano’s figures (reproduced uniformly 40 percent. The proposed linear regression 
here as Figure 1), however, reveals that for all averaged model linking AIS with chest deflection merely passes 

through the midpoint of this vertical portion of the data 

and the lower injury data points. A truer characterization 

of the injury versus deflection relationship would show 

I injuries ~ncreasing severity up to 40 percent in the 
deflection level: then any additional ~ncrease in injury 

6 6, severity would not be accompanied by an increase in 

chest deflection. 

5 Since the Viano plot used averages of grouped data 

that might have masked the real characteristic, a graph 

4 (Figure 2) of deflection versus AIS using the individual 

test points was examined. This also shows the reduced 

AI~ dependence of high AIS injuries on chest deflection. It 
3 appears that the thorax reaches its maximum deflection 

limit at about the AIS 3 level and that other factors 

:2 zPX influence whether the injury outcome is more serious. 
AIS=-3.5+20.0~’~) This bottoming phenomenon was also recognized by 

71            . = 0.93                  Viano in a subsequent analysis(9) 
I            11o 

9 

0 Energy Considerations 
0 .10 .20 .30 .40 .50 .60 P 

Normalized Deflection D Since the Kroell series of pendulum tests were well 

controlled and many of the geometrical conditions 

Figure 1. Averaged normalized deflection versus av- invariant, i.e.. the impact pendulum remained a flat. 6in 
eraged AIS (8) diameter rigid surface and the point of impact remained 

~ El Cl rTr~ 0 n 

~ OC] O0 0 r-rr~ 

Figure 2. Normalized deflection versus AIS: 6in diameter pendulum 
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at the fourth costal interspace, it was decided to investigate specific absorbed energy increases, the likelihood of 

if thoracic injury (AIS) is a function of the amount of higher and higher levels of thoracic injury increases, 

energy that the thorax absorbed in each test. Since rigid suggesting that this parameter better explains the 

pendulums of known masses traveling at known initial production of injury in the thorax and may indeed be the 

velocities struck cadavers of known weight and stature, it causal factor 

was assumed that both momentum and energy balances 

could be made using reasonable assumptions. These Additional Data 
assumptions were: (1) the pendulum was effectively a 

rigid body and therefore could not absorb energy inter- 
Over the past several years, NHTSA and other organi, 

nally, (2) the pendulum interacted only with the thoracic 
zations have sponsored several programs that have 

mass, which is some constant proportion of the total 
impacted cadaveric specimens in a variety of simulated 

body mass, (3) there is a point during the impact event at 
frontal collisions. The impact conditions range from 

which all of the thoracic mass is traveling at a common 
pendulum tests very similar to the Kroell tests but which 

velocity with the pendulum, (4) as a result of I and 3 and 
have used impact surfaces of different areas(10) or a 

enforcing the conservation of energy, the difference 
diagonal torso belt strap(ll) to sled impact tests using 

between the initial kinetic energy of the pendulum and 
either a 2-point shoulder harness(12) or an airbag 

the kinetic energy of the pendulum and the thorax at the 
restraint(13) with knee bar. Five human volunteer 

time of common velocity must be absorbed by the thorax, 

and (5) it is this absorbed energy that produces injury, 
pendulum impacts by Patrick(14) are also included. 

(Table 1 summarizes the type, number, source, and 
Analytically, the absorbed energy was calculated using 

essential parameters of all of the tests used in this 
the following relationship. (A detailed derivation of this 

analysis.) Since the specific absorbed energy explained 
relationship is given in Appendix A.) 

the production of injury so well in the Kroell pendulum 

tests, it was decided to analyze the additional available 

Eabs = (( k * Ms) / ( Mp + k * Ms)) * Epend tests to see if this parameter could explain injury 

production in these conditions as well. 
where: Several additional processing techniques, which are 

Eabs is the thoractic absorbed energy described in Appendixes B and C, were developed to 

calculate the specific absorbed energy for these other test 

k is ratio of active thoracic mass to total body mass conditions. The results are shown in Figure 4 where the 

(determined to be 0.35) SAE from all tests is cross-plotted against A1S. It is 

interesting to note there appears to be a progression of 
Mp is mass of the striking pendulum increased energy-absorbing capacity as one considers 

Ms is mass of the subject first the 6in diameter pendulum tests, then the increased 

area pendulum tests, the belt tests, and the airbag tests. 

Epead is the initial kinetic energy in the penduluim This increased energy-absorbing capability is greatest 

when comparing the airbag to the 6in pendulum where it 

can be seen that it requires approximately six times more 
Assuming that larger and more massive subjects would 

absorbed energy to produce the same level injury in an 
be able to sustain greater doses of energy than smaller 

airbag test than it does in a pendulum test. Figure 5 
and less massive subjects, it was decided to develop a 

graphically illustrates this point. Here, all calculated 
parameter, called specific absorbed energy (SAE), 

pendulum SAE’s were multiplied by 6, the belt-related 
calculated by dividing the thoracic absorbed energy by 

SAE’s were multiplied by 1.25, and the airbag SAE 
the total body mass of the test specimen. This can be 

viewed as a primitive or overall energy tensity function, 
values were left unchanged. The data were replotted 

against each observed AIS. This process significantly 
The relationship of this parameter versus AIS is shown in 

compresses the spread in the data and shows that the 
Figure 3. 

relationship between specific absorbed energy and injury 
Several interesting things can be noted when comparing 

is similar for a variety of restraint types except for the 
this figure with Figure 2. First, it can be seen in Figure 2 

various constant factors. 
that the greater portion of the AIS>=4 !njuries occur at a 

normalized chest deflection between 40 and 45 percent 

while in Figure 3 for these same tests the specific Additional Factors Influencing Injury 
absorbed energy continues to increase. This suggests that 

while the thoracic deflection capacity is limited to The available data for all ofthetests analyzed for SAE 

approximately a 45 percent level, the thorax continues to were further scrutinized for factors that might explain the 

have the capacity to absorb ever greater quantities of large differences in absorbed energy needed to produce a 

energy. Second, it can be seen that as the quantity of certain level of injury. The first and most obvious 
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PENDULIJM TE~’FS 

~ ~ g g g ~ 

~ 3 - ggg 

3 g g     g g g g 

.......... 0 1 2 

Specific Absorbed Energy 

Figure 3. Specific absorbed energy versus AIS 

.... difference between the various tests was that the impact was done by dividing the specific absorbed energy by the 

contact area varied greatly. Reasoning that, if a certain product of the effective contact area and the time 

dose ofenergy were to be delivered to the thorax, itwould duration. It can be seen in Figure 8 that this function, 

produce more injury if it were delivered through a small SAE/(A’T), does make the different restraint-loading 

contact area than if it were delivered through a large area conditions cluster around the same level for each of the 

because the local energy density would be higher, all various injury severity levels. 

SAE’s were divided by the area of the contact surface 

delivering the impact force. The exact area of each type of 

pendulum face was calculated and approximations were Discllssiorl 

made for both the shoulder belts and the airbag systems. 

Figure 6 shows the result of this effort. Clearly, con- The above analysis strongly suggests that the production 

sideration of area effects alone does little to explain the of trauma in the thorax is dependent on three factors:(1) 

large differences in absorbed energy tolerances between the amount of energy (nonkinetic) that the thorax 

the various restraint configurations, absorbs during an impact, (2) the area over which the 

Further analysis of the data revealed that the time impact forces are applied to the thorax, and (3) the length 

required for the body to acquire the absorbed energy of time needed for the thorax to acquire the nonkinetic 

varied considerably over the variety of test conditions, energy delivered to it. Since the analysis identifying these 

Therefore, using the reasoning that, if a certain dose of factors was totally an empirica! one, additional theoretical 

energy were delivered in a short time period, it would be and experimental evidence characterizing the effects of 

more harmful than if it were delivered over a longer these factors in producing structural failures would 

period of time, the SAE’s were divided by the observed provide additional support for the validity of this proposed 

time thus generating a larger value of shorter time injury production hypothesis. 

durations. Figure 7 shows the result of this effort. Again, The first factor, the amount of absorbed nonkinetic 

this factor by itself does not provide any better explanation energy per pound of body weight, is clearly analogous to 

of the events, a variety of strain energy or energy density functions that 

Since the arguments supporting the influence of area are the basis of several currently employed failure 

and time duration were both considered reasonable, it criteria. It can be reasoned that the process of an 

was decided to evaluate their combined influence. This automotive crash event start~" with the subject possessing 
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5 b’ ~’~ ~ A KEY 

g - Pendulum Tests 

4 - ~al~ ~B 2,5,8 - Pendulum Tests [10]     A 
b’- Bet% on Pendulum [II] 
b - Belt on Sled [12] 

~ ~ - fiir Bag 
~ 3- ~ P - Pendulum (Human) [14] 

Figure 4. Specific absorbed energy versus AIS (all available tests) 
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Figure 5. Artificially adjusted specific absorbed energy versus AIS 

96 



Section 4. Technical Sessions 

g - Pendulum Tests 

2,5,8 - Pendulum Tests [10] 
4 6 ~’~ g ~g A b’- Belt on Pendulum [ll] 

b - Belt on Sled 

......... rn ~ - (~ir Bag 

-- 3 5 b° P - Pendulum (Human) [14] 

~ @ g t~’~I~55~ A b b b bb b 
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Figure 6. Specific absorbed energy/area versus AIS 

~ 3- b’ 
~ KEY 

~- ~    ~ ~     5&~ 5 A     2,5,8 - Pendulum Tests [10] 

b’- Belt on Pendulum 
b - Belt on Sled 

I- b 8 5 A A ~ - ~ir Bag 
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Figure 7. £pecific absorbed energy/time versus 
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P - Pendulum (Human) [14] 
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Figure 8. Specific absorbed energy/(area * time) versus AIS 

a specific amount of kinetic energy and that after the is higher. This would imply that under similar time 

event is over, this kinetic energy is no longer present. The his1 ories of total load, the uniformly loaded beam would 

principle of the conservation of energy requires that this respond quicker and, if the time allowed to absorb the 

kinetic energ? either be removed from the body or energy is also critical, this quicker response would offset 

converted into other forms of energy within the body. sonde of the gains obtained by increasing the area. The 

therefore, as the internalized absorbed energy exceeds pe~ dulum tests that varied the impactor surface area bear 

the energ3 capacity of the structure, it could be expected out this phenomenon of faster response with greater area. 

that it will fail and the extent of failure would be The data indicate that the average time to acquire the 

proportional to the degree to which the absorbed energy absorbed energy when using the 26in2 impactor was 

exceeds the threshold capacity. 20ras. This decreased to 16.2 and 15.7ms as the area was 

Arguments in support of the observed effects of area increased to 56 and 80in2, respectively. The pendulum 

ca~ be easily derived from simple beam theory by bel : tests also confirm this effect with an l S.Sms absorption 

considering two extreme loading conditions of a simply period as compared to 21.5 for all the Kroell tests. 

supported beam: a point force loading the beam exactly Other arguments in support of time dependence can be 

midspan and a load equal to the point toad but uniformly fou nd or developed. Alternative experimental evidence 

k~ading the beam over its entire length. Beam theory car be offered by examining the work of McElhaney(15) 

shows that the outer fiber stresses and strains are twice as in which he tested human and bovine femurs to failure at 

high for the point ioad than for the uniformly distributed strain rates between 0.001 and 1,000 percent/s. He 

load condition. Therefore, the point-loaded beam would ob:;erved that both the energy to failure and the strain at 

faitat aioad ofone-halfthetoad oftheuniformtyloaded fai ure decrease at strain rates above 1 percent/s. This 

beam if a maximum stress or strain failure mechanism cri:ical strain rate is well below those experienced in 

~ere in effect, thoracic impacts. Reduced energy-absorbing capacity as 
A possible explanation of why area increases by a function ofstrain rate may also be a factor in soft tissue 

themselves do not explain the i~Eiury variation seen in the fai ures. Alternative qualitative arguments in support of 

experimental data can also be derived from the beam time dependence can be made by considering the Kroell 

theory. That is, beam theory also shows that the deflection tests. Since most of the AIS>=4 injuries were produced ~t 

of the uniformly loaded beam is only 62 percent that of close to the maximum chest deflection, w~ich can be 
the point-loaded beam and therefore the effective stiffness sm mised to be close to the point at which the posterior 

and the natural frequency of the uniformly loaded beam sm face of the sternum contacts the anterior surface of the 
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spinal column, the higher rates of loading would either possible at this time. Initiation of efforts to make specific 

require the internal organs to displace more rapidly from absorbed energy a realizable dummy-based measurement 

their normal positions and produce organ failure due to is recommended as are continued efforts to develop 

......... higher stresses, strains, and inertial forces or cause injury relationships based on current body-based 

physical crushing of the organs due to the increased measures. 

inability of the organs to move rapidly out of the way The lack of capability in current test dummies to 

because of their visco-elastic stiffening behavior at high measure these factors directly should, however, not 

loading rates, preclude their use because they can be deduced by 

The airbag and torso belt tests examined in this analytical methods or by additional dedicated experi- 

..... analysis have, by virtueofthe"ridedowneffect,’greatly mental instrumentation. It is therefore recommended 

extended energyabsorptiontimeperiods(averagesof45 and encouraged that the proposed injury production 

and 62ms for the bag and belt, respectively) while hypotheses be considered in the development of auto- 

maintaining contact areas similar to impact events of motive safety systems. 

much shorter duration. Since the total specific absorbed 

energies for the sled belt and bag tests were much greater References 
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Appendix A Appendix B 

Computation of SAE for Pendulum Tests Computation of SAE for Airbag Tests 

In a pendulum test, a rigid impactor of known Calculation of absorbed energy for airbag tests was 
mass and known initial velocity struck a stationary ba~;ed on energy and impulse-momentum considerations. 
~est subject. In this study, it was assumed that the Se~/en frontal tests were performed on the sled at Wayne 
effective mass of the thorax was 35 percent of total State University at a nominal 30mph impact speed. The 
body mass. This figure has been reported and used by airbag was a standard production General Motors airbag 
others(I,2,3,4,5,6,7). The impactor struck the test mounted on a standard production airbag steering wheel. 
subject and some time later the test subject and the The wheel in turn was mounted on a horizontal, rigid, 
impactor moved with a common velocity. From noastroking column. The airbag was fully inflated prior 
momentum considerations to :he test, and there was no venting of the gas in the bag. 

Mp Vi = ( M~ + Mp ) vf 
n addition to the standard signals recorded from the 

test subject (9 head accelerations, 12 thoracic accelera- 
where: tions, 3 pelvic accelerations, and pulmonary pressure), a 

number of data signals were recorded external to the test 
Mp = mass of pendulum subject. Data of interest from this group included the 

initial sled velocity, the deceleration of the sled, the 
Me = effective mass of the thorax 

pressure within the airbag, the compressive load on the 

vi = initial pendulum velocity steering column, and the impact force on each knee. 
Human cadaveric test subjects were used. The test 

vf = final speed of pendulum and thorax subjects were unrestrained except for the airbag and knee 

rearranging bolsters. In the following analysis, it was assumed that 
friztional forces were negligible, and that all forces that 
stc pped the test subject were measured by the three load 

Mp V cells present (steering column, left knee, right knee). It 
Vf - 

( Me + Mp ) w~s also assumed that energy absorption by the knee 
bolsters was negligible. 

Now perform an energy balance on the system, rhe first step in computing thoracic absorbed energy 

was to determine the effective thoracic mass. This 
Ei = Ef = Eke + Eabs de;ermination u~ed impulse-momentum. Recall that 
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fF(t) dt = f Me dv = I 
At some point during the test, the thorax stopped 

(velocity = 0) and began to rebound away from the 

where airbag. When the velocity was 0, the thoracic kinetic 

........... F(t) = force at time t 
energy was also 0. It was assumed that when airbag 

pressure reached its maximum value the thorax had 

Me = effective mass stopped and begun to rebound. 

Now consider the work done by the airbag on the sled. 
dv = differential velocity Given the pressure and initial volume of the airbag it was 

............ dt = differential time 
possible to calculate the change in potential energy of the 

....... gasin the bag. Then, given the force of the airbag on the 

I = impulse steering column as a function of time, and the velocity of 

the steering column (rigidly mounted to the sled), the 
It was determined that when the steering column force work of the airbag on the column was calculated. 

was at maximum, the test subject had stopped (dv = test The energy balance for the system is 
velocity) and begun to rebound. The three forces (left 

knee, right knee, steering column) were integrated from KE° = PEAB + Wsc + KEt2 + 
Eabs 

time = 0 (t~) to the time of maximum steering column 

force (t2). where 

t2 KEo = initial kinetic energy in thorax 
MeAv = f Fsc dt 

tI PEAB = change in potentialenergy of the gas in 
the airbag 

where 

Me = effective thoracic mass 
Wsc 

= theW°rkairbagd°ne on the steering column by 

~v = change in velocity of thorax KEt2 = kinetic energy at time t2 
(= test speed in the test analyzed) 

Eabs    = absorbed energy in the thorax 
Fsc = steering column force 

t2 = time of max Fsc It was assumed that when airbag pressure was at its 

maximum, the thorax had stopped and thus thoracic 

t~ = time 0 (= 0) kinetic energy was 0. 

t2 

f Fsc dt Eabs = KEo " PEAB " WSC 
t~ 

Me = AV By knowing the test subject’s initial velocity and 

effective thoracic mass, KEo was computed. 
When this analysis was performed, the resulting thoracic Changes in potential energy of the gas in the airbag 

masses as a percentage of total body weight ranged from were computed knowing the pressure time history and 
39 tO 57 percent, with most values closely clustered initial volume of the system. It was assumed that the 
around 50 percent. It was decided to set the effective impact occurred so quickly that there was no heat 
thoracic mass in airbag tests to 50 percent of the total transfer and no mass lost, i.e., an adiabatic event. The 
body mass. change in energy of the gas therefore was 

Having determined an effective thoracic mass, and 

knowing the initial speed of the sled (and the test subject), V~ 
the initial thoracic kinetic energy was computed as: 

PE = f P dV 

V2 
Me Vo2 

KEo = 
2                                           where 

where PE = change in potential energy 

KEo= kinetic energy P = pressure (absolute) 

Me = effective thoracic mass V~ = initial volume 

vo = initial velocity V2 = volume at peak pressure 
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The following is true for a perfect gas undergoing where 
adiabatic compression. 

F = force 

pv~ = constant 
dx = displacement of sled with respect to labora- 

For air (used to inflate the airbag in these tests) n = 1.4. tory reference frame. 

dx 
v = velocity with respect to laboratory 

PtVI/A = P2V21~4 = C dt reference frame. 

PP P2, and V~ are known. 

dt = incremental time 

In the case at hand, F was the steering column load cell 

measurement, and v(t) was the integrated sled acceleration 

subtracted from the initial sled velocity. The time limits 

rat ged from t~ = 0 to t2 = time of maximum pressure in the 

C                                   air ~ag. 

P(V) - 
V t.4 

t2 

Wsc = f Fsc v (t) dt 
t~ 

V2 

PE = f Pdv = C f Vt4dV Thus, knowing an effective thoracic mass, an initial 
Vt V! velocity, and an initial airbag volume, the thoracic 

C V°4 V2 
a b~’;orbed energy was computed using the steering column 

- load signal, sled acceleration signal, and airbag pressure 

sigaal. 
0.4 

V! Eabs = KEo - PEAB - Wsc 

_ Ct.4 (V2-0.4 _ VI-0.4) The: specific absorbed energy was obtained by dividing 

= the absorbed energy by the total body mass. 
0.4 

SAE = Specific Absorbed Energy = Eabs/Mtota1 
This represented the total change in potential energy of 

the gas within the airbag. However, some of this change ~total = Total Body Mass 
arose from work done by the atmosphere on the airbag. 

PEto~{~ = PEAB + f Patm dV 
Appendix C 

PE~o~ai: total change in the potential energy of the 
gas in the airbag 

PE~x~ = change in potential energy of gas due to Computation of SAE for Belt Tests work done by thorax on the airbag 

Patm = absolute atmospheric pressure (constant) The belted tests used in this study were nominal 30mph 

fro ~tal sled tests conducted by Wayne State University. 

PE~B : PEtotal - Patm( V2 - Vl ) The restraint system was a 2-point belt (i.e., there was no 

lap ~elt) with knee bolsters. The knee bar was segmented 
To compute the work done on the steering column, the anc mounted on load cells so the load imposed on each 
signal from the steering column load cellwas used aswell knee could be measured. In addition, the tension in the 
as the sled acceleration signal, bell was measured as well as the sled acceleration. 

The first step was to compute an effective thoracic 

Work = f F dx ma:;s. This was accomplished in a manner similar to that 

: f FdXdt dt 

useJ with the airbag svstem~ using impulse momentum. 

: f F v dt Mtotal vi = It.K + IRK + Ithorax 
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where The value ofc ranged from 1.5 to 1,98. clustering around 
1.95, These values give confidence that the assumptions 

mtotaI = total subject mass 
are valid, 

v~ = initial velocity The effective thoracic mass is then 

It.K     = impulse of left knee 
C Fbelt tenston dt 

IRK = impulse of right knee ME = Av 

Ithorax = impulse of thorax Now consider the energy balance of the thorax 

where impulse -f F dt KE° 
= KEt2 4- 

Ebctt . Wsled . Eabs 

]’he above relationship assumed that the test subject where 

stopped when time equaled the upper time limit of the 
K Eo= initial kinetic energy of thorax 

integration. Examination of the data revealed that this 
assum ptio n was invalid because, when belt force peaked. KEel kinetic energy of thorax at time t2 
some sled velocity remained ]he assumption was then 
changed to be that the test subject had the same velocity Ebelt= strain energy absorbed by belt 

as the sled at peak belt force. This changed the impulse- 
momentum relationship to be 

Wsle~ work done on the sled by belt 

Eab,~ = energy absorbed by the thorax 
t2          t2          t2 

Mtota~&v * f FI.Kdt- f FR~ dt ~ f Ftl~m.,,,x dt 
If m~ is the effective thoracic mass. then the kinetic 

t!           t1           tl 
energy at any time 

where 

Av = change in velocity of thorax ME v2 
initial sled velocity - sled velocity at 

2 time = t2 

F~K    = force on left knee 
The velocity of the sled just prior to impact was used to 

FR~ = force on rtght knee compute the initial kinetic en ergy KE ,. The velocity used 
to compute ke~2 was the sled’s velocity at time t? ~timc ot 

F’~o~.~.~ = force on thorax maximum belt forcel 
The strain energy absorbed by the belt was 

tI = 0 

t2 = time of peak thoracic force K x2 
Ebel~ 

2 

While the horizontal forces acting on each knee were 
directly measured in these tests, the force acting on the 

where 
thorax was available only indirectly through the belt 
tension force. It was assumed that the thoracic force-time K = stiffness of belt ~=10.4161bsift 
signal had an identical signature, and differed in This is equivalent to6% strainat 2.5001b for 
magnitude only by a constant when compared to the belt a 4ft belt 

tension force. 
x = total elongation of belt 

~’thorax --- C~’bclt tension 

where c is a proportionality constant. To determine c 
K 

M~v = f F,.K dt = f Fla~dt = cfFh~l~ ....... dt 
Ftensmn = peak belt tension 

M~v - IRK - ILK                                                                 ( F~ens~on t2 
C = 

f nbc/t tcnston dt E’~elt 2 K 
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The work done on the sled by the belt was computed in Next the SAE was computed 
a manner similar to the computation of the work done by 
at1 airbag on the sled. Here Eabs = KEo - KEt2 " Ebett " Wsled 

t2 Ftension2 

Wsled r. C f wuol  tension V (t) dt                         = ½ Me ( v°2 " vt22 ) 2 k tl 

v (t) = sled velocity 
t2 

- c f Fbelttension V (t) dt 
t~ 

SAE = Eabs/Mtota1 

where 

MtotaI = total Body Mass 

Thoracic Impact: A Viscous Tolerance Criterion 

David C. Viano and series of rocket-sled experiments demonstrating the 

Ian V. Lau whole-body tolerance with belt restraints. Information 
from these experiments on the long-duration, whole- 

General Motors Research Laboratories body deceleration tolerance and information from other 

tests enabled Eiband(2) to demonstrate that the whole- 
.Abstract                                            body deceleration tolerance increased as the duration of 

the exposure decreased. This led to a well-accepted 
deceleration tolerance (Figure 1), which for the first time 

There are currently two accepted criteria for assessment information over orders of magnitude in duration of 
act exposures. Our studies have shown an interaction dec~,leration. However, the tolerance was based primarily 
between the deformation velocity and level of compression 

on ~ ccelerations measured on the sled fixture, not on the 
during impact, resulting in a greater compression tolerance test ~ubject. The data did provide useful guidelines for the 
for low-speed impact than for high-speed loadings. High- dew;lopment of restraint systems for occupant protection 
speed thoracic impact can cause critical or fatal injury in in c~ ash situations involving military and civilian person- 
physiologic experiments before exceeding the acceleration nel. 
or compression tolerance. The velocity-sensitive tolerance The basis for the whole-body deceleration tolerance 
is represented by the maximum product of velocity of crit~:rion is Newton’s second law where the deceleration 
deformation and compression, which is derivable from of a rigid mass is in proportion to the force on the moving 
the chest compression response. As the magnitude of this mass. Thus, the greater the deceleration, the greater the 
"viscous" response increases, the risk of serious or fatal force and risk of injury. The increase in tolerable 
injury increases. This paper discusses the analysis of deceleration for shorter durations of exposure implies a 
available literature and results from our laboratory and base d on an equivalent energy transfer, since an equivalent 
demonstrates the need for a viscous tolerance criterion to change in velocity (V) can be achieved by reciprocal 
assess chest impact protection in high-velocity impact, changes in the level and duration of acceleration (for a 

velocity change (V=AT) the deceleration (A) can increase 

Introduction the duration (T) decreases). 

Whole-Body Deceleration Tolerance Force Tolerance 

To provide improved protection of military personnel Ir the early 1960’s, automotive safety engineers were 
exposed to rapid decelerations, Stapp(1) conducted a seekinginformationontheforcetoleranceofthethorax. 
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Figure 1, Duration and magnitude of vehicle decelerations endured by various subjects(2) 

This information was needed to develop the energy- data andenabledtheintroductionoftheenergy-absorbing 

absorbing steering column. The energy-absorbing column steering column which has proven to be a highly effective 

included a device that limited force to a maximum level built-in safety feature for driver protection(6). 

beyond which the structure would deform and absorb 

energy as it compressed. However, the available human 

tolerance data (see the review by" Snyder(3)) did not Chest Compression Tolerance 
provide specific information on the appropriate yield 

force for the system. The basic safety objective was to In the course of the cadaver impact experiments, it 

design the yield force as high as practical, consistent with became clear that the concept of whole-body deceleration 

tolerance, to maximize the energy-absorbing capacity and force did not adequately describe the response of the 

and extend the range of safety function of the system, thorax during blunt impact. In fact, force applied to the 

Faced with uncertain information on the force tolerance sternum was shown to compress the chest, thus bending 

of the chest, a collaborative program was undertaken the ribs and leading to fractures when the level of 

between General Motors Research Laboratories and compression exceeded the tolerance of the rib cage. 

Wayne State University to develop a crash simulation Analysis by Kroell(7) of a large series of blunt thoracic 

facility and conduct experiments on human tolerance in impact experiments confirmed that the maximum ac- 

automotive crash situations. The first series of experiments celeration of the thoracic spine was a poor indicator of 

by Patrick et al.(4) involved sled tests with embalmed injury potential for blunt frontal thoracic loading and 

cadavers simulating the response of an unrestrained that the maximum level of chest compression was a 

occupant interacting with load-measuring surfaces. Head, superior predictor of chest injury (Figure 2). 
chest, and knee contacts against padded load-cells pro- KroelFs tests(7) with human volunteers showed that 
vided the first information on human tolerance to impact chest compression up to 20 percent during moderately 
force. The resulting force tolerance of the thoracic rib long duration loading produced no detectable injury and 

cage provided the necessary information to biomechan- was fully reversible. Impact tests with human cadavers at 

ically design the energy-absorbing element in the steering of compression greater than 20 percent showed that as 

system, the compression increased, the risk of skeletal fractures in 

Subsequent experiments by Gadd and Patrick(5) with the rib cage increased. At 40 percent compression, there 

prototype energy-absorbing steering system confirmed was multiple skeletal injury indicative of flail chest. As 

that a 3.29kN (740-1b) maximum hub force on the protective function of the rib cage was destroyed by 

sternum and an 8.00kN (l,800-1b) maximum load on the multiple fractures causing an unstable structure, direct 

shoulders and chest allowed column compression with loading of intrathoracic vital organs was possible (Figure 

only minor risk of skeletal damage in the rib cage for a 3) and there was risk of injury to the heart, lung, and great 
impact. These experiments provided new human tolerance vessels (see the discussion by Viano(8)). Analysis of these 
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Figure 2. injury rating and chest compression for University of California, San Diego, unembalmed cadavers subjected 

to blunt fronta~ impact(7). A and B are the responses of the 1 9- and 20-year old subjects 
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Figure 3, Injury rating and chest compression for University of California, San Diego, unembalmed cadavers subjected 
to blunt frontal impact showing increased severity of rib fractures with compression and cluster of soft tissue 
injuries at high compressions where the stability of the ribcage is compromised(8). Each point represents the 
average response of a group of similar tests identified by R1-R10(8) 

data led Neathery et at.(9) to develop a criterion of thorax. The experimental data on biomechanical re- 

maximumchestcompressiont~rtheevaluationofinjury sponses allowed Neathery(10) to define corridors pre .............. 
risk for blunt frontal impact, dicting the impact response of the 50th percentile male 

Evaluation of the time-varying force and compression cadaver. These data were pivotal to the development by 

response of the chest in human cadaver experiments also Foster et al.(11) of an improved anthropomorphic test 

provided intbrmation on the dynamic stiffness of the device with chest biofidelity, and ultimately led to the 
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Hybrid III dummy chest. Improved thoracic stiffness and substantiated an interrelationship between chest com- 

structure have allowed the Hybrid Ill to be identified as pression and velocity of compression. These two responses 

most appropriate test tool to be used for the evaluation of were critical to the severity of skeletal or internal thoracic 

the steering system in a wide range of sled test environ- injury. Analysis of other physiologic experiments by Lau 

ments (see Horsch and Viano(12)). et al.(17) found that velocity of impact in the range of 

In an effort to further understand the mechanisms of !3mi s to 24m/s was an important factor for nonpene- 

soft tissue injury, the literature was reviewed for various trating thoracic injury leading to ventricular fibrillation. 

impact exposures, including experimentalsimulations of Similar findings of the importance of the velocity of 

blast-wave injury. A comprehensive series of physiologic compression were identified in a series of open thoracic 

experiments on lateral thoracic impact confirmed a new impacts of the heart by Stein et al.(18). The risk of fatal 

observation: the chest compression tolerance is not a cardiac arrhythmias was found to increase with the 

fixed maximum value for a wide range of impact velocity of cardiac compression. 

velocities. In fact, the experiments by Jonsson and 

Clemedson(13) suggested that as the velocity of impact 

increased, the tolerance to chest compression decreased, Viscous Tolerance 

at least on the basis of lung injury. 
The concept of a viscous tolerance (deformation Since impacts in the range of 5mis to 20m/s are 

possible in high-speed automotive collisions, the suf- velocity and compression sensitive tolerance) for soft 

ficiency of a single maximum value for chest compression tissues in the body was first proposed by Viano and 

was studied by Lau and Viano(14) in a series of experi- Lau(t9) who analyzed a large series of frontal thoracic 

ments. In these tests, the liver was the target organ, and impact experiments. The physiologic experiments included 

the experiment was set up to attain a maximum level of 16 velocities of compression in the range of 5mi s to 22m/s 

percent abdominal compression, which was well within and maximum thoracic compressions of 4 to 55 percent. 

the range of tolerable compression for a volunteer in a On the basis of occurrence of critical-fatal injury, the 

moderate duration loading. The rate of abdominal experiments confirmed a velocity and compression sensi- 

compression was varied from 5m/s to 20mi s to study the tive tolerance to chest impact. Although the chest could 

influence of the velocity of compression. The experiments withstand 50 percent compression for loadings of 5mis 

....... confirmed an increasing risk of liver injury severity as the ¯ velocity of deformation, the tolerance decreased signifi- 

of abdominal compression increased (Figure 4). The cantly to 20 percent at velocities of 20m!s. Further 

experiments confirmed that the velocity of compression analysis of the data showed that the maximum of the 

was an important factor in injury assessment, product of velocity of deformation and compression was 

Subsequent physiologic experiments by Kroellet al.(15) an effective predictor of injury risk (Figure 5). The 

and Lau and Viano(16) involving blunt thoracic impact maximum viscous response was defined as VC max = 

[V(t) * C(t)] max and was shown to be a measure of the 

energy dissipated by viscous elements in the thorax. 

g(d) Probit analysis defined an effective maximum viscous 
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Figure 4. Hepatic injury severity and impact velocity for o t I I _.3 
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viscous response is the product of forced 
velocity of compression and 16% maximum 
compression (14). Impacts above 12m/s re- Figure 5~ Probit analysis of critical-fatal injury risk and 
suited in severe hemoperitoneum, bleeding in maximum viscous response for blunt frontal 
the abdomen impact (19) 
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response for 50 percent occurrence ofcritical-fstal thoracic 

in the physiologic model at VC max = IV(t) * C(t)] 

= 4.0mi s~ 
Over the years of research on mechanisms of thoracic 

and soft-tissue i~ury, it has been increasingly evident 

that the body cannot be considered a rigid structure and 

that injury criteria based on whole-body ~.cceleration are 

inadequate predictors of injury risk. It is now clear that 

the body is a deformable structure and at low speeds of 

impact (< 5m/s) the tolerance to rib cage damage and 

risk of crush i~ury can be evaluated by the maximum 

compression of the chest. This is primarily the case for I 
kve23 

belt-restrained occupants where tight coupling to the 

vehicle deceleration involves low speeds of chest com- Yl 

pression. However, for high speeds of thoracic defor- 

mation (> 5mi s) typical of the unrestrained or those in 

high-speed side impacts, the quasi-static maximum 

compression tolerance does not adequately reflect the 

viscous properties of the chest and thus Soft-tissue injury 

risks. For these types of impact, both the compression 

and velocity of deformation are important responses that 
Figure 6. lateral view of thorax with Lobdell’s thoracic 

model(251 superimposed showing the sternal 
re~ate to injury, and spinal masses, and the spring and 

In more recent physiologic experiments by Horsch et dashpot elements representing the thoracic 
al,(20) and Lau et al.(21) on upper-abdomina! injury with compliance 

steering wheel contact, the viscous response was found to 

be the superior predictor of severity and time of occurrence 
of chest compression (V) is defined as the time rate of 

of liver injury It also demonstrated more clearly the 

important biomechanical responses of the abdomen 
change of the relative displacement between the anterior 

skin and spine. The viscous response (VC) is defined as 
during steering wheel contact. These studies showed that 

the time-varying product of the velocity of chest defor- 
liver i~ury by steering wheel contact occurred prior to 

maximum compression of the abdomen or maximum 
mation and compression. 

acceleration of the spine, but at the same time as the peak 

of the abdominal viscous response (see Lau et al.(2!)). 

The viscous criterion has also been found by Rouhana et Energy Concepts for Injury Risk 
a! (22) to be the biomechanical response predictive of 

abdominal injury due to lateral impact. 

In the following sections, the viscous response will be Stored Energy 
defined as the time-varying product of the velocity of 

deformation and compression and will further demon- 
Simple mechanical analogs of the biomechanical 

strate that the maximum of this biomechanical response 
response of the thorax can be used to discuss injury risks 

is an important predictor of i~ury. However, the viscous during frontal thoracic impact. A portion of the thorax 
response and tolerance should be considered a supplement 

can be represented by an elastic spring (see Figure 6). The 
to the currently accepted maximum chest compression 

spring response demonstrates how an increase in compres- 
criterion that reflects the quasi-static or Crush limit of the 

sion is associated with an increase in force, energy stored, 
thorax, 

and risk of reaching the elastic limit of the element. 

When the elastic response of the thorax is represented 

Definitions by a spring, the energy stored (Ee) during compression is 

defined as the integral of the compressive force (F) during 

A lateral view of the thorax is shown in Figure 6, where the deflection (y) it causes: 

coordinates Y t~ 72, and, Y3 represent the displacement of 

the skin covering the anterior chest wall, the sternum, and 
Ee(t) = foy F(t) dy (Equation !) 

vertebral spine, respectively (Table 1). Chest compression 
(C) is defined as the difference in the displacement of the 
anterior skin and spine (y = Yt - Y3) normalized by the Since force in a linear spring is proportional to the 

initial exterior thickness of the thorax (D), The velocity deflection of the endpoints (F(t)y(t)) and the incremental 
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Table 1. Definition of biomechanical responses possible to a priori separate the inertial and elastic 
components of force from the total load, compression is 

the measurable response and meaningful biomechanical 
...... Variable Response parameter of injury risk. 

y!(t) Skin Displacement Absorbed Energy 
Y2(t) Sternal Displacement 

y.3(t) Spinal Displacement 
The viscous elements of the thorax can be represented 

...... ......... 91(t) Skin Velocity by a mechanical dashpot (see Figure 6), and the absorbed 

92(t) Sternal Velocity energy (Ev) associated with deformation of the element is 
93(t) Spinal Velocity proportional to the force (F) acting across it: 

q~(t) Sternal Acceleration Ev(t) = F (t) dy (Equation 5) 
~2(t) Spinal Acceleration 

.......... D Chest Depth In this case, the force developed by a viscous dashpot 

........ y(t) + y~(t) - y3(t) Chest Deflection due to deformation of the endpoints is proportional to 

C(t) + y(t)/D Chest Compression the velocity of deformation (F(t) ~/(t)). Recognizing again 
V(t) + 9(t) Velocity of Deformation that the differential deflection is given by dy = (dyi dt) dt = 
C(t) + V(t)/D Compression Rate 

)dt, Equation (5) reduces to: 
V(t)C(t) + ~i(t)y(t)/D Viscous Response 

Ev(t) = f: 92(t) dt (Equation 6) 

deflection is given by dy = (dy/dt)dt = ydt, Equation (1) In the case of Equation (6), it is not possible to find a 
reduces to: unique solution. However, if we recognize that the 

differential of y)is didt (y)) = )~/+ ) 2, it is possibte to 
Ee(t) = f2 Y (t) 9 (t) dt (Equation 2) 

reduce Equation (6) to the form: 

Recognizing that the differential of y2 is equal to the Ev(t) = fo d (y (t) 9 (t)) - f: y (t) ~ (t) dt 
integrand of Equation (2) (didt (y2 = 2yy), Equation (2) (Equation 7) 
reduces to: 

Ee(t) = ½f: d/dt (y2 (t))dt = ½f: d (y2t)) 
The first integral of Equation (7) can be solved by 

direct integration so that the energy absorbed by the 
(Equation 3) 

viscous elements representing the thoracic response during 

.... However, Equation (3) is uniquely solved assuming a dynamic compression takes on the form: 

zero initial deflection or compression of the thorax, such 

that Equation (3) equals: 
Ev(t) = y (t) 9 (t) - R( y, ~’ ) (Equation 8) 

where the residual function in Equation (8) is given by: 
Ee(t) = ½ y2 (t)) (Equation 4) R(y, y) =fty(t)~’(t) dt. The first term in Equation (8) for the 

absorbed energy is related to the product of velocity of 

Thus, the energy stored in compressing the elastic deformation and compression when the deflection is 
components of the thorax is directly proportional to the normalized (E¥ ~ yy ~ VC). Thus, absorbed energy is 
square of the time-varying deflection. Normalizing the related to the viscous response. Maximum elastic (stored 
deflection by the initial thickness of the chest implies that energy) limit is proportional to the square of maximum 
the stored elastic energy is proportional to the square of compression, and the maximum viscous (dissipated 
thoracic compression (E~ ~ C2). Since compression energy) limit is proportional to the maximum product of 
derives this function, stored energy is determined by the deformation velocity and compression. 
compression (Ee ~ C). 

" ;Fhe maximum compression criterion essentially estab- 

lishes a biomechanical response represented by compres- 
Strain Energy Analogy for the Viscous 

sion of a spring. Load on the spring and stored energy in Response 
spring determine the risk of reaching the deformation 

limit or the energy capacity of the thorax, which is Impact of an elastic materialcan causethe propagatio~ 

proportional to the compression of the spring. During of a wave. The principles of irnpulse and momentum can 

impact, force applied to the chest accelerates body masses be used to define the stress, strain, and energy in the 

and compresses the spring elements. Since it is not material. The velocity of propagation of the elastic wave 
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isc:(Eio) /TwhereEisY°ung’sm°dulusandpisdensity. Response of a Viscoelastic Thoracic 
"rhere is a relationship (see Hudson and Housner(23)) 

Model 
between the velocity of deformation (V) of the impacted 

surface and the stress (c~) developed, such that cr = 

(Ep)!W. Since the strain (~) is proportional to the Lobdell’s viscoelastic model(24,25)of the human ca- 
foreshortening of the external dimensions, it is equal to darer chest provides another means of demonstrating the 

the compression of the material, and ~ = C. The strain biomechanical importance of the viscous response. Using 

energy is given by: E~ = ½ c~ ; ½ (pr5~ = C. In this case, the parameters and responses defined in (24), the following 

the propagation of an elastic wave due to an instantaneous two cases were simulated: Case 1, Impact Mass 20kg and 

surface velocity of deformation causes strain energy in Impact Velocity 7mi s, and Case 2, 4kg Mass and Impact 

the material in proportion to the product of the velocity Velocity of 15m/s These two cases have identical kinetic 

of deformation times compression (Ee-- ~C). Thus, there energy of the impacting mass. The results of the simulation 

is another mechanical basis of VC as a measure of the are shown in Figures 7 and 8, and maximum response 

intensity of the energy density in a material during values are tabulated in Table 2. There is a dramatic 

dynamic loading, difference in response maxima for the two cases, which 

Although neither of the previous analogies represent a provide insight into the dynamic response of the thorax. 

rigorous theoretical demonstration of the fundamental Both cases resulted in a maximum compression o1" 30 

basis for the viscous response, a mechanical basis has percent. However, the maximum in velocity of chest 

been shown for the product of the two biomechanical compression and viscous response were nearly double in 

responses (VC) as a proportional measure of intensity of the low-mass, high-velocity impact simulation, lnterest- 

a material response to dynamic loads, ingly, there was nearly a doubling in dissipated energy in 
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Figure 7. Thoracic impact responses fora 20kg impactor striking the chest at 7m/s 
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Figure 8. Thoracic impact responses for a 4kg impactor str~king the chest at 15m/s 

Table 2. Simulated response of a visco-elastic model of 
the thorax                                          the high-velocity impact with a reduction in energy stored 

in the elastic components. Sternal and spinal accelerations 
Impact Parameters Case 1 Case 2 

were greater m the high-velocity impact, as was the peak 

Mass (kg) 20. 4. in load on the sternum. 

Velocity (m/s) 7. 15, In these two cases, the peaks in chest compression were 

arrived at by two substantially different deformation 
Responses responses, one with nearly a doubling in the viscous 
Force (kN) 4,2 7,0 
Compression % 30.0 30,0 

response. The maximum wscous response occurred much 

earlier than the maximum in chest compression, On the 

Rel. Chest Velocity (m/s) 5.8 11.0 basis of our previous experimental research{ 19.2!), there 

Viscous (m/s) 0.8 1.7 would be a greater risk of soft-tissue injury m the 

mass. high-velocity impact even though the maximum 
Sternal Acc. (g) 230.0 500.0 

compression is similar and within the tolerable level, 
Spinal Acc, (g) 16.0 28.0 

Soft-tissue in2 ury associated with a high viscous response 

Diss. Energy (J) 180.0 310.0 would occur earlier than maximum chest compression. 

Stored Energy (J) 120,0 105,0 The two simulations demonstrate the variability in 

response associated with thoracic ~mpact and show how 
Diss. Power (kW) 18,0 650 

the viscous response is a useful supplemental biomechan- 
Stored Power (kW) 7.5 58.0 

ical response. 
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Analysis of Cadaver Data ,.o 

fhe series of blunt frontal impact tests conducted at 
the University of California at San Diego (UCSD) under 
contract to the General Motors Research Laboratories ~ / 
represents one of the most comprehensive sets of data 

n 
a’, ailable. The response of the chest during blunt frontal 
impact was measured by. transducers attached to the 
su~}ect and b} analysis of high-speed photographs of the 
impact event, Compression of the chest was determined 
b~ film ana!\sis, and the time histories of the responses 
have been published and discussed in many papers (see, 
for example, Kroell(7) and (8-10)). o 

The viscous response of the cadavers was determined 0 o.s 1.0 ~.~ ~.0 ~.~ 

from the published chest deflection data, and examples of 
the viscous response are shown in Figure 9 for the tests 
used to de~etop response corridors for the human Figure 10. Analysis of critical injury risk (AIS 31 and 

cadaver and to develop the Hybrid III dummy maximum viscous response for blunt frontal 
impact of University of California, San Diego, 

chests(7,10,11 ). Eight tests were conducted with a 23.4kg 
unembalmed cadavers(7) 

mass and impact velocity of 6.7m/s, and four tests were 
conducted with a 23.4kg mass and impact velocity of 
4.27m s. These data demonstrate that the peak viscous maximum viscous response and the risk of critical-fatal 
response occurs earlier (at 10ms) than the maximum injury. The effective viscous dose for 50 percent critical 

compression (at 30ms) in the cadaver subject. Kroell(7) injury is VC = IBm/s. The viscous response in the high- 
has shox~n that rib fractures occur progressively with low-mass simulation oftheprevious section was VC max 

compression, thefirst fracture occurring as early as 9.2ms = 1.7. Based on the analysis of the UCSD data, there 

and the second at t3.6ms in an event like this that takes be a high probability (75 percent) of critical-fatal injury. 
30ms to reach maximum compression. It is interesting In contrast, the low-velocity, high-mass impact would 
that the maximum viscous response occurs at about the havea low probability (t5 percent) of injury even though 
same time as the initiation of skeletal damage, injury risk would be similar on the basis of compression. 

C VC 

,0 o,- ,..,’ ....... ,,,__ Evaluation of the Viscous Response in 

’,it/.¢o, ., ..... 
!0% 

the Hybrid III Dummy 

,,.,.~..~ ,,~.~=.) One of the important instrumentation and response 

c vc features of the Hyrid III dummy(l 1) is the biofidelity of 

l ~i ^ the chest compression response and a transducer that 

,~ ,..,,, measures the chest deflection. During a frontal impact, 
the Hybrid II1 chest deflects in a manner similar to the 
response of the human cadaver(10,l 1), and an analog 

0 ’ ,; ,’, ,’~ ~ o , ,0 ,~ ,0 ~ 000~ signal of the deflection is produced. The computation of 
’~" ~ ~"" ~’) chest compression is done by normalizing the deflection 

data by chest depth. This is accomplished by analog to 
Figure 9, Compression and vicous response of University digital conversion of a deflection response and computer 

of California, San Diego, cadavers subjected 
to blunt frontal impact by a 23.1kg mass processing. Differentiation of the deflection response 

striking at 4,9m/s (top curves) of 7.2m/s results in the velocity of deformation, and multiplication 

(bottom curves)(7) of the compression and the velocity of deformation 
results in the viscous response. A computer program was 

Determining the average maximum viscous response developed(27) to process Hybrid Ill and other test 
subjects exposed to a range of similar tests (see Viano(8) subject chest deflection data into the responses. Evaluation 
for groupings of tests) allowed the maximum viscous of the viscous response from the Hybrid III dummy is 
response to be correlated with the risk of critical injury underway; however, a tolerance level for dummy testing 
(Figure 10). There is reasonable correlation between the has not been established. 
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Modelling the Lateral Impact of the Thorax in 
Car Side Impact Accidents 

MoG. Langdon One is to examine the results of real accidents, in which 

Transport and Road Research Laboratory occupant injuries and damage to the vehicles are easily 

Crowthorne, United Kingdom measured. A major disadvantage of this approach is that 

the kinematic inputs are not controllable and are not 

always easy to deduce accurately from the evidence 
Abstract                                             available. 

The alternative is to crash vehicles deliberately under 
As part of the development of a simulation model for controlled conditions with instrumented dummies pro- 

side impact accidents, it has been necessary to develop a riding substitutes for human vehicle occupants. Because 
model of the human thorax. This is required to provide of constraints of cost and staff time, it is possible only to 
both the correct dynamic interface with the simulation of carry out a limited number of such experiments, and in 
the car structure and a reasonable criterion of injury the interpretation of the results there is some uncertainty 
probability, in terms of designing structures (such as about how well results obtained from dummies represent 
additional padding) that will maximise occupant protec- the likelihood that particular injuries, or fatalities, would 
tion, it is important to have a good understanding of the have been sustained by human occupants. 
dependence of injury on the time history of the impact To increase the number of"experiments" that can be 
forces, carried out with limited resources, recourse is now made 

It is only~ possible to develop a complete model of a to mathematical modelling of various aspects of vehicle 
system as complex as the thorax in terms of a step-by-step crashes. This is usually in the form of a numerical step- 
simulation. However, an analytical model has also been by-step simulation, though analytical models are some- 
developed to describe the third order mass/spring/ times useful for improving understanding of specific 
damper system that forms a major subsystem in the step- problems. The great advantage of mathematical models 
by-step simulation. This dit’t:ers from the ordinary second is that once a model has been developed, a large number 
order mass spring damper system by having an addi- of"experiments"can be carried out relatively quickly and 
tional spring in series with the damper; which gives a cheaply. The development of the model can by itself 
softer response to a sudden impact. Detailed character- frequently provide a useful insight into the fundamental 
istics of the system have been derived, including an processes occurring during an impact. However, the 
analysis of the dependence of peak deflection (probably a development of useful models is a skilled and time- 

..... good measure of injury probability)on the duration of an consuming process, and great care has to be taken to 
applied impulse force, insure that the final model provides an adequate repre- 

sentation of reality. 

Background This paper describes the development of models to 

represent injury to the thorax suffered by the occupants 

of a car during side impact accidents. There is currently much interest in the problem of 

occupant protection in side impact accidents. Experi- 

.... 
mental data on the effects of such accidents are required,    Purpose of the Models 
both to obtain a better understanding of the problem and 

be able to set safety~ standards to which production cars The long-term objective of the simulation programme 
must conform. "-[’here are two practical methods by which is to produce a model of side impact that can investigate 
such data can be obtained, the relative usefulness of modifying various features of 
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vehicle design, such as the relative stiffness of various An Analytical Model of the Thorax 
structural components and the provision of energy- 

absorbing padding to protect the occupants at points of 
............. impact. The starting point was a simulation model 

developed by British Leyland (now Austin-Rover) for the 
Description of the Model 

Morris Marina(l). The vehicle part of the model per- 

formed well and produced some useful and interesting The mechanical layout of the system represented by the 

results, but it rapidly became apparent that further analytical model is shown in Figure la. It consists of two 

progress would require a more sophisticated model of the masses, m and M, representing the ribs and torso, 

dynamic behaviour and injury tolerance of the human connected by a spring with spring constant kI. This 

thorax. 

The accuracy with which the dynamic behaviour of the 
Torso occupant is represented becomes important when the K 

impacting part of the car structure is relatively light and Rib 

soft, as for example with thin sheet metal or foam 

padding. In such cases, it is important to have a good 

model of the effect of the occupant on the car structure, as 

well as of the car structure on the occupant. In fact, the 

occupant and the car should be considered merely as 

distinguishable parts of an overall dynamic system. 

Current work is therefore concentrated on the develop- 

ment of models to represent the dynamics of the human 

thorax in lateral impact. Figure la. Layout of system represented by the analyti- 

The initial design of a thorax simulation model was cal model 

based on the mechanical design for the thorax of the 
system on its own would have no damping, which would 

EUROSID dummy(2). This consists of three relatively 
be unrealistic, so damping is provided by a viscous 

massive steel ribs, with an additional connection to the damper, with damping coefficient r/. If this damper were 
............ spine box provided by a spring!damper system. The connected rigidly to the rib mass (m), it would give an 

model has proved very useful, and the current objectives instantaneous large force (=r/V) if the rib were struck by 
of the research based on it are-- an impactor to give an initial velocity V. This type of 

¯ To provide a suitable thorax submodel for behaviour is not observed in actual impactor experiments 

eventual incorporation in an overall side impact on cadavers, where the rise in the restoring force exerted 

.......... model to investigate ways of improving vehicle by the ribs is relatively slow, suggesting a "rubbery" type 

.... design for safety of structure. This type of characteristic can be obtained 

¯ To obtain a better understanding of the dynamic by putting an additional spring (spring constant k2) in 

characteristics of the thorax substructure in the series with the viscous damper. This is the precise type of 

EUROSID dummy, leading eventually to design model used to develop a physical description of rubber 

improvements in the dummy that can provide a elasticity. 

closer match to the characteristics of a human In practice there will inevitably be a small mass at the 

thorax connection between the spring k2 and the damper. 

¯ To develop a criterion for chest injury that takes Simulation of the system with such a mass shows that 

full account of the time history of the imposed provided the mass is small (e.g., less than 0.2 of the rib 

forces mass), it has little effect on the overall behaviour of the 

system. As its inclusion would seriously complicate the 
Two basic models are being developed. One is a step- analytical model, such a mass has been omitted for the 

by-step simulation that attempts to model the human present. 
thorax in as much detail as is practicable and necessary. The characteristics of the system are best evaluated in 
The other is an analytical model ofthe basic three degree terms of the impulse response, which describes the 
of freedom mass/spring/damper system that represents behaviour of the system after the rib mass m has been 
the movement of the ribs relative to the spine (or given an initial velocity (e.g., by being struck by an 
alternatively the dynamics of the layer of skin covering impactor) and no further external forces are applied to 
the ribs). This has proved useful for providing a full the system. If y represents the distance between the rib 
understanding of the dynamic characteristics of parts of mass m and the torso mass M, the characteristic equation 
the more complex step-by-step model, and for deriving for the system is: 
appropriate numerical values for some of the parameters 

inthat model. ~’ + k2~’ir! + (k! + k2)~iM,, + klkxyiMor/ = 0 (1) 
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The Newtonian dot notation is used to indicate This can be expressed in terms of the undamped natural 

differentiation with respect to time. frequency wo and two nondimensional parameters by 

Mo is the reduced mass: Mo = Mm! M÷m). If the torso making the substitutions: 

is rigidly clamped so that effectively M~, then the 

reduced mass Mo becomes equal to the rib mass m. Wo- = [Ri(I+R)] KIi Mo (5a) 

This is a third order dynamic equatim~.; the inclusion of 

the damper mass in the model would have led to a r~ = [R!(!+R)]: r/!Mocoo (5b) 

considerably more complex fourth order equation. 
Following the method used in the well-known second R = K2i K~ (5c) 

order equation, it is convenient to express this equation 

in terms of an undamped natural frequency (which The resultant parameterised equationis identicalto the 

provides the dimensional scaling for systems with different parameterised equation (3) for the system shown in 

~requencies) and two nondimensional parameters. The Figure la, showing that with an appropriate choice of 

parameters chosen are: component values the two systems are dynamically 

identical. 
Undamped (angular) natural frequency 

coo = ~V’rkl Mo (2a) 

Solution of the Model Equation--Impulse (The undamped natura! fraguency fo : coo / 2rr ) 
Response 

Nondimensional damping constant 
The third order dynamic equation is solved by making 

r/s = ri / Mo~o (2b) the assumption that the solution is of the form: 

(Note: rlsdiffers by a factor of two from the corresponding 
Y = Ae-at (6) 

nondimensional parameter normally used in the second 

order equation.) 
(Since the equation is third order, there will be three pairs 

Spring ratio r = k~i k~ (2c) 
of values of cr and A, and the general solution will be the 

sum of these three solutions.) Substituting this value of y, 

This leads to the parametric equation: and its first, second, and third differential w.r.t, time in 

Equation 3, leads to the cubic equation: 

!~ + Rcoo~ir/s + (!+R)~~, ~ + Rw2 yiq + 0     (3) 

a,3 - R~oa2/Os + (1+ R)w~a - Rwo)iOs = 0 (7) 
An alternative type of third order dynamic model that 

has been used to represent the thorax is shown in Figure 
This can be solved by the classical method, which 

lb. This consists of a conventional second order spring/ 
involves a substitution of variable to eliminate the term in 

damper system, involving the spring K ~ and damper ~, 
ag2. The solution is easy to program on a computer, but is 

with an additional sgring K2 placed in series with this 
not simply expressible in elementary terms. It can be 

system. The characteristic equation for the overall system, 

wth no external forces acting, is: 
shown that the solution has only three real roots when 

lies in the range: 

5’ + (k~+K2)2 0 + K25~ Mo + K~K~v Mo~ + 0 (4) 
(a - b }<Os(a + b) (8) 

where 

Torso R2 R ..... 
K1 

a = ( + 20R-8 ~8( 
R i b 

~~ 

M The expression for b in the above inequality is only real 

when R>8, so all solutions (for any value of ks) must 

include complex roots when R<8. 
The complete solution for the case with complex roots 

~ ~ 
is: 

Figure lb. Layout of alternative model Y = Ae-at + e-~t ( B cos cot + Csin cot ) (9) 
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where A, B, and C are arbitrary constants that can be Rib acceleration 
derived from the initial conditions. The parameters E and 

to are the real and imaginary parts of the complex roots of 
Mo~’ M 

iX arib - - ~" (15a) 
m             M+m 

a~ : E - ito                                 (10a) 

Torso acceleration 
cr2 : ~ + ito                                  (10b) 

- M o~ m 
When the system is excited by an (infinitesimally short) ato,s° - - ~ (15b) 

impulse of value I, the initial velocity of the rib mass is V = M M+m 

I/m, and the arbitrary constants have values: 

Figure 2 shows contours of specific values of maximum 

A : 2~lim[(~- cr)2 + to2] (lla) displacement, plotted as a function of the dimensiontess 

parameters r/s and R. The region in which the solution of 
B = -A Equation 7 has all real roots (over-damping) is shown for 

interest. It will be noted that although the form of the 

C : l(cr2-~z+to2)imto[(E-or)~-+to2] (llb) solution changes at the boundaries of this region, there 

are no discontinuities in the contours, it will also be seen 

When all roots are real, the motion is nonoscillatory that when Ris greater than8, there are always twovalues 

(over-damped), and the complete solution is: ofo~ that give critical damping (the boundary between 

over-damping and oscillatory solutions of Equation 3). 

y : Ae-CXlt + Be-%t + Ce-~3t                     (12) 

The arbitrary constant A is given by: c .............. 

A : ](Ix2 + 0~3) /m(ixl-cr2)(Ul-Cr3) (13) 

The values of B and C are found similarly by equations 

that are symmetrical with Equation 13. 

Using the above equations, it is possible to calculate 

the impulse response characteristics of the system for any 

values of r]s and R. It is convenient to work with a 

"normalised" system for which the undamped (angular) 
~i 

natural frequency too is unity, and to examine the 

response to an impulse giving unit velocity to the rib 

mass. The response for other conditions can then easily ~ 
be calculated by simple scaling. If the real system has an ,~ o~ 
undamped (angular) natural frequency of too (calculated 

from Equation 2a or 5a), and suffers an impulse giving an 
~ 0~ 

initial velocity V, then actual values of time, displacement, 

or acceleration are found from the normalised values as 

follows: 

Time: actual : T,~o~i~d/ too (14a) ~ - ~t,o o~ ~ 

Displacement: Yactual : Ynormalised )~ Vi too (14b) 
Figure 2. Analytical model--contours of maximum 

’ displacement after excitation by a 
impulse 

Acceleration: 
~?actual : )normalised X V X too (14c) 

Frequency Response 
The quantity y refers to the second differential of the 

distance between the rib mass and the torso mass, and An alternative (but equivalent)method of representing 
only represents an absolute acceleration if the torso is the behaviour of the system is in terms of its long-term 

clamped. If the torso is free to move, the absolute response to a constant amplitude sinusoidal input force. 

accelerations of the ribs and torso are found from: If the rib mass is subjected to a sustained sinusoidal force 
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F.sin ~t, then the relative rib displacement will also vary .... ~s = o.~ R = zo ~o a, ..... 
sinusoidally with angular frequency to, after the initial ---- ~s =°,~ sw~ ........... ,~ 

transients have damped out. The displacement can be ’ ~ ~ ~.0 
w~ % ~ ~ 

y : A sin ~t + B cos ~t (16) ~ ~ 

This has an overall amplitude + B2 , and a phase ~ 
angle relative to the input force of ¢, "where tab =              0                             ~ ’ ’ ~ ~’ ~ 

The values of A and B are found by equating coefficients 

~~~ 

~,.,~.~,~ ..... ~,t~,~ 

in the dynamic equation (3), modified to include the ~ ~ /~ 

effect of the driving force. The values derived are:              } 

~4     {~2~s2 [( I+R ) ~o2 - ~2 ]2 + R2~o2 ( ~o2 _ ~2 )2} 
Angular frequency (radians/s) 

(18) ~          ~ 

m {~2~22[( I+R)w~-~2]2 + R2~o2(~o2-W2)2} 

g _~ ~~~~ 

Figure 3 shows the impulse response for a typical third ~ _~ ~ ~ ~    ~ ~ ~ ~ ~ ~ ~ ~ 

order system (normalised with ~o = 1); and the cor- 
responding frequency response plotted separately for the { F ireful ..... ~ .... Amplitud. 

amplitude and phase characteristics. The impulse and ~0.80 ~ ~ 

frequency responses are mathematically related by the ~ o.oo ~ ~~ ~~--~ 
Fourier Integral transform. If the function y(t) represents a ~ ,~ ~ ~ 

the response at time (t) following an impulse at time t=0, ~.~0 ~ ~ ~ ~ "~ ~ ~ ~ ~ ~ ~ 

and Y(O represents the frequency response, then: 
0 ~ ~ a a    ~ ~ 7 a , ~0 

~ Time (sec) 

Y(t) = j’~y(t).e-i:~t dt (19) Figure 3. Impulse and froquone~ mspons~ ol a third 
ordor d~namie s~stom. 

(the lower limit of integration should be-~, but as it is 
assumed that 3 = 0 for all time before the impulse, the 
lower limit can be set to zero.) i represents the imaginary are taken into consideration. If h(t) is the impuls~ 

a~ 
response (i.e., y = h(t) at a time t after a unit impulse) and 
x(t) is the actual input at time t, then the response of the 

The function Y(O derived from this equation is a system at time t is given by the convolution integral: 

complex number that contains both the amplitude and 
phase response. The relationship of Equation 19 is not in y(t) = f2 x (r) h(t - r)dr (20) 
fact required to derive the frequency response listed in 
Equations 16 to 18 (though it is of course satisfied by 
these equations), but it is useful in further development of 
the theory of the system dynamics. Response to Rectangular Impulses 

...... If the input is a rectangular impulse of amplitude 
Response to Finite Length Pulses x(r)=I / To for 0<r<To and zero for all other time (i.e., it 

has a total impulse of I spread over a time To), then the 
Having evaluated the impulse responseofthe system, it response can be calculated directly from the impulse 

is possible to calculate the response forany known input, response (Equation 9 or 12, depending on whether the 
Since the system is linear (i.e., the parameters m, M, k~, solution is oscillatory or not) and the convolution 

k~,~ are assumed to remain constant for any finite equation(20). 
displacements), the effects of a large number of infini- For the exponential terms in the impulse response 
tesimal impulses are strictly additive, provided that the having the form h(t) = A exp (-at), the overall response 
effect of the different times of the impulses (i.e., phases) becomes: 
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I A 
y (t) + -- ¯ [ l-exp(at)] x(r) = I sin ~rrr T~,) for0<r<To ~23) 

m     crY° 

and zero for all other time. 
For 0<t<To (21a) 

As for the rectangular pulse, this has a total impulse of I. 
and It is again possible to calculate the response by direct 

integration of the convolution equation, bul the result is 
rather more complicated. 

1 A 
y (t) = exp ( -at ) [ exp ( aTo I - 1 ] For each exponential term. h(t) = A exp (-at), in the 

m aTo (21b) ~mpulse response, the overall response is: 

for t>T~ I ~1 A 

m 2~2To* ~2) 
For the trigonometric terms in the impulse response 
{when an oscillatory solution is obtainedl having the 
form h{tl exp(-~t) ~B cos ~t - C sin ~t], the o,,erall ~t _ ~cos ~t :.~exp { -at)} 
response can be calculated either by direct integrati{)n of {a sin 

To To To To 
the convolution equation (20), or by rewriting the 
impulse response in terms of complex exponential 
functions ~see Equation 10}: the constants B and C also for 0<t<T~, ~24a) 
become complex m this case to give an overall real result 
and substituting the values in Equation 21a or 21 b. The and 
results for these trigonometric terms are: 

i 1 I ~2 A ex p ~ -m ) 
y(t) - y (t) = 

m {e2 - ~2 )T° m 2{ a2To + ~2 } 

{ [~B * coC] [ ! - exp(-et) cos tot] - [ exp (aTo ) 4 1 ] 

[ eC - cob 1 exp( - cot ) sin tot/ 

for 0<t<To (22a) for t>T~, 124b) 

I exp{-atl These equations can be differentiated with respect to time 
y (t) = 

m ( ~2 ~ 032 )Tr~ (tl to find the velocity and acceleration responses to a halt" 

sine wave impulse ~nput. 

{[ ~B + toC ] [ exp ( ~To )cos co(t-T,,) - cos cot ] the expressions for the overall response from the 

trigonometric terms become very complicated, and 

numerical evaluation is best performed bv cbmplex 
. [ eC- toB ] [ exp ! eTo) sin to (t- To) - sin tot ]} 

arithmetic on a computer, using Equations 2a and 2b 

with the appropriate complex values substituted for A 
for t>T,, (22b) and a. 

Figure 4 shows how the peak deflection of the rib mass 

vanes as the duration of a half sine wave impulse is 
These equations can be differentiated with respect to t~me 

increased, keeping the overall impulse constant. Curves 
t to find the velocity and acceleration responses to a 

are shown for a range of values ofq. between 0.2 and 5.0. 
rectangular impulse input, for a fixed value of spring ratio R = 2. ~As before the 

system is normalised, with to.= 1 ). The present EUROSID 

design is intended to have a value of n a little less than 2. 

Figure 4 also includes a dotted curve showing the 
Response to Half Sine Wave Impulses displacement tha~ would occur if a static force was 

applied equal to the peak force arising in the impulsive 
A more realistic input is a half sine wave having the input. It wilt be seen that all the curves are asymptotic to 

form: this static deflection value for large values of the impulse 

duration. 
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Is .......................................... 
,ro~ ........ o~ y (t) = f~ Y(f)e,i2rrftdf (25) 

Computer programs to implement the Fast Fourier 
Transform are now widely available, and the methodology 

..................... ~o, is well described in the literature(3). 

However, if the impulse response is formed by the sum 

of a number of exponential terms (real or complex), as in 
the model under discussion, a much simpler numerical 
method can be used to find the output response. Consider 
the contribution to the total response contributed by the 
term A exp (-at), and suppose that the input waveform is 
sampled at a large number of times separated by intervals 
of ~t. Further, suppose that the total contribution from 
this term to the system output (e.g., rib displacement) 

~,~, ~, ~,~,~ ~,~ after n intervals is Sn, 

After a further period ~t, in the absence of any input, 
~i9ure 4. R~sponses of third order dynamic system to this displacement would have decayed to S~.exp(-a~t). 

half-sine wav~ input impulses of different However, ifthe system is subjected to an average force Fn 
durations in the interval, it will have received an additional impulse 

F,~t, which will give a response AFn~t/m. The total 
The maximum displacements initially decrease rather response after n+l intervals is therefore: 

s!owly as the impulse length is increased, and it requires a 
pulse length approximately equal to the period of the Sn+~ = Sn" exp(-a~t) + AFn~t/m (26) 

system to reduce them to half value. (The period w varies. 
with ~. See box in the figure.) The curves are at their If t is very small, the exponential term can be approx- 

steepest in this region. If padding is used to increase the imated: 
tength of the impulse, the increase ineffectiveness for 
increasing thickness is obviously at its maximum here. exp (-a~t) ~ 1 -a~t as a~t ~ 0 (27) 

Similar curves are obtained with rectangular impulses, 
although the curves fall off rather more steeply. A pulse and Equation 26 can be simplified to: 

length of about 0.7 of the system period is required to 
reduce the peak displacement to half the value for a very S~ = Sn + (AFn/m - aSn )~t (28) 
short impulse. With a rectangular impulse, the discon- 
tinuity in slope ofthe curve for os = 5.0 is much stronger; If the input is zero for all times before the time 

it occurs when the maximum value of displacement is at corresponding to n=0, and So is set to zero, this equation 
the second maximum of the displacement/time curve provides a simple iterative method of calculating the 

instead of the first, contribution by each term, and hence the overall system 
response, for all subsequent times. 

Response to an Arbitrarily Complex Input When the overall solution is oscillatory and contains 
trigonometric terms, it is simplest to replace the trigono- 

For input pulses with shapes more complex than the 
metric terms by the corresponding complex exponentials, 
and use these directly in complex versions of Equations half sine wave, it does not appear worthwhile to attempt 

to calculate the output response by a purely analytic 26 or 28. For example, the trigonometric form of the 

method. In principle it would be possible to use a direct 
impulse function: 

numerical integration of the convolution equation (20), 
but the Fast Fourier Transform provides a much quicker h(t) = A exp(-at) + exp(-et) [B cos wt + C sin wt] (9) 

method. Convolution in the time domain transforms into becomes 
multiplication in the frequency domain. The impulse 
response h(t) and the input waveform x(t) are therefore h(t) = A exp(-alt) + B’exp(-a2t) + C’exp(-a~t)    (29) 
transformed by means of Equation 19, and the product at 
each frequency of these transforms H(D.X(D is then the where 
transform of the output response Y(~ The output time 
response can then be recovered by the inverse transform, a~ =a (the real term is unchanged) (30a) 
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initial values for all variables that are to be integrated, 
cr2 = ~- ito                            (30b) 

and set a step length. The ACSL system then automatically 

a3 = E + iw (30c) 
carries out a step-by-step integration of the set of 

...... equations and provides facilities for accessing any required 

variables at suitable time intervals. Outside the dynamic 
B’ = 1 / 2(B-iC) (30d) 

section of the program that performs the integrations, the 

C’ = 1 / 2(B+iC) (30e) 
operator may include ordinary Fortran coding, including 

access to Fortran subroutines, so the system is extremely 

flexible in use. 

.............. The complex exponentials exp(-cr2t) and exp(-a3t) 

represent vectors rotating in the complex plane. The Systems Investigated 
amplitude of the vector decreases at a rate controlled by 

the parameter e, while the rate of rotation is controlled by 
The basic model used in the step-by-step simulation is 

the parameter to. 
shown in Figure 5. The rib structure is identical to that 

When Equations 26 or 28 are evaluated and the results investigated in the analytical model. Between the rib mass 
........ for all the terms are summed, it is found that the ...... and the impacting mass, there is an additional spring/ 

imaginary terms cancel out and vanish, leaving a result damper system to represent the skin. This could also be 
that is wholly real. The use of complex variables may 

therefore, if desired, be regarded solely as a mathematical 

device to simplify the calculations required, and need not 
External surface Rib mass Torso 

concern the user of the results, of skin 

If the maximum rib displacement could be regarded as P°°~°’~ ...... 
providing a measure of injury severity, the above method 

for calculating the response to any arbitrary input could 

be used as the basis for a new injury criterion. It would be 

much faster to calculate than exceedences or HICs, as 

well as appearing to be based on sounder physical Figure 5. 

principles. 

used to represent the effect of padding, if required. This 

Step-by-Step Simulation Model system is similar to the spring/damper used for the ribs, 

except that it is stiffer and the main spring (k~-skin) is 

nonlinear. The force/compression characteristic is The analytical model described above has proved 

....... useful for obtaining a better understanding of the opera- represented by the equation: 

tion of subsystems with up to three dynamic components 

(springs or dampers). However, a model of this type Spring force = kl_skin.X.Xoi(Xo-X) for x>0 (31) 
would become very complicated and difficult to use if 

extended to more complicated systems, and parts of the 
= 0 for x< 0 

solution would require numerical methods of solution. 

(For example, solution of the equation to give the 

impulse function is only possible by numerical methods where x represents the compression of the skin, and xo is a 
when the highest power of a exceeds four.) Furthermore maximum compression, nearly equal to the initial skin 
it would be virtually impossible to include nonlinear thickness. 
components in the model, at least without losing most of For small deflections, the skin behaves as a linear 
the features that have made it so tractable, spring, with spring constant k~-skin, but when the 

The alternative type of model for solving more corn- compression approaches a value xo the spring becomes 
plicated problems is the step-by-step simulation. It takes progressively stiffer so that the compression can never 
more time to run than an analytic model and does not exceed Xo. 
provide the same degree of insight in simple situations, Typical values of the skin parameters used to simulate 
but there are no fundamental limits to the complexity of a foam covering used in tests on a dummy rib are: 
the problem to which it can be applied, other than those 

set by the storage capacity and available running time of kl_skin 200 kNi metre 

the computer. Programs have been written using the k2_skin 4000 kNimetre 
Advanced Computer Simulation Language (ACSL), 

02skin 250Newtons metre per second 
With this the operator effectively has to write out a set of 

simultaneous equations that define the problem, provide xo 10 mm 
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The spring parameters of the main rib system have been Effects of Changing the Skin Characteristics 
selected to conform approximately to some cadaver 

results, though more work is required to optimise the When a dummy rib is impacted by a pendulum, the 

match of the simulation system to the experimental measured accelerations on the rib or spine differ markedly 

results. The rib mass is equated to the rib mass of the from the smooth curve predicted by the simple analytical 

I{UROSII) dummy, and is rather large compared with model (Figure 3), due to an additional higher frequency 

the skeletal mass of human ribs. The parameters relating oscillation. This is caused by "bouncing" between the 

to one rib of the first prototype EUROSID dummy (one- pendulum and rib, in the system formed by the pendulum 

third of a complete thorax) are: and rib masses, and the skin elasticity. A similar acceler, 

ation waveform is shown by the simulation. The actual 
kl~.~.i~~ 15 kN metre shape of the waveform can be altered significantly by 

k~.i~, 33 kN metre 
changes in the skin characteristics. However, the dis- 

placement waveform, and particularly the peak dis, 

0-rib 250 kN metre per second placement, are affected only slightly by such changes, 

provided that the "skin bounce" frequency is high 
m-rib I Kg                                     compared with the fundamental response frequency of 

i.e.~o : 122.5 radius sec (19.5Hz)                the rib structure. This would be expected from a con- 
sideration of the analytical model’s response to impulses 

R = 2.2 of different durations (Figure 4). 

It is clear that if it is required to match the acceleration 
r/ =2.04 response of various parts of the dummy thorax with the 

w : 205 radius sec (33Hz) responses recorded in cadaver experiments, then it is 

important to produce exactly the "right" characteristics 

~rhis basic thorax simulation has been built into a number for the skin covering the ribs. If, however, the injury 

of simulation programmes representing various possible effects on the dummy can reasonably be related to the 

test situations. These include: peak displacement (compression) of the rib structure, 

.......... Pendulum impact when the spine box (torso) is then it may be much less important to "fine-tune" the skin 

clamped characteristics to produce a dummy that can give a 

ii) Pendulum impact when the spine box is free to reliable measure of injury likelihood in crash experiments. 

move 

Excitation by square wave or half sine wave 

impulses of varying pulse length (c.f., similar Effect of Rib Mass 
impulsive inputs to the analytical model) 

iv} Impact of the whole thoracic system into a fixed An accelerometer attached to the pendulum used to 

walt; impact from horizontal motioncorresponds provide the impact on a dummy will record an initial 

to the "Heidelberg" test; impac~ from a vertical high-peak acceleration, followed by a series of oscillations 

drop corresponds to the "Peugeot/Renault" due to "bounce" between the pendulum and rib mass. 

tests This initial peak is still apparent, though its amplitude is 

The dynamic outputs from the system can be filtered decreased, even if the output response is heavily filtered. 

within the programme, if required, to produce results The peak is reproduced on the simulation but is generally 

that are fully compatible with the results from experi- absent in cadaver experiments. The reason for this 

mental work. At present a second order Butterworth discrepancy is the high mass of the dummy rib, compared 

filter is incorporated, but more complex filters can easily with the lower mass of the bony rib structure in a human 

be provided by the ACSL system if required, cadaver. In the human, there is effectively a small 

The thoracic simulation has also been used as part ofa concentrated mass in the bony rib, backed up by the 

complete vehicle side-impact simulation, but it is not distributed mass of various organs lying between the rib 

intended to carry out further work on simulating vehicle and the spine. This mass is set in motion gradually as the 

impacts until a full comparison has been made between rib moves and will have quite a different effect on the 

the simulation model and experiments with dummies and acceleration of the pendulum. 

cadaxers. At present the role of the model is seen as The difference in mechanical layout clearly has impli- 

providing help in matching dummy and cadaver char- cations on the degree to which the "lumped-mass" 

acteristics and obtaining a better understanding of the dummy can accurately reproduce the motion of a real ..... 

criteria for thoracic injury, human thorax. The important matter is whether this 

A number of problems or potential problems with the simplified model of the human chest incorporated in the 

dummy thorax have been investigated by the simulation dummy can still give a useful measure of the likelihood of 

model, injury under a wide range of crash conditions. This 
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problem will be investigated by the simulation model in "fit" of the model to the results of cadaver tests. It seems 
the near future, likely that the additional mass can represent the effects in 

the human body of massive organs within the rib cage, 
which are only loosely coupled to the rib structure. Effect of "Lateral Inertia" on Dummy Rib 

Mass 

The values of spring constants and masses in a dummy Discussion 
rib system can easily be measured in quasi-static experi- 
ments. However, experiments on an instrumented dummy A discrete element model can be built that appears to 
to determine the damper characteristics during the respond to a side impact in a similar way to the rib system 
pendulum gave peculiar results, suggesting initially that of the human thorax. Two springs and a viscous damper 
the main spring k~ has highly nonlinear characteristics in are required to obtain a reasonable match of the dynamic 
a dynamic (as opposed to quasi-static) situation. This response. There are two possible configurations for these 
seemed unlikely as the spring is a simple steel coil, but it elements (Figures la and lb), but it can be shown that 
now seems probable that the effect is due to a "lateral with an appropriate choice of parameters the two con- 
inertia" effect. (In this case, "lateral" is relative to the figurations can always be designed to give identical 
"left-right"direction of impact; in absolute terms, it is the dynamic characteristics. A full analysis of this three- 
"anterior-posterior" inertia.) When the rib is struck by a element model has been carried out by analytical methods, 
pendulum so that the springs are compressed (Figure 6), including its response to rectangular and half sine wave 
the steel strip forming the dummy rib deforms as well as impulses of various durations. 
being pushed away from the impulse, and part of it is The results have the following important implications 
accelerated in the a-r direction after a slight time delay, for the design of padding. In most accidents in which 

there is no significant penetration of the vehicle structure, 
~- : the total velocity change to which the occupant is 

A ......... ~,o~o~o~d~eot~oo 
"N subjected is largely unaffected by vehicle design. The 

~,~oo importance of padding, or the inclusion of crushable or 
deformable elements in the vehicle structure, is to change 
the time over which the velocity change is applied. The 

,~Lo,o~o,.. ~o p~ analysis of the effect on rib crush of varying the impulse 
movement of rib duration suggests that for thoracic injury, padding has 

sp.,,gs little effect unless it can stretch the impulse out to a time 
compressed 

that is at least half the natural frequency of the rib 
structure. 

Static position I - r movement due to 

.............. As well as providing a useful insight into the mechanics 
of the rib system and the probable effectiveness of 

Figure 6:                                               padding in reducing injury, the analytical model also 

appears to provide a method for calculating an injury 
Since the rib has a substantial distributed mass, a force is index based on sound physical principles, and would be 
required to produce this acceleration, and this force is much easier to calculate than the present method of 
seen as an apparent increase in the mass of the rib at the exceedences. 
attachment point of the springs. (The rib mass is repre- To investigate the characteristics of more complicated 
sented by a single point mass at this location in the systems such as a rib system covered by an elastic skin, a 
models.) In subsequent motion, the rib oscillates in the step-by-step simulation model has been developed. This 
a-p direction with its own natural frequency (as well as is currently being used as an aid to the design of the 
any frequencies forced on it), and the effective mass at the thorax for the EUROSID dummy. It has thrown con- 
spring attachment point varies widely, siderable light on thesignificance of the"skin"characteristics 

The effect ofthis"lateralinertia"can be included in the in modifying the acceleration response of the ribs in 
(one dimensional) simulation by adding an additional pendulum impact tests and has emphasised the importance 
mass attached only to the rib mass by an undamped (or of reducing the mass of the steel ribs near the point of 
very slightly damped) spring. The simulation has been impact. The simulation is currently being "tuned"to give 
used to check the correctness of the original hypothesis the best possible fit to the results of cadaver tests. Because 
that a "lateral inertia" effect is the likely cause of the of the large number of variable parameters in thestep-by- 
discrepancies in experimental results, step mode!, a trial-and-error method of adjusting pa- 

Preliminary results have suggested not only that the rameters would have been very time-consuming. The 
hypothesis is correct, but that the effect may improve the analytic model was therefore used to estimate probable 
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values of many of the parameters for the initial simulation 
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Validity of Thoracic Injury Criteria Based on the 
Number of Rib Fractures ................ 

Jean-Pierre Verriest and Introduction 
Andr~ Chapon 

Organisme National de S~curitb Routi~re Thoracic injuries rank second, after head injuries, 

Laboratoire des Chocs et de Biom~canique among the causes of fatalities or of severe impairment of 
vital ability in traffic accident victims. Injury criteria are 
needed to design protective devices and to evaluate their 

Abstract efficiency. In a recent review of biomechanical research, 

Aldman(1) defines such injury criteria as follows: they are 
Most of the thoracic injury criteria proposed these past a mechanical variable, or a group of mechanical variables, 

years are based mainly on the analysis of data obtained whose value enables an estimation of the injury risk for 

from experiments with human cadavers and are related the considered body segment, for the road user submitted 
principally to rib fractures. And yet, the actual threat to to an impulsive mechanical sollication similar to those 
life incurred in real accidents results from lesions to intra- found in traffic accidents. Numerous epidemiological 
thoracic viscerae that are not necessarily correlated with and experimental studies have tried to better know the 
the number of rib fractures. Moreover, the injuries thoracic tolerance to impact and to define a corresponding 

sustained by cadavers during experiments are mainly rib injury criterion. The use of human cadavers as experi- 

fractures. In these cases, visceral lesions are unusual and mental subjects has spread these past years in the various 
not necessarily identical with those sustained by real laboratories involved in the research, maybe because of 

accident victims, the problems resulting from the use of other substitutes, 
Preliminary results of measurements concerning rib such as animals (involving scientific, ethical, and financial 

strength and dynamic behavior of the cadaver thorax in problems). This human substitute is thought to be 
frontal impacts show the rib cage offers a low resistance reliable since it reproduces the anatomy of the living 
against compression and the vertebral column acts as a human accurately: therefore, there is practically no 
stop. The combination of these various data leads to scaling problem. Besides, the human cadaver is considered 
questioning the validity of thoracic injury criteria based to be more fragile than the living human from the point of 
on the number of rib fractures observed on human view of r~sistance to injury; this means that protective 
cadavers, devices defined from criteria based on the cadaver should 
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be all the more efficient for the living human. However, important to notice the respective positions of the 
t’he reserves and recommendations made, among others, different organs and also the external and internal size of 
by some specialists in this field(3) and that are related to the thoracic cage. The space between the anterior face of 
the limitsofvalidityofcadaverdatatendtobedropped, dorsal vertebrae and the posterior face of sternum 
Everyone knows that a cadaver has no muscular activity, accounts for about 46 percent of the anterio-posterior 
its blood does not flow, its heart does not beat, and its diameter at the mid-sternum level. At the upper third, 
brain does not work. But the only corrective parameters this space is only 39 percent; and at the lower third, it 
that are presently included in data processing are age and widens up to 48 percent. In other words, when the thorax 
weight, sustains a frontal impact inducing a deflection of about 

In the discussion opposing the tenants of either 45 percent, the sternum comes into contact with the 
deflection or force or acceleration as a physical variable vertebral column. For an external diameter of 22cm, this 
to be measured to estimate the injury risk, there is a deflection is about 10cm. It is also noted that the heart 
tendency to forget a main point which is the variety of and major vessels are located in the median zone 
inj ury mechanisms, to keep a sole lesion only which is the comprised between the sternum and the column, where 

number of rib fractures. However, there are some the space is the most reduced. 
arguments in the clinical and in the biomechanical fields 
as well to carry things further. The objective of this paper 
is to debate some of these from the analysis of acci- Overview of General Injury-Producing 
dentological data and preliminary results obtained from Mechanism 
experiments performed in our laboratory. 

During a traffic accident, since the trunk has a certain 
Particularities of Thoracic Anatomy kinetic energy, it comes into contact with’a more or less 

hard obstacle that applies on the thoracic wall a force that 
The body segment concerned in this paper is thorax in tends to crush the chest. This force opposes the inertia of 

the wide meaning of the word, i.e., the thoracic cage and masses in motion, fluid or solid, the elasticity of structures 
its internal organs, including liver and spleen, which are that are compressed, and their viscous resistance to rate 
sheltered behind the grid provided by ribs. The thoracic of motion. Within the organs, this force induces various 
vertebral column is excluded from our discussion. The stresses (tensile, compressive, shearing, twisting) that can 
sketches of Figure 1 show how the various intra-thoracic locally overrun the strength of tissues and hence produce 
organs are arranged in relation to the bony structure. It is injuries. 

ascending aorta 

sternum left ventricle 
\ 
\ 

Rib~ 

5 .52 

lung 7 8 // 
descending 

thoracic vertebra    aorta 

Figure 1. Transverse (left) and sagittal (right) sections of e human thorax 
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Schematically, during a frontal impact against the The severity of the thoracic injury lies mainly in heart 

sternum, the first event is the initiation of the anterior wounds and ruptures of major vessels. Among lesions 
¯ ~all motion. Then, once the speeds of both the thoracic resulting in an immediate death (before admission to the 

wall and the impactor are equalized, the wall begins to hospital), according to Gilroy(9), wounds to the heart 

deflect. This flexion mainly applies a bending stress to the and to main thoracic vessels are fatal in 57 out of 144 

ribs but also makes them rotate downwards about the cases (34 aorta ruptures, 16 ruptures of the myocardium, 

axis of the costo-vertebral joint. The bending stresses can and 7 of other vessels). Similar results are found in results 

exceed the resistance of ribs, which break. According to of autopsies made by Sivard(10) of 100 road victims who 

the degree of crushing, intra-thoracic organs, especially died before admission to the hospital: 32 fatal lesions 

the heart and the major vessels, are then compressed. The were of intra-thoracic origin. Liver and spleen lesions, 

fluids inside them are flown out to other places, which such as laceration, tearing, or rupture, are severe because 

opposes the compression through their inertia and the they produce hemorrhages-- often profuse. 

resistance of the vessels to the flow. Once the cavities are Other lesions, less impressive since they do not lead to 

completely collapsed, the walls of organs are subsequently large structural damages, may severely impair the func- 

submitted to compression, which they resist by their tional ability. Disturbances of the heart electric conduc- 

elasticity and viscosity. But these organs may also be tion, such as fibrillation or block, are fatal if they are not 

pushed aside in the adjacent cavities. Then they compress attended very rapidly(ll). Diffuse lesions of the lung 

the adjoining organs and especially exert stretchings on parenchyma corresponding to ruptures of air-cells or 

their attachments up to rupture. The phenomenon is pulmonary lobules are characterized by the parenchyma 

slightly different in the case of lateral impact since the being flooded by a blood/air mixture. Depending on 

viscerae are not jammed between two hard structures, their size, these lesions prevent exchanges between blood 

the heart is perhaps better protected than in the case of and air and prove to be much more severe than macro, 

frontal impact. Since not all organs have the same scopic bronchial ruptures or lung lacerations, which are 

mechanical properties, the same mass, they behave easier to detect and to treat(12). They often are only 

differently. When observinginsidemotionsthroughhigh suspected when there is no indication for a surgical 

speed x-rays(5,6), it can be seen that the heart behaves operation to treat a macroscopic lesion. 

like a solid (few deformations and large motions), But the main point with respect tothe present discussion 

whereas the liver is more comparable with a fluid (large is the association of visceral lesions with bone lesions, 

deformations, small motions). The intra~thoracic organs especially rib fractures. When an accident victim sustains 

may also be submitted to stresses resulting from remote a large number of rib fractures, there often is an 

impacts, for example, at the abdominal level. In this case, underlying endo-thoracic lesion, either because broken 

the mechanism can be the intrusion of abdominal organs, pieces of ribs have perforated the tegument of an organ 

which push thoracic organs up, and the propagation of a or, more simply, because the thoracic internal organs 

pressure wave. have been extensively compressed. 

But this relationship is far from following an absolute 

Typology of Thoracic Injuries in Real     rule: deep crushes of the costal grid without visible 
underlying lesion can be observed. On the contrary, the 

thoracic impact may produce very severe injuries to 

internal organs without any fracture or with a few. For 

l~iuries sustained by victims of a thoracic trauma in a example, among the 27 cases of immediate death reported 

traffic accident have largely been described in surgery by Sivard(10), which show 34 lesions of the heart and 

and traumatology journals. Special synthesis reviews major vessels, 7 are mentioned without fracture. Out of 

have been issued(7) and the case study from Huelke(8) 35 fatalwounds or ruptures oftheliver, 19 are associated 

gives a survey of possible injuries. Without entering into with fractures but 16 are not. Similarly, Chesneau(13) 

all the details, it seems necessary to underline some points reports that out of 7 ruptures of the aorta, 3 are not 

of importance for the following discussion, associated with any fracture. Out of 10 nonfatal cases of 

It is well established that rib fractures are found in rupture of the aorta isthmus reported by Caillard(14), 7 

nearly all cases. Their severity is related to their con- are without fracture. 

...... sequences on the respiratory function, which is altered if What is true for vascular lesions applies also to lung 

fractures are numerous and, above all, if they constitute parenchyma lesions. In a case report of 73 severe 

an unstable flap preventing the normal expansion of the thoracic-injured admitted to the hospital with multiple 

rib cage. When the fracture is open, it may result in rib fractures and/or a thoracic visceral lesion (AIS_> 3), 

organs being punctured subsequently to a very large local Anselmet(15) notes that below 7 rib fractures, there are as 

deformation. On the whole, however, the severity of rib many cases with visceral lesions (hemo and/or pneumo- 

fractures remains limited, thanks to techniques of respir- thorax) as cases without lesion. As concerns the upper 

........... atory aid now available, abdominal viscerae and depending on various authors, 
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only 10 to 30 percent of the lesions of the liver and spleen mainly on the experimental subject’s individual 
are associated with fractures of respectively right and left characteristics. 

lower ribs(15,16). When these results are compared with real accident 
........... Rib fractures, then, are neither a necessary nor a data, the validity of an injury criterion based on the 

sufficient factor to involve severe intra-thoracic lesions, number of rib fractures only, even with age compensation, 
The absence of fracture is especially obvious in young may be questioned. 
subjects, whose ribs are much more flexible than older 

subjects. 
Static Mechanical Resistance of Thorax 

Within the frame of using the number of rib fractures 

............. as an indicator of the severity of intra-thoracic and upper 

abdominal injuries, it would be necessary to establish 
A protective purpose is often implicitly devoted to the 

thoracic cage toward the organs it shelters. This is relationships likely to exist between bone fractures and 

visceral lesions from the analysis of injury associations in 
perhaps true when the released energy is low. In fact the 

real accident victims, 
statical force that can be opposed to a frontal compression 

is due mainly to the ability of inter-costal muscles to 

......... prevent the rotation of ribs around the costo-vertebral 

.......... Topology of Injuries Produced joint. In volunteers, this force is limited to a few hundreds 

Experimentally of Newtons for a maximal deflection of 3 to 4cm(17,28,29). 

The stiffness calculated for these solicitations remains 

Experimental works are necessary to evaluate human 
nearly constant and is of about 100 to 150N/cm. 

In unembalmed cadavers, the first rib fracture occurs 
tolerance, and to establish injury criteria for accidento- 

at about 1,500 to 1,800N for a deflection of 5 to 6cm(17). 
......... logical surveys does not provide accurate characteristics 

During this experiment, deflection values of 10 to 1 lcrn 
of the input signal, and variation sources are too 

numerous. For obvious reasons, traumas can only be 
(i.e.,38to49percent)werereachedforaforceof3,700to 

studied with substitutes of the living man. This is why 
5,000N, resulting in multiple fractures (see Figure 2). 

many experimental studies have used human cadavers as 
Unfortunately these data are incomplete: the loading 

curve and also the deflection values at which fractures a model. The injuries reported in most studies carried out 
occurred (except the first one) are unreported as well as with cadavers are rib fractures. In frontal impact and 
what happens if the force exceeds 5,000N. From the tests with a 3-point belt or in accident reconstruction, there is 

never or almost never intra-thoracic lesions(17,18, 
performed at our laboratory (full results to be issued 

19,20,21). On the other hand, the number of rib fractures 
later), the resistance of an isolated rib for a 53-year-old 

male varies from 35 to 95N, depending on the costal level, is always higher in experimental subjects than in real 
for a deflection of about 1.2 to 4.3cm (see Figure 3 and accident victims as shown by accident reconstructions(22) 
Table 1). These data are similar to those from Schmidt(19). or by the estimation of the input signal applied to real 
Ultimate force values vary because of the different accident victims(23). This difference is due mainly to the 

age of the subjects available and also to their state of 
loading procedures used, but the bending moments are 

similar. Assuming that in a frontal compression 10 pairs health before death. Impacts with a rigid striker result 
of ribs are loaded at the same time, the maximum either in lesions to intra-thoracic viscerae(24,25) or in no 
resistance provided by the rib cage alone cannot exceed 

lesion(26,27). In any case, a visceral lesion without a bone 
600N, with a stiffness of about 200N/cm, in a plane fracture is never reported. Moreover, when these lesions 

exist, they are not described accurately enough to allow a 
parallel with the ribs, i.e., in a direction of 45° relatively to 

comparison with injuries sustained in real accidents, (Are 
the direction of compression. If inter-costal muscles 

lacerations of the aorta produced experimentally 
oppose the rotation, as stated by Kroell(24), the total 

normal resistance settles at about 900N (see Figure 4), comparable with ruptures of the aorta sustained by real 
and it must decrease when fractures occur. The force of 

accident victims?) It is rarely a point of discussion to 

know whether injuries are of the same type; only injury 
several thousands of Newtons that resists to the pene- 

tration of the impacting object, such as safety belt, severity levels are compared through injury codings 
steering column, or dashboard, does not come from the 

(AIS, MAIS, etc.), 
resistance of the rib cage but from the compression of 

From all these attempts to evaluate thoracic tolerance, 
intra-thoracic organs (elasticity, load losses in fluid 

two main points can be drawn out: 
¯ The injuries cadavers are likely to show are rib 

motions, and inertia). 

fractures. Visceral lesions are not frequent and 

do not necessarily correspond with those found Dynamic Behavior of Thorax 
in real accidents. 

¯ Results are very different from one subject to When analyzing what occurs in a frontal impact with 

another and the number ofrib fractures depends belt restraint, for example, the impact object, i.e., the 

127 



Experimental Safety Vehicles 

FORCE ( KN ) 

/ 
’ max compression 

/ 
(number of rib 

/, 
fractures) 

, 

10",S     " 

/ ¯ 
3 ~ / ,’ 

/ 

,’ 

2 / ," 42_~ 

ist fracture zone 

43 / 
70 / subjects) 

I 

P/D ~ . I .2 .3 .4 .5 

Figure 2~ S~ti~ s~reng~h o~ human :borax 

s~erna~     ~ 
part ~ ~ ~ costal 

~~~lage FORCE 

(N) 

vet                                  ~nt 

2 4 (cm) 

~igure 3. Gompressive strength of ~n isolated oost~l ~ing 



Section 4, Technical Sessions 

Table 1. Mechanical parameter values at failure for a 
single costal ring belt 

resultant 
~force 
(KN) 

Costal ring Ultimate Desplacement Average 

number force at fracture stiffness 
(N) (cm) (N/cm) 

6. 

2 64.9 1.6 40 
4 34.6 3.7 9.3 
6 56.5 4.3 13.1 

0 
O            ~           10           15 deflection (cm) 

MUSCLES 
LIGAMENTS 920 N RIBS Figure 5, Load deflection curve of the thorax of a 35kg 

live pig submitted to a frontal impact with a 
3-point belt at 4~Kph. The stiffness progres- 
sively increases with deflection level(30) 

side cavities. This explains why, over 40 percent penetra- 
tion, a criterion based on sole deflection cannot accurately 
account for the severity of injuries--neither skeletal nor 
visceral. 

In case of impact against a hard surface, the phenomena 
develop in a slightly different way, since, contrarily to the 
safety belt, there is a significant difference between the 
impactor speed and the thoracic wall speed. At the time 
of impact, an energy transfer occurs within a very short 

’ period considering the hardness of the contact. This 

Figure 4. Maximal resistive force opposed by the transfer induces the wide peak of initial force(31) and 
ribcage (without internal organs) to a frontal injury mechanisms probably different from those induced 
static compression by the safety belt. The fact is that the localization of rib 

fractures varies with the speed at which the thorax is 
belt, compresses the thoracic wal! progressively. The ribs compressed. But after the initial peak, if the remaining 
bend gradually and break depending on their specific energy is still sufficient, the deflection goes on and shows 
deflection capabilities related to the costal level and the a gradually increasing stiffness. The same phenomena as 
individual characteristics. Once the heart cavities and with the safety belt can then occur if the deflection is 
vessels are collapsed, the compression of walls and/or the sufficient. 
forced displacement of these organs occur. It is most In lateral impact, mechanical phenomena are different 
probably at this moment that the global thoracic stiffness since this stopping effect of the vertebral column does not 
increases. Force/deflection curves we established some take place. Possibilities of deflection are larger. Besides, 
time ago with pigs (see Figure 5) show this gradual force/deflection curves are different for frontal and 
stiffness increase(30), lateral impacts. 

For a cadaver in a similar situation (3-point belt, 45kph Injury mechanisms are likely distinct, more related to 
frontal impact, 20Gs mean deceleration), the compression large viscerae displacements. In this case, rib cage 
force can reach 8kN whereas deflection is of 9cm (see deflection, and hence rib fracture number, could account 
Figure 6). Stiffness must tend toward an asymptote as the for tensile stress-related injuries; but the relationship 
sternum comes into contact with the vertebral column, between these two types of injury has to be established. 
that is, for a 40 to 50 percent deflection. As soon as the Besides, a series of studies conducted by Lau(32,33,34) 
sternum is stopped, there is no more deflection and hence on animals showed that visceral injury extent and 
no more rib fractures since these depend mainly on severity are related to speed of compression, which, at 
deflection. At this point, the extent of the damage to first glance, does not apply to rib fractures. 
viscerae varies on the way the organs are either jammed So, to estimate the vital risk reliably, a thoracic injury 
between two hard bony structures or displaced into the criterion should not be limited to rib fracture number on 
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belt 
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sup. belt force 
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t 
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force 6200 N F res. 

8074 N 

sagittal section transverse section 

Figure 6, Frontal impact of a belted cadaver at 45kph 

one hand, and should be based on more physical numerous and lead to a flailed chest or when they are 

variables than the sole deflection level, such as speed of open and perforate the walls of underlying organs. 

compression, force, and internal overpressure, for in- Lesions to the viscerae (heart, lungs, major vessels, liver, 

stance, spleen), however, are nearly always severe and are 
responsible for a large number of fatalities. They represent 

Conclusion the major threat to life. 
A first analysis of accident logical data shows there is 

The injuries subsequent to an impact to the thoracic no relationship between the severity of visceral injuries 

segment during a traffic accident affect the thoracic cage and the number of rib fractures. This number is a factor 

and the intra-thoracic and abdominal viscerae. Rib neither necessary nor sufficient to involve a visceral 

fractures are life-threatening only when they are very lesion. 
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Synthesis of Pelvic Fracture Criteria for 

Lateral Impact Loading 

Mark Haffner contents of the pelvic cavity. Bone fractures can occur at 

U.S. Department of Transportation, National numerous sites on the pelvic ring: at the acetabulum, the 

Highway Traffic Safety Administration 
sacro-iliacjunction, the pubic symphysis, the pubic rami, 

and in the wing of the ilium. Within the pelvic cavity, 

fractures of the pelvis are associated with potentially 

severe injuries to the bladder and urinary tract. 

Given this wide range of potential injury sites on the 

pelvic bone and within the pelvic cavity, it is most 

Two candidate functions for the prediction of pelvic unlikely that a single parameter can be identified that is 

fracture probability are created using lateral pet~ic predictive of specific pelvic injury site and type. A more 

acceleration and age data from 84 cadaver impact realistic goal, adopted here, is the identification of a 

experiments. These functions include measures of bone parameter that is predictive of the occurrence of pelvic 

stress, bone strain, age, and load concentration factor, bone fracture, irrespective of fracture location. 

Data are analyzed using the maximum likelihood In searching for a parameter predictive of pelvic 

approach, and it is found that representation of the data fracture, we proceed on the assumption that a pelvic bone 

by a Weibull distribution yields higher maximum protection criterion will confer a large measure of 

likelihood than does the assumption of an underlying protection on the contents of the pelvic cavity as well. 

normal distribution. Confirmation of this working hypothesis, however, 

Additional data are presented documenting pelvic remains for further study. 

force and acceleration responses for both cadavers and 

the Side Impact Dummy (S1D). Systematic differences 

are noted and discussed. Data Resources 

Introduction This analysis has drawn upon cadaveric lateral pelvic 

impact data from numerous sources. Table ! presents a 

Lateral impact to the pelvis can result in injuries to the summary ot" these data resources and characterizes them 

pelvic bone, to the hip joint, and to the soft tissue by degree of applied load concentration, age range, 
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average age of cadavers tested, and other variables of component of pelvid acceleration is available in all data 

interest, sets. 

It is important for our purposes to note several With regardtodataprocessingprocedures, digitaldata 

significant ways in which the ONSER(A) data set differs tapes were obtained for all test series so that uniform data 

from the balance of the data base: processing procedures could be applied to them. Following 

1. The average age ofONSER(A) cadavericspeci- a quality control process using the "raw" data, all 

mens is higher than the average age for most remaining force and acceleration data were filtered, 

other data sets included, subsampled, and refilteredI before being entered into the 

......... 2. Loading in the ONSER(A) series was directed to project data base for further analysis. 

the limited area of the greater trochanter via a 

hemispherica! rigid impactor, as distinguished 

from the other test series in which both the iliac 
Previously Proposed Injury Predictive 

wing and trochanter could be loaded by larger Parameters 
impact surfaces. 

............ 3. The experimental design of the ONSER(A) test Previous investigators have proposed both maximum 

.......... series differs from that of the other test series applied force and maximum pelvic acceleration fracture 

included. The ONSER(A)series sought to identify criteria for lateral pelvic impact. Cesari, et al.(2) have 

fracture threshold for each specimen, by re- proposed a 10kN (3ms clip) limit on impact force for a 

peatedly testing each specimen at increasing 76kg male and 4kN (3ms) for a 5th percentile female. 

impact severity until fracture occurred. By These values are based on the data obtained from their 

contrast, the other test series in the data base older subject population. Also, these limits are associated 

tested each specimen once at known impact withthe specific concentrated trochanterloading protocol 

severity, with either fracture or nonfracture of the ONSER(A) cadaver tests. Tarriere et al.(9) 

reported as outcome, conducted a series of lateral drop tests using cadaver 

The fact that a markedly different experimental design subjects and reported pelvic fractures associated with 

was employed in the ONSER(A) series as compared to resultant peak pelvic accelerations of 62 to 120g. Peak 

the other test series strongly suggests that these blocks of resultant pelvic accelerations associated with nonfracture 

............ data be separated for analysis and that distinct methods ranged up to 135g. Harris(10) discussed the potential 

~f analysis be applied to the two resulting subsets, interaction during impact of lateral loadings acting on 

With regard to transducer data available, it can be 

noted from Table 1 that input force data are available 

only for the ONSER(A) and the Heidelberg test series. I Raw digital data were filtered with a 300Hz antialiasing Butterworth filter 

.... Some observations will be made shortly with regard to whose roll-off characteristics satisfied SAE J 21lB. The data were then 

subsampled at 1,600SPS, and finally operated on with a finite impulse response 
the relationship of input force to measured pelvic filter with passband frequency : 100Hz, stopbandfrequency = 189Hz, pass~ 

accelerations for these two data sets; however, it is clear band ripple = 0225db, and stopband gain : 100rib, 

from Table 1 that the only common thread available in all 

data sets is pelvic acceleration and that only the y (lateral) 

Table 1. Summary of data resources utilized in project data base 

Organization Description of Test Environment Degree of Load Number of Tests Age Average Transducer Data References 

Concentration on Number of Fractures Range Age Reported 

Pelvis male female male female mate female 

Rigid tmpactor Strikes 7 5 Force 

Onser(A) on Trochanter of Stationary Concentrated 61-85 63 79 71 70 & 

Seated subjects (4) (3) Pelvc ay 

Rigid and Padded Impacts 23 11 Force 

Heidelberg wdh Sled Distributed 17-79 17-60 39 34 & 4 

Mounted Flat Wall (2) (2) Pelvic ax,a¥,az 

Moving Deformable Barrier into 29 6 

FAT Opel Vehicles; Dlstr~buted 21-64 26-42 38 35 Pelvic ax ay,az 

Nearside impact (2) (0) 

Moving Deformable Barrier into 3 2 

Onser(B) Rabbit Vehicles; Distributed 43-55 39-40 50 40 PeN, ic ay 7 

(13MD Series) Nearside Impact (01 (1 } 

7 3 
HSRI Rigid and Padded Sled Tests Distributed 62-84 45-75 71 59 Pelvic ax,ay,az 8 

1o) (1t 
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the iliac crest and on the hip joint. A tolerance value of instead of raw applied force was suggested by Cesari(2). 

6kN for the sum of both the iliac crest and trochanter He hypothesized that many lateral pelvic fractures were 

forces was proposed for specific use withthe TRRL side linked to excessive bending stress in the frequently 

impact dummy, fractured pubic rami. in pursuing this hypothesis, he 

The EUROSID dummy now under development(3) computed area moments of inertia of ilio-pubic ramus 

employs three force transducers in the pelvic segment: cross-sections (Ix) from undamaged portions of tested 

one at the anatomical location of the pubic symphysis, pelvic specimens, and successfully correlated fracture 

and upper and lower transducers at the anatomical force (F) and (Ix) for fractured specimens (r = .96). The 

location of the junction between the iliac wing and the governing equation for simple bending is: 

sacrum. Selection of one or a combination of outputs 
from these transducers for injury predictive purposes has (1) o + ~M 
not been finalized. The pelvis is also designed to accom- ( Ix/Y ) 
modate a triaxial accelerometer for use with acceleration- 
based pelvic injury criteria. ~r = ultimate tensile stress induced by 

bending of ramus 

Formulation of New Predictive Parameters 
M = applied moment 

As has been pointed out by Nuscholtz, et al.(l 1), the Ix/Y = area moment of inertia of ramus 
interactions of the femur, pelvis, and associated soft divided by offset from neutral axis 

tissue during lateral pelvic impact are complex. A 
fundamental source of variability appears to exist in the The moment applied to each specimen M = (F)(d), 

anatomy of the hip joint because rotation of the femoral where d is a characteristic moment arm. Therefore, the 
head in the acetabulum during impact is a relatively above expresston can be written: 

unpredictable function of (a) initial femur and pelvic 
bone geometry, (b) degree of entrapment of the proximal            ~y        F 

(2) 
femur by the impacting surface; and (c) variations in soft d ~x/Y ) 
tissue thickness and distribution. Nuscholtz et al. properly 
caution that a generalized injury predictive parameter The high linear correlation and near zero intercept 
may be difficult to identify. Notwithstanding the varia- reported by Cesari between F and (Ix/y) implies that: 
biiity inherent in pelvic response and injury patterns, 
however, we have attempted to isolate some of the 
confounding factors and quantify the extent of variability (3) -d" ~ constant 

remaining in the data. 
.... In formulating new fracture predictive parameters, we If d is a weak function of subject size and sex, the 

have elected to pursue two parallel analysis approaches, hypothesis advanced is upheld. 
The first approach (denoted Approach 1) utilizes In the present effort, we have found it useful to invoke 
maximum bone stress as a primary explanatory variable, the equal stress-equal velocity scaling law to treat the 
and also considers specimen age, specimen sex, and experimental data (hereafter called subject data). The 
degree of applied load concentration for inclusion in equal stress-equal velocity scaling law for geometrically 
analysis. The second approach (denoted Approach 2) similar models assumes that both density and modulus of 
substitutes maximum bone strain for maximum stress in elasticity are invariant and that the following relationships 

....... the predictive function, follow between subject data and data scaled for a 
A brief discussion of the rationale for consideration of specimen of standard size and mass: If we define: 

these variables follows 

(4) ~ sub 

1. Maximum Stress 

Numerous solid material failure theories (e.g., ! sub= characteristic length of subject 
maximum stress, maximum strain, maximum strain 
energy, maximum distortion energy, etc.) are available ! std = characteristic length of standard specimen 
for application. For brittle materials, the maximum 
stress failure theory is generally favored. The maximum (5) then: 

stress theory predicts failure when the largest principal 
Fsub stress reaches the uniaxial tensile or compressive failure 

Fstd - /~2 for force 
stress. The efficacy of using a stress-related variable 
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(6) astd = ’~ a~ub for acceleration Thus: 

Msub                     astd                                                         1 (13) 
(7) Mstd = 

B3 
for mass ~--" M std13 Psub2/3 / Csub 

Since Mstd 1s a constant and P.~ub is also invariant. 
Using (4) and (5): equation (13) is of the form: 

Fstd Fsub astd = ( constant ) ( stress ) (14) 

(8) = s 
(! std )2 (l_~ub)2 We thus propose astd =/~asub as an alternative measure 

of pelvic bone stress. For an assumed isotropic specimen, 
Note in Equation (81 that the terms have units of force per Equation (11) may be used with M std = 76kg to yield: 
unit area or stress, and thus that stress induced in the 
~tandard specimen and subject specimen are equal for the M~u 
same test velocity (stress scales 1 to 1). 

astd = asub /~/ Msub in Kg 115) 
If. for convenience, we write equauon (8) as: 

(9) Fstd = ( S)(I.~,~ )2 
The above approach to the determination of A does 

not. however, take into account variation in subject 
build’ i.e., a short, stocky specimen and a tall. thin 

we can observe that Fstd is a measure of subject stress, soecime n each of equal mass would each yield the same 
adjusted only by a constant (!~tdt2 The following method is proposed to improve the 

Thus we would propose Fstd = izsub /~ 2 as a measure of estimation of A when subject height and mass are known. 
pelvic bone stress magnitude, which might have potential The body is considered as a cylinder of mass M. density 
for fracture prediction, p, height H. and diameter D. l-he diameter of a su~ect 

For an isotropic specimen as assumed here: may be estimated as: 

,~ is simply from equation 7 and: Dsub 2 116) 
\ Mstd ,]                                        =     rLo~td Hsub/ 

(101 

{ Msub/2 3 {Msub in Kg         Similarly, the diameter of the standard specimen is: 

Dstd = 2    7£flstd Hstd                         (17) 
In analogous fashion, using (6) and (7): 

{Msub/t 3                   Then since/)~ub = ’O~td 

(11) astd= \ Mstd/ ( asub )D~ub           (Msub/I H~td \1 12 

Multiplying the right hand side of l11) by the \ 1\ / 
quantity we obtain: 

For Mstd = 76 Kg and    H~m = 1.75 m : 
Ms~b 

unity 
M o. 

= L/ 76 J {M~t’ in KgHsub in m (191 

(~td)1 3 ( Msub asub) 

(12) astd = ( 
Mi~ub )2,3 

and using (5): 

Fsub 
Fstd = (201 Thequanity Msub asub has units offorce, and Msub2~3 ( Msub 76 ) ( 1.75 Hsub) 

can be expressed as: 
In analogus fashion, using (19) and (6): 

Csub         "        Csub                                                    I 2      Msub in Kg (21) 
where ,O,~b is subject density and l~,~ub is a charac-          =            1.75    ( 

asub ) Hsub in m 
teristic subject length.      "       astd L\ 76/ \H,~JJ    . 
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Implementation of Equations (10) and (15) is denoted The ratio of female ultimate bending stress to male 

scaling method A. Implementation of Equations (20) and ultimate stress for a given age range is approximately .90 

(21) is denoted scaling method B. Both methods have for the femur and 1.0 for the tibia. Yamada reports no 

been used for processing subject data; results will be significant sexual differences in compressive strength or 

presented below in the Analysis section, bending strength in samples of cortical bone. 

Since bone is a viscoelastic material, bone stress may The absence of significant sexual difference in ultimate 

be considered to be a function of both strain and strain bending stress suggests strongly that the lower pelvic 

rate. The strain rate dependence of bone has received fracture forces reported by Cesari(2) for females as 

considerable research attention. Evans(t2) reports the compared to males is largely due to smaller female pelvic 

experiments of McElhaney and Byars (1965) and bone cross-sectional areas. As was discussed earlier, 
McElhaney (1966). The experiments conducted were when Cesari normalized the male and female fracture 

.... constant velocity compression tests on cattle and human forces in terms of a measure of stress, the male and female 

femoral bone. At strain rates exceeding lcmicm/s, the data were observed to overplot. 

investigators found that ultimate compressive stress and Therefore, it is tentatively concluded that the use of a 

modulus of elasticity increased while strain at fracture stress-related variable should permit male and female 

decreased. (Ultimate compressive stress at I cm / cm/s was data to be merged for analysis. 

22 percent greater than at .01 cm/cm/s; ultimate strain The possibility exists, however, that the scaling laws we 

decreased 31 percent, are proposing will not fully accommodate the differing 

A lateral pelvic deflection of.5cm (.2in) in 20ms would pelvic geometries of male and female specimens. (The 

correspond to a strain of approximately 2 percent and a scaling law requires geometric similarity.) It is therefore 

strain rate of approximately 1. lcm/cm! s! Thus, it appears proposed that the extent to which male and female data 

likely that the pelvic bone exhibits significant rate does overplot be observed before reaching a conclusion 

sensitivity in the automotive crash environment. The on the suitability of this scaling approach. 

inclusion of strain rate sensitivity in a pelvic fracture 

model is, therefore, desirable. 5. Degree of Load Concentration 

2. Maximum Strain The pelvic load concentration factor has been 

mentioned as an important potential influence upon 
A maximum strain failure criterion is also a likely 

candidate for consideration. In the present application, 
fracture potential. 

maximum strain will be calculated via a lumped parameter 
It may be recalled that two main load paths exist into 

the laterally impacted pelvis, through the acetabulum via 
pelvic model as discussed under Approach 2 below. 

the trochanter and through the iliac wing. The ONSER(A) 

3, Age Effects 
data can be considered as defining the pelvic fracture 

tolerance for the trochanter load path. However, in the 

Evans(12) reports the data of Messerer (1880), who balance of the experimental data (and presumably in the 

investigated the static bending strengthoffresh cortical vehicle environment), load is transmitted in some 

bone specimens from the tibia, femur, and humerus of proportion through both paths. A pelvic accelerometer 

~nale and female subjects. Ultimate bending stress cannot distinguish which load path or paths are active 

increased to a maximum in the range of 20 to 30 years of but responds to net applied force. Thus, pelvic accelera- 

age and declined steadily thereafter. The ratio of male tions as measured from the ONSER(A) experiments 

femur ultimate bending stress at 75 years ofage to that at should not be interpreted in the same way as pelvic 

24 years of age is approximately .81; the corresponding accelerations measured in distributed load experiments. 

ratio for females tested was .85. Yamada(13) cites data A simplified schematic drawing illustrating this point 

for static bending of fresh cortical bone and reports is shown in Figure 1. The pelvis is shown assumed as a 

maximum ultimate bending stress occurring for specimens rigid body of mass M with crushable elements at the 

in the range 20 to 40 years of age, with strength declining trochanter and iliac wing locations. Let us say that we 

thereafter. The ratio of ultimate bending stress reported know the "trochanter" will fail at force FI, and that the 

at 70 to 79 years of age to that at 20 to 29 years is .80. "iliac wing" will fail at some force F2. For argument, we 

Thus, it is concluded that age effects upon probability will assume that these failures are independent. In case (a) 

of pelvic bone fracture are significant and should be similar to the ONSER(A) configuration, we would 

incorporated into our pelvic fracture model, associate acceleration FA/M with pelvic fracture. In case 

(b), where the iliac wing carries external load, we would 

4. Sexual Differences associate pelvic acceleration (FA+Fu)iM with the same 

fracture. Clearly, the nature of load distribution is a 

In the bending data of Messerer reported above, sexual significant input to the interpretation of an acceleration- 

differences in ultimate bending stress can be assessed, based pelvic fracture criterion. 
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Associated Value                     0NSEt~ 

"Test" Result [    of Xpelvts 

0 PELVIC FORCE 

o PELVIC Y-ACC 
(b) ~ 

Figure 1, Schematic illustration of concentrated and 
distributed lateral pelvic loading 

Summarizing our discussions relative to candidate 

parameters for inclusion in our fracture predictive 

function, it is postulated that probability of pelvic Figure 2. Pelvic force and pelvic Y-acceleration overlay 

fracture is a function of the following variables: for ONSER (A) test E1 

1, A stress measure as quantified by a standardized 

(scaled) peak applied force or standardized 

(scaled) peak pelvic acceleration (Approach 1) 

2. A strain measure as quantified by the output of a 

lumped parameter model (Approach 2) 

3 Age of specimen 

4. Degree of applied load distribution (concentrated 

or distributed) 

I 

O PELVIC FORCE 

o PELVIC Y-ACC 

Data Analysis and Results 

Before proceeding with the analysis, it is of interest to 

look at the relationship between recorded force and 

acceleration for the limited number of ONSER(A) and 
Heidelberg tests in which both were recorded. (Only the 

lateral component of force Fy was measured. Also, only 
the y component of acceleration was utilized in analysis 

because (a) ay is the only measurement available in all of 
the data, and (b) incorporation of resultant acceleration ~-~ ~ .... ~.~ ~ .... ~.~ ~-~ ~ ...... ~-~ 

T 

into the analysis was investigated and shown to yield no 

significant improvement in predictive capability.) Figure 3. Pelvic force and pelvic Y-acceleration overlay 
Typical overplots of force and acceleration traces from for ONSER (A) test 

the ONS~R(A) series are shown in Figures 2 and 3. (Note 

that the peaks of the force traces have been artificially .89) suggests that if (as has been proposed by Cesari) an 

scaled to match the peaks of the acceleration traces so injury criterion can be developed using peak applied 

that trace shapes can readily be compared.) As may be force, then it should be possible to use pelvic acceleration 

observed, there is lag in acceleration response initially, to construct a similar predictive function. 

but force and acceleration peaks tend to coincide in time. Figures 5 and 6 present analogous overplots of force 

Substantial differences exist, however, in the shapes of and acceleration for two Heidelberg tests--one rigid and 

force and acceleration traces during the unloading phase, one padded. The interesting and typical differences 

Figure 4 shows the relationship between peak force observed between these two tests will be discussed further 

and peak acceleration (scaled according to method A) for in Appendix B, but for the moment we can observe that 

the 11 ONSER(A) tests in the data base for which both peak force and peak acceleration again tend to coincide 

signals are available. The good correlation observed (r = in time. Figure 7 presents peak-scaled force vs. peak- 
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~ HB3~II-PELVIC FORCE AND Y-ACCELERATIOH SCALED FORCEp VS. Y--ACCELERATIONp 
(ONSER (A) CADS) FORC~=3.75+(.O58*ACC) 

~0 

Z0 MPH!ENSOLITE PAD 

I 
ZO ~ PELVIC FORCE 

PELVIC Y--ACC 

Figure 4, Scaled peak pelvic force versus scaled peak 
pelvic Y-acceleration for ONSER (A) tests TIME (M]LLI~ECON~S) 

...... Figure 8, Pelvic ~orce and pelvic Y-acceleration for 
~ ~SZ~S-PELv~C ~O~CE ~.~ ~CCELE~TZ0~ Heidelberg test H8~011 

SCALED FORCEp VS. Y--ACCELERATIONp 
(HEID CADS) 

~5 MPH!RIGID TEST                                              "~’~=~ 

O PELVIC FORCE 

~ 
~ PELVIC Y-ACC : zs 

T [~E ( ~]LLISECCNDS ) Y--ACC.p’(BOOY~S/75)*[I/~), 

Figure 5, Pelvic force and pelvic Y-acceleration for Figure 7, Scaled peak pelbic force vs. scaled peak 
Heidelberg test H82~ pelvic f-accele~ation for heidelberg 

data. of analy i . Analysis thus concentrated on the 
relation between them is not as high (r = .74) as the use of acceleration data as obtained from the Heidelberg, 

correlation found for the ONSER(A) data. FAT, ONSER(B), and HSRI data sets. 
In general, it has not been possible to utilize force data 

to construct a predictive function from the non- 

ONSER(A) data. This is because excluding the Heidelberg, FAT, ONSER(B),andHSRIData-- 
ONSER(A) data, the number of cases of fracture for 

Annroach 1 
which force data is available is very small (0 male, 2 

female) In any case. the force data as measured from the 
~;am , tests would not be comparable to the The stress variable astd = (asubp)(~) is plotted in Figure 8 
-e,~e,~,er~ 

against age, where we recall from Equation (19) that: 
ONSER(A) force data, since the measured Heidelberg 

forces were applied via a large contact plaIe that spanned 

the petvis and thigh. 

( 

..... As has been discussed, the ONSER(A) data have been A= 
1.75 ~l~a M~ub in Kg 

separated from the other available data (see Table 1) for Hsuu H[ub in m 

138 



Section 4. Technical Sessions 

and where asubp, Msub, and Hsub are the peak y pelvis 
acceleration, body mass, and height for each test.                  ’ ~ 

......... In Figure 8, each nonfracture test is plotted as a dot, 0.9 t 

while each fracture test carries the initial of its sourCeaccordingB_ONSER(B)H_HeidelbergF_FATtO the following code: 

o.,°’81o.,o.so.5 ~ 

S--HSRI8 with slope m -0.5g/yr a/~0 

0.3 
Based on the known decrease of ultimate bone strength 

= ¯ 

with age presented earlier, a series of lines are drawn on 
= corresponding to o.~    ~         ~x uKm.oo~ 4,r ,, Figure 

percent reduction in ultimate stress between the ages of 
o !~            zoo 

,oo ~oo 
24 and 75 years. It is then postulated that the zone 
between each pair of lines represents a region of nearly .. 
constant fracture probability. Since the equation of each : .... 

line is of the form: 
Figure 9. Probability of pelvic fracture from Weibull 

analysis of distributed load data--approach 1 

(22) ( asubp ) ( ~ ) + ( .5 ) ( age ) = constant recall, are for a specimen of mass = 76kg and height = 

1.75m. 
.......... we further postulate that: We may also note on Figure 9 the values of a, 

Probability of Pelvic Fracture 
as computed by the Weibull program for best fit to the 

= f [ asubp * A + (.5) (age) ] data, and the maximum likelihood number of 4.1 x 10"l~ 
associated with this computation. Figure 10 presents the 
computed probability density function. The fact that this 

.... function is not symmetrical confirms that the underlying 
~o_t,,~ro~_tc~v~ distribution is not normal. However, we found it of 

z~o ...................... interest to impose normality upon the data, observe the 

~o results, and compare them to the Weibull computations. 

i 
zoo 

LT. .... = 
(A probit analysis program was used for normal distri, 

~o ~ bution computations.) 
,50 ~r~ This comparison is presented in Figures 1 1 and 12, 
,,o 

"~ -- -o.~ ~..~ where it may be clearly seen that the Weibull distribution 

~ . .r’ " is right-shifted as compared to the normal distribution: 
~ : Also of interest is the fact that the maximum likelihood 

"" ¯ " ’ "" number calculated for the imposed normal distribution 

Figure 8, B-scaled acceleration versus specimen age-- 
distributed load data                                  o.oo4 ~,~ = az.a 

Since the data being considered are quantal or o.oo~! 
"censored," as defined by Ran et al.(14), we have applied 
the maximum likelihood approach discussed there, and o.oo~ 
have adopted a Weibull distribution as representative of 1 / .... 
the data. Figure 9 represents the result of analysis of the / 
available distributed load data. For any selected fracture 

o.oo, ] 
/ ..... 

probability and age, a "tolerable" value of peak B-scaled ~ / 

acceleration = astd = ~asubp can be read from the figure, o ! / - 

For example, for a selected 20 percent probability of 
pelvic fracture at 40 years of age, we may find astd = 143g. 
Similarly, for 10 percent fracture probability and 40 years Figure 10. Weibull probability density function asso- 
of age, astd = 103g. These "standard’, values, we may ciated with Figure 9 
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( ~ ~ 0.7 

~ ~- 0..5 

0,002: ~ 

~ 
~     \_ 

~ 0.4 

$¢~led A¢¢.p + .5*A~e 

Figure 11. Comparison of Weibuli and normal proba- Figure 13. Fiducial limits on probability of pelvic 
fracture as computed from imposed normal bility density functions calculated                        distribution 

o.~ ~ 

Figure 12. Comparison of pelvic fracture probabilities Figure 14. Maximum likelihood number versus age 
computed from Weibull and normal dis- coefficient--Weibull analysis--approach 1 
tributions--distributed load data--approach 

was 6.0 x 10-16. lower than that for the Weibull com- Heidelberg, FAT, ONSER0~),and HSRI Data-- 
putation, indicating that the Weibull function provides a Approach 2 
better fit to our data. 

With regard to confidence intervals, the algorithm for Approach 1 above operates on maximum pelvic 
their computation is not presently available for the acceleration as a measure of maximum stress. The utility 
Weibull distribution. However, 90 percent fiducial limits of this approach tends to be limited, however, by the 
have been computed for reference for the normal dis- variability inherent in the measurement of a peak quantity. 
tribution assumption and are provided in Figure 13. In Approach 2. a straightforward scheme was sought that 

Further. as a check that the value of the coefficient on would minimize dependence on this peak measurement. 
age m was correctly deduced as -0.5, a series of Weibull Toward this end, a lumped parameter one dimensional 
fitstothedatawererunform=0,-0.5,-1.0.-1.5, and.2.0, linear model was constructed as shown in Figure 15. 
As indicated by Figure 14, maximum likelihood did Mass M~ is associated with struck side upper leg mass, 
indeed occur for m = -0.5, thus providing support for our and M2 is associated with the "pelvic mass" upon which 
selection process for m. the pelvic accelerometer is attached. 
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(a) External Force F In; Computed Pelvic Acceleration ~2 Out 

~ |l PELVIC Y--ACC 

@ --~x, ¯ x2 
~ 25 MPH/RiGi~3 WALL 

(b) Measured Pelvic Acceleration ~2 In; Maximum Strain [xl-x~l Out 

|l 
o MEASURED 

~Wsub. ~ o COMPUTED 

! 

Figure 15. Model construct for pelvic injury assess- 
ment T [ME ( MILL lSECOND$ ) 

Figure 16. Comparison of measured pelvic Y-accelera- 

tion to that computed using two-mass 
There is a basis for the formulation of a model in this model of Figure 15(a) - Heidelberg test 

configuration in the work of ( l 1), wherein impedance H82012 

plots for the laterally impacted pelves of three cadavers 

are reported. This simple co nstruct should not be thought 
82022 .K= 3080 .C= [e .rl 1= ~ 1, 4 A12= 20. 4 .I=1, 83 

of as a literal model of [he laterally impacted pelvis, but 
rather as a useful device for injury predictive purposes 

along the lines of the Brinn and Staffeld Effective 

Displacement Index(15) or the HSRI Maximum Strain 
PEkVIC Y--ACe 

Criterion[ 16). 

Our operating premise is that if the model is "’run 

backwards." i.e.. if measured pelvic acceleration ~s ~! ~rM               ~ o MEASU~EO 

providedasinputtothemodelatM2,seeFigurel5b), ~t 

~ I 

o COMPU~ 

that a functiOn, W of resulting maximum "’pelvic" strain 

(Xl-X2)max/ sub can be utilized in a fracture predictive 
function (W~ub is subject pelvic width). S pecifically, if we 

denote the quantity (Xl-X2)max! sub as MPS or 

Maximum Pelvic Strain. we postulate that: 

Probability of Pelvic Fracture = q~MPS+(n)(age)] ~l ~,] 
where n is an age coefficient relative to reduction of 

ultimate strain with age. 

To select reasonable values for parameters M ~, M2, K. 

and C. the model was first exercised in the "forward" 
T[t~E (~I1LLISECONI)S) 

direction (see Figure 15a), using the 12 Heidelberg Figure 17. Comparison of measured pelvic Y-accelera- 
cadaver runs for which both force and acceleration data tion to that computed using two-mass 
were available. ( Parameters were scaled according to the model of Figure 1Sia! 

mass and height of each specimen using scaling method 

B.) Initial parameter estimates u ere deduced from the 

impedance plots of I 11): adjustment by trial and error Because this model exercise showed output pelvic 

then resulted in the determination of a parameter set for acceleration to be more sensiuve to change in total mass 

which observed and computed pelvic accelerations were than to change in K or C. and s ince the influence of strain 

reasonably matched for both a rigid case IH82012) and on fracture predictive capability was being ~nvestigated. 

an APR padded case (H82022), as shown in Figures !6 three sets of standard parameters were selected for 

and 17. respectively. The parameter set selected was as further use. with three possible values for C. as shown in 

fe llows: -fable 2. 

MI = 11.4 lb. M~= 20.4 lb, K = 3.000 lb in. and C = 10 
As a final preparatory step before exercising the 

lb-s in. model, the standard parameters of Table 2 were B-scaled 
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Table 2. Standard parameter sets chosen for exercise -- 
of MPS model MAXIMUM PELVIC STRAIN VS. AGE 

HIGH 

Set No. Ml(Ib) M2(Ib) K(Ib/in) C(Ib-sec/in) 9 

1       11.4     20.4     3000       5 
6 

2 11.4 20.4 3000 10 4. ’. i: ’ "" ¯ 

3 1 1.4 20~4 3000 20 

4 
for each subject in the data base to create a file of subject o zo 4.0 6o 8o 

specific parameters using the following relationships: 

Figure 18. Computed maximum pelvic strain versus 

= A; M t specimen age--parameter set #3--distributed (23) ME sub std 
load data 

2~3 M2 (24) M2 s~ab = std 

For Set 3: Probability of Pelvic Fracture 
(25) Ksub = "~ Kstd = f(MPS + .025 * age) 

.... (26) Csub 
= ~ 2 Cstd All three sets were submitted for Weibull analysis and 

computation of maximum likelihood numbers. The 

highest maximum likelihood, computed for parameter 
~ here the value of A for each subject was obtained from set 3, was 1.1 x 10-9. 
Equation (19). Figures 19 and 20 present the Weibull probability 

..... A listing of the calculated subject specific model function and distribution, respectively, for parameter set 

parameters may be found in Appendix A. 3 computations¯ We may note using Figure 19 that the 
As shown in Figure 15(b), and using actual subject value of MPS corresponding to 20 percent fracture 

pelvic acceleration data as input to mass M2, the model probability at 40 years of age is approximately 6.1~. 
was exercised three times for each qualifying subject in percent, and that the corresponding value of MPS for 10 

the data base, once for each ofthe three parameter sets of percent fracture probability and 40 years of age is 
Table 2. For each model run, the quantities Vma~ = (j~ - approximately 4.8 percent 

~2)max and maximum strain were calculated (see listings It is also of interest to compare the best maximum 
in Appendix A). The maximum strain (MPS) for each likelihood number arising from Approach 2 to that 
subject was calculated as follows: computed from Approach 1. These are shown in Table 3. 

(Xl - X2)max 
(27) MPSsub = 

2t Wstd 
Weibull Probability 

....... where Wstd is the pelvic bispinous breadth for a standard ~ax. u~oo~ 
specimen = 22.5cm (8.84in) and A Wstd is therefore equal 

to Ws~b, or subject pelvic width. " o.~ coa~ = 

Using a method analogous to that employeci in o., 

Approach t, the M PS values calculated for each subject o... 

using the model were then plotted versus corresponding 0.~ 
subject age data. Three plots were thus created cor- o..~ 
responding to the three parameter sets of Table 2. Figure 

t8 presents the plot for parameter set 3. Again, using 
o.~ 

methods analogous to those employed earlier, three 
0 

candidate fracture probability functions were created for o , ~ ,~ 
the three parameter sets as follows: __ ,, m-s + 

For Set 1: Probability of Pelvic Fracture - 
= f (MPS + .035 * age) Figure 19. Probability of pelvic fracture from Weibull 

analysis of distributed load data, approach ;2, 
For Set 2: Probability of Pelvic Fracture parameter set #3 (M ~ =11.41b, M2=20,41b" 

= f (MPS + .030 * age) k = 3,000 Ib/in, C = 20 Ib-sec/in). 
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Weibull Probability r3ensitv Function CROSSPLOT OF PELVIC FRACTURE CRITERIA 

Figure 21. Crossplot of two candidate lateral pelvic 

Figure 20. Weibull probability density function asso- 
fracture criteria 

elated with Figure 19 
the severily of the fracture-inducing test overestimates 

Table 3. Comparison of maximum likelihood nu tubers specimen tolerance to some degree. Therefore, we take as 

the best estimate of fracture tolerance for each specimen 
the average response of the last nonfracture test and the 

Approach No.     Maximum Likelihood Number 
fracture test. Four test pairs are available for examination. 

Scaled acceleration data for specimens D, E, I, and J are 

1 4.1 x 10-11 presented on Figure 22 (results for E are anomalous in 

that last nonfracture response is higher than fracture 

2 1.1 x 109 
response: the higher value is thus taken as the fracture 

response estimate). The range of estimates for scaled ¯ 
acceleration associated with fractures thus ranges from 

It ~s concluded, based on the higher maximum 
41g tD) to 79g (l). Since all of these tests are narrowly 

likelihood number achieved for the MPS approach, that 
grouped in age, we plot the above scaled acceleration 

the incorporation of additional information from the 
range on Figure 8 at age = 69 years and present the result 

acceleration pulse into the predictive funcnon increases 
as Figure 23. It is immediately apparent that ONSER(A) 
fracture estimates plot very !ow in the distribution of 

its predictive power. 

Finally, we have cross-plotted the values of the predic- 
other available data. 

live functions for the two approaches (Weibull computa- 
A similar presentation using M PS as the response 

tions) for all qualifying subjects and present the res ults ~n 
variable is presented in Figure 24, and the corresponding 

Figure 2 I, We may observe that differences do exist in the 
fracture estimate range is plotted on Figure 18 as Figure 

relative ordering of the data by the two approaches: 
25. Again. the fracture range estimate p!ots very low in 

however, these differences are not large, 
the distribution of the other data. 

It is concluded that ONSKR(A) fractures occurred at 

significantly lower measured pelvic accelerations than in 

Incorporation of ONSER(A) Data Into the the other data sets. Infact, the highest fracture estimate in 

Analysis the ONSER(A) set corresponds to about a 5 percent 

fracture probability level in the main data set. 

As has been previously discussed, the ONSER{A) data 

have been separated from the balance of the data for 

purposes of analysis because Discussion 
¯ Unlike the other data sets, ~t is not quantal (or 

censoredt in nature. It is believed that a probable explanation for the result 

¯ Unlike the other data sets. concentrated loads found in the previous section may be found in Figure t. 

were applied to the pelvis. That is. for concentrated loading to the trochanter as 

In subjecting each specimen to increasing impact schematically shown in l(a), acceleration associated with 

severity until fracture occurred. Cesari sought to define fracture is minimized. 

the fracture tolerance of each specimen. For each The fact. however, that the fracture distributions for 

specimen, we may presume that the seventy of the last the ONSKR(A) data are so different compared to the 

nonfract ure test underestimates specimen tolerance, w bile balance of the data base points to the conclusion that the 
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3 - SCALED ACC.p VS. AGE MAXIMUM PELVIC STRAIN VS. AGE 

! 

to ~ 0.6 ~ 

Figure22. Nonfracture/fraeturedata0airsfromONSER      gigur~ 24. Nonfraeture/fracture data 0airs from 
{A) test series                                              ONSER {A} test series 

2CAL£© ACC£L~_RATiON VS. AGE MAXIMUM PELVIC STRAIN VS. AGE; 

~ 
a’. . r | . . ,. 

Figure 23. Superposition of ONSER (A) fracture range Figure 25. Superposition of ONSER (A) fracture range 
estimate on distributed load data--approach estimate on distributed load data--approach 
1 2 

ONSER(A) impact tests invotved a degree of load pelvis during the impact event (e.g., horizontal seat 
concentration significantly higher than that realized in interface force and horizontal shear force between the 
the ~ehicle environment, It will be recalled the tests used abdomen and pelvis). Some insight into the magnitude of 
in our anal3sis involved rigid walls and three types of this potential source of variability can be obtained by 
vehicle interiors (Opel, Rabbit, and Volvo). Yet in no reference to Figure 4. Despite the presumed existence of 
case did a pelvic fracture occur at a response level as low seat and internal shear forces, a high correlation is 
as the estimated ONSER(A)fracture range, obtained between peak applied force and peak pelvic 

The ONSER(A) data are, of course, most valuable in acceleration. This result implies, for the ONSER(A) test 
that the data define the load tolerance of one of the two condition at least, that the vector sum of the seat and 
major pelvic load paths. Investigation would also appear shear forces is a predictable function of impact severity 
to be warranted into the load tolerance of the "other" level. However, the extent of variability introduced into 
load path through the iliac wing and into the effects of pelvic acceleration measurement in other environments 
superposition of distributed loads as typically found in more typical of the vehicle interior deserves further study 
the vehicle environment, before this observation can be generalized. 

It is recognized that any acceleration measure reflects The data base is heavily biased toward nonfracture 
the net force acting on the measured body. Thus, a pelvic outcome. There is a need for additional fracture data to 
acceleration measurement would be expected to be improve confidence in our fracture probability estimates, 
influenced to some degree bv other forces acting on the especially at higher fracture probabilities. 
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Male and female data have been merged for analysis, Jeffrey Marcus and Richard Morgan of NH’ISA 

as have data from rigid and padded test conditions. The developed many of the software routines that were 

availability of further fracture data would permit a more extensively used on this project and that contributed 

detailed examination of the validity of this approach, materially to its progress. 

There is no doubt that a force-based approach to pelvic Rolf Eppinger of N HTSA provided the benefit of 

injury prediction exists as a strong alternative or adjunct many discussions during the course of the work. 

to the acceleration-based proposals advanced here. The Last, but certainly not least, Beulah Evans of NHTSA 

lack of a substantial body of comparable sets of force expertly prepared the manuscript for publication. 

data have precluded our investigation of this alternative. 

When such data become available, a maximum likelihood 

analysis could provide a rational basis for ranking the 

effectiveness of the two approaches. 
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Key to Codes in Appendix A 

General Table Impacted Surface Codes 

NA Data not available or rejected RIG RIGID 
APR APR PADDING 

Test No, Prefix Codes ENSO ENSOLITE PADDING 
VDR VOLVO DOOR 

H HEIDELBERG MCI MINICARS PADDING CES ONSER(A) SRL FIBERGLASS HONEYCOMB PADDING F FAT RAB RABBIT DOOR BMD ONSER(B) OPL OPEL DOOR 7 HSRI 

Test Type Codes 
Sex Codes 

S L D S L E D M M A L E OPL OPEL F FEMALE BAS ONSER (B) BASELINE RABBIT D DUMMY MOD ONSER (B) MODIFIED RABBIT 
IMP RIGID IMPACTOR In AIS Column * = AIS 0 

146 



Section 4. Technical Sessions 

~zzz¯ .           ~ ...... ~ ~ zz zzz~ ~ .... ~ 

~< ~zzzz ........... zz ~ ~ ..... ~ 

! 

~ zzzzz zzzzz zzzzz zzzzzzzzzz zzzzz zzzzz zzzzz zzzzz zzzzz 

~ooo ~ ~ ~o~ ~o~oo ~m~ ~oo~o 

- oo~0 00~0 0�oooo ....... o~ 0~000 oo~o~ o~o~ o0000 

ii ~ ZZZZZ ZZZZZ ZZZZZ ZZZZZZZZZZ ZZZZZ ZZZZZ ZZZZZ ZZZZZ ZZZZZ 

~                 ~ 
0~0~ 0~ ~ 00~00~ ~ 0~ ~0~ ~0~ ~0 

~ 
~ 

~zzzz 

~ "N ~ <~<~ ~<~< <<~ ~mm<<~O0 ooooo ooooo ooooo ooooo ooooo 

~~00 00000 00000 00000 00000 00000 

~ 
~oooo ooooo ooooo ~ ~ ~ ~ ~ 

~= ~6 ~ 
~ ~ oooooo~ ~<<< ~ ~ ~ 

147 



Experimental Safety Vehicles 

148 



Section 4, Technical Sessions 

149 



Experimenta! Safety Vehicles 

Appendix B approximately twice the slope of the least squares fit to 

the cadaver data (. 10 l KN / g). This result suggests that the 

dummy generates higher peak pelvic interface force for a 

given level of peak pelvic acceleration response. Comparison of Cadaver and Dummy To investigate this indication further, dummy and 
Lateral Impact Pelvic Data cadaver data were segregated by test speed and by 

impacting surface (rigid or padded), and the ratios of 

average dummy peak responses to average cadaver peak 

1. Comparison of Peak Responses responses for each test condition were calculated and 

plotted. Figure B-3 presents these computed acceleration 

A limited amount of data is available from the ratios. It may be noted that the ratio of peak dummy 
Heidelberg data set that permits comparison of cadaver acceleration to peak cadaver acceleration ranges from 1.0 
and SID dummy force and acceleration responses, to 1.7 for rigid impacts and remains stable at a lower 
Figures B-1 and B-2 present peak force versus peak value of approximately .85 for padded impacts. 
acceleration data for Heidelberg cadavers and Heidelberg Figure B-4 presents corresponding computed force 
SID dummies, respectively. It may be noted that the ratios. Although data are very limited and should be 
slope of the line fitting the dummy data (. 196KN/g) is interpreted with caution, the dummy appears to generate 

SCALED FORCEp VS. Y--ACCELERATIONp Ratio of Dummy and Cadaver Accel. Peak~ 

o -- , 

Figure B-3. Ratios of SID dummy and cadaver peak 
Figure B-l, Scaled peak pelvic forces versus scaled accelerations--Heidelberg data(NC and ND 

peak pelvic Y-acceleration for Heidelberg are number of cadaver tests and number 
cadaver tests dummy tests, respectively, included in ratio 

of determination at each data point) 

SCALED FORCEp VS. SCALED Y-ACCEL. p 
¯ ~o. ~a~M¥ FORC~=_Z,.2S+ (. ~ ~ 6*Ace) ,,, 

Ratio of Dummy and Cadaver Force Peak.~ 

’°1 

Y-ACC.~**[BODYMAS~/75)’[ I/3) ,G’S 2,t 26 26 30 32 

Figure B-2. Scaled peak pelvic force versus scaled p k ¯ RIGID RAIIO 

pelvic Y-acceleration for Heidelberg SID Figure B-4. Ratios of SID dummy and cadaver peak 
dummy tests forces-Heidelberg data 
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higher interface force than does the cadaver at all test interest to examine comparative pulse shapes for cadavers 

speeds. Also. the force ratio exhibits a trend toward and dummies from the Heidelberg series, for both rigid 

reduction with increasing test speed. However. more data and padded test conditions. 

would be desirable to confirm these observations. 

A. Rigid Interface 

2. Comparison of Pulse Shape 
Figures B-5 and B-6 present overplots of pelvic force 

Thus far. we have compared only the behavior of peak and acceleration data for a 15mph dummy test and a 

force and peak acceleration responses. It is also of 20mph dummy test. respectively. (Traces have been 
artificially scaled to equalize plotted peak amplitudes so 
that curve shapes can be better compared.) Figures B-7 

H83e4D-PELVIC FORCE AHO ACCELERATIOH and B-8 present comparable data for 20mph and 25mph 
cadaver exposures. 

For all dummy and cadaver rigid tests, excellent 

agreement of force and acceleration curve shape is seen. 
and rigid body behavior is approached. 

DU MUY/! 5~! PH/RIGtD 
a PELVIC FORCE B. Padded Interface 
o PELVIC Y-ACC 

i 
Figures B-9 and B-10 present typical dummy tests, at 

~ !7 and 20mph. into ensolite padding. Figures B-! 1 and 
B- 12 are corresponding plots for two cadavers at 20mph 

~ into ensolite. 

Distinctly different characteristic acceleration pulse 

~ "~<:~:~2>~::Z~ 
shapes are evidenced by the SID and by the cadavers in 

the padded environment. Whereas the dummy exhibits 

good tracking of force and acceleration up to peak force. 

the cadaver accelerations are seen to track force well 
TIME {MILLISECONDS) initially, but then to dip and rise again to meet the force 

Figure B-5. Pelvic force and pelvic Y-acceleration overlay curve. In all cases, as was observed in the main body of 

for Heidelberg $1D dummv test HB304d the paper, peak force and peak acceleration are closely 

coincident in time. 

H8306D-PELVIC FORCE AND ACCELERATION 

8t DUMMY/2OMPH/RIGID 20MPH/RIGID TEST 
B PELVIC FORCE o PELYlC FORCE o PELVIC Y-ACO PELVIC Y-ACC 

TIME (MILLISECONDS) 

- 

Figure B-6. Pelvic force and pelvic Y-acceleration overlay 
for Heidelberg S lD dummy test H8306d.        Figure B-7. PeNt force and pelvicY-acceleration overlay 

for Heidelberg cadaver test H82014 

151 



Experimental Safety Vehicles 

~ HB3e2I)-PEL¥IC FORCE ~ ~CCELERA~]ON ’ FORCE ~CCELER~T~OH 

o PELVIC FORCE 

~ ’,j I Figure B-10. PelvicforceandpelvicY-accelerationoveday 
~ ~ for Heidelberg SID dummy test H8302d 

.......... 

Figure B-8. Pelvic force and pelvic Y-acceleration overaly 
"" "- "-Heidelberg cadaver test H82005 

H~3Ol~-PELVIC FORCE AHD ACCELERAT~OH 

DUMMY/ 17M PH/ENSOUTE 
~ PELVIC FORCE 
o PELVIC Y-ACC 

Figu re B- 11. Pelvic force and pelvic Y-acceleration overlay 
for Heidelberg cadaver test H83011 

Figure B-9, Pelvic force and pelvic Y-acceleration overlay 
for Heidelberg SID dummy test H8301d 

2OMPH~£NSOLIT£ PAD 

~ / i’~ "\ o P{LVlC Y-AGC 

It is interesting to speculate as to why the differences 

~oted above occur in the padded environment and not in 

the rigid environment. This difference could be related to *! \ 
additional compliance in the structure of the human hip 

joint or could be due to differences in phasing of ~:~/~ 
horizontal shear forces acting between the abdomen and 
pelvis. 

Although not pursued here, these observed differences 

should be better understood for input to the development Figure B-12o Pelvic force and pelvic Y-acceleration 
of advanced side impact dummy concepts, overlay for Heidelberg cadaver test H83020. 
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The EUROSID Side Impact Dummy 

:L. Neilson and Following this the Biomechanics Programme was set up, 

a. Lowne with some help from EEVC members. It was partially 

Transport and Road Research Laboratory, 
funded by the EEC to expedite ongoing research, which 
was thought to be necessary as a basis for the safety 

United Kingdom aspects of this legislation(3). One of the recognised 

C. Tarrii~re, 
priorities included in the programme was the development 

............ of a suitable side impact dummy. 
F. Bendjellal, and Projects undertaken within this programme included 
D. Gillet an accident investigation studying specifically side 

Association Peugeot SoA./Renault, France impacts, studies of biomechanical performance required 
for the design of dummies, and the development of three 

J. Maltha independent side impact dummies. The three side impact 
Instituut voor Wegtransportmiddelen--TNO, dummies are described in detail elsewhere(4,5,6), but 

Netherlands their essential details are given below. 

D. Cesari and APROD (APR) 
R. Bouquet 
Organisme National de Sbcuritb RoutiEre, The head was a standard Hybrid III head. The neck 

was a modified version of Hybrid III. The chest was 
France 

based on the rib cage of the Part 572 dummy but with the 
posterior ends of the ribs attached in two groups of three 

Abstract to the ends of pistons, which could traverse laterally 

inside cylinders attached to the spine. Chest compression 

EUROSID is the side impact dummy that has been was determined by measuring the movement of the 

designed and has now been almost completely developed pistons in their cylinders. The shoulders were modified 

by a group of European research laboratories working 
forms of the Part 572 design to allow and encourage 

togetherundertheauspicesoftheEuropeanExperimental greater upwards and forwards rotation. Modified arms 

Vehicles Committee (EEVC). It represents a bringing were used but the remainder was of the Part 572 design. 

together of components and ideas from the three experi- 

mental side impact dummies sponsored by the EECl as MIRA 

part of their Biomechanics Programme. These were 

produced by APR (Peugeot-Renault), ONSER, and The head, neck, legs, and arms were of the Part 572 

MIRA. This paper describes the evolution of the design. The shoulder was a complex unit incorporating a 

EUROSID dummy and discusses the advances in bio- sliding and rotating clavicle. The chest comprised six 

fidelity, the responses of its various components to spring steel ribs, of which the force on each could be 

impact, and the types of measurements it can record, measured. The pelvis could measure acceleration and the 
force applied at the ilium, great trochanter, and the pubic 

Introduction                               symphysis. 

ONSER 
When the EEVC first recommended a side impact test 

in its report to the Fifth ESV Conference(l), which 

included the use of dummies, there was no suitable 
This was essentially a standard ONSER 50 frontal 

dummy available. At that time, the only dummy designed 
impact dummy with a new chest and shoulder design to 

for use in side impacts was the TRRL side impact 
adapt it for side impact use. The shoulder was a sprung 

dummy(2). This was regarded more as a dynamic load- 
sliding and pivoting unit and the chest was of moulded 

measuring device than a dummy. While being built to 
polyurethane foam on rigid spine. A transducer was 

50th percentile male dimensions and weight, it made no 
incorporated for measuring lateral compression of the 

chest. 
pretense of being biomechanically correct in its response. 

A symposium was organised by the EEC in 1975 to 

establish priorities for improving vehicle legislation. 
TNO Abdomen 

TNO designed an abdomen based on cadaver tests 
1, Financial support was also given by the governments of the participating 

countries (France, the Netherlands, and the United Kingdom), performed by the Peugeot-Renault Association (APR)(7) 
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that could in principle be used in any side impact dummy These results, the comparison testing of the three 

incorporating the standard Part 572 lumbar spine inter-- European prototypes(9), and the side impact dummy 
face. In practice, the prototypes produced had the correct specification enabled the EEVC Ad-Hoc Group to 
dimensions to fit the Part 572 pelvis and therefore could coordinate the development of a unified side impact 
be used only with the APROD. The abdomen was dummy. Various laboratories worked on the different 
designed to have the correct force-penetration charac- body parts, which were combined into a European side 
teristics at an appropriate impact velocity and incor- impact dummy. This has come to be known as EUROSID. 
porated switches to indicate when critical levels of The sources of its component parts are now discussed 
penetration and force had been exceededl briefly. 

Side Impact Dummy Specification Head 

During the final phase ofthe Biomechanics Programme, The Hybrid Ill head was found to be closest in 
the three prototype dummies were evaluated and performance to the lateral drop tests performed with 
compared with each other, with the side impact dummy cadavers and was chosen for the dummy without further 
developed by HSRI for NHTSA(8), and with the available development. 
cadaver test findings. The results, being part of the 

Biomechanics Programme, were presented at the EEC 

Biomechanics Seminar in 1983(3,9). Neck 
At the same time, the EEVC Ad-Hoc Group on 

Dummies was drawing up an agreed specification for a The APROD 82 neck came closest in kinematics to the 

volunteer and cadaver results. The Peugeot-Renault side impact dummy, which evolved as the programme 

progressed(10). Association was continuing its development of this neck, 

and therefore the developed version of the APROD neck 

was chosen for EUROSID. 
A Unified European Side Impact Dummy 

At the conclusion of the EEC Biomechanics Pro- Chest 

gramme, the EEVC Ad-Hoc Group on Dummies co- 

ordinated the development of a single side impact Injuries to the chest are caused by excessive force or 

dummy, which evolved by adopting the most successful compression. On balance, the Ad-Hoc Group considered 

principles of the three prototype dummies. The detailed compression to be the parameter most closely related to 

side impact accident investigation(!!) provided infor- injury risk in side impact. The APROD chest was 

marion on the location, cause, and type of injuries to car considered to be the best at measuring deflection while 

occupants in side impacts. This provided a guide to the being closest to the biomechanical performance references. 

requirements and priorities in the design of the side However, the APROD design had some mechanical 

impact dummy. The distribution of injuries to struck-side problems, at least in its earliest version, and it subdivided 

the chest into only two discrete areas. Accident studies occupants in side impacts is given in Table 1. 
showed that serious interna! injuries can sometimes be These results show that ideally the dummy should be 

capable of registeringthelikelihood of injuryto the head, associated with relatively few fractured ribs, three or 

chest, abdomen, pelvis, and legs. four, suggesting that concentrated forces could cause 

injury whereas the same force over the whole rib cage 

would not. However, it is also desirable to keep to a 

minimum the number of instrumentation channels and 
Table 1. Distribution of injuries to struck-side the complexity of the chest design. It was decided that a 

occupants in side impacts new chest could be developed by TRRL in consultation 

with Peugeot-Renault and TNO based on the design 
Body region Number of cases principles of the APROD chgst but with the chest divided 

AIS_>3 AIS>_4 into three discrete areas, and chest deflection would be 

measured in each area. 

Head and face !6 11 
N e c k 1 o S h o u I d e r .... 
C h est 1 5 5 

Abdomenpeivis 
123 07 

None of the shoulders from the prototype dummies 
Legs 6 1 were found to be satisfactory with regard to mechanical 

reliability or in reproducing the observed cadaver re- 

i 
i 
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sponses. The Ad-Hoc Group felt there was a need for Arms 

arms on the side impact dummy and therefore a need for 

a fully articulating shoulder. This would help to achieve Arm injury was not considered to be sufficiently 

the correct inertial effect and the appropriate mass serious to warrant instrumentanon Part 572 arm di- 

distribunon and would enable correct engagement with mensions would be used. modified only insofar as this 

the diagonal strap of a seatbelt. It was decided to have affected the performance of the chest and shoulder. 

arms and shoulders if these proved practical to design. 

ONSER tests on cadavers in the Biomechanics Pro- Design and Performance of Specialised 
gramme demonstrated that the chest is less liable to 

~njury if the arm is trapped between the chest and an EUROSID Components 
impactor(12). The "’worst case" condition, which is the 

usual sit uation for legislative testing, is therefore with the 

chest exposed. For this reason, the specification calls for Neck 
a shoulder that. when struck laterally, moves forward to 

expose the chest to a more direct impact. TRRL agreed to The first version of the APROD dummy neck ( ~982 
include the development of a new shoulder to meet the version) was developed from a biomechanical data base 
requirement of the specification as part of the thorax derived from volunteers and from human subjects 
development. ~ cadavers). 

Data from experiments with volunteers came from 

tests performed by Ewing(13). Their aim was to study the 

Abdomen dynamic response of the head-neck system when the 

entire body was subjected to an acceleration of the +Gy 
The performance of the TNO abdomen was close to type. Experiments involving cadavers, performed in the 

that specified from the tests on cadavers. No other same test conditions as those used by Ewing, were 
abdomen has been or was being developed, and the Ad- performed in the Association Peugeot-Renault Labora- 
Hoc Group agreed that TNO should develop the abdomen tory. The tests selected for the design of this neck are 
for EUROSID by small modifications to improve its s hown in Table 2. They enable a direct comparison to be 
performance and to adapt it to fit the EUROSID chest made between the cadaver and volunteers’ responses. 
and pelvis, The sled deceleration for the two types of tests met the 

conditions of HOLD (High rate of Onset. Long Duration). 

Pelvis 

None of the three prototype dummy pelves were Table 2. Test conditions for cadaver and volunteer tests 

satisfactory. When struck by a rigid impactor, they all 

produced a far higher force than the cadavers when CADAVER TESTS 
similarly tested. The Ad-Hoc Group felt that force was 

the parameter most closely related to injury potential for Test Average peak sled ~nitial velocity 

the pelvis. Acce leration would only be related to force by acceleration of the sled 

a constant factor if the effective mass remained constant ’ 

and the pelvis was not trapped by the seat or car 
MS 234 

structure. Only the MIRA pelvis could measure force but MS 235 7.550 (74.06 m/s2) 6.08 m/s 
its instrumentation was complex and no further work MS 239 

was proposed to improve this pelvis. ONSER had MS 240 

planned to develop a force-measuring pelvis and agreed 

to produce the pelvis for EUROSID to the Ad-Hoc 

Group specification. 
VOLUNTEER TESTS 

Test Average peak sled Initial velocity 
acceleration of the sled 

Legs                                                                                     ,, 

Although leg fractures feature regularly in side impacts. 
1594 
1921 

no suitable instrumented femur had been developed and 1922 7.07g (69.4 m!s2) 6.408 m/s 
this area was given a lower priority than the other four 1926 
body areas. It was agreed that Part 572 legs would be used 1924 

for EUROSID at this stage. 
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The characteristics of these tests are described in detail in Description of EUROSID Neck 
(14) as is the description of the design of this 1982 version. 

Technological problems arose at the time of tests This version is composed of three parts: 
performed with the neck, especially cable breakage, the ¯ A neck/trunk interface piece 
separation and even the shearing of the buffers at the ¯ A head/neck interface piece 
interface plates, and seizing-up of the half-spheres. ¯ A central section made of rubber that links the 

To remedy these problems and improve biofidelity of two interfaces to one another 
the neck for high impact severities, a second version was Figure 1 illustrates various neck sections, showing the 
developed in the APR Laboratory, this being the version components of each part. 
developed for EUROSID. Each interface is made up of two plates; an exterior one 

((3) or (1) in Figure 1) and an intermediary one(2) bonded 
to the central part. Linking of the two plates is by means Development of APROD Neck for EUROSID 
of a sphere, which, in fact, constitutes a point of rotation 
to replicate head neck kinematics. During cadaver tests, under the conditions defined 

Two types of buffers are interposed between the plates: above, it was observed that the subject sustained no 
injuries either to the cervical spine or to bone joints, the section CC (Figure 1) illustrates this. Those buffers 

This led, therefore, to more violent experimental that are triangular act as buffers at the end of travel. 
The central component(5) and these buffers are all part 

conditions than those of earlier tests (74m/s2 and 
of the same system. The circular buffers modulate the 6.08m/s). These severities could not be obtained from 
shearing or rotational movement in relation to the centre volunteers but were necessary to improve the neck design 

up to injury level, of the half-sphere. 

Three tests with cadavers were performed in 1983 in the Figure 2 shows the neck/trunk interface in its final 

following test conditions, position. 
The central part of the neck, simulating the cervical 

vertebral column, allows flexion and extensions. The Table 3: Test conditions for 1983 cadaver tests 
neck prototype, which has been developed, has the 
following stiffness characteristics: 

Test Peak sled Initial velocity ¯ Central part and triangular section buffers: 70 
acceleration of the sled shores 

¯ Buffers(6) with a circular section: 70 shores 
g       mis2          m/s 

Section BB Section AA 
249 12.02 117.91 6. t 1 [ 
297 14.02 137.53 6.22 
298      13.06      128.11              6.11                                       i 

Biomechanical Data Base 

The following such data were used in the development 
of this EUROS1D neck. 

! 
~ Ewing data from volunteer tests fc 

A 
APR data from cadaver tests 

..... ..... |- --. APR data from cadaver tests described 
B 

~. in table 3 above 

/ 
The results of APR tests are published in a separate 

~ 
paper(l 5). A description of the E U ROSID neck is given 
in the following section. Figure 1. EUROSID neck, 
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- " The play that exists around the buffers and the 

~,, compliance of these latter may give rise to torsion--a 

rotation around the neck’s vertical axis. This matter will 
be discussed when the processing of available data is 
completed. 

Mechanical Behaviour Tests 

With a view to studying the whole system’s mechanical 

behaviour (resistance to impact of the various neck 

components), particularly violent tests were performed 

with the neck attached to an APROD dummy. 

The characteristics of these tests were as follows. 
The dummy is decelerated laterally against a rigid wall 

Figure 2. Neck-thorax interface (at 90° where it is subjected to an impact velocity (Vi) of 

Figure 3 shows the various possibilities of simple 
approximately 20m h. This is a high-violence impact, 

which is reflected in a lateral thoracic accelera- 
movements of the different parts of the neck. It can be said that this set-up represents a system      tionrT(3ms) of about 180g. 

Table 4 summarizes the parameters of these tests. 
having two pivots and three modes of deformation. 

The two pivots are represented by the centre of the 
The results of these tests show that-- 

half-spheres. 
(i) In the two tests, no deterioration was observed either 

The three modes of deformation possible for such a 
in terms of welding of components or m terms of 

rubber parts of the neck. 
neck are: (ii) From the point of view of kinematics, test 2346 C1. 

¯ Simple lateral flexion (of the central part) 

¯ Translation and rotation ( relative movements of 
where the stiffnesses of the prototype were respectively 
60 and 50 shores, shows that the displacements of the 

the interface plates) head neck system are much greater than for test 2346 
= Extension of the central part 

C2. 

Validation Tests 

Currently, side impact tests using cadavers and the 

APROD dummy equipped wit h the second vers ion of the 

neck (stiffness of 70 shores) are in hand. 
The principle of these tests is exactly the same as that of 

the preceding tests (study of the head neck response 

when the body is subjected to an acceleration of the type 

Figure 3. Possible neck deformation modes                  +Gy). 

Table 4. Characteristics of mechanical behaviour tests 

Stiffnesses used Peak horizontal 

V, to which 
-- acceleration 

Test the dummy Central part measured at ~’T (3ms) 

was subjected and Buffers APIROD’s 

triangular (6) thorax (yT) 

buffers 

km/h I m!s                                    g         m/s2         g        m/s2 

I 
2346 C1     31,4 | 8,73 60sh 50sh 184 1805.04 132 129492 

2346C2 31.4| | 8,73 70sh 70sh 176 1726~56 120 
~ 1177.2 
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The method used, on the other hand, is slightly 

different: 

More appropriate instrumentation that is also 

more reliable (a different array of transducers in , 
relation to the anatomical coordinate frame) 

¯ More flexible conditions of studying head-neck 

kinematics (cameras fixed to the laboratory, 
, i m ore highly developed camera calibration meth- 

ods) 
t/ .,, 

The results of these tests, as well as a simple specification 

for the dummy neck, will be the subject of another paper 

presented at the 1985 ESV Conference(15).                           " 

Figure 4. Diagram of shoulder cam (top view} 

Shoulder 

The specification for the shoulder is given in detail in 

(10), but briefly it requires that the shoulder when struck 

laterally moves forward and possibly upward to expose 

the chest, under a relatively low force. It should include a 

..... .... representation of the clavicle and should return to a 

positive neutral position. ~ 

~ " 
The dynamic behaviour of cadaver shoulders when 

0 
impacted laterally is given from tests performed by ~0 

Peugeot-Renault, and a force-deflection corridor has 

been proposed (Figure 6(9)). The quasi-static lateral 

compression of the shoulder with respect to the spine at a Figure 5. Force displacement results for lateral impacts 

maximum force of 200N was found to be about 55mm to the shoulder with a 23.4kg pendulum at 

wit h volu steers(16). 4.3m/s 

To encourage forward rotation of the shoulder when 

struck laterally, the centre of rotation must be posterior Table 5 shows the peak forces generated for non- 

to the point of impact. However, there is no such impacts. It can be seen that the shoulder cam works well 

position, using a fixed radius arm for the clavicle, that for perpendicular impacts and for impact directions aft of 

would allow the upper arm to clear the front of the chest perpendicular. At impact directions of 10° or more of 

and permit full rotation of the clavicle. It was also found perpendicular, the peak force rises and the arm does not 

that an initial transverse movement of the clavicle caused rotate forward. 

the inner flesh of the upper arm to bind on the chest flesh, 

inhibiting the subsequent forward rotation required. The 
Chest 

solution found to these problems was to design the 

clavicle as a cam so that as the shoulder rotates forward, 
The design requirements given(10) call for a chest 

the instantaneous center of rotation moves forward 
divided into three separate regions or ribs, of which the 

allowing the arm to clear the chest (Figure 4). The 
deflection ofeachcan be measured. There arethreeprime 

shoulder is made from polypropylene and has survived 
sources of cadaver reference tests that have been used as 

.... rigid wall impacts of 9m/s (20m/h). 
the performance basis for the chest. These are (i) the 

The maximum compression at the acromion with 
cadaver drop tests performed by the Peugeot-Renault 

respect to the spine under 200N force was found to be     Association(4) from which force-deflection and force- 

190mm. Lateral impact tests on the shoulder have been 
time corridors have been obtained(4,17,18), (ii) the 

performed with a 23.4kg impactor, suspended on four 
impactor tests performed on cadaver tests by HSRI (now 

wires, at 4.3m!s. The results are shown in Figure 5 
UMTRI)(8) from which impactor force and rib accelera- 

together with the cadaver corridor. The dotted lines 
tion curves have been obtained, and (iii) the rigid and 

extend the corridor beyond the range ofthe cadaver tests, padded wall tests performed at Heidelberg for 
New upper arms were built with the metal skeleton 

NHTSA(19), which give impact force, rib, and spine 
positioned towards the inner surface and with Sorbothane 

acceleration curves(20). 
flesh, in order to reduce the inertia spike. It can be seen 

The APROD rib, piston, and cylinder concept for the 
that for 90° impacts, the force-deceleration curves cot- 

chest mechanism has been adapted for the EUROSID 
respond to the cadaver corridor, 

chest. The pistons have been increased in length so the 
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Table 5. Peak shoulder force in pendulum impacts 

’ Aft Forward --- Perpendicular ~ 
....... Direction of impact ~ ~ 

90°    90°    90° 90°    1 O0° 110° 120° 

Peak force (kN) 2.37 2.17 2.55 2.14 1.84 1.64 1.64 

separation between the two bearings inside the cylinder is on the flesh characteristics and rib mass, but relatively 

now much greater (Figure 6). This has eliminated the unaffected by the rib spring and damper factors. Also 

occasional occurrence of piston jamming seen with thorax force-time curves were the only responses available 

earlier designs. However, this has also meant that the for all three cadavar bases. Therefore, this was the 

chest can collapse from one side only. To make the response used primarily as the basis for selecting the chest 

dummy suitable for testing on both sides of a vehicle, the spring and damper properties. 

rib-piston assemblies are individual units that can be Despite the incorporation of a damper into the model, 

removed easily from the spine and inverted so the piston 
no combination of springs and damper could be found 

is now on the opposite side of the dummy. The three 
that would give a good match to all three data bases. 

rib-piston assemblies are identical, which means they can Either this representation of the thorax is too simple or 

be calibrated off the dummy and replaced individually if the cadaver data bases are incompatible. Simulations 

using the model suggested that suitable initial values for 
......... necessary. 

A mathematical model of the thorax(21) was used to 
these components would be K1 = 15kN/m, K2 = 30kNim, 

help with the development of the EUROSID chest. It and Dr = 250Nim/s. 

became clear at an early stage that it was necessary to Preliminary testing using a pendulum impactor showed 

incorporate damping into the chest and also in the that, mechanically, this design worked well. However, 

representation of the skin. The model used is shown in the provision of a pivot between the rib and piston made 

.... the thorax more sensitive to impact direction than if the 
Figure 7. 

The objective was to find appropriate values for the link were solid. A supplementary leaf spring was provided 

spring stiffnesses, damper coefficient, and rib mass that behind the main rib to prevent plastic bending of the rib 

would match the model response to the three cadaver at this point. 

bases. Rib response was found to be critically dependent 
Some difficulty was experienced in obtaining a suitable 

damper since most commercially available shock ab- 
.......... -- sorbers are carefully designed to produce a rising force 

/~ ~ coefficient with stroke. Armstrong Patents have developed 

,(,-, ~ vv ~,--v~ ,, ~-~ a suitable adjustable damper by modifying a production 

[:t ......... .t~.m u u. I suggested there would be a high inertia spike 

~ Li of the impactor force curve, caused by the rapid accelera- 
Damper 

~ tion required to raise the velocity of the rib over a very 

short period. This prediction was confirmed by the first 

pendulum impacts onto the thorax. The model showed 
this could only be reduced significantly by reducing the 

Figure 6. Diagram of rib--piston--damper module mass of the rib as much as practical or by the addition of 

an unrealistic amount of flesh to the side of the thorax. 
The effective mass of the ribs was reduced by replacing 

KI K11 the solid steel pistons with ho!low aluminum pistons. 

M This inertia spike was further controlled by the use of 

10mm sorbothane as flesh attached to each rib. 
Spine 

The deflection of each rib is m~asured by using a 

K2 Ds K12 reflecting graticule attached to the piston and an optical 
Dr transducer attached to the cylinder, following the method 

Chest Flesh used on the APROD dummy. 

The results of the HSRI cadaver tests using a 23.4kg 

Figure 7. Mathematical model of thorax, impactor(8) have been normalised following the method 
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given by Mertz(17) adapted for a two-mass system. 
Performance corridors generated from these normalised 
curves, together with the impactor and spine accelerations 
measured in tests on the prototype thorax, are shown in 
Figures 8 and 9. As predicted by the simulation model for 
the spring and damper coefficients chosen, these values of 
thoracic acceleration rise above the maxima of the 
corridors. However, the pulse duration and general shape 2o    40 0o 12o 

of the curves are in close agreement with the cadaver 
results. 

0 20 40 60 80 100 120 

__ 

Time (ms) (Filter lO0hz) 

thorax at 4.3m/s compared with corridor 

derived from HSRI cadaver tests 

20 ~- 
00 20 40 60 80 100 120 

~2 - Figure 10. Rigid wall test on EUROSID thorax-- 15m/b 

0 20 40 60 80 t 00 

~ 20 

Figure 9, Spine acceleration for pendulum impacts to 
thorax at 4.3m/s compared with corridor o 
derived from HSRI cadaver tests 

o 20 40 a0k’¢ 80 ~00 ~20 ~40 
Time (ms) 

Preliminary testing with the first prototype thorax 
attached to a Part 572 pelvis and legs~ following the 

~ 200 
procedure used in the Heidelberg study(19,20), showed 
some anomalous results. The spine acceleration in the 
15mih (6.Tm/s) and 20mih (8.9m!s) rigid wall tests 
showed two distinct pulses. Close examination of the 

0 20 40 120 140 
relative times of the spine acceleration and the rib Time(ms) 
acceleration and displacement showed that the first spine 
acceleration pulse occurred before the rib~piston springs 
had compressed (Figures 10 and 11), suggesting that the 
shoulder might be transmitting a significant force to the 
spine. A repeat of the test at 15mi/h (6.Tmis) with the 
shoulder held forward produced a spine acceleration 

duration that was much closer to cadaver results(20), 
although the amplitude was slightly too high compared 

o 
to the cadavers (Figure 12). 0 20 40 60    80 i00 120 140 

It appears that, at impact speed of 15miih (6.Tmis) or Tim~ 

greater, while the shoulder does rotate forward, it does Figure 11. Rigid wall test on EUROSID thorax-- 20m!h 
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Remarks on the Thorax 

A prototype thorax has been constructed whose 

shoulder can rotate forward, taking the arm clear of the 

side of the chest and with a rib cage that can measure 

deflection on three individual rib units. The chest is 

tuneable by means of replaceable springs and adjustable 

dampers, and can withstand repeated 20m/h (8.9m/s) 
~ 80 
~ rigid wall impacts without failure or jamming. 

Abdomen 

40                                                  The abdomen section for the EUROSID side impact 

dummy should interact in a humanlike manner with any 
20 structural component of a tested car in a side impact to 

...... assure correct kinematics of the complete dummy (bio- 

00 2~0 g 60 U ~]’80N, f~100 
!20 t40 fidelity). In addition, the abdomen section must measure 

Time {mst the injury parameters or detect exceedance of the set 
human tolerance limits (measurement function)(10,22). 

3o0 [ The EUROSID abdomen has been designed by TNO on 
the basis of lateral drop tests of various cadavers 

i 2oo~ ~~_ 

impacting a rigid armrest, which were performed bY the 

Association Peugeot-Renault(23,7). 

~ ~oo~ 

Peugeot-Renault defined from the cadaver tests a 

force-deflection corridor that is valid for the mid- 

oL ~ 416.~ ~, ~, ~ 
¯ abdomen (120mm space between lower rib and iliac wing 

o 2o 
~ [60 ’~0 /"~oo- ~2o" 

~4o of pelvis) impacted by a 7cm-wide fiat armrest at a 

me{ms) velocity of 6.3mi/s. They also established tolerance 

Vvi values of a maximum force on the abdomen of 4,500N 
and a maximum allowed penetration of 40mm, both 
corresponding with an AIS 3 value(22). These formed the 

design requirements for the hardware (Figure 13). 

~ 
6o 

~-~ 

The principle of the EUROSID abdomen section is a 

~ 
meta! drum that is rigidly attached to the lumbar spine- 

~ 25 thorax box interface of the dummy. This drum is covered 

~ by a flexible material up to the outside contour of the 

~ I                      ~ 1 abdomen that allows a penetration of 40mm before 
0 o ~0 40 60    80 ~00 ~0 ~0 "bottoming out". Between this flesh-simulating material 

Time {ms) 

Force (N) shoulder rotated forward--1~ milh 

I 4000 

not do so sufficiently rapidly if the whole torso, including 

the shoulder, strikes a flat rigid plate, 

o This shoulder-induced spike was not observed in a 

15m/h (6.7m/s) padded impact where the APR padding 
200 

block top surface was below the shoulder. It should be 

noted, perhaps, that in most vehicles, the shoulder will be 

in the area of the side glazing and above the metal ~ i i .. ~..--t~- Penetration {ra!! 

structure of the door. 
lo 2o 30 40 

A revised prototype thorax is under construction with ....... 

more accurate dimensions and mass, and this will be 
Figure 13. Force-deflection corridor for abdomen 

tuned to the published cadaver data. 
section, based on APR cadaver tests 
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and the rigid drum are located three vertical steel leaf- the human pelvis at the points directly involved in a side 
spring switch units. These switch units can be individually impact and at the interactions with the car seat as well as 
adjusted to trigger at an externally applied force level of at the iliac crests where the seatbelt fits around the pelvis. 
4,500N. Its design should consider the deformation capability of 

To obtain correct biofidelity up to the point at which the pelvis bones as well as of the flesh. 
the tolerance levels are exceeded, it was necessary to add The motion capability of the femurs relative to the. 
to the flesh-simulating polyurethane foam a certain pelvis is considered of great importance, and an abduction 
amount of mass. This mass is obtained by moulding a of 30° seems the value to be considered in the design of 
total of t.5kg of small lead pellets in the outside contour the hip joint. 
at the impacted side (Figure 14). The resulting force- The EUROSID should permit the measurement of 
deflection response is then of a degressive form fitting pelvic acceleration, if possible, at the same locations as on 
into the design corridor. The first series of prototypes as the Part 572. 
described by Maltha(7) were tested by various laboratories The flesh in the area at the side of the pelvis liable to be 
in Europe and the United States. These tests showed struck should be sufficient to comply with the likely 
some shortcomings with respect to the response and 

requirements and sufficiently durable that it should not 
interference of the mass-carrying rubber/lead slab in side deteriorate significantly during many impacts. 
bending of the durnmy. 

For this reason and to obtain a better interfacing with 
the EUROSID pelvis and thorax sections, the abdomen Design of the EUROSID Pelvis 
has recently been completely redesigned. This redesigned 
abdomen has not yet been tested, but there is good The geometry of the pelvic girdle was analyzed by 
confidence that the response will be in the design corridor Reynolds et al., and this study was followed by a plaster 
and the switches can be easily calibrated to the correct model of the 50th percentile male pelvis(24). 

force-trigger level. The shape of the EUROSID pelvic bones is based on 
this model: Figure 15 shows the EUROSID pelvic bone. 

---.-------- ,, The external shape and the important points such as 
~ange ooonect~ abdomen the pubic symphysis, the H point, and the center of Ll are 
~th thor0c~osp~ne 

in the same location on the EUROS1D pelvis as on the 
switch units 

human pelvic model. The hip articulation of the 
EUROSID pelvis is intentionally different from the 
human one: to minimize the effect of the leg position on 
the pelvic loading, the external forces are transmitted to 
the pelvis along an axle passing through the hip ball joint. 

S~abofso,e, To increase the energy absorption capability, the 
polyurethane filled 

with lead pellets EUROSID pelvis has the part of the flesh that is directly 
compressed by the impact made from Sorbothane. 

The EUROSID pelvis is designed to measure pelvic 
compressive forces as well as pelvic acceleration. The 

"\ Pofyurethane foam compressive force is measured in the pubic symphysis 
area with a force transducer and on the iliac wing with a 

Figure 14, TNO abdomen section with lead pellets on strain gauge. The pelvic acceleration is measured at the 
impacted side same location as on the Part 572 dummy. 

Pelvis                                             Results of Validation Tests 

The new pelvis of EUROSID was tested in conditions 
similar to the cadavers used for pelvic tolerance study in Main Specifications for the Pelvis of the EUROSID 
side impacts(25). 

Dummy 
A series of eight tests at four different speeds (25, 30, 

35, and 40kin/h) were conducted with the same impactor 
The external shape of the pelvic bone should be realistic 

used for cadaver tests. 
the legs of the Part 572 dummy at the level of the upper 

Test results show a great sensitivity of the pubic force 
extremities of the femur force transducer and to thetorso to the increasing of the impactor speed. When the 
at the lower extremity of the Part 572 lumbar spine, 

impactor speed increases from 25 to 40km/h, the max- 
The external slope of the pelvic bone should be realistic 

imum of the pubic force is increased by 260 percent. This 
and, especially, it must be representative of the shape of is important because in side impacts the speed of the side 
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! 

!i 

i 

Ill Lumber spine 

{2} tliac wing strain gauge 

{31 Pubic force transducers 

(4) Pelvic acceleration transducers 

(5) Itiac crest covered with polyurathane flesh 

(6) Block of sorbothane 

Figure 15. EUROSlD pelvis diagram, 

; panel at the time of contact with the occupant is the 
parameter that is considered related to the severity of the 
impact, and the motion of this side panel is simulated by ,, ~or.s~D 

the impactor. ,, EU.OS~ .. 

The only parameter that was recorded on dummies and ,, 

on cadavers in all the tests is the transverse pelvic 

acceleration. Figure 16 presents the maximum values of 
..... pelvic transverse acceleration of cadavers and side impact A.~ / 

dummies relatively to impact speed. This figure shows 200 ~ 

~ 
/ 

clearly that the EUROSID pelvis sustained for the same 
impact speed a higher acceleration than the cadavers but 
lower than the other side impact dummies. Moreover, the 

¯ 

repeatability of results seems better for the EUROSID: 
for the three tests conducted at 35kmih, the average of 
maximum pelvic acceleration is 149.37g and the c°rre- ~ 

spending standard deviation 4.96g (3.3 percent). For the 
other dummies, the values vary from 4.88 percent for the 
ONSER dummy to 9.93 percent for the DOT-SID" 

The first tests performed with a dummy fitted with this 

pelvis show that-- 
1. The compressive force recorded on the pelvis is 

directly related to the impact speed. 
2. Compared to cadavers, the EUROSID pelvis 

gives higher injury parameter values but clearly 
lower values than other side impact dummies. 

3. Although the evaluation of durability and re- 
peatability needs a larger number of tests, the 20 30 

40 

pelvis sustained 25 impacts at a speed range of 25 
to 40km/h without any damage either to the 

skeleton or to the flesh, and three tests performed 
Figure 16. Pelvis acceleration versus impact speed 

at the same conditions gave very close results, 
tests with circular impactor 
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Advanced Anthropomorphic Test Device Concept Definition 

assessment, is durable and easily maintained, and can be 
John W. Melvin certified without disassembly. Because of the necessary 

The University of Michigan time lag between design and production, current dummies 

are not based on currently available data. A greatly 

improved and expanded biomechanical data base has 

been developed in Phase 1, and these data form the basis 

Abstract for defining impact response characteristics necessary to 

insure that the AATD will perform in a humanlike 

This paper summarizes the results of Phase 1, Concept manner. 

Definition, of the AATD program and identifies the The new dummy will have significant advantages over 
reasons such a new test device is needed. The following current ATD’s. First, its shape in the seated configuration 

areas are addressed: (1) injury priority from accident will be based on actual mid-sized-mate-seated anthro- 
data; (2) current dummy design, use, and potential pometry, which will contribute to more realistic inter- 

improvements; and (3) technical characteristics and action with the vehicle seat and other components. 

design concepts for a new AATD, its data processing, Second, it will have biofidelity in frontal, oblique, lateral, 

and its certification systems, and vertical impacts, to be achieved through such 
features as a deformable face, a muttidirectional neck and 

Overview chest, and a flexible thoracic spine. Thus, only one 

dummy will be needed for crash-testing purposes, and it 

Phase 1 of the AATD program1 has shown that there is 
will give realistic trajectory, contact-point, and loading 

a need to develop a new anthropomorphic test device that 
results. Its humanlike response will also allow many more 

has humanlike response in frontal through lateral as well 
meaningful engineering maesurements to be made, which 

as rollover impact directions, interacts realistically with 
will in turn greatly enhance injury assessment capability. 

restraint systems and the vehicle interior, is capable of 
Next, its materials will be durable, and its designs will be 

making numerous meaningful measurements of injury 
rugged and repeatable but cost-effective to manufacture. 
Materials will be selected to minimize the sensitivity of 

the AATD to temperature variations. Finally, the certi- 

t Primary participants in this program include N.M. Alem. O. Carsten, J. O’Day, fication process will be more efficient and repeatable 
D.H. Robbins, and K. Weber of the University of Michigan; P. Begeman, R. 

Cheng, AA. King, and G.W. Nyquist of Wayne State University; R.H. Arendt, 
between laboratories, to be achieved through the use of a 

P.M. Miller, and D.J. Segal of MGA Research Corporation; J. Smrcka of 
whole-body certification fixture with a dedicated data 

Alderson Research Laboratories, Inc.; R.H. Eppinger and M. Haffner of the 

National Highway Traffic Safety Administration. 
processing system. 
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In the following sections, the results of various aspects Table 1. I PR distribution by body region 
of this program are summarized, First, we describe an 

__ 
analysis of accident data to determine the priority of Body’ Region Distribution Body Region Distribution injuries to be addressed, based on estimated cost to 

(%) (%) 
society. Then we present findings on the design and use of ..... 

current ATD’s along with suggestions for how dummies 
Head 44.6 Ankle!Foot 0.6 could be improved. Finally, we summarize the technical 
Face 10.5 Lower Limb 0.0 characteristics and design concepts proposed for the new 
Neck 5.1 Upper Arm 1.3 AATD and for its data processing and certification Shoulder 0.3 Elbow 0.5 

systems. Chest 18.9 Forearm 1.3 
Back 1.6 Wrist/Hand 0.4 Another rn~or task in the AATD program, not 
Abdomen 7.5 Upper Limb 0.3 summarized here, was a review of literature on bio- 
Pelvis 1.! Whole Body 0.9 mechanical impact response and injury in the automotive 
Thigh 2.1 Unknown 0.2 environment. This review incorporates published research Knee 1.6 

available through the end of 1984 and includes chapters Lower Leg 1.0 TOTAL 100.0 
on the head, spine, thorax, abdomen, pelvis, and lower 

-- 
extremities. Each chapter addresses the anatomy, clinical 

injury experience, and results of laboratory impact 
Table 2. IPR distribution by direction of force 

studies for the various regions. The experimental studies 
- 
Direction Distrubution Direction Distribution include information on biomechanical response to impact 
of Force (%) of Force (%) as well as injury mechanisms, tolerance, and criteria. For 

the full review, see Melvin and Weber(l),                    ~ 

1 o’clock 4.8 9 o’clock 3.3 
2 o’clock 9.8 10 o’clock 7.9 
3 o’clock 3.5 1 1 o’clock 5.0 

Injury Priority Analysis 4 o’clock 0.0 12 o’clock 36.9 
5 o’clock 0.1 Nonhorizontal t6.1 
6 o’clock 0.7 Unknown 10.4 An analysis of the National Accident Sampling System 7 o’clock 0.3 

(NASS) data for 1980 and 1981 places the cost of 8o’clock 1.2 TOTAL 100.0 
individual or aggregated groups of injuries in perspective 

relative to the cost of society for all AIS 2-6 injuries to 

automobile occupants. The NASS files were first aug- Table 3. IPR distribution by delta V 
merited to incorporate an impairment factor that goes 

-- 
beyond the Abbreviated Injury Scale (A1S) by taking Delta V Distribution Delta V Distribution 
into account the consequences of an injury as determined (%) (%) 
by two panels of physicans as well as a percentage 

impairment based on American Medical Association 
1-5 mph 0.1 41-45 mph 1.5 guidelines(2), Then a factor was generated from an 6-10 mph 0.6 46-50mph 0.0 

economic cost model to account for expected lifetime 11-15 mph 2.0 51-55 mph 2.7 
16-20 mph 4.3 >55 mph 3.8 earnings had an individual person not been injured. The 
21-25 mph 7.0 Unknown 68.9 impairment factors for the actual NASS injuries were 
26-30 mph 4.9 multiplied by the expected earnings factors for individual 
31-35 mph 2.6 TOTAL 100,0 injured persons to create an Injury Priority Rating (IPR). 36-40 mph 1.5 

These IPR’s were then aggregated by body region, ~ 
direction of force, and delta V and expressed in terms of a 

percentage of total IPR. Tables 1 through 3 show these 
2. Thecombinationofthechest, back, andabdomen distributions, which indicate the relative contribution of 

body regions accounts for 28 percent of the ! PR 
each grouping of injuries to the total societal cost of 

to passenger car occupants. injuries to automobile occupants. It should be noted that 
3. Over one-third of driver IPR occur from collisions 

the occupants sustaining these 2,262 injuries were nearlv 
with a 12 o’clock direction of force. One-fifth 

ait unrestrained. 
~ 

result from collisions with nonhorizontal direc- 
The primary conclusions from these and further 

tions of force. ..... 
bivariate analyses are as follows: 

4. Oblique side collisions account for more IPR 1. The combination of the head, face, and neck 
than direct side collisions. This applies both to 

body regions accounts for 60percent of the IPR 
drivers and to right-front passengers. Thus, 9 

to passenger car occupants, 
o’clock collisions account for 4.3 percent of 
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driver IPR but 10 and 11 o’clock collisions 
One solution to the shortage of cases for analysis is to 

account for 11.9 percent. Similarly, 3 o’clock 
incorporate additional years of NASS. It is hoped that 

collisions account for 9.4 percent of IPR to 
the 1982 NASS data can be added to the existing data 

right-front passengers; 1 and 2 o’clock collisions 
structure so the analyses reported here can be run with 

account for 19.2 percent, 
additional confidence and perhaps be extended to include 
such issues as contact point in more detail. Another 

5. Using only known values of delta V, 84 percent 
of the driver IPR with a 12 o’clock direction of 

solution would be to revise the threshold for theinclusi°n 

force result from severe crashes, i.e., those with a 
of cases in the NASS system or to sample at higher rates 

delta V greater than 20mph. For right-front 
cases in which injuries greater than AIS 1 are sustained: 

could be combined with 
passengers, the figure is 97 percent. However, it 

Such a revised sampling scheme 

should also be noted that, for cases with known 
reducing the amount of investigation carried out on cases 

delta V, 81 percent of driver 1PR and 77 percent 
with no injuries or m~nor ~njurles. 

of right-front passenger IPR was attributable to 
Finally, the reader should bear in mind that the model 

crashes with a delta V of 45mph or less. 
used here is not cotnpletely satisfactory. In particular, it 

...... 6. Again, using only cases with known delta V, 66 does not take into account the fact that a single person 

percent of driver IPR for injuries to the head, 
may have sustained more than one injury. It is hoped to 

face, and neck result from severe crashes. For 
pursue the development of a multi-injury model in the 

injuries to the chest, back, and abdomen, the 
future. 

comparable figure is 81 percent; for injuries to 
For further details on this analysis, see Carsten and 

the upper extremities, 45 percent; and for injuries 
O’Day(4). 

to the lower extremities, 93 percent. Thus, one 
might conclude that, for drivers, serious injuries 
to the upper extremities are the easiest to prevent Review of Dummy Design and Use 
because a higher proportion of them occur in less 

severe crashes. Next would come the combination 
: of the head, face, and neck, followed by the Dummy User Survey Results 

combination of the chest, back, and abdomen, 
..... and last the lower extremities. A survey of users of the Part 572 and Hybrid III 

7. Comparison of IPR with the earlier Harm 
dummies was taken to determine the problems these 

model(3) indicated that the two models were in 
users have encountered and their preferences for changes 

complete agreement in assigning relative priority 
and improvements in dummy design. General topics 

to the directions of force in the 1980 and 1981 
included mechanical design, serviceability and main- 

NASS data. When ranking body regions, how- 
tenance, durability, certification, repeatability and repro- 

was 

ever, the I P R model gives higher priority to the ducibility, and ease of use. The survey questionnaire 

head, face, and neck, and correspondingly less 
made available to a wide audience through NHTS , 

prominence to the chest, abdomen, and ex- SAE, ISO, and various individual contacts. 

tremities. This is because of the relatively severe 
Responses were received from 38 individuals repre- 

long-term consequences of injury to the head, 
senting 29 organizations. The affiliation of the 38 

face, or neck. 
respondents can be categorized as follows: 

Because of limitations in the data, it was not always 7 U.S. vehicle industry 

possible to depict, to the extent desired, the crash 
9 Foreign vehicle industry 

environment in which the IPR to the various body 12 U.S. government 

regions was incurred. In particular, the high rates of 
4 Foreign government 

missing delta V meant that analysis of crash severity was 
2 Dummy manufacturing 

often not possible. Another concern is with the compara- 
4 Independent research 

tively small number of occupants in the NASS files that 
Throughout the responses to this survey, a strong 

sustain serious injuries. The 1980 and 1981 NASS files 
emphasis was placed on the need for a durable, stable, 

combined have only some 2,262 injuries ofseverity AIS 2 
and repeatable test device, even at the expense of 

or greater to passenger car occupants.2 These injuries are 
biofidelity. The lack of enthusiasm for an omnidirectional 

sustained by 1,262 occupants. There are a total of 15,378 
dummy, expressed by several respondents early in the 

passenger car occupants in the combined 1980 and 1981 
survey, seemed to be based on an assumption that such a 

files. Thus, 92 percent of the occupants sustain no 
dummy could not be made to be as repeatable and 

injuries, injuries of AIS 1, or injuries of unknown 
reliable as a unidirectional test device, while retaining a 
suitable simplicity of design. Comments in later sections 

severity: of the Survey clearly indicated that considerable time and 

2This figure includes some injuries originally coded with an AIS of 7. 
effort were required to prepare the Part 572 dummy for 
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testing, and that between-test repair, replacement, 
primarily onrigid-bodymechanicalmodels. Thedummy 

adjustment, and recalibration were frequent necessities, 
response simulation presented later uses a lumped-mass, 

As the survey proceeded from theoretical design to more 
chain-linkage, dynamic simulation software package hands-on issues, the number of respondents decreased, 
consisting of rigid masses connected at joint structures. but the conviction and level of detail of responses 

Details are given in the full report(7) of the body 
increased. 

linkages used in the simulation, as well as data sources 
Resp°ndents were generous with their advice as to how 

and methods for determining the segmentation of the life with an anthropomorphic test device could be made 
shoulder, neck, thoracolumbar spine, and thorax. Of 

easier. Designed-in means were needed for holding onto 
particular importance are (1) the division of the tradi- 

various parts of the dummy for transporting, positioning, 
tionally rigid thorax into one rib cage, three spinal, and 

and storage and for holding it fixed in space for 
two shouldersegments, and (2) the approach ofcoupling certification tests. Also needed were visible indicators of 
the rib cage to the spine to achieve mobility and rotation 

the dummy’s mternal structural configuratmn and segment of the thorax with respect to the spine. 
centers of mass. Joints were singled out as the assemblies 

Mobility and range-of-motion data are in fair supply in particular need of redesign. In addition, it was made 
only for static mobility and voluntary motion. In other 

clear that the performance characteristics of a dummy 
words, it is possible to estimate how far the segments can 

must be built up from the smallest components, but that 
move with respect to each other before subjects say 

performance checks of components in their assembled 
"°uch"°rbeforeoutsideforcingagents must besupplied state were also necessary, 
to produce further motions. Similar quantitative data for 

After reviewing the responses of this international 
dynamic mobility (dynamic motions votuntarily made or 

group of dummy users, the term "advanced" in AATD 
those that occur under the influence of an outside forcing 

begins to take on a broader meaning. Not only is there an 
agent, such as a deceleration device) are virtually non- 

opportunity here to advance the state of the art with 
existent, except for the neck and, perhaps to a more regard to humanlike response and innovativeinstrumen_ 
limited extent, for the thoracic and lumbar spines. 

tation techniques, but there is a necessity to make 
Dynamic torque data are not yet available for the significant design and materials improvements that will 
thoracic and lumbar regions. 

result in a more durable, repeatable, and trouble-free 
Other data necessary for simulating a dummy in a dummy. 

crash environment include force-deformation charac- 

teristics of various body regions and data on the crash 
Anthropometric Data and Biomechanical event itself. Data sources included project literature 

Response Simulation for AATD Design reviews, accident data analyses, and vehicle specification 

packages. 

This section indicates the anthropometric data available Regarding the status of the anthropometry data base, 

foruseindevelopingdesignspecificationstbranAAYD, it was concluded that the mass and postural data are 

The use of these data is also demonstrated in a limited available, but body segmentation needs to be refined to 

simulation of dummy response using the CAL-3D crash include spinal and shoulder girdle masses. The data base 

victim simulation code(5). The parameters of particular on joints also needs to be expanded to provide torque on 

interest are those associated with spinal flexibility and joints versus relative angle of the segments. The most 

shoulder mobility, which are shown to play a major role pressing need is for additional information on spinal 

in controlling torso and head motions and applied forces, flexibility and torsion properties¯ 

Anthropometric Data                                  Biomechanical Response Simulation 

Several data resources are available from the recently 
The purpose of this analysis was to study the effects of 

completed dummy anthropometry project on contract 
spinal and shoulder flexibility on whole-body response. 

DTNH22-80-C-07502(6). These include mass and inertial 
Degrees of freedom not found in current dummies were 

properties, body surface shape, seated posture, estimations 
added to the linkage model. Comparative results for stiff 

f~)r the location of the bony structure, joint locations, and 
and flexible joints between the thorax components are 

range of motion at the various joint structures. These 
presented for belted and unbelted occupants. 

data are all static and are for a midsized male driver in an 
Figure l shows the difference in head excursion for 

average vehicle-seated posture. Mass and inertial 
3-point-belted occupants with a flexible three_link thoracic 

properties are given for a traditionallinkage and segmen- 
spine versus a stiffer linkage similar to that used in 

ration of the body in the static-seated posture. The 
current dummies. The positions are those at lOOms, and 

mechanical term "linkage" implies the available data are 
the more restricted forward head excursion with the stiff most applicable to dummies or simulations based 
joints is apparent. For the unbelted case, there was a 
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Hybrid Ili also possesses humanlike hard-impact forehead 

-- ~,~b~*,ho,oc~c~p~n, ~ 
response and midsagittal neck bending response. As 

..... s,~ff~o,~c~ 

~ 

presently configured, the Hybrid Ili has the greatest 
f = I00 ms 

measurement capability of any ATD, with 44 data 

channels. 
The SID was developed more recently than the Hybrid 

II1 and represents a modification of the chest region only 

in an otherwise standard (nonbiomechanical) ATD. The 
SID was developed to provide lateral chest response 
biofidelity under rigid and padded impacts. The shoulder 
response is included in the chest response, and, as a result, 
the design has no separate shoulder structure. The 

remainder of the SID structures are standard Part 572. 
Except for additional chest walt accelerations and lateral 

chest displacement, the SID has the same measurement 
capabilities as the Part 572 ATD. 

’ Both the Hybrid Ill and the SID are examples of 

Figure 1. Effect of thoracic spine flexibility, belted ATD’s intended for use in restricted test conditions 

case and/or directions, and as such they have only limited 
biofidelity in the principal directions and none in other 

marked reduction in the force of interaction between the directions. One of the most serious deficiencies of both 
thorax and the steering wheel when the shoulder masses ATD’s centers around the designs of the thoraxes, both 

were uncoupled from the thorax, even when the spine the rib cages, and the spines. The IPR analysis has 

remained stiff, indicated the great importance of the head and chest as 
It is clear from these exercises that crash victim primary sources of injury, disability, and death of 

simulation software can be used to study the effects of unrestrained occupants. The development of effective 

changing dummy design parameters. Specifically, it was countermeasures to minimize injury to these regions 

shown that the addition of thoracic spinal flexibility has depends strongly upon having an ATD that produces 
major effects on the crash victim motion. This is realistic responsesintermsoftrajectories, contactp°ints, 

particularly noticeable in head excursion increases of and loadings. The combination of rigid thoracic spines 
several centimeters for belted occupants. In addition, it with present neck designs (including that of Hybrid III) 

and inadequate thoracic rib-cage conformability are 
was shown that the uncoupling of the shoulder masses 
from the thorax has a major effect on the interactions of a producing head contacts and chest/steering-system inter- 

crash victim with vehicle structures forward of the actions that are quite unlike those in real-world crashes. 
occupant, such as the steering column and the instrument All present ATD designs are quite inadequate in this 

panel, respect in the crucial head/torso regions for frontal, 
lateral, and oblique impacts. The lack of realistic con- 

ATD Critique 
centrated load response in the Hybrid III and SID chests 
is compounded for the case of shoulder-belt loading. 

A review of current ATD designs was made from the Neither chest exhibits humanlike stiffnesses at the lower 

standpoint of biofidelity, measurement capability, direc- 
loading rates associated with belt restraint systems. This, 

tionality, and impact testing performance. Details by 
again, will have an influence on both chest deformations 

body region can be found in Melvin et al.(7). Although a 
and head trajectories. 

wide variety of currently available test devices was 
To illustrate the improvement in overall effectiveness 

reviewed, primary emphasis is given here to the Hybrid 
of an AATD with omnidirectional response and measure- 

III and the Side Impact Dummy (SID), since they 
ment capability inthe frontal-to-lateratrange, an analysis 

represent test devices currently in use in research and 
was made of the Hybrid 11I, SID, and AATD based 

development testing in the United States. 
solely on measurement capability and directionality. 

The Hybrid Ill was developed over 10 years ago, and 
Direct-impact biofidelity was not taken into account. 

its design is based on biomechanical knowledge available 
The l PR distribution for each body region (Table l) was 

at that time. It is a frontal-loading-only ATD whose 
multiplied by the measurement capability of each ATD 

design represents an evolutionary improvement over 
for each region, based on a rating of complete (!00 

conventional ATD design. For example, the rib cage uses 
percent) to partial (75 percent and 50 percent) to none (0 

the same design as the previous Hybrid II, but with 
percent). This product was then apportioned according 

altered structuralstiffnesstoproduceahumanlikeimpact 
to the distribution of IPR to these body regions by 

response to midsternal moving-mass impactors. The 
direction of impact force. This process gave an estimate 
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of the proportion of the I PR addressed by each ATD in a 
--~ 

given direction. An overall effectiveness of an ATD could 
’ ~.~. 

then be estimated by summing these IPR proportions for 

the range of directions from frontal to lateral. 

For the left-front unrestrained driver position, it was 
[] 

judged that ti~e combination of Hybrid III and SID 

ATD’s could address directions l l, 12, and 1 o’clock 

(Hybrid IIl) as well as 9. 10, and 3 o’clock (SID). The 

potential gap in the oblique direction between 10 and 1 t 

o’clock is ignored to give the Hybrid IIIiSID the benefit 

of the doubt. The 2 o’clock PDOF, however, is not 

included because the SID is judged to be kinematically 

ur~retiable in far-side oblique impacts. In comparison, the 

AATD will be able to continuously address the full range 

of PDOF from 9 through 3 o’clock in a clockwise 

direction. In addition, the more extensive measurement 

capability to be available on the AATD will provide a 

higher level of injury assessment capability in those 

directions. Based on the above considerations, the AATD 
was found to address 90.5 percent of the total IPR (see 

Figure 2), while the combination of the Hybrid Ill and 

SI D addressed onty 43.4 percent. The AATi) would thus 

\ \ ~.~.~ ,.,~. 
/    , 

be twice as effective as the combination of the two present 
,_. / / 

ATD’s. 
Figure 2. Estimated effectiveness of Hybrid III,SID, and 

ATTAD for unrestrained left-front occupants 

Technics! Characteristics and by principal direction of force (percentages 
denote proportion of horizontal force IPR in 

Design Concepts each direction) 

This section brings together the results of our various 
analog tapes and then digitized and coded at reviews and analyses of accident data, biomechanical 
U MTRI data, and other technical data to establish technical 

3. Fifty-eight tests conducted, digitized, and coded characteristics and to propose design concepts for the 
at UMTRI that included 26 NIOSH head axial AATD and its data processing and certification systems, 
impacts, 14 MVMA head side and frontal it is first necessary, however, to present a brief description 
impacts, t I G M whole-body sled tests, and 7 of a ma.ior activity to develop a unifbrm biomechanical 
GM shoulder impacts data base. 

4. Twelve Heidelberg frontal and lateral sled tests 

and 5 FAT tests conducted at Heidelberg, both Biomechanical Data Base 
tapes having already been formatted 

In addition, high-speed movies from 10 UMTRI 
Our ability to generate response corridors for specific 

thoracic tests were analyzed, and film readings were body regions, but particularly for the chest, depended on 
reformatted as sp~acement signals and incorporated "di .... the existence of a large data base whose signals could be 
with their corresponding sensor data. Finally, 10 

analyzed in a uniform manner. Both previously unpub- 
Heidelberg tests containing 9 accelerometer signals were 

lished data and those published data that warranted 
converted to the standard anatomical reference frame. 

reanalysis were identified, consolidated, categorized, and 
Various parameters were used as the basis for classi- 

recoded or given additional coding as appropriate. A 
fication of the tests. These included (1) restraint type or 

tota~ of l, 190 tests were initially identified by test number 
impact surface, (2) severity of impact, in terms of impact 

and source as candidates for inclusion in the data base. 
velocity, (3) injury level, in terms of AIS rating, and (4) 

However, we were able to obtain and include adequate 
the subject size and condition. Test signals were further 

data for only 241 tests, consisting of the following: 
subdivided by body area, including the head, chest, spine, 

1. A nucleus of 97 tests obtained from NHTSA that 
shoulder, and lower extremities. Once these groups were 

were already coded in the standard NHTSA 
established, spectralanalysis of each group was conducted 

biomechanics tape format 
to determine an appropriate filter to use for preprocessing. 

2. Four A PR facial impacts and 41 ONSER pelvis 
A procedure was developed to extract filter characteristics 

impacts that were obtained from France on 
from the available pool of signals, and filter corners and 
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slopes were obtained [or the near side and far side of 
the AATD would be used unrestrained in such severe 

impact for the chest and head. The area determined to 
environments only if the vehicle structures and interiors 

have the highest priority for response characterization 
to be tested incorporated advanced crashworthiness 

was the thorax, and thus emphasis was placed on 
technology. Thus. these delta V levels are taken to be 

generating corridors for rib and sternal accelerations, 
upper-limit exposure levels for the velocity of interaction 

Summary data plots of chest response for a variety of test 
with protective interior systems. The AATD will also be 

conditions (shoulder belt. airbag, rigid wall. and rigid 
designed for upper-body vertical [superior-inferior) 

disc) were prepared, the data having been filtered and 
impact associated with nonhorizontal collisions. Such 

mass-scaled. These are the basis for the performance 
collisions account for 18 percent of all IPR with known 

specificatio ns of t he chest. 
PDOF. 

Measurements to be made by the AATD are based on 

an analysis of ideal versus feasible measures. This 

AATD Technical Characteristics and Design      analysis identified measures that would be desirable for ini ury assessment, g~ven that an ideal test device could be 

Concepts developed that could reproduce all the anatomy and 

The AATD will be designed to provide omnidirectional 
bio mechanical responses of the human body, These were 

response in the range of ~ 90° from the front in the 
tempered by the state-of-the-art of measurement tech- 

horizontal plane. This accounts for virtually all the 
nology, and measurements were determined that would 

horizontal collision IPR and 82 percent of all IPR with 
be consistent with the AATD design concepts for each 

known principal direction of force ~ PDOF]. The exposure 
body region. These measures are included in the following 

severity levels associated with cumulative values of 85 
summaries of the desired technical characteristics and 

percent of the IPR are delta V’s of 50mph for frontal 
associated design concepts for the AATD. schematically 

im pacts and 30m ph for lateral impacts. It is expected that 
presented in Figure 3. 
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Figure 3. AATD design concepts 
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Head                                                 spine, based on cadaver impacts, are the basis for this 

response requirement. 
The head will have biofidelity of response for fi-ont, side, 

The thoracic and lumbar spine system will have 
and top rigid impacts as well as facial impact response 

biofidelity of midsagittal flexion and extension bending 
biofidelity. Head instrumentation will consist of an array 

response based on static tests on human volunteers. The 
of 12 linear accelerometers to provide complete three- 

spine system will provide for adjustment of the initial 
dimensional impact motion measurement as well as 

spinal configuration. Six-axis load measurement (three 
direct head center-of-gravity translational acceleration 

moments and three forces) will be made at the base of the 
measurement. Certification testing procedures for head 

head, the base of the neck, and the base of the spine to aid 
response will not require disassembly of the AATD. 

in the interpretation of body loading from advanced 
The head will have a featureless face to aid in 

restraint techniques. 
producing repeatable impact response. In addition, the 

The spinal structure will consist of a series of rigid links 
facial structure wilt be designed to produce realistic head 

connected by joints at selected anatomical points. These 
acceleration responses when the head is impacted in the 

joints will have omnidirectional motion capability and 
face by a rigid mass. This face will be a durable structural 

will be located at the head / neck junction, base of the neck 
element that can, however, be removed and replaced with 

(C7iT 1), upper thorax (T4iT5), middle thorax (T8/T9), an optional frangible insert for determination of thcial 
lower thorax (T12iLt), and base of the spine (L5iS1): 

bone fracture. The overlying soft tissue simulation of the 
Range-of-motion requirements in the cervical spine (75° face would similarly be replaceable with a lacerable 
flexion, 90°extension)requiretheintroductionofathird option, 
neck joint near the middle of the cervical spine (C4/C5). 

TheskulloftheAATDwillbeofcastaluminumwith This joint will also incorporate provisions for neck 
the front, side, and top sized to producei in conjunction 

torsional stiffness and axial stiffness control. 
with the scalp material, biofidelity of rigid impact 

The spine segment between TI and T4 will provide the 
response. The base and rear structure of the skull will be 

structural attachment for the shoulder, and the thoracic 
separate from the front/side/top structure and will be 

structure will be attached to the T5-T8 and T9-T12 
designed as a mounting structure for a 12-accelerometer 

segments. Provisions will be made at each joint to allow 
motion measurement array made up of four triaxial 

adjustment of the initial configuration through the use of 
accelerorneter units. As such, the base and rear structure 

wedge-shaped rigid blocks that can be inserted and 
will be very stiff to preserve the accelerometer alignment 

fastened in place. 
during rigid impacts to the head. The array will be 

Six-axis load cells will be used at the top of the neck, 
configured to put one of the triaxial units at the head 

base of the neck, and base of the spine to allow 
center of gravity for direct measurement of translational 

assessment of spinal loading due to restraint system 
acceleration at that point and for subsequent HIC 

inputs. 
determination. The base of the skull will also serve as a 

mounting structure for a six-axis neck load cell. 

Shoulder 
Spine 

The shoulder will have a clavicle structure to carry 
The spine will be designed as a total system from. the base shoulder belt and steering wheel impact loads but will 
of the head to the top of the pelvis. Spinal flexibility will also offer low lateral load resistance for side impact. The 
be provided tbr the cervical, thoracic, and lumbar spine lateral stiffness and range of deflection of the shoulder 
segments. The neck section of the spine will have will be matched to mean cadaver response. The shoulder 
biofidelity of response for frontal, lateral, and oblique linkage will be designed to reach its lateral deflection 
indirect impacts. The specifications for these responses limit slightly after the chest reaches its lateral deflection 
are based on analysis of human volunteer sled tests, limit. 

iFhese data provide static neck joint stiffness characteristics 
m bending (flexion, extension, and lateral); axial loading 

(tension and compression), and torsion, as well as 
Thorax dynamic head/neck junction bending moment/head-to- 

torso angle responses for flexion, extension, and lateral 
The thorax will be designed to provide biofidelity of 

loading and accompanying head trajectory requirements, 
response to frontal impacts for rigid disc, shoulder belt, 

An additional requirement wil! be placed on matching 
and airbag loading conditions. Side impact response the superior-inferior response of the head/neck system 
biofidelity will be required for rigid disc and rigid wall due to impacts to the top of the head. The mean force- 
impacts. The response requirements will be met for time and acceleration-time responses of the head and 
different rates of loading as welt as for different types of 
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loading. The response specifications are based on      Pelvis 
volunteer tests at lower impact severities and on cadaver 

tests at the higher levels. Mean impact force-time and 
The pelvis and its associated covering will be designed to 

acceleration-time corridors for all types of direct thoracic 
exhibit rigid impact response biofidelity, based on mean 

impacts and force-deflection corridors for rigid disc 
force-time and acceleration-time corridors for cadavers 

impacts are the primary specifications. They will be 
in lateral impacts, and will have humanlike mass distri- 

bution. It will also be instrumented to sense lateral 
supplemented with static load-deflection data on volun- 
teers. Thoracic cage deformations will be measured at 

loading. The pelvic structure wilt be designed as a simple 

multiple locations to allow the’assessment ofglobal chest 
geometric shape for the purposes of (1) providing a 

............. lightweight, rigid structure for tying the extremities and 
.......... deformation and deformation rates. 

The thorax structure will have a thin, flexible, mono- 
torso together, (2) allowing lateral pelvic and hip joint 

lithic shell to define its shape and to provide load 
toad measurement, and (3)providing a protected space 

distribution. Thisshellis not intended to carry significant 
for housing a future data acquisition system. The 

load and therefore will not have an influence on thoracic 
anatomical details of critical points for proper restraint 

response. The response elements in the thorax will be an 
system engagement and interaction, such as iliac bones 

array of fluid-filled bag compartments within the shell, 
and ischial tuberosities, will be provided for only where 

Each bag will be constructed of cord-reinforced rubber 
needed. The mass of the pelvic structure and the accom- 

and will represent a flexible, constant volume reservoir, 
partying soft tissue mass and stiffness will be matched to 

There will be five bags on each of two levels, compart- 
provide lateral impact biofidelity. 

mentalizing the chest into upper and lower levels with 
frontal, lateral, and oblique sections. Each bag will Lower Extremities 

communicate with a common gas-pressure-controlled 
reservoir (accumulator) through a single orifice into that The legs will have knee/femur/pelvis impact biofidelity 

reservoir. One-way flow-control valves will be provided in rigid knee impacts and will have humanlike skeletal 

in the passages from the individual bags to the reservoir mass distribution. Soft tissue coupling to the skeletal 

to prevent flow from one bag to another instead of into structure will also be humanlike in response, and the knee 

the accumulator. The bag volumes, the accumulator fluid structure will have realistic geometry. Six-axis load 

volume and gas volume, the accumulator initial gas measurements will be made in the femoral shafts, and 

pressure, and the orifice size will be adjusted to produce multiaxial loads will be measured in the lower legs. The 

the desired thorax response. The compartmentalization extremity joints will be single-axis planar joints or 

of the chest will allow positional variation of local combinations of such joints to achieve appropriate 

response to better match human response to asymmetric degrees of freedom. The ranges of motion of the joints 

loads such as those from shoulder belts, will be humantike, and the resistance characteristics will 

Each bag will have a pressure transducer mounted in it be adjustable to achieve resistance ranges from 0 to 2G. 

as will the gas section of the accumulator. The bag The resistive torque-angle response will be humanlike as 

pressure transducers will indicate the region of loading will the joint stop characteristics. 

and the loading rate (related to flow rate) from the 
resistance to flow. The central accumulator gas pressure 

will indicate total global deformation of the chest 
Flesh 

independent of the region of loading. The use of well- 
defined materials, such as silicone fluids and nitrogen 

The flesh will be developed in conjunction with the 

gas, to control response will minimize repeatability, 
underlying skeletal structures to insure proper overall 

reproducibility, and temperature sensitivity problems, 
system response, including tissue shear mobility in critical 
loading areas such as the buttocks and upper pelvis. The 
durability and stability of the flesh materials will be given 

special consideration. 
Abdomen 

The abdomen will be a deformable system with dynamic 

response biofidelity based on the mean rigid armrest 
Data Processing 

load-deflection response of laboratory-impacted cadavers. 

The deformations of the abdomen will be measured at 
The data acquisition and processing techniques that 

multiple locations to indicate the degree of abdominal 
are currently used by crash and sled testing facilities to 

intrusion in frontal and lateral loading. The abdomen 
measure anthropomorphic dummy response data during 

will be of similar general design as the thorax but with 
impact testing were reviewed, and a number of recom- 

only three fluid-filled compartments, lower control pres- 
mendations are given regarding the development of an 

sures, and a softer outer covering, 
advanced dummy instrumentation system. 
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Based on the projected data channel requirements of 
Table 4. Advanced dummy instrumentation from 72 to 100 data channels on-board the advanced 

requirements 
dummy, and based on the present size of state-of-the-art 

instrumentation, the development of an on4ummy instrumen_ Amplitude Linearity 2.5% ration system is recommended. This system should be Amplitude Resolution 
12 bits (0.02%) designed to include integral memory but with capability Time Linearity 1% 

Time Synchronization          0.1 ms to conveniently expand record times through use of 
Time Zero Offset 0.1 ms external memory. The on-dummy instrumentation should 
Sample Rate 

8000 Hz be developed as a microprocessor-based system to perform 
Record Time (per channel) 

500 ms on-dummy analysis and control functions as well as to 
Channel Capacity 72 expandable to 100 allow transfer of measured data to an external computer- 

-- 
based test set. The on-dummv microprocessor would also 

function to perform self tests of individual data channels 
Table 5. Environmental specifications 

under both internal and external control. 
A microprocessor-based external test set should be 

Parameter Design Limits developed as an integral part of the advanced dummy 
-- 

instrumentation system. The test set should be designed 
High Temperature ! 80°F. to allow calibration signals to be injected into individual 
Low Temperature -t O°F. data channels on-board the dummy. The test set would 
Temperature Shock 1 700F. also function to perform analysis of data channel response 
H u midity 85% signals. The response signals may result from injected 
Acceleration (linear) 10 G 
Vibration 1 G RMS Random 

calibration signals or actual dummy responses generated 

Shock 500 G 1/2 ms (Head) during dummy certification tests. The test set would 

200 G 1 ms (Chest, Pelvis) allow for rapid turnaround of results to provide pass/fail 
EMI/R~i Standard Industrial indications of channel performance immediately after a 
-- verification test was performed. ~ 

The ad~,anced dummy instrumentation should be 
dummy responses to impact stimuli are both repeatable developed to meet the requirements for data systems as 
and reproducible. A brief review of Hybrid Ill dummy outlined in ISO 6487, Road Vehicles~Techniques oJ 
certification procedures was also conducted. Measurement in Impact 7k’s~’--Instrumentation. In 

Routine certification testing should be done on a specialized cases, as may apply to the nine component 
completely assembled, advanced anthropomorphic head accelerometer array, increased accuracy may be 

dummy. Test procedures should involve dynamic exposure required. The recommended performance for the advanced 
of the dummy to levels that are consistent with the dummy instrumentation is summarized in Table 4. 
automobile crash environment. That is, certification Procedures should be developed for use in calibrating 
testing should mimic the in-use environment to the accelerometers and other sensors. ISO 6487 shotild serve 
maximum extent possible. Test procedures and equipment as a basis for the procedures. At a minimum, the 
must be developed that will allow efficient and rapid fol!owing parameters should be calibrated at 6-month 
testing. intervals: 

On-dummy instrumentation should be used in certi- ® Amplitude linearity at a fixed frequency 
fication testing. It is recognized that additional electronic ~ Amplitude response versus frequency 
measurements may be necessary as a part of new test ~ Phase response 
procedures; however, where possible, the sensors, instrumen- 

The advanced dummy instrumentation should be 
tation, etc., that are a part of the dummy should be designed to meet specified environmental performance 
utilized to provide certification test data. As this instru- criteria. Recommended criteria and suggested limits are 
mentation is part of the dummy, it is reasonable that it summarized in Table 5. 
should also be checked as a part of the certification For further information, see Arendt et al.(8), 
process. However, a complete calibration of sensors is 

not viewed as necessary each time a dummy is certified. 

Rather, a calibration interval would be defined at which Certification Test Procedures 
time all instrumentation would undergo calibration 

according to established procedures. The test procedures currently employed to certi~}’ the 
Performance criteria should include injury measures as .... Part 572 anthropomorphic dummy for use in crash tests 

well as engineering measures. That is, if HIC is used as an were reviewed, and approaches that appear promising for 
injury measure for the head, then a test procedure which use with the advanced dummy are recommended below, 
results in a comparison of an HIC with established error These certification tests are intended to insure that 
bounds should be utilized. This approach results in a 
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better knowledge of error limits on the primary dummy References 
outputs than is currently available. It should, however, be 

noted that measures of response in addition to injury 1. Melvin, J.W., and K. Weber, eds., Review of Bio- 

measures may be desirable and even necessary for mechanical Impact Response and Injury in the 

identification of sources of unacceptable component Automotive Environment, Task B report on contract 

response. DTNH22-83-C-07005, Ann Arbor, University of 

Dummy disassembly and component level testing Michigan Transportation Research Institute, 1985 

should be undertaken only if whole-body testing indicates (in press). 

a problem in meeting response limits. That is, component 2: American Medical Association, Committee on Rating 

level testing should be undertaken as a diagnostic aid in of Mental and Physical Impairment, Guides to the 

determining a specific mechanical item in need of repair Evaluation of Permanent Impairment, Chicago, 

or adjustment. American Medica! Association, !971. 

For further information, see Arendt et al.(8). 3. Malliaris, A.C., R. Hitchcock, and J. Hedlund, "A 
search for priorities in crash protection," Crash 
Protection, SP-513, pp. 1-33, SAE Warrendale, 

.......... Conclusion Pennsylvania, 1982. 

4. Carsten, O., and J. O’Day, Ir~/ury Priority Analysis, 

Past dummy development has been an evolutionary Task A report on contract DTNH22-83-C-07005, 

process. Such a process does not allow for significant Ann Arbor, University of Michigan Transportation 

departures from traditional design solutions, because Research Institute, 1984 (in press). 

each change must take into account its effect on other 5. Fleck, J.T., and F.E. Butler, Validation of Crash 

dummy components that remain unchanged. Although 
Victim Simulator, Vo!. 4, Report no. ZS-5881, 

the best aspects of past dummy designs will be drawn Buffalo, Calspan Corporation, 1981. 

from for the AATD, past designs will not limit the 6. Schneider, L.W., D.H. Robbins, M.A. Pfltig, and 

innovative approaches to its design and development. R.G. Snyder, Development of Anthropometrically 

Only by taking a fresh look at all dummy design concepts 
Based Design Spec~i’cationsfor an A dvanced A dult 

can the desired results be achieved. The technology is Anthropomorphic Dummy Family, 3 vols., final 

presently available to develop an AATD with greatly 
report oncontract DTNH22-80-C-07507, Ann Arbor, 

improved impact biofidelity, measurement capability, 
University of Michigan Transportation Research 

durability, maintainability, and certification ease. Design Institute, 1983 (in press). 

concepts, technical characteristics, and measurement 7. Melvin, J.W., D.H. Robbins, K. Weber, K.L. 

requirements have been developed in Phase 1 for all body Campbell, and J. Smrcka, Review of Dummy Design 

regions. These will be further developed and result in a and Use, Task D report on contract DTNH22-83-C- 

complete prototype AATD by the end of Phase 2. 07005, Ann Arbor, University of Michigan Transpor- 
tation Research Institute, 1985 (in press). 

8. Arendt, R.H., D.J. Segal, and R, Cheng, Review of 
Acknowledgments Anthropomorphic Test Device Instrumentation, Data 
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A New Dummy for Pedestrian Test 

Berti| Aldman and of Chalmers University in G6theborg, Sweden. have 

Janusz Kajzer decided to join efforts to study, design, and validate a new 
dummy for pedestrian testing. The lower part going from 

Department of Traffic Safety, Chalmers Uni- 
the hip joint and below was developed by Chalmers. 

versity of Technology, Gi3theborg, Sweden whereas ONSER was in charge of developing the upper 

Dominique Cesari, 
part. 

Robert Bouquet, and 
R. Zac 

Laboratoire des Chocs et de Biomacanique, General Characteristics of the New 
Organisme National de S@urite Routi~re, Bron, Pedestrian Dummy 
France 

In the agreed specifications, the new pedestrian dummy 
would represent the male 50th percentile for its first 

Introduction version. It would be symmetrical around its vertical axis 
especially to obtain a high repeatability. For this. it 

Improvement of pedestrian safety is considered a would have no arms and only one leg; however, a part of 
priority in crash injury protection. However, analysis of the arm weight would be included in the thorax wmght. 
evaluation methods currently availableshowsthat present This dummy would represent a pedestrian hit on his 
dummies are not able to give a humanlike and repeatable side. The dimensions of the dummy were selected from 
impact response in pedestrian tests(1), the main anthropometric data available(2,3,4,5)according 

For this reason, the Biomechanical Laboratory of to the parameters indicated in Figure 1. Table I contains 
O\SER in France and the Department of Traffic Safety the values of these parameters available in the five 

Figure ~. Dummy gimensions 
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selected publications and the selected values of the same and, if there was a great difference between this value and 
parameters, the width of the body segment, the value of this diameter 

If the choice ofthedimensions along the vertical axis is was adjusted. Table 2 gives the values of the diamcters 

clear, it is much more difficult to choose the values of the determined according to this method. On the basis of the 

diameters of the body segments: it was decided to values of these parameters, it was then possible to draw 

consider the diameter of a circumference having the same the general concept of this new pedestrian dummy as it is 

length as the development of the considered body area(6), represented on Figure 2. 

Table 1. 50th percentile male measures 

References 4 3 2 3* 5 Choice 

Weight (kg) 74 ± 1,4 81.5 73.3 74.55 75 

A Height 178.4 173.7 175.7 175 

B Maximum headwidth 15.49±C.51 15.6 15.6 

C Maximum head circumference 57.!5 ± 1.27 57.6 57.18 48.7 

D Neck width (11.6) 14. 12.1 12~1 

E Neck circumference 38.5 38~05 38 

F Cervical spine height 8.2 8.2 

G Shoulder width 47.47 ±_ 1.02 48.6 47.13 47 

H Acromial distance 40.9 37.1 40.02 40 

I Shoulder length 16.7 15.87 15.8 

J Shoulder angle(°) 21.1 2t° 

K Acromion height (from 146.1 144.04 144 

ground) 

L Back width (between (33.5) 38.9 38.48 39.4 

arms fork) 
M Belt to top of sternum 40.6 39.125 39,1 

N Ground to belt 107.2 105.72 106 

O Belt length (navel level) 83.82 (+-- 2.54) 88.4 84.43 88.4 

P Thickness at navel level - 26.2 26,9 

Q Hip distance (great (37.33) 33.1 37.3 37.3 

trochanter) 
R lilac wings width 35,5 34.85 34.3 

S Ground to iliac crest 105.49 105 

T Ground to great trochanter 94.6 91.76 91.7 

U Belt to 7th cervical 47.2 46.15 45.1 

vertebra 
V Chin to top of head 20.5 20.5 
W Ground to knee joint 46.4 46.4 

X Ground to ankle joint 13.3 13.3 

*values corrected for a 1 985 body size data projection 

Table 2. Values of the diameters 

Humanscale 
Selected Equivalent 

from table Circumference ~ diameter Chosen value 
n° 1 

! 

C..q_ 

Head 156 564 179.5 156 
Shoulder 470 1163 370 400 
Thorax 394 892 284 
(under the arms) 330 
Thorax 983 3t3 
(chest level) 
Pelvis 373 978 311 330 
(great trochanter 

level) 
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1.’ Skull (aluminum alloy) 

," 2. Basis of the skull (aluminum alloy) 

3. Accelerometers support (steel) 
4. Skin (silicon rubber) 

-- 5. Accelerometers 
6. Neck (rubber) 

Figure 3. Head and neck assembly of the new pedestrian 
dummy 

give more flexibility to the neck, the rubber is softer and 

contains chemica! adjuvant that produces a viscoelastic 
~ _ effect, as it was found in the same neck tested in frontal 

Figure 2. New dummy for pedestrian test. impact(7). 

The skull is made of aluminum; its shape is half a 

hollow sphere, half continued by a trunk of cone. 
Part 1. The Upper Part of the Dummy Accelerometers are accessible from the bottom of the 
(From Head to Pelvis) head to avoid a junction plane between the sphere and the 

cone. The skull is covered with a 9mm-thick skin made 

The work for designing the new pedestrian dummy was from silicon rubber. The accelerometers plate allows five 
divided in two parts. Part I includes the description of the accelerometers to be screwed: one at the center of gravity 
head, the neck, the thorax, the pelvis, and the lumbar and four at the periphery with an angle of 90° between 
spine, which were developed by ONSER, whereas Part 2 each. It is also possible to screw another accelerometer at 
describes the work done at Chalmers to design the hip the top of the head. 
joint and the complete leg. The impact response of the head was evaluated in drop 

tests with a drop height of 25.4cm and 50cm. In these 

tests, one triaxial accelerometer was placed at the center .... Design of Head-Neck Assembly (Figure 3) 
of gravity and one uniaxial at the top of the skull. The 

results of these tests arc listed in "Fable 3. The size of the neck is the same as for the Part 572 
As indicated on Figure 4, these results were compared dummy, but the stiffness characteristics are different; to 

with the results of head cadaver tests(8) and with the 
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corridor of the Part 572 specification: if the response of 
~s also possible to measure pelvic acceleration at the 

the pedestrian dummy head is below the Part 572 
center of gravity of the pelvis. 

corridor, it is inside the cadaver response. It is noticeable 
The flesh part is made from three lays of foam glued 

that the head sustained six impacts without damage, 
together and surrounding the internal metallic assembly. 
The thickness of the foam is chosen to give a correct 

external diameter to the pelvis. 
Design of the Thorax The lumbar spine was generally developed for the 

EUROSID(9) and is made from the same rubber as the 
The thorax assembly is made with three identical neck to give a correct erection posture to the dummy even 

wheels as indicated on Figure 5. Each wheel includes a with the soft lumbar spine. The pelvic flesh is in contact 

central vertebra crossed by the spine cable and on which with the lower side of the lower thoracic rim 

is fixed a photocell to measure the thoracic deflection. 

The external part ~s a rigid U-form nm made from 

fiberglass. Inside the rim, a lead plate is fixed to give a Y R Resultant acceleration 

realistic mass distribution, and the rim is attached to the 
40(3 - 

vertebra with a moulded soft polyurethane foam. The 

foam density is chosen to reproduce humanlike force- 
deflectio n characteristics. Between two following wheels, 300 

there is a polyurethane vertebra that allows a bending 

motion at t he tho racic level. All of the thorax is covered 
with a 15mm-thick rubber foam. and the upper rim is 

200 

covered with two other lays to reproduce the shoulders. 

100 

Design of the Pelvis Speed 

The pelvis is made in two main parts: a rigid central 
0 

part attached to the lumbar spine and to the leg and a soft Vtft/sl=0.305V(m is! 

external part simulating the flesh (Figure 6). The rigid 

part is made from two rings attached to a central cylinder 
¯ cadaver test 

through three force transducers at each level. The angle 
Part 572 requirement 

between the force transducers is 120°. The upper rim ¯ .New pedestrian dummy head tests 

represents the iliac wings and the lower one the great 

trochanter. With this system, it is possible to measure the 
Figure 4. Head resulting acceleration at C, G, in drop 

forces exerted at the two levels and from any direction. It 
tests 

Table 3. Results of head drop tests                                       __                        ~ 

Top of Skull                      Center of Gravity Acceleration 

accelerat. 

Tests yz yx YY yz 7R yR HIC Speed 

(3ms) 

TMR 01 128 6.8 11.6 140 140.5 40.2 188 
8km/hT.32ft/sOr 

TMR 02 126 7.8 22 141 141.6 40,0 194 8 

TMR 03 138 7.3 18 150 150.1 42.6 203 8 

average 144 195 8 

01-02-03 130 1 ! .3km/h 

TMR 04 177 8,7 23.6 199 199.4 44.0 386 
or 10.27ft 

TMR 05 185 2.8 17.1 211.4 211.5 37.4 402 11.3 

TMR 06 199 12.5 8.7 225.5 225.7 44.6 425 11.3 

average 212.2 404 11.3 

04-05-06 187 -- 
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LEAD PLATE 

STEEL CABLE 

SOFT VERTEBRA (pla~Lic) 

FOAM 

OEFLECTION TBANSDUCEB 

...... LO_WE~ 

~.     3 FORQE TRANSDUCERS 

............. H__IF J~LU_T 

Pelvis assembly 
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the bumper, hits the pedestrian lower extremities from 
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3. McConville, J.T., and L.L. Laubach, Anthropometric 

Source Book, Vol. 1, "Anthropometry for designers," 
nounced pitchdown of the front end of the car. This dive 

has its maximum about one-quarter of a second after full 
NASA ref. Pub. 1024, 111, pp. 9-67, IV, pp. 22,66, application of the brakes(3). This means the car will 

.......... July 1978. travel quite a distance from the moment the driver first 
4. Society of Automotive Engineers, Inc., Technical observes the pedestrian and decides emergency braking is 

Report J963, SAE, 1968. position. In 
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Clauser, and Jaime Cuzzi, Anthropometric Rela- 
most pedestrian impacts, the bumper will probably not 

have reached its lowest position but will be at or just 
tionships of Body and Body Segment Moments of 

be!ow the level of the knee of an adult pedestrian. 
Inertia, December 1980. 

¯ " ’s 

6. Diffrient, N., A.R. Tilley, and J.C. Bardagjy’ 
Two different positions are posslble for the pedestrlan 

Humanscale, MIT Press, Massachusetts Institute of 
legs at the moment of impact. The swinging leg may be 

Technology, Cambridge, Massachusetts. 
either the one nearest the approaching car or the one 

most distant. The foot of this leg will be off the ground for 
7. Cesari, D., and R. Bouquet, EEC Biomechanics 

: Seminar, Session 4: "Design of ONSER side impact 
80 percent of the time, and the knee of the swinging leg is 

dummy," Bruxelles, Mars 1983. 
more or less flexed during this period. The most probable 

bumper impact point will therefore be on the lower leg 
8. Hubbard, R.P., and D.G. McLeod,"Definition and rather than in the knee region. Since the lower leg is not in 

development of a crash dummy head," Proceedings most of the time, the bumper contact 
18th Stapp Car Crash Conference, Ann Arbor, 

a vertical position 
will probably engage a larger area than if this part had 

Michigan, December 1974. 

9: Neilson, I.D., et al., "The EUROSID side impact 
been perpendicular to the bumper in its plane of motion. 

dummy," Tenth ESV Conference, Oxford, 1985. 
Should the swinging leg be the one most distant from 

the car, this leg will generally first be impacted by the 

other leg and then by the bumper. In either case, the 

Part 2. The Leg (From Hip Joint to impactis probably distributed over a relatively large area 

Foot) 
of the swinging leg. 

If, on the other hand, the bumper first hits the leg 

In normal walking, the feet are lifted one at a time with 
supporting the body, the contact is likely to be on its 

one foot not off the ground before the other touches, 
lateral or fronto-lateral aspect at or just below the knee 

Studies of gait indicate that the body weight is supported 
joint. Due to the nearly vertical position of the leg, the 

only by one leg for about 80 percent of the tota! time(l), 
bumper force will be concentrated over a small area. This 

During this period, the vertical force against the ground 
part of the leg will in a very short time be accelerated at 

varies between 80 percent and 120 percent of the static 
least to the velocity of the car at the moment of impacL 

body weight(2). The reason for this varying load on the 
Inertia of the leg and ground friction will create a bending 

supporting foot is, of course, that the other leg has to be 
moment about the knee, whereby the medial and cruciate 

lifted and swung forward during this period. At the 
ligaments are subjected to tensile and the lateral condyles 

forward swing, the knee of this leg is flexed except for a 
to compressive forces. Shear forces will also occur, and 

very short moment when the heel hits the ground, 
the inertia of the foot in most cases will cause some torque 

Maximum knee flexion is 50° to 60°. From a side view, 
about the longitudinal axis of the lower leg. 

the 
the two legs to a large extent are overlapping during this 

When the leg is forcibly bent in a lateral direction, 

period. In a frontal view, however, the lower legs are 
foot will come off the ground, which will substantially 

separated by some 5 to 10cm when they pass each other, 
reduce the influence of ground friction shortly after the 

Most of the accidents in which a person is hit by the 
first contact. The lateral bending is minimal only if the 

front structure of a passenger car seem to take place in 
point of impact is close to the center of gravity of the 

built-up areas when the pedestrian enters a traffic lane in 
lower leg. 

an attempt to cross the street more or less perpendicularly: 
It seems the worst case would be where the bumper first 

Since most adult pedestrians in this type of accident are 
impacts the leg supporting the body close to the knee. 

elderly, their own velocity is quite low in relation to that 
Due tothe mobility in the hip joint, there is little influence 

of the car. The firstcontactbetweenthetwooccurswhen 
on the pelvis due to the induced rotation of the legs 

the most protruding part of the car front, which is usually 
during this first phase of the impact sequence. 
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The second contact between the pedestrian’s body and also have a similar influence on the kinematics of the the car front will often take place between the hip region 
upper part of this dummy as a human leg would have on a 

and leading edge of the hood. If this contact is at a level 
pedestrian’s body in real-world accidents of this kind. 

close to the p destnan s center of gravity, most of the 
Furthermore, it should be possible during tests with this 

impact energy transferred will result in a translational 
dummy to record the physical parameters considered to 

movement of the pedestrian body. If this second contact 
be the most important injury criteria for this part of the 

is with the thigh, more of the energy will result in rotation 
body. At the present state-of-the-art, these are bending 

of the body in a vertical plane more or less parallel to the 
moments about the long bones and joints, tensile and 

longitudinal axis of the vehicle. The speed at which the 
shear forces at different levels, and torque about the 

upper body hits the top of the hood is, therefore, mainly 
longitudinal axis of the leg. 

governed by this contact. 
To be practically suitable for use under realistic test 

Rotation about thelongitudinalaxis of the pedestrian’s 
conditions, the main dummy parts would have to be 

body may also occur. This rotation is also of importance 
strong enough not to break or distort permanently when 

because the position of the nearest arm and shoulder at 
hit by cars at speeds chosen for these tests. For this 

impact will greatly influence the kinematics of the trunk 
reason, the long bones are simulated by steel tubes with 

and head during this phase of the impact, 
an outer diameter of 44.5mm and an inner diameter of 

When cadavers as well as normal or slightly modified 
36.5mm. 

anthropometric test dummies have been used for simulated 

car-pedestrian impacts, it has been customary to place 

them with their feet separated and the dummy weight The Hip Joint 
more or less loading both legs. This seems to represent a 

very rare accident situation. It does not represent the This joint should attach the leg to the pelvis while 

worst case as far as the risk for leg injuries is concerned, allowing a 30° pendulum angle before contact is made 

and this position of the legs may in some cases induce a between stiffer structures. This angle would correspond 

rotation about the longitudinal axis of the body. to the combined movements of the human leg with 

¯ The presence of arms and shoulders and their construc- special reference to the adduction of the leg closest to the 

tmn will largely influence the later kinematics of these striking car. A ball and socket joint was chosen for this 

bodies. This may be a major source of the large scatter in purpose. 

recorded values of injury criteria often found in such 

tests. The present anthropometric dummies have, there- 

fore, not been considered to be particularly well suited for 

this kind of testing. 

It was mainly for the reasons mentioned above that it 

was decided to design and construct a new type of dummy 

more suitable for the assessment of car front aggressive- 

ness in pedestrian impacts. To reduce as many as possible 

of the identifiable sources of scatter in recorded injury 

cr~terla, ~t was considered advantageous to make the 

dummy rotationally symmetrical about the longitudinal 

axis of the body. To achieve this goal completely, the 

dummy would have to be one-legged and the leg would 

have to have the characteristics of a human leg impacted 

on its latera! aspect. This did not seem to be a great 

disadvantage since the dummy would then always repre- 

sent a worst case impact model. 

Figure 1. The hip joint, 
General Requirements 

The aim of this part of the work was to design and 
The Knee Joint 

construct a rotationally symmetric mechanical repre- 

sentation of the lower extremity of an adult person. The 
To be able to balance the dummy on one leg and at the 

appropriate dimensions were chosen to represent those of 
same time achieve, in all directions, the characteristics of a 50th percentile U.S. male. The model should have the 
a human knee struck from the side, it was decided to 

response characteristics of the leg of a pedestrian who is 
simulate this joint by a cylindrical steel bar inserted in the 

hit from the side by the front structure of a car. It should 
long bones. The bar is made of a standard steel (2172). Its 
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~ 
Figure 3. The thigh segment 

in this aspect and to the dimensions of the pelvis, a cone 

of wood is placed over the steel tube. The soft parts are 

simulated by a 40mm-thick plastic foam with a compliance 
similar to that of human soft tissues, and a vinyl skin is 

used for additional protection. It is believed that by this 

Figure 2. The knee joint design the hood edge of a car will contact this segment in 

a similar way as it would a pedestrian in real-world 

diameter is 8mm. and it is clamped in adjacent ends of the      accidents. 

steel tubes in such a way that its free length is 20mm. 

This bar will undergo p lastic deformation at a bending The Lower Leg 
moment of 70Nm. In a series of tests performed on 
cadaver legs. t his bending moment was found to tear the This segment is 408mm long between the centers of the 

medial collateral a nd the cruciate ligaments of the knee. knee j oint and the ankle joint. It has a mass of 3.8kg. The 

At slightly higher bending moments, fractures of the center of gravity is adjusted to its proper position at 

tibial condyle were also seen(4). The angle of deformation 231 mm above the center of the ankle joint by means of a 

in the knee can. for practical purposes, be used as an lead weight secured inside the steel tube by a pair of 

indication of the level of the bending moment in tests screws. The soft parts are simulated by a 40mm plastic 

performed at the same speed. Since the inertia of the foam. The damping characteristics of this foam are 

lower leg at subsequent impacts can change the angle of chosen to insure that the force pulse shape from a bumper 

permanent deformation in the bar, this angle will have to impact is similar to that recorded in previous cadaver leg 

be determined from film analysis of the sequence, tests. 

The Ankle Joint The Foot 

This joint is similar to the knee joint, but the diameter The length of the foot segment is 8gram and has a mass 

of the steel bar is 6 mm and it has a free length of 20mm. of l. 1 kg. The center of gravity is 30ram above ground 

Plastical deformation of this bar will begin at 40Nm. This level when placed on the simulated shoe. The soft parts 

was found to be the average value in seven tests with are then continued from the lower leg over the ankle joint 

cadaver legs when the foot was forced into rapid pro- and foot. To allow the foot to tilt at tow impact levels on 
nation. As is the case in the knee joint, a rough estimation the lower leg, the lower end of this segment has a 

of the bending moment about this joint can be made from spherical shape. In the center of this surface, there is a 

the angle o f deformation in tests performed at the same steel peg that fits into a hole in the center of the ci rcular 

speed, wooden plate simulating the shoe. The steel peg can 
transfer shear forces to the wooden plate, which has a 

diameter of 170mm. The simulated shoe has a lower 

The Thigh surface of the size of a normal shoe and is covered by 

This segment is 421 mm long between the centers of the rubber. 

joints at the hip and the knee. It has a mass of 8.2kg, The 
The reason for not fastening the "shoe" to the foot is 

center of gravity is adjusted to its correct position at 
that. if the leg is bent. the foot will come off the ground at 

239mm above the center of the knee joint bY means °fa an early stage and leave the "shoe" on the ground to 

lead weight secured by a pair of screws inside the steel 
prevent it from being entangled in the front structures of 

tube. To adapt the thigh’s contour to that of a human leg the car. 
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Instrumentation At impact loading of the lower leg, there is also a 
deformation in the shear mode, and the material will 

’Yen sets of four strain gauges are glued to the metal deform as shown in Figure 6. 
skeleton as shown in Figure 4. Strain gauges in the B 

series are placed on the surface of the tube parallel with its 
- 

l°ngitudina! axis at 0°’ 90°’ 180°’ and 270° °f the 

~-"~ 

circumference. They measure deformation caused by 

bending and shear stress. TI and T2 are glued at right 
angles to each other and at an angle of 45° to the ............ 

longitudinal axis ofthe tube. These measure deformation 
caused by torsional stress. The D gauges are glued in 

pairs at 0° and 180o of the circumference in such a way 

that one pair is parallel and the other at right angles with 

the longitudinal axis of the tube. They measure de- 

tbrmation caused by tensile stress. Figure 6. Deformation caused by dynamic shear ~ress 

221 

~ ~ _ ~ ~ ~z0 ~0 Each B signal has two components. 

~ ~ ~, ~ .. ~ ~ ~ ,~ ~ ~ Signal B’ from above the knee contains +~ and +~s. 

~ , ~ ~ o ~ Signal B" from below the knee contains    and "~s. 

-;’ ~ / ~ ’ ,, Deformation caused by the bending moment is then 

Deformation caused by shear froce is then 
g~gure 4. Distribution of strain ~au~s on th~ I~ B’-B" model 

Ifthc leg model is used in a general way and the impact 2 

direction is not predetermined, 17 channels will have to 

be recorded to enable the more complicated calculations 
In these calculations of bending moment and shear of the various parameters. If onthe other hand the impact 

force, the measured deformation and the material con- direction can be predetermined, e.g., to be from 0°, only 
stants for this model are used. Tensile force and torque !0 channels will have to be recorded and still enable 

calculation of all the parameters, can be derived directly from the deformations (D and T 

~’or calculations of bending moment and shear force signals) and the corresponding material constants. 

Wiring diagrams to be used if the model is impacted about the joint, the signals from corresponding strain 
from a defined direction at 0°. gauges on both sides of the joints are used. Although both 

moments and forces are in fact nonlinear, they can be 

treated here as linear. Since the gauges are placed close to ........ 

thejoints and the masses in these regions are quite small, 

the error in this case can be considered as small. 

A bending moment about a joint will cause deformation 

as illustrated in Figure 5. 

Figur~ 7. Wirino for strain 9au$~s o~ th~ b s~ri~ 

This system is not sensitive to tensile and torsional Figure 5. Deformation caused b~ bendino stress           stress. 
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Bridge A will produce signal Ba and bridge B signal Bb, 

The combined deformation is: I BI = B2a + B2b and 

RS the sign will have to be determined from analyses of the 
........... signals and the state of deformation. 

Conclusion 

This paper gives the results of a first attempt to develop 

a round symmetrical dummy to be used in pedestrian 

tests. 
The dummy is designed according to the latest available 

Figure 8. Wiring for strain gauges of the d series anthropometric and biomechanical data, Its symmetry 

around the vertical axis would allow it to have good 
well as for the injury 

This system is not sensitive to flexural and tensile 
repeatability for the kinematic as 

parameters. It allows a measurement of "uncommon" 
stress, biomechanical parameters that are related to injury 

..... mechanisms. Its leg is instrumented to determine the 

distribution of forces and momenta applied to the leg. 
The several body segments were tested separately, and 

the next phase will be the validation of this dummy in car 

pedestrian tests. 

. 
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Head and Neck Injuries in Human 
Cadavers From Lateral Impacts 

Michael J. Walsh and 
Cadaver selection criteria and the handling and testing 

Barbara J. Kelleher protocols were the same for these experiments as those 
Calspan Corporation described in (1). 

Charles M. Severin 
Test Procedures State University of New York at Buffalo 

The eight cadavers that were exposed to head impacts 
to the hoods of cars were used in pedestrian sled tests~ 

Seven were struck on their left side and one (CM22), 
because of a previous left leg injury, was struck on the 
right side. All of these cadavers were instrumented in the 

Head-neck injuries occur frequentlyinpedestrianand head with a 9 acceterometer head mount (3-2-2-2) occupant automotive accidents even at relatively low 
attached at the apex ofthe skull. There was also a triaxial speeds. This paper describes the results of laboratory 
accelerometer package installed in the mouth of the 

impact experirnents usinghuman cadaversin pedestrian/ 
subjects. The 9 accelerometer head unit (9AU) was 

vehicle impacts and lateral-to-medial head impacts at 
positioned using a Kapfstereotaxic frame that had been 

well-known, controlled speeds. Cerebral trauma, with 
modified for a human skull and measurements of three 

and without skull fracture, is discussed as a function of 
points were recorded in the A-P, M-L, and S-I directions. 

impact configuration and velocity. Cervical spine and 
Using this same device, measurements were taken of 

cord injuries are also discussed with regard to the same 
three points on an extension of the mouth mount. 

parameters. Data presented include impactor mass and 
Accelerometers for the mouth were affixed to a dental 

velocity, head acceleration measurements, complete 
impression tray, and the tray was secured in the mouth 

autopsy and dissection results, and the clinical evaluation 
with an acrylic resin. 

of the effect on a person of the observed trauma. 
The 10 cadavers exposed to the lateral-to-medial head 

Eighteen cadavers have been exposed to lateral-to- 
impactor tests were also instrumented with the 9AU 

medial head impacts by two mechanisms. Eight of the 
mount on the apex of the skull, but the mouth mount was 

subjects were exposed to pedestrian impacts wherein 
not used during theseexperiments. The impactingdevice 

their head contacted the hood of the striking vehicle, and 
was a flat-faced, 521b, linearly accelerated ram with its 10 were subjected to linear impactor tests in which the 
vertica! centerline aligned on the Frankfort plane. The head was struck by a 521b irnpactor with a flat faceplate 
striking surfaces ranged from 28in2 (6in diameter), 54in2 that was rigid for some experiments and padded for 
(6-3/4in by 8in rectangle, to 80in2 (Sin by 10in rectangle). others. The presentation and discussions of these experi- 
All Of the impacts were to the left side of the head of the 

ments in this paper will be directed toward the clinical 
subjects. Eight experiments were performed with t!,e bare 

results and evaluations of the trauma observed in the 
aluminum face of the impactor striking the lightly 

brainsofthecadaversinadditiontothemeasurementsof shrouded head, and two were performed with foam 
accelerations and the calculations of the Head Injury 

padding covering the hard aluminum face plate. With the 
Criterion (HIC) values. It must be understood at the 

exception of two exposures, the velocity at impact was outset that while lesions in areas of the brain can be 
held at approximately 13fps. The exceptions were a 7fps 

determined in impact experiments using human cadavers, 
impact chosen to obtain a data point at the impact 

and the bodily functions that would be affected by the 
velocity used in test dummy certifications and an 1 lfps 

lesions in these various areas can be identified, the extant 
impact as an intermediate point. Table 1 presents infor- 

functions over a period of time cannot be determined, 
mation on the tests performed. 

Even with sectioning of the brain and quantification of 
For the impactor experiments, the cardiovascular the depth (for example) of the trauma in a given area, it is 

system of the brain was pressurized. The procedure used 
not possible to ascertain the level of recovery that a living 

was one in which a catheter was inserted bilaterally into 
subject might be capable of achieving. It is the belief of 

the internal carotid arteries to a level of ½in below the 
the authors, however~ that the reporting of the types of 

base of the skull. The external carotids were ligated, and .... 
trauma to the brain and the functional impairment that 

the internals were tied around the catheters to form a seal. 
may be realized (even qualitatively) from specified im- 

Dianeal, with a mixture of India ink and Toluidine blue, pacts is important as initial data base information for 
was injected and the pressure was maintained and 

dissemination to the transportation safety community, 
monitored during impact. In general, good perfusion to 
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Table 1. Test matrix 

Test Velocity Height Weight 

..... Subject Type fps Padding Age Sex in lb 

CM20 PED 33.0 NONE 72 M 72.0 161 

CM21 PED 29.6 NONE 77 F 60.0 123 

CM22 PED 28.5 NONE 71 F 62.0 156 

CM23 PED 35.2 NONE 77 M 68.5 155 

.......... CM24 PED 28.0 NONE 46 M 70.0 132 

.......... CM25 IMP 13.2 NONE 55 M 72.0 188 

CM26 PED 35.8 NONE 77 M 68.0 157 

CM27 PED 34.5 NONE 63 M 71.0 194 

CM28 PED 34.6 NONE 79 F 62.0 121 

CM29 IMP 13.1 NONE 71 M 67.0 !51 

CM30 IMP 13.1 NONE 66 M 69.0 185 

CM31 IMP 13.2 NONE 57 M 67.5 161 

........ CM32 IMP 7.3 NONE 60 F 65.5 126 

CM33 IMP 12.9 NONE 70 F 67.0 131 

CM34 IMP 11.0 NONE 55 M 71.0 141 

CM35 IMP 13.1 NONE 69 M 69.0 150 

CM36 IMP 12.8 2.0 IN. 61 M 69.0 160 

CM37 IMP 12.8 1.0IN 57 F 62.0 103 

the brain, by the dye, was noted in all subjects allowing 
vehicle on the left side, would roll onto the hood and 

for an accurate evaluation of impact-induced lesions in 
eventually be in a position where the head and the chest 

the various regions of the brain. This technique had not 
were flat on the hood surface. The forces that had beer~ 

been developed at the time of the pedestrian impacts and 
imparted to the lower extremities of the subject(1) caused 

therefore was not used in those experiments. Post- 
the cadavers to rotate about the neck and put it into 

mortem brain lesions were observed in some of the 
hyperextension. 

pedestrian subjects, but because of the lack of pressuri- 
In this section, the acceleration versus time graphs of 

zation and staining, it is possible that some may not have 
the head impacts are presented along with a computed 

been identified. 
HIC value for each of the 18 cadavers. A narrative 

The velocities listed in Table 1 are the velocity of the 
descriptionofthe observed trauma and a summary °fthe 

.... head in the medial-to-lateral direction at the time of neurological deficit that would be expected from the 

impact with the hood of the vehicle for the pedestrian 
injury follow each graph. An Abbreviated Injury Scale 

tests and the velocity of the impactor just prior to contact 
(AIS) code is assigned for each subject. Table 2 presents 

for the impactor tests, 
the definition of the codes as described in (2). 

The peak acceleration data are resultants computed 

from the mouth-mounted accelerometers in the pedestrian 

Clinical Results (PED) subjects and from the 9AU mount X0, Y0, and Z0 

in the impactor (IMP) subjects. They are filtered at 

Cerebral trauma was observed with and without skull channel class 1000 in accordance with the SAE recom- 
fracture during these experiments. Skull fracture was 

observed in only one of the pedestrian tests (CM23) and 

two of the impactor tests (CM29 and CM35). A clinical 
Table 2. Abbreviated injury scale (AIS} 

description of the trauma observed is presented below 

along with an evaluation of the responses that could be 
Code Description 

expected based on injury to these areas of the brain. As 

noted earlier, the depth or extent of these responses and 0 No Injury 

the temporary or residual impairment of a living person 1 Minor 

cannot be determined from these experiments with 2 Moderate 
3 Serious 

human cadavers. 4 Severe 
Cervical spine injuries were observed in five of the eight 5 Critical 

pedestrian tests. These extension,type injuries were caused 6 Maximum Injury - Unsurvivable in 1980 

by the kinematic responses of the cadaver after the upper Injured, Unknown Severity 

torso and the head had contacted the hood of the vehicle. 9 Unknown if injured 

In these cases, the cadaver, having been struck by the 
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mended practice J21 t b. While it is understood that these 
chain were severed. Cervical vertebra number 6 (CV6) 

instruments are not located at the head c.g., the HIC 
was displaced anteriorly. 

values were calculated for the purpose of having a 
The subject would demonstrate quadriplegia, and 

common reference number. The mouth mount is closer to 
probably be incontinent. He would suffer from permanent 

the e.g. than is the 9AU mount, but in the lateral-to- 
constriction of the pupils and lack of ability to perspire 

medial impacts the head translated laterally almost as a 
around the eyes. The blood vessels in the area of the eyes 

rigid body in these experiments, 
would be permanently dilated causing the skin in that 

The anterior and posterior longitudinal ligaments, 
area to feel hot (Horners syndrome). These injuries 

spinal cord, left prevertebral muscles, and the sympathetic 
would constitute an AIS 5. 

CALSPAN CM20MTH R 25.40 MPH SLD 280 

240 

~ 200 ~- 

0              5              10             15             20              25             30             35 

TIME (MILLISECONDS) 

Figure 1. Acceleration versus time. (CM20, PED, ~.~ps velocity at impact. HIC = 8~) 

CAL~AN CM21 MTHR          25.40 MPH SLD 

0 5 10 15 20 25 30 35 
TIME (M~LLISECONDS) 

Figure 2. Acceleration versus time. (CM21, PED, ~,6fps velocity at impact. HIC 
= 18~) 
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There was a fracture of the cervical spine at CV7. TV1 sensation in the ulnar region of the forearm and hand. 

was also fractured. No spinal cord involvement could be Subarachnoid hemorrhage can cause serious damage in 

determined. There was slight traumatic subarachnoid the living, depending on the duration and amount. It was 

hemorrhage on the interior surface of the right temporal not possible to estimate potential duration and amount in 

lobe. Serial sections of the brain did not show any areas this subject. These injuries would constitute an AIS 3 in 

of hemorrhage, the neck and an AIS 3 in the head. 

The fractures of CV7 and TV1 would involve the Undisplaced fractures were observed at the level of 

nerves of cervical segments (CS) 7 and 8 and perhaps T! CV2-CV3 and CVT-TV 1. The pedicles of CV2 were also 

causing damage to the ulnar nerve, thereby a loss of fractured. The anterior and posterior longitudinal liga- 

CALSPAN       CM22MTHR       24.60 MPH SLD 

0               5              10             15             20              25             30             35 

TIME (MILLISECONDS) 

Figure 3. Acceleration versus time. (CM22, PED, 28.5fps velocity at impact. HIC = 5~1 

CALSPAN CM23HOR       24.~ MPH SLD 

z 

0             5             10            15            20            25            30           35 

TIME (MILLISECONDS) 

Figure 4. ~eeelerat~on versus timm 1C~23, PED, 35.2fps veloeiW at impact. NIC = 3967) 
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ments were torn. Upon removal of the calvaria, there was cranial fossa, the orbital parts of the frontal bone were 
no epidural hemorrhage present. Slight subdural bleeding fractured at the suture between the orbital plate of the 
was present over the brain. There was evidence of slight frontal bone and the lesser wing of the sphenoid bone. 
subarachnoid hemorrhage in the temporal lobes. Slight Examination of the brain did not reveal any identifiable 
bleeding was seen into the ventricular cavity, damage. The epidural hematoma would cause a displace- 

There would be a probable loss of sensation over the ment of the brain and thereby an increase in pressure 
shoulders, on the back of the head, and on the side of the within the cranial vault. The magnitude of these would be 
neck due to the potential nerve involvement in the dependent upon the duration and amount of the 
kinematics during the fractures. The potential conse- hemorrhage. These could not be estimated in this subject. 
quences of subarachnoid hemorrhage noted above hold As noted earlier, however, there had been no attempt to 
for this subject. Also, there was no way of determining pressurize nor maintain pressure on the brain during 
the duration or amount of bleeding that would have contact. These injuries would be assigned an AIS 4. 
contributed to the bleeding that was observed into the There was no injury observed to the head, brain, neck, 
ventricular cavity. This subject would also be assigned an or spinal cord of this subject. An AIS value of 0 would be 
AIS 3 for both the head and neck injuries, assigned. 

The subject experienced fractures of the skull. There The damage involved the anterior one-third of the 
was a separation at the zygomatico-frontal suture, and superior, middle, and inferior frontal gyri. The anterior 
the periorbita beneath the suture was lacerated. The 

one-quarterofthesuperior, middle, and inferior temporal 
lateral part of the frontal bone was fractured into five gyri was also damaged. 
pieces. The opterion was displaced internally. Upon The damage to these areas would indicate that the 
dissection, the orbital laminar (lamina papyracea) of the subject would most likely undergo personality changes. 
ethmoid bone was found to be fractured. The bony He may become indifferent. This damage would be an 
fragments were displaced interiorly with the bone piercing AIS 3. 
the periorbita. Fragments of the orbital part of the There was a total rupture of the ligaments forming the 
trontat bone lacerated the periorbita and extended into anterior longitudinal ligament capsule of the vertebral 
the periorbitat fat. Branches of the opthalmic artery and joint between CV3 and CV4 as well as CV5 and CV6 and 
veins, the optic nerve, and extraocular nerves and vessels CV6 and CV7. The spinal cord appeared to be intact, 
as well as the temporal branches of the facial nerve were however. The skull and brain were normal. 
intact. The potential deficit associated with this type of injury 

When the calvaria was removed, blood was found in could not be assessed. However, an AIS 3 would be 
the epidural space beneath the frontal bone fractures, assigned for the neck injuries. 
This blood appeared to be caused by a laceration of the Examination of the neck showed a displacement 
middle meningeal vessels. On the right side of the anterior between CV6 and CV7, with the intervertebrat disk 
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Figure 7. Acceleration versus time. (CM26, PED, 35.8fps velocity at impact. HIC = 

attached to CV7, which ruptured the anterior longitudinal sphenopetrosa! suture i~ the middle cranial fossa or~ the 

ligament but did not sever the spinal cord. There was no left side+ The greater superficial petrosal nerve on tlae left 

damage to the skull, dura, meningeal vessels, or brain, side was cut, and there was a contusion of the in%riot 

The potential deficit associated with this type of injury part of the temporal lobe o~ its medial side+ There was 

could not be assessed. These neck injuries would be an also damage to the left uncus (areas 34 and 35)(3) and to 

A1S 3. the medial part of the parahippocampal gyrus (areas 

There was no injury observed to the head, brain, neck, 35, and 36). 

or spinal cord of this subject. An AIS value of 0 would be There would be a loss of lacrimation and a decrease 

assigned, mucous production on the left side of this su~ect+ The 

This cadaver experienced a skull fracture splitting the skul! fracture would constitute ar+ AIS 3+ 
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Figure 9. Acceleration versus time. (CM28, PED, 34,6fps velocity at impact. HIC + 4787) 

On the right side, the subject exhibited damage to the would show no noticeabl~teficit, while that to areas 3, !, 
superior lateral part of the pre- and post-central gyri and and 2 would cause an inability to feel any sensations. 
to the paracentral lobule (areas 4, 3, 1, and 2) and the pars Aphasia would be the result of the trauma to areas 44 and 
opercularis and triangularis (areas 44 and 45). On the left 45, and the aphasia notwithstanding the damage to area 
side, in addition to damage to areas 4, 3, 1, 2, 44, and 45, 22 would cause the inability to speak meaningful sentences. 
the subject demonstrated damage to the caudal one-half These brain injuries would be an AIS 3. 
of the superior frontal and middle frontal gyri (areas 6 Multiple brain contusions were observed on this 
and 8) and the superior temporal gyrus (area 22). subject. In general, they were similar to those observed in 

The damage to areas 4 and 6 would cause paresis or CM30 with the exceptions that areas 3, 1, and 2 were not 
paralysis depending on the severity. The damage to area 8 damaged but the angular gyrus on the left side (area 39) 
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Figure 10. Acceleration versus time. (CM29, IMP, 13.2fps velocity at impact. HIC = 1290) 
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Figure 11. Acceleration versus time. (CM30, IMP, 13.1fps velocity at impact. HIC = 1306) 

was damaged, in addition to the anterior temporal poles Since there was no identifiable damage observed, no 

bilaterally. This subject then exhibited damage to areas 4, noticeable deficit could be determined, and an AIS value 

6, 8, 44, 45, 39, and 22. of 0 would be assigned. 

In addition to paresis or paralysis, aphasia, and the Brain contusions were found in the right cerebra! 

inability to form meaningful sentences but without the hemisphere in the inferior part of the pre- and post- 

ability to feel any sensations (areas 3, 1, 2), the person central gyri involving areas 4, 3, 1, and 2~ There was some 

would demonstrate a problem in recognizing certain damage to the left uncus. 

written words (area 39). These injuries would constitute Paresis or paralysis (area 4) and an inability to feel 

an AIS value of 3. sensations (areas 3, 1, and 2) in the head!neck regions 

There was no damage observed during the dissection of would be exhibited by a subject with these types of 

the brain of this subject: trauma. This brain damage would be an AIS 3. 
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Or~ ~he right side, brain contusions of the superior and The middle cranial fossa displayed a :fracture just 
lateral parts of areas 4, 3, 1, and 2were observed, anteriortothepetrousportionofthetemporalbone. The 
Addkionatly, ~here was damage to the Superior parietal fracture passed directly through the tegmen tympani 
lobule (areas 5 and 7). toward the cavernous sinus. The fracture did ~ot cross 

"lhe inability to fee! any sensations notwithstanding the basilar part ofthe occipital bone, nor the hypophyseal 
areas 5 and 7 would cause a problem with the person’s fossa. Upon examining the tympanic, cavity, no damage 
ability in localizing sensations. The paresis or paralysis to the tympanic membrane, ossicles, chorda tympani, or 
caused by the damage to area 4 is noted. This brain facia! nerve was observed. The semicircular canals were 
damage ~ould also be assigned an AIS value of 3, also intact. On the impacted side, cot~tusions were 
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Figure 14. Acceleration versus time. (CM33, IMP, 12.9fps velocity at impact. HIC = 658) 
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Figure 15. Acceleration versus time. 1CM34, IMP, 11.0fps velocity at impact. HIC = 

evident on the superior portion of the central sulcus There was no damage observed duringthedissection of 

affecting areas 4 and 6 and areas 3, !, and 2 as well as 5 the brain of this subject. 

and 7 in the head region. On the contrelatera! side, Since no trauma could be identified, no neurological 

contusions were evident on areas 3, 1, and 2 and areas 5 deficit could be determined. An AIS of 0 would be 

and 7 in the head region and in area 4 in the upper assigned to this subject. 

extremity region. Brain contusions were found bilaterally on the entire 

The effect of the contusions on this subject would be as frontal lobe extending posteriorly to the precentral gyrus. 

noted in the other subjects with damage to areas 4 and 6 On the right side, damage occurred to areas 44 and 45. 

(paresis or paralysis), 3, 1, and 2 (inability to feel any Aphasia would result to some degree in this subject 

sensation), and 5 and 7 (problem in localizing sensation), along with a potential for personality change. An AIS of 

An AIS 3 would be assigned to this subject. 3 would be assigned for these brain contusions. 
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Figure 17 Acceleration versus time. (CM36, IMP, 12.Tfps velocity at impact. HIC = 63) 

COIlC|llS~OII 
addition to the epidural hematoma experienced multiple 
skull fractures. There is essentially no correlation demon- 

With the exception of those four cadavers that strated in these results between HIC value and brain 
experienced no discernible injury (AIS 0), and CM20 injury. AIS 0 levels were observed at a range of HIC 
(severed spinal cord, AIS 5) and CM23 (epidural hema- values of 63 (CM36) through 4787 (CM28). The ac- 
toma, AIS 4), all of the subjects demonstrated an AIS 3 celeration versus time history (Figure 9) and the high- 
either in the head or the neck and, in some cases, in the speed movies of CM28 indicate that there is no artifactual 
head and the neck. tfonly the head i~uries are considered, contribution that would distort the H IC calculation, but 
a range of H tC values from 525 through 3967 produced other than this value all of the AIS 0 subjects demonstrated 
AIS 3 level injuries. CM23 with an HIC of 3967 in HIC values below 500. 
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Figure 1 8. Accelerationversustime. (CM37, IMP, 128fps velocity at impact. HIC = 557) 
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Crash Avoidance 

Robert M. Nicholson, Chairman, United States 

Discerning the State of Crash Avoidance in the Accident Experience 

........ A.C. Malliaris such as vehicle types, market classes, makes, models, and 
and 

Office of Vehicle Research, 
model years; driver attributes such as age, sex, 

U.S. Department of Transportation, National 
alcohol involvement; and exposure attributes such as 
time, highway type and locatiom travel speed, roadway 

Highway Traffic Sai~ty Administration characteristics, etc. A companion paper (!2) addresses 
occupant casualty risks as a function of crash attributes 

Abstract such as type of impact and impact severity; occupant 

...... attributes such as seating position, restraint status~ and 

This paper addresses the risks of motor vehicle occupant age; and vehicle attributes such as those 

involvement in highway accidents. Such risks are deter- mentioned above. 

mined from U.S. accident experience in the past 10 years. 

Risks are analyzed as a function of vehicle type, car 

market class, make, nameplate, and model year for 
Major Changes in the Motor Vehicle 

....... accidents of various types and various severities. Both Fleet and Travel 
absolute risks, per unit exposure, and relative risks are 

addressed. ~[’he influence of many exposure variables is In the period between the mid-1960’s and the mid- 
examined and necessary adjustments, to a common set of 1980’s, the number of motor vehicles on U.S. roads grew 

: exposure conditions, are made. The control variables for faster than the number of drivers or the number of people 

this purpose are: calendar year, car age, driver’s age, sex, in general. 
..... and alcohol involvement; time and place of travel; and Two vehicle types with particular safety problems, 

various roadway characteristics. Adjusted risks are namely trucks and motorcycles, have grown much faster 

reviewed versus major characteristics of cars as implied than cars. The number of trucks on U.S. roads today is 

by make, nameplate, and model year. Single driver about 40 million, or more than three times their number 

accidents and roltovers, whether pre- or post-impact, in the m~d-1960 :. Motorcycle registrations, approaching 

receive specia! attentio~a due to their risk sensitivity to car 6 million today, are more than four times as man;,’ b} 

class, comparison to the mid-1960’s, in contrast° car registra- 

tions have barely doubled in the same period. 

introduction H owever, significant changes took place withi~ the car 

fleet. These include the introduction of radial tires, disc 

In the past 10 years, the motor vehicle fleet in the brakes, variable brake proportioning, and changes in the 

United States has undergone significant changes in the design and engineering of suspensior~s and steeri~g. 

mix of vehicle types on the road, the mix of car classes, Furthermore, since about 1976 the entire fleet of ~ew 

the design and engineering of cars, and the introduction cars, primarily those domestically produced, was f~mda- 

of new components and equipment. In addition, strong mentally redesigned to yield significantly lighter vehicles 

factors were at work in the early 1980’s that individually with predominantly front wheel drive. 

or collectively had and have the potential to influence Three car characteristics weight, ~vheelbase, and hont 

hi~fety significantly. A depressed economy wheel drive-are given special consideration because 

inhibited travel growth, especially for the higher risk they arefrequently discussed and anal?zed in connection 

discretionary travek Highway safety programs, e.g., with accident and casualty risks. A summary of changes 

campaigns against drunken drivers and seatbelt use in these characteristics for new cars retailed in the United 

programs, were initiated and pursued vigorously. The States is given in Table 1, by market class. The changes 

questions we are addressing in this paper are whether or refer to mean values of those characteristics betwee~ 

not and how alt these changes are affecting accident risks, model years introduced in the early 19 0 s and model 

as determined from the accident experience of motor year !983. 

vehicles on U.S. roads in the past 10 years. Note in "Yable l that the front wheel drive percentages 

We treat accident risks as dependent variables where are the shares in model year 1983. The same shares were 

the independent variables are: calendar years, accident virtually equal to zero for model years up to t976. Also 

types, and accident severities; motor vehicle attributes note that the domestically produced fleet shows substantial 
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Table 1. Percent change in mean weight, mean wheelbase, and percent front wheel drive of model 
year 1983 cars by comparison to new cars of the early 1970’s 

Percent Change Percent* 
Market Mean Mean with Front 
Class Weight Wheelbase Wheel Drive 

U.S. Subcompact -18.0% -2.5% 80% 
Compact -23.5 -8.1 65 
Intermediate -22.8 -6.8 33 
Standard -t 1.5 -4.3 14 

European Subcompact +5,9 +1.9 99 
Other +9.9 +2.2 16 

Japanese Subcompact 0.0 +1,6 72 
Other +5,8 0.0 18 

*Shares in model year 1983; these were virtually zero up to 
model year 1976. 

reductions of weight and wheelbase, all across the board, E is the amount of exposure (e.g., travel) categorized 
while this is not the case for the fleets of European or by j, k 
Japanese origin. Apparently, redesign practices and i designates accident categories including accident 
market shifts in these latter fleets, which consist of type (e.g., collision with other motor vehicle, 
predominantly subcompact cars, led to modest increases collision with fixed object, overturn, etc.) and 
:in weight and wheelbase, also including accident severity (e.g., fatal 

As a result of these developments, subcompact cars of accident, or accident with injury only or property 
U.S., European, or Japanese origin have become virtually damage only, etc.) 
indistinguishable, when viewed in terms of the three j designates vehicle categories including vehicle 
major characteristics discussed above. Moreover, the type (e.g., car, pickup, van, heavy truck, etc.) 
standard, intermediate, and compact U.S.-produced cars and also including further subclassifications 
of model year 1983 have essentially assumed the weight (e.g., car market classes, make, model, model 
and wheelbase characteristics of the intermediate, year, etc.) 

1 ’ compact, and subcompact cars of the early 970 s, k designates travel-related exposure categories 
respectively, including driver attributes (e.g., age, sex, alcohol 

Because of the prominence of car weight, wheelbase, involvement) and also other travel attributes 
and front wheel drive in safety reviews, we treat the (e.g., time, day, urban or rural environment, 
changes summarized above with more detail and more roadway and traffic characteristics, etc.) 
quantitatively in Appendix A. In the same appendix, we Risks as defined by Equation (1) are absolute. The 
also address changes that took place in the travel of most customary type ofexposure used for risk estimation 
motor vehicles and in the various aspects of exposure to is vehicle travel, expressed in vehicle miles. However, 
accident risks, several other alternatives may be and are being used in 

this paper. The number of registrations is an acceptable 

Accident Involvement Risks and Risk alternative, if differentials in travel per vehicle are not 

Descriptors important or if means are available for taking into 
account such differentials whenever they appear to be 
important. 

Several descriptors are convenient for the characteri- Another alternative applied in this paper is the concept 
zation of the accident experience of motor vehicles, 

of the conditional risk. This, as an example, addresses the 
depending on the particular aspects of the problem at 

question: "Given an accident in general what is the risk of 
hand and on the availability of relevant data. Risk 

this accident being fatal?"; or the question: "Given an 
descriptors for accident-involved vehicles are usually 

accident in general what is the risk of this accident being a 
expressed as: 

rollover?" In other words, we count the vehicles involved 
Rijk = V ijk/Ejk (1) in fatal accidents and divide by the count of the same 

where 
vehicles involved in accidents of any severity, or we count 

V is the number of accident-involved motor vehicles involved in rollovers and divide by the count of 
vehicles, categorized by i, j, k vehicles involved in any type of accident. In this process.~ 
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we may retain in both the numerator and denominator Risks of Fatal Accident Involvement 
any desired characterization of vehicle, driver, or environ: 
mental categories. A motor vehicle’s risk of involvement in a fatal 

A summation of Equation (1) over subscript i, i.e., over accident stood at about 5.67 ----- . 13 per 1,000 vehicles 

all accident categories, yields: involved in all police-reported accidents on U.S. highways. 
This is the mean and standard error derived from six 

Rjk = Vjki Ejk (2) 
individual values, each obtained from the data for each of 

i:urthermore, dividing (1) by (2) yields Qijk, the conditional 
the six years 1979 to 1984. It refers to all types of 

accidents, all categories of vehicles, and all model years. 
........ risk, i.e.: It varies very little within the specified time period (see 

Qijk = Rijki Rjk = Vijk/gJk (3) Figure 1) in spite of the significant changes in the fleet and 

.... It is noted that the amount of exposure Ejk drops out 
travel patterns discussed earlier. 

when Equation (1) is divided by Equation (2). This is 

certainly a loss of rigor. However, it is compensated by a 

strong advantage, namely, better compatibility between 
t2 - 

numerator and denominator in the vehicle categories and 

exposure categories represented respectively by subscripts 
9 - 

Other 

j and k. 
Note that in the estimation of conditional risk by ~ 6 ~ All 

Equation (3), both the numerator and denominator are _~ Cars 

........... vehicle counts, most likelv to be obtained from one and 
~7 

3 

the same file or at least from very similarly structured 

: casualty files. This minimizes the errors arising from 0 , 

differences in the classification of vehicular and circum- 8b ~1 8’2 13 8’4 

stantial characteristics used in the estimation process. Calendar Year 

H owever, this is not the case in the estimation of absolute 
risks by Equation (1), where the numerator and denomi- Figure 1. Risk of motor vehicle involvement in fatal 

nator are obtained from data files of very different 
accidents per 1,000 vehicles in all police- 
reported accidents 

origins. 

For example, the numerator in Equation (1) is obtained 
from a casualty file such as NHTSA’s Fatal Accident The data for the determination of this conditional risk 

...... Reporting System (FARS)(I) or NHTSA’s National are provided by two accident files of national scope, i.e., 

Accident Sampling System (NASS)(2) or from a State by FARS and NASS(1,2). Specifically, a total count of 

accident file. None of these casualty files contains all vehicles involved in fatal accidents (national census) is 

information about the denominator. Values for this obtained from FARS, and this is divided by a national 

denominator must be assembled from other files: motor estimate of all motor vehicles involved in all police- 

vehicle registration files such as those provided in (4) and reported accidents, as recorded in NASS. This process is 

motor vehicle travel files such as any one or several of repeated for each of the calendar years 1979 to 1984. 

those in (6) to (10). Because of the very dissimilar origins When disaggregated by accident, vehicle, driver, or 

of the data necessary for the estimation of absolute risks, circumstantial attributes, the risk under consideration 

it is a challenge to achieve numerator/denominator varies within a wide range. This, of course, has been 

compatibility in Equation (1). known for a long time. However, the relatively recent 

In addition to minimizing the chances of error in risk availability of several years of FARS and NASS data of 

assignments, the use of conditional risks also offers the national scope provides an opportunity for quantitative 

advantage ofawider range ofattributes for examination, results. Furthermore, the relative similarities in the 

This is particularly true for environmental and circum- structure of these files minimizes the chances of error due 

stantial attributes such as curving or sloping roadway, to incompatibilities in the classification of attributes. 

wet or dry pavement, road intersection or not, etc., which Risks for the two most important accident and vehicle 

are unlikely to be available for the estimation of the attributes, namely accident type and vehicle type, are 

denominator in Equation (1) but are available in the case shown in Tables 2 and 3, respectively. These results are 

of Equation (3). For the reasons discussed above, we use based on FARS and NASS data. 

extensively conditional risks in conjunction with absolute The risk values reported in Tables 2 and 3 are means 

risks in the exploration of the state-of-the-art in accident and standard errors over the 1979 to 1984 calendar year 

avoidance, discussed in this paper, span. Most of the characterizations are self-explanatory. 
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Table 2. Risk of motor vehicle involvement ~n fata~ Table 2 to see why car collisions with other motor 
accidents per 1,000 vehicles in police-reported 

vehicles receive a lot of attention, in spite of the risk of accidents as a function of accident type {first 
ha~mfu~ event) fatal accident in such events being the lowest. 

........ The summary of Table 3 shows cars running the lowest 

R~sk per risk, in spite of their overwhelming share as vehicles in all 

Percent of Thousand police-reported accidents. Vans and buses show higher 
Acci~em Type Vehicles* in Now risks but not much higher than the risk for cars. The risks 

for pickups as well as for other nonarticulated trucks is 
Collision with Other MV 83.7 + .27 3.83 £ .05 about double that of cars. Much higher risks are evident ColHsion with Object t 1.7 48 10.~ .52 

for the heavy articulated trucks and also for motorcycles. ColHsion with Nonmotorist 2.06 .08 38.2 1.7 
Overturn t.68 .09 2Z6 1.3 Risks assigned to joint accident-vehicle type attributes 
Other NoncoHision .87 .26 9.23 2.6 show generally trends expected on the basis of the results 

given in Tables 2 and 3. Figure 2 displays risks for cars, 
Tota~ 100.0 5.67 .13 pickups, and all motor vehicles as a function of accident 

~n aH police-reported accidents type. 

Table 3. R~sk of motor vehicle #~vo~vement in fatal 
accidents pet 1,000 vehicles ~n po~ic~reported 
acc{dents as a function of vehicle type                  ~(      ~ Cars 

~ Pickups 
Percent of       Risk per                          ~ All              " "" 

Veh c,e Type      Veh,c,es’ThousandinRow 

Cars 77.8:2 .!2 451 £: .03 
P~ckups t 2.7 .12 7A4 
Vans 3.30 .13 5:47 
Straight Trucks 1.80 .11 7199 .33 
ComMnat~on Trucks 1.96 .06 20~0 
Buses .59 .05 5:43 .33 
Motorcycles 1.80 .02 25i8 

Tota~              100.0        5:67 
Coil W     Coil W     Overturn     All 

~ln al~ police-reported accidents Mot V Object 

in Table 2 include pedestrians and F~ure 2. Risk of motor vehicle involvement in fatal 
accidents per 1,~ ~ehieles in all po~iee- b~cyclists. Overturn is a rol!over usually not preceded by 
reposed accidents {shown for ears, pickups, 

a~a impact with another motor vehicle or with an object, 
and all ~ehiele Wpes, as a function of accident 

A variety af tess frequent eve~ats such as fire, explosion, type) 
immersion, *:tc., are ir~cluded under"other t~onco~lision." 
b~ [able 3, picka~ps and wins are vehicles with a gross 

vehicle we~gi~t rating under !0,000 lb Straight trucks are Accident InvoLvement of Cars 
no ~articulated trucks and vans over t0~000 

;lt is evident in the summary of ~l able 2 tha! collision Because of their overwhelming share of the vehicles in 
~ih anothe~ motor vehicle is the most frequent event but all police-reported accidents, cars are receiving further 
also the least risky. By reference to this, a motor vehicle s attention in this paper in connection with their risk of 
risk of fatai accident increases by a factor of 3 when a fatal accident involvement. 
collision with an object occults and it is 5 to 6 times higher According to Table 3, a car’s risk of involvement in a 
for an overturn. Overturn as a first harmfu! event as welt fatal accident is 4.5 ~ .03 per 1,000 cars involved in all 
as rollover, an event subsequent to an impact, will be police-reported accidents. This is the mean and standard 
addressed in more detail later. [he riskiest events are error for the 6-year period of1979 to t984. The smallness 
colisions with nonoccupants, for obvious reasoas, ofthe error indicates relatively little variation ofthe risk, 
Hox~ ever, the reade~ should note that the risk magnitude whether random or systematic, in this period. This is also 
is not the o~fiy determinant of the ~mportance of a shown in gigure 1. 
problem. T}~e frequency of occurrence of the circum- However, when this risk is resolved according to car 
stances that give rise ~o the risk is as impor~am, if no[ travel attributes and type of accident, the resulting values 
more importar~t. Cow, sider, for example, the results in vary within a range of two to three orders of magnitude. 
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This is evident in the results shown in Table 4. These are The results of Table 5 quantify certain influences that 

means and standard errors of car risks in the early 1980’s. have been qualitatively evident for a long time. Of the 

A difference by a factor of 2 to 3 is seen between day and three driver attributes under consideration, alcohol has 

night and by about 5 to 7 between urban and rural travel an overriding influence that makes a difference of a factor 

when all types of accidents are considered. Risks for of 7 to 8, with remarkable consistency and uniformity all 

certain types of accidents, such as overturn and collision across the age and sex brackets. The standard errors for 

with an object, are remarkably insensitive to car travel the mean values in Table 5 are about 3 percent in general 

attributes. Risks for other types, such as collision with except for the entries"With Alcohol Involvement" where 

pedestrian and collision with motor vehicle, show a large the errors are about l0 percent. Furthermore, the reader 

....... sensitivity, should keep in mind that alcohol involvement as reported 

......... Like other vehicles, cars show fatal accidents risks that in accident files is a subject to be treated very cautiously 

are strongly dependent on the type of accident. The last because of potential error due to the nonuniformities in 

row in Table 4 quantifies this point. The highest risk is the investigation and reporting procedures. 

observed for overturns, followed closely by the risk in The other two driver attributes in Table 5, namely 

case of collision with nonmotorists. The risk in collisions driver’s age and sex, have weaker but easily noticeable 

...... with an object is three times lower than that of collisions influences. Risk variation with age is minimal for all age 

with nonmotorists, but still three times higher than the brackets until the last, where a 40 to 50 percent jump is 

risk of fatal accidents in car collisions with other motor observed. This holds true generally, regardless of other 

vehicles, driver attributes. Similarly, male drivers show risks 

It is common knowledge that car involvement in fatal about 30 to 40 percent higher than female drivers all 

accidents is influenced much by driver attributes. We across the driver age and alcohol involvement brackets. 

........ have used the same data files as discussed above, namely Generally speaking, these influences are intuitively 

........... the FARS and NASS, to quantify these influences, by expected with one major exception. The young drivers, 

.... calculating risks of car involvements in fatal accidents per whether with or without alcohol involvement, show risks 

1,000 police-reported accidents, nationwide. In this case, that are not higher than those of all other drivers, 

uniform quality data are available for the 3 years 1982 to contrary to a commonly held notion. This is not necessarily 

1984. For this period, we report the mean values of risks a contradiction. Table 5 shows young drivers incurring 

........ in Table 5. The risk value 4.5 in the last row and last about the same risk of fatal accident as all other drivers, 

column of the last cluster in the table is recognized as the given an accident. However, young drivers may have 

overal! risk cited earlier. The 36 entries of this table more accidents in general and thus more fatal accidents 

resolve the overall risk by driver age, sex, and alcohol per driver, due for instance to more travel or to any other 

involvement, reason. Nevertheless, on a per accident basis, younger 

Table 4. Resolution of risk of car involvement in fatal accidents bv typ_e.of accident and travel 
attributes (cars in fatal accidents per 1 ,O00 cars in all police-reported accidents) 

Type of Accident (First Harmful Event) 

Travel Collision with Collision Collision with All 

Attributes Other MV with Object Overturn Nonmotorist Types 

Urban 
Day 1.1 ± .1 5.4 ± .4 23.7 ± 4.9 !0.4 ± .4 1.6 ± .1 

Night 2.9 .1 8.0 .5 29.5 3.9 47.4 3.6 4.9 .2 

All 1.6 .1 7.0 .4 26.1 2.8 22.2 .7 2.6 .1 

Rural 
Day 9.3 .9 11,1 .8 32.1 3.1 44,8 9. 10.4 .8 

Night 17.4 1.6 12.4 .5 36.7 5.8 409. 46. 17.6 .9 

All 11.5 .5 11.9 .6 33.8 3.7 119. 22. 13.3 .3 

All 
Day 2.2 .1 7.8 .4 29.9 3.5 13.4 .3 3.0 .1 

Night 4.9 .3 10.0 .5 33.1 2.5 65.8 4.4 7.6 .3 

All 3.0 .1 9.2 .4 31.2 1.9 20.7 .6 4.5 ,1 
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Table 5. Resolution of risk of car involvement in fatal 
accidents by driver’s age, sex, and alcohol 14.0- 
involvement (cars in fatal accidents per 1,000 
cars in all police-reported accidents 

12.0 

Drivers Sex 
10,0 

Driver’s Age Male Female All °°° 

A. No Alcohol Involvement 

16-24 Years 3.3 2.4 2.9 
cc 

25°34 Years 3.1 2.2 2.7 6.0 

35-64 Years 3.6 2.8 3.2 
65 and Older 5.6 4.6 5.2 4.0 r 

80 81 82 83 84 All 3.5 2.6 3,1 
Calendar Year 

B. With Alcohol Involvement 

16-24 Years 25.4 18.5 23.8 Figure 3. Risk of car involvement in fatal accidents per 
25-34 Years 22.9 22.4 22.3 1,000 cars in al~ police-reported accidents for 
35-64 Years 23,3 20.8 23.3 rural daytime travel 
65 and Older 39.2 26.6 32,9 

A!l 24.4 19.7 23.3 travel regardless of day or night or in daytime travel 

regardless of urban or rural. The combination of rural 
C. Total Involvement               and day travel amplifies the trend. 

16-24 Years 5.7 3.2 4.8 
The general implication of the data shown in Figure 3 

25-34 Years 5.5 2.8 4.4 is that the exposure severity is increasing in rural travel 
35-64 Years 5.0 3.2 4.2 during daytime. It is very tempting to correlate this 
65 and Older 6.2 4.9 5.7 finding and even tentatively assign it to the increasing 

noncompliance with the 55mph speed limit, taking place 
All 5.5 3.2 4.8 

in the same period. (See, for example, Table A-6 and the 

related discussion in Appendix A.) However, a further 
drivers are not much different than other drivers in their review of the FARS and especially of the NASS data is 
risk of fatal accident involvement. Another reason why required before definitive conclusions can be drawn 
young drivers do not appear overinvolved in fatal about the rather unusual risk increase shownin Figure 
accidents is that they are more able to surwve trauma(12). Car attributes may also influence the risk of fatal 

So far in the discussion, we have reported risks accident involvement. The influence ofattributes suchas 
averaged over several years in the early 1980’s. We know origin of make, market class, nameplate, weight, wheel- 
that the overall risk of fatal accident involvement has base, etc., is reviewed and discussed in the next section. 
varied little in this period as shown in the plots of Figure However, before closing this section, we address the 
1. The question remains whether specific aspects of this conditional risk of fatal accident involvement for cars as 
risk show time variations in the period under considera- a function of car age, and thus as a function of model 
tion. An examination of the raw data, before averaging year. For this purpose, we use again the fatal accident 
over the calendar years, shows variations that are pre- experience in FARS and the police-reported accident 
dominantly random and are reflected in the standard experience in NASS for car accident involvements in the 
errors reported in Tables 2 to 5. In relatively few early 1980’s, combined. 
instances, there are indications of systematic increase or We segregate the cars in four slots according to car age, 
decrease of the risk versus calendar year. One such i.e., according to calendar year minus model year, andwe 
instance, with a rather well-pronounced time variation, is determine the risk of thtal accident involvement for each 
illustrated in Figure 3. slot. The results are shown in Figure 4 for all drivers and 

Plotted in this figure is the risk of fatal accident separately for the young drivers (16 to 24 years old). 
involvement for cars in rural daytime travel versus These results lead to the conclusion that on a per- 
calendar year. The average risk over all these years is accident-involved driver, neither the age of the driver nor 
about 10 as shown in Table 4. However; according to theageofthecarmakesmuchdifferencetotheriskofthe 
Figure 3, this risk has been increasing substantially as the involvement being fatal. 
years progress from 1980 to 1984. Incidentally, a similar The only obvious exception to our conclusion is the 
but weaker trend i~ observed for the risks either in rural risk for the oldest cars, which is higher by 25 percent 
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and other specific attributes, especially when these sub- 

divisions are made on new cars only. Furthermore, there 

are good reasons to suspect that NASS as a sample of the 

national accident experience may be biased in connection 

with car make/model content. For example, California 

~ 
5S5 555, and the West Coast in the United States are under- 

gO/ 5/½ .,c_. 
’ ~ 

.’>-"~ 

represented in NASS, while the same regions are over- 

~/, >’5 , represented in imported makes. 

~ " ~>-; - i-~k~’i i5 ~- The conclusion from the above discussion is that we 
, ~.~<~a> ,m’ :e°5 ;~¢o’ fro, 5~ ~ may not apply Equation (3) for the task under considera- 

..........                                     , m~#~ .~;~ :O~ 
!~ 

i’~ ~2/~/ ~/ 5S5 
",© 

//A tionherebecausewehavenomeansofobtainingreliable 

;2,41// 555 :55~ values for the denominator. This is an extra reason for 

5/.~ ~/’~ "//J’~, ~ using Equation (1), which is appropriate for the deter- 

All Drivers ¥oun9 Drivers mination of absolute risks. In this section, we shall deal 

with Equation (1) integrated over all travel-related 
.... exposure categories, i.e., we shall drop subscript k and 

........ Figure 4. Risk of car involvement in fatal accidents per write for the risk: 

1,000 cars in all police-reported accidents Rij = Vij/Ej 
(4) 

(shown as a function of driver age and car age) where i and j represent accident and vehicle-related 

attributes. Later we will examine the influence of circum- 

compared to younger cars. Furthermore, it should be stantial and environmental attributes represented by 

...... kept in mind that in these data, car age is covariant with subscript k. 

......... car model year. Thus, due to this unavoidable ambiguity, The raw data necessary for the application of Equation 

we may state an alternative conclusion: The risk of fatal (4) are provided by FARS(I) for the numerator and by 

involvement per accident-involved-car does not appear (4) for the denominator. EARS contains records of about 

to be very sensitive to the car’s model year. However, 100,000 new cars involved in fatal accidents in the 10 

even for the oldest cars, the risk may be confounded and years between 1975 and 1984. Accident type and car 

possibly artificially increased by the fact that these cars nameplate are known for the great majority of these cars. 
...... are regularly reported by the police in fatal accidents but Furthermore, their total count is generally adequate for 

might be underreported in nonfatal accidents. This is analyses thatdemanddisaggregationbyseveralattributes 

especially true when the value of an old car happens to be of interest here. 

under the threshold for reporting. Car registrations from (4) are used to quantify the 

denominator in Equation (4) by car descriptor j (nameplate 

......... Determination of Absolute Risks 
and model year) for each of the calendar years included in 

the analysis. Although car exposure in general may not 

To address the influence of car attributes on car 
be characterized accurately by car registrations alone, 

accident experience, we focus our analysis on the new 
our constraining the analysis to new cars only introduces 

cars that traveled on U.S. roads in the 1975 to 1984 
a uniformity in the travel per car and other attributes 

period. This is also the period during which major 
sensitive tocarage. Furthermore, asetofadjustmentsare 

changes took place in car attributes, as discussed earlier 
made to the risks (determined for each model year and 
calendar year) to bring them all under a common 

and as detailed further in Appendix A. For the purpose of 

our analysis, we define new cars as those with an age (i.e., 
reference exposure. 

with a calendar/model year difference) not exceeding 3 
The selected reference exposure is that experienced by 

years. This is a compromise between retaining as much 
1-year-old cars in the calendar year 1980 The adjustments. 

uniformity as possible in travel and exposure attributes 
detailed in the first part of Appendix B, account for tra~e! 

while dealing with sufficiently large samples in the 
and exposure severity variations taking place in the t0 

accident experience, 
calendar years under consideration for new cars (i.e., 1-, 

Under these constraints, we found it difficult to make 
2-, and 3-year-old cars). Risk adjustment factors are 

the conditional risk determinations, by a combined 
shown in Table B-2 of Appendix B, as a function of 

examination of FARS and NASS data, as discussed in 
calendar year and car age or model year. As may be seen, 

the last section. This is so for several reasons: NASS data 
the adjustments are generally small and although they 

for car characterization (e.g., by make and model) are not 
may have uncertainties, these are small by comparison to 

available in a form compatible with FARS data until 
the risk differentials we shall consider worth pointing 

about 1981; N ASS cell populations become rather small 
out. 

To achieve numerator/denominator compatibility in 
when the accident experience is subdivided by the many 

combinations of car market classes, makes, nameplates, 
the application of Equation (4), we disaggregate both the 
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accident-involved car data (numeratm:) and the car all car market classes and all types of fatal accidents that 
registration data (denominator) by car nameplate, model occurred in the period 1975 to 1983. First we shall resolve 
year, and calendar year. We found nameplate, i.e., make this risk by fatal accident type and by car market class 
and model, disaggregation more suitable than disag- within each accident type. The results of this resolution 
gregation by weight or by wheelbase. Disaggregation by are shown in Figures 5 to 10. Each figure refers to a type 
weight often introduces ambiguities due to weight of fatal accident. Within each figure, the risk is resolved 
variations on account of optional engine sizes and other by market class of new cars. 
optional equipment. Furthermore, when disaggregating Keeping in mind the differences in the scales of these 
by weight, borderline cases may fall in one weight slot for illustrations, we see that the principal contributions to 
the numerator data but in a different weight slot for the the overall risk come from collisions with other motor 
denominator data. However, the main advantages of vehicles and collisions with objects. Smaller contributions 
disaggregation by nameplate are that much more infor- are made by collisions with nonmotorists and by over- 
mation is potentially available about the car under turns, i.e., rollovers not provoked by a preceding impact. 
consideration, even if this information is not always However, these findings are evident in the accident 
publicly available, and the number of unknowns is very experience alone and could be obtained from the EARS 
small. 

Risk determinations may be made atthe nameplate, 

model year, calendar year level by straightforward 
5 All Accidents applications of Equation (4), with subsequent adjustments 

as discussed earlier. At this level, sample sizes are 

generally adequate for most purposes. Given our analysis 4 
~.~ 

is focused on new cars, we calculate risks separately for 

the t-, 2-, and 3-year-old cars, all adjusted to the common o .-, 
reference exposure conditions, and form the mean of the 

three, In the process,, we obtain the standard error of this 

mean. 

In many instances, risks for new cars, whether by hT: 

nameplate or by higher levels of aggregation, are available 

for several calendar years within the 1975 to 1984 span. In //////~///          /½ 
¯ st~ch cases, we also calculate means and standard errors, 

in addition to reviewing the data for systematic variation 

versus calendar year. Thus, the standard errors we report 
Figure 5. Risk of new car involvement in all types of 

are more conservative given they embrace not only purely fatal accidents per 10,000 new car registra- 
statistical fluctuations but all other variations whether tions as a function of market class 
random or systematic. 

Results for levels of aggregation above nameplate are 

obtained as follows. The raw data, whether cars in 

accidents or car registrations, are pooled together and the 

procedures described above are repeated~ This leads to 
Coil With Motor Veh 

risk determinations for new cars aggregated by make, car 

body family designation, market class, origin of make, 

and the entire fleet of new cars. The market class 2- 
designations used in this paper are those commonly used 

~ 
~’~:5t;’~’~’~5"/’~= ;4/-~’,v,~" , ~, __~.__5/_~ . 

in the automotive trade literature. Furthermore, all 

traditional sports car nameplates and other low-volume ~ ,r~ }¢,m; / 
specialty cars have been excluded from consideration 

because of possibly singular characteristics and circum- 

stances. 

0 
Absolute Risks for New Cars 

Results obtained according to the procedures described 

above are presented and discussed here for new cars. The 

absolute risk of fatal accident involvement per 10,000 Figure 6. Risk of new car involvement in fatal collisions 
with other motor vehicles per 10,000 new car 

registrations of new cars is 3.41__+ .09 when averaged over registrations as a function of market class 
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1.25- Coil With Object 0.6 -~ Coil With Nonmotofist 

....... 1.00 - ~ 0.5 - 

,"4 
, =./. ,~ ~ "/o .... 0.3 - > =~ = ~ ~ N ~k V// .... . .... __. 

.... ~ ...... ~ ~, ~;--- 0.2 4 

~ 0.25. 
;;~;."... : :- :-.. ~//,;~ ,’=’//xc.,,,. 

....... ....... V/X""~~              ~///~’ ~/z" " " 
0.1 4 

Figure 7. Risk of new car involvement in fatal collisions 
with objects per 10,000 new car registrations Figure 10. Risk of new car invo[vement in fatal 

as a function of market class collisions with nonmotorists as a function of 
market class 

0.5- Overturn 

~ file without any additional information about exposure. 
0.4- :m 4 The new information shown in Figures 5 to 10 is the 

sensitivity of these risk components and of the total risk 

:-~ ~ to car attributes, as implied by the market class and origin 0.3- 
, o of make designations. 
"= ~ It is evident that the risk of some accident types, such as 

o, ; = collision with other motor vehicle (Figure 6) or with 
ZI~ /131 

~,." ~-~.~/~. 
nonmotorist (Figure 10), shows relatively little sensitivity, 

0.! o, ~ "//~,’6 ~,~u7, 
while the risk of other accident types, such as collision 

~=~2-//’~: ~ with an object (Figure 7)and especially car overturn or 

, = rollover as a subsequent event (Figures 8 and 9), shows a 

0. ~ ~ high sensitivity. Car rollover, as an event subsequent to 

an impact with another motor vehicle or with an object, is 
Figure 8. Risk of new car involvement in fatal overturns an entirely different type of accident than overturn, 

per 10,0~ new car registrations as a function which is usually not preceded by noticeable impact, 
of market class These two events are mutually exclusive for all practical 

purposes and, when combined, they result in a risk that is 

0.7 -1 Rollover Subsq Event a substantial component of the overall fatal accident risk 

~ ~ 
with high sensitivity to car class. 

0.64 ’°, ,.~, Most of the sensitivities shown in Figures 5 to l0 may 
~ 

’m. be established well beyond the statistical or other 
0.5 -1 ~ Y- fluctuations that may be contained in the results. This is 

evident in the data shown in Table 6, which displays the 
~,0.4 -1 

~ ¢/-’~ risk values appearing in these figures together with their o ’ ~ ’= = .... ^" standard errors. 
~ 0.3-t ;fi’~ ¢/,,~ c, ;~ The data included in the overviews of Figures 5 to 10 

",o 0.2-t ;~"’~£~" v/z:’~! and in Table 6 represent the national census of accident 
i~ U,/ x!/, ~//, 

¯ ;"~¢~ " " i~ ; 
experience of over 250 million new car years. This total is 

0.1 4 
~,""~/~, .... ,~,~; ~//,/~///~ ~ ~//~ 

subdivided into the market classes discussed above as 

~ ,,, shown in Table 7, which is formatted as Table 6 for 

0.0 J ~ ~ "’’~" convenience. Table 7 also presents information about the 

major characteristics--weight, wheelbase, and percent 

front wheel--drive of new cars in each of the market 
Figure 9. Fatal involvement risk of new cars in classes under consideration. Keep in mind that these are 

post-impact roliover per, 10,000 registrations 
by market class weighted means over the 1975 to 1983 period. 
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Table 6. Risks of involvement in fatal accidents per 10,000 new car registrations by market class and type of accident. 
Shown values are means and std. errors over calendar years 1975 to 1983 

Type of Accident 

New Car Collision with Collision Collision with All 
Market Ctass Motor Vehicle with Object Overturn Nonmotorist Types* 

Subcompact 
Domestic 2.!7 -+.06 .84 -+.0~ .22 +.02 .39 +.01 3.64 -+.10 
European 2.03 .06 .84 .03 .29 .02 .42 .02 3.60 .08 
Japanese 2.30 .09 1~01 .05 .46 .02 .45 .03 4~24 .16 

Compact 
Domestic 1~92 .12 .76 .06 .16 .01 .38 .02 3.23 .20 
European 1.22 .04 .64 .06 ,24 .02 .36 .03 2.47 1.5 

Intermediate 1.87 .03 .68 .02 .11 .01 .55 .02 3.22 .06 

Standard 1.70 ~07 .46 .03 ,06 .01 ,48 .02 2.70 .11 

Entire Fleet 1.99 .05 .75 .03 .18 .01 .47 .01 3.41 .09 

*~nctudes a rather small fraction of other types, primarily fire, explosion, and immersion 

Table 7. Exposure (car years) and major characteristics of new cars by market class for the combined calendar years 
1975 to 1983 

New Car Car-Years Mean Weight Mean Wheelbase Percent with 
Market Class (Millions) (Pounds) (Inches) Front Wheel Drive 

Subcompact 
Domestic 28,5 2,422 96~3 23.0 
European 10:5 2,014 94.3 83.7 
Japanese 299 2,193 93.9 37,5 

Compact 

Domestic 49i5 3,087 107.4 17.3 
European 5~0 2,982 104.5 22.1 

Intermediate 545 3,640 111.5 1.0 

Standard 50.6 4,119 118.6 4.6 

Entire Fleet* 250.5 3,208 106.9 16.2 

* Includes about 8 percent of the total not classified in the above categories for various reasons 

Superimposed on the sensitivity of certain accident objects. Relevant results are given in Table 8, which 
risks to car market class is an equally strong sensitivity to displays the risks of new car involvement in these and all ..... 
nameplates within each market class. This is especially fatal accident types. In addition, the table displays the 
true for new cars in the market classes of smaller cars and exposure and also the major characteristics of new cars 
most strongly pronounced for accident types such as for each entry. 
overturns, post-impact rollovers, and collisions with 
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Table 8. Risks ofinvolvement per 10,000 car-years, exposure, and major characteristics of new cars by nameplate in 
the 1975 to 1983 period 

New Car Fatal Involvement Risks Exposure Mean Mean Percent 

Market Class Rollover Collision All Thousands Weight Wheelbase Front Wheel 

and Nameplate Overturn Post-Impact with Object Accidents Car-Years Lb In Drive 

Domestic Subc. 
Nameplate 1 .30_.04 .46+.O4 .89+.05 4.06±.14 4,683 2,072 95.4 O 

2 .14 .02 .29 .08 .82 .09 3.42 .11 3,607 2,598 97.0 O 

3 .20 .O6 .37 .O6 .72 .10 3.49 .20 1,594 2,782 96.0 0 

..........                            4 .31 .05 .41 .07 1.10 .11 4.40 .14 1,422 2,172 98,3 100 

.... 5 .48 .01 .57 .08 1 ,O5 .03 4.24 .16 901 2,059 94.0 100 

European Subc. 
Nameplate 1 .22:5.05 .35±.05 .74±.05 3.21 ±. 18 3,075 1,973 94.6 1 O0 

2 .39 ,03 .49 .11 1.12 .11 3.98 .18 1,471 2,238 93.2 25 

3 .36 .13 .59 .08 1.O3 .14 4.67 .30 814 1,768 90.0 100 

4 .29 .06 .30 .10 .66 .14 2.39 .26 684 1,837 94.1 0 

5 ,52 .12 .57 .07 1.O6 .18 4.86 .24 359 1,925 95.5 1OO 

Japanese Subc. 
Nameplate 1 .70±.O5 .63±.09 1.05±.O9 4.87±.16 3,456 2,O2! 92.0 0 

2 .63 .O6 .85 .08 1.24 .15 4.77 .24 2,800 2,591 98.0 0 

3 .46 .05 .70 .08 1.08 .14 4.35 .48 2,426 2,199 93.4 41 

4 .44 .07 .64 .10 1.29 .13 4.55 .17 2,281 2.239 94.3 11 

5 .22 .05 .36 .06 .81 .06 3.31 .19 2,009 2,152 94.3 t00 

Domestic Compact 
.......... Nameplate 1 .21±.O2 .82±.O6 1.86±.14 5.96±.26 4,O58 3,451 107.6 O 

2 .16 .O1 .27 .O2 ~74 .O5 3.33 .19 3,452 2,806 106.O O 

3 .08 .01 .17 .04 .51 .07 2.87 .31 3,O22 3,396 111,8 0 

4 ,12 .03 .30 .05 .65 .O3 3.53 .05 2,500 2,522 105.O 100 

5 .07 .01 .23 .07 .52 ,03 2.88 ,06 509 2,388 100,0 100 

European Compact 
Nameplate 1 .24±.05 .18±.02 .38±.04 2.13±.12 1,351 2,980 104.1 0 

2 .19 ~04 .23 .03 .51 .11 Z50 ~45 1,177 3,606 109.4 0 

3 .18 .03 .32 .O6 .70 .09 2,67 ,17 950 2,474 102.2 100 

.4 .36 .07 .48 .10 1.15 .09 3.93 .10 858 2,590 101.0 0 

5 .57 .06 .89 .09 1.58 .24 3,88 .47 696 2,797 101,9 0 

Interm. and Std. 
Nameplate 1 .08±.01 .23±.02 .62±.03 3A 5±.06 6,925 3,441 110.1 0 

2 .18 .04 .35 .05 .90 .11 4.35 .29 3,O21 3,999 112.9 O 

3 .14 .O3 .26 .05 .91 .O9 3.81 .21 2,006 3,990 114.8 O 

4 .09 .02 .16 .03 .49 .08 3.27 .51 7,478 4,224 117.7 0 

5 .06 .02 .12 .02 .33 .06 2.06 .25 3,646 3,852 117.3 0 

Risk Changes Versus Model Year 

The results shown in Figures 5 to 10 and Tables 6 to 8 
4.0-~ 

New Cars 

are averaged over all calendar years 1975 to 1983. In spite All Fatal Accidents 

of the fact that they address new cars only, they are 

essentially averaged over as many as 10 model years. 3.5-t 
Given that much change has taken place in new car design 

~ during this period, the question arises whether or not the ~ 
risks of fatal accident involvement are changing. To 

~ 3.0-[ address this question, we examine the data as a function 
of calendar year and thus as a function of model year for        .- 
new cars. 

Figure 11 displays the variation of the total risk of fatal 2.5 I , 
involvement in all types ofaccidents and for all new cars, 7~i 7~ 7J’/ 7~ 7~ 

regardless of market class. The actual data, available for Calendar Year 
each calendar year, have been treated here by a linear 
regression that yields the fit, shown by the solid line, and Figure 11. Risk variation versus calendar year for new 

the 95 percent confidence bounds, shown by the dashed cars in fatal accidents per 10,000 registra- 
corridor. The slope is statistically significant and equal to tions 
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~076 ± .023 per year~ tn a/0-year period, this amounts to to influence the risk of fatal accident involvement as 

~76 ~k .23 fatal accident involvements per 10,000 new car much, if not more. than weight, wheelbase, or front wheel 

registrations. This is not insignificant when compared to drive. To quantify these notions, we have examined the 

the mean of the risk fbr approximately the same period: data---risk versus car weight, car wheelbase, or front 

3~41 ± ~09 shown in the last entry of Table 6. wheel drive--for over 500 nameplate model year com- 

In spite of the statistical significance of the above binations, each weighted with exposure (registered car- 

estimates, the reader should keep in mind that the risks years). We have applied log-linear regressions and have 

~aeder consideration, obtained from the raw data for each segregated the data by accident type in addition to 

of the past !0 calendar years, have been adjusted for examining them for all accident types combined. 

variations in travel and exposure severity. These The results of these regressions are shown in Table 10 

adjustments were discussed earlier and are detailed in the as regression coefficients and their standard errors. The 

firs~ part of Appendix B. Such adjustments, although upper part of the table shows the coefficients of separate 

well i~tended, could have introduced a bias that accounts regressions, i.e., the effect of weight with no control over 

for the observed increase, in part or entirely, wheelbase variation and vice versa. The same data result 

With t~ull awareness of these uncertainties, and for in a very small, statistically nondistinguished from zero, 

i~t~~rmation purposes only, we have proceeded to examine sensitivity to front wheel drive. The striking similarity 

the possible origins of the estimated risk increase by fatal between the weight and wheelbase effects is no mystery, 

accident type and market class of new cars. For this given these two variables are covariant in the fleet of cars. 

purpose, we repeated the procedure discussed above in Accordingly, the question arises whether one and which 

co~mection with Figure t l, The results are shown in one of the two effects is dominant. Thus. the risk data 

Table 9 as estimates of the risk increase for a 10-year were also regressed versus weight and wheelbase concur- 

period. Only cases with statistically significant (95 percent rently. 

c~nfidence) results are shown. All other cases show the The coefficients of these regressions are given in the 
entry *’none." Note that Table 9 has an entry-by-entry lower part of Table 10. They show the effect of car weight 
correspondence with Table 6. The latter displays means, when the wheelbase variation is controlled and wce versa. 
white the former displays change within the 10-year It is evident in these results that the car wmght influence is 

period uader co~sideratiom not only small in general and smaller than the wheelbase 

influence, but also. contrary to a popular notion, that risk 

increases with weight reduction. Note in Table 10.   fluences of Car Weight, Wheelbase, 
negative coefficients indicate a risk reduction per unit 

From Wheel Drive weight reduction. This is what is observed for the car 

weight influence on accident risks for all types of 

A~ examination of Table 8 leads us to believe that accidents, except collisions with other motor vehicles 
marke~ class and especially nameplate designations appear where the influence is zero for all practical purposes. 

Table 9. Estimates of risk increase in the last 10 years for new cars involved in fatal accidents of shown 
type 

Collision with Collision Over- Collision with All 
Motor Vehicle with Object turn Nonmotor Vehicle Types 

Subcompact 

Domestic .50 -+ .17 None None None 72 ~ .27 

European None None None No ne None 

Japanese None .41 _ .15 None .29 :~ .03 1.25 ~- .47 

Compact 
Domestic 1.21 + .19 .54 4- .15 None .17 ~- ,05 1.97 ~- 38 

European .75 4- .02 None None None None 

intermediate None None None None None 

Standard .70 4- .09 .22 4- .06 None .17 ~- .04 1.10 ~- 16 

Entire Fleet .46 4- .10 .23 4- .09 None None .76 ~ .23 
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Table 10. Fatal accident risk variation for new cars by accident type as a function of car weight and 
wheelbase 

Percent Risk Increase 

Accident Per 500 Ib of Per 5 in of 
Type Car Weight Reduction Wheelbase Reduction 
Collision with Motor Vehicle 5~6 ± 1.3 5.2 - 1.1 
Collision with Object 11.3 2.7 12.5 1 ~4 
Overturn 33.8 2.4 30.8 2.3 

....... All Types 8.9 1.0 8.3 .8 

Per 500 Ib of           Per 5in of 
Car Weight Reduction Wheelbase Reduction 

at Fixed Wheelbase at Fixed Car Weight 

Collision with Motor Vehicle 1.1 + 2.9 4.7 ± 2.4 

........ Collision with Object -19.1 3.9 28.7 3.2 

.............. Overturn -20.0 5,7 48.5 4.8 

All Types -6.6 3.0 1 2.9 2.5 

The influence of car wheelbase, at fixed car weight, millions of cars involved in accidents of known severity 

.... appears to be substantial and quite sensitive to the type of and known type. Several States also record the car 

............ accident. Although there may be certain physical reasons nameplate with sufficient resolution to allow the analyses 

for expecting this influence, a much stronger influence performed so far in the paper to be repeated. Other States 

may be attributed to nameplate or market class designa- record very genera! vehicle characteristics but also car 

tions, as is evident in the results shown in Table 8. make, which allows a general classification into market 
classes. 

The complete examination of this accident experience, 
Car Involvement as a Function of ..... as a supplement to that of NHTSA’s national scope files 

Accident Severity such as FARS and NASS, is a long-range project because 
of the enormity of the data base and the many variations 

This paper so far has addressed almost exclusively the of recording protocols. However, several analyses have 

car involvement in fatal accidents. There are obvious been performed for addressing the questions raised 

reasons for this emphasis. However, there are also two earlier. Table 11 shows summary results concerning car 

questions that need to be addressed: (1) Are the sensitivities propensity to overturn, a type of accident found in the 

observed in the fatal accident experience also evident in FARS file to be most sensitive to car market class and 
accidents of lesser severity? and (2) Are the results nameplate. 

presented so far, based on the fatal accident experience In this table, we compare the accident experience of 

recorded in FARS, seriously biased due to the FARS cars included in the records ofFARS, NASS, the State of 
threshold of fatal accidents only? Texas, and the State of Washington. These two States 

To address these questions, we have analyzed the have been selected for comparison with FARS because 

accident experience of cars in accidents ofall severities as car nameplates are recorded, categorically and with a 

recorded in NASS and also in the accident records of small fraction of unknowns, in afashion most compatible 

several States. The NASS data have the advantage of with that used earlier in FARS categorization. Also the 

national scopeand national representativeness in general, sample sizes in the State accident files are sufficiently 

but also have certain limitations when it comes to large to allow the shown disaggregation by accident 

disaggregation of cars by nameplate--limited sample severity. This is not the case for NASS, where we show all 

sizes and possible biases due to geographic nonuni- accident severities only. 

formities of nameplate distributions. To bring the data from these many different files on a 

Many States have provided NHTSA with a census of compatible basis, we employ the conditional risk de- 

their accident records for the past 5 to 10 calendar years.l scriptor of cars involved in overturns per 100 cars 

Collectively, these represent the experience of many involved in alltypes of accidents. Conversion to absolute 
risks is obtained by multiplying the shown conditional 

l. These data bases have been provided on a professional courtesy basis. Data risk with the absolute risk for all types of accidents. A 

retrievals and analyses and any conclusions following from these analyses are review of the results in Table 11 leads us to believe that 
the sole responsibility of the author and in no way represent the views of the 
States or of NHTSA. car propensity to overturn is sensitive to car attributes 
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Table11. Risk of car overturn per 1 O0 accidents as a function of market class and accident severity. Comparison of 
results from the national files of FARS (1975-1983) and NASS (1981 - 1983) and the State accident files of 
Texas and Washington (1978-1983) 

Risk of Overturn per 100 Accidents 

FARS NASS State of Texas State of Washington 

Market All Property Personal Serious Property Personal 
C{ass Fatal Severities Damage Injury or Fatal Damage Injury Fatal 

Subcompact 
Domestic 6.06 1.44 0.88 2.20 5.49 1.36 2.77 4,18 
European 8.06 4.09 1.11 3.08 7.15 2.73 5.06 9.03 
Japanese 10,85 3,46 1,54 3.84 9.24 2,32 4.34 15.20 

Compact 
Domestic 4.95 1.23 0.51 1.52 4.02 1.17 2,20 8.53 
European 9,72 2.45 0.92 2.38 6.03 1,22 2,72 11.52 

Intermediate 3,42 .49 0.33 0,90 2.73 0.74 1.51 5.14 

Standard 2.22 .34 O. 17 0.64 1.63 0.47 0.98 2.35 

not only in the fatal accident experience recorded in time of travel, urban or rural character of roadway, 

EARS but also in that of other accident files and not only roadway speed limit, roadway curve occurrence, wet 

tbr fatal accidents but for accidents of any severity, pavement occurrence, and topographical characteristics 

Similar results have been obtained by an examination of of travel. This last attribute was addressed by aggregating 

the accidentexperienceinotherStates. Moreover, similar the EARS accident data into two categories by State. 

observations hold not only for overturn but also for other One category includes the States (mountainous, low 

accident types that show risk sensitivity to car classes, population density) in which topography may promote 

the occurrence of overturns, while the opposite is true in 

the other category. The purpose of this is to control for The Possibility of Confounding Factors 
possible effects due to nonuniformities in the geographical 

distribution of car classes. 
The observed sensitivity of certain accident risks to car We address first the distributions of these attributes 

class or nameplate is not immune from the confounding 
and their possible variation by car market class. We did 

effects due to variations in the distribution of circum- 
this for all accident types, whether overturns or not, and 

stantial but influential attributes among the car classes or 
also for all single-car accidents. We selected single-car 

nameplates under consideration. Included in these possible 
accidents for closer scrutiny because this is the pool from 

confounding factors are not only obvious attributes such 
which the overturns are drawn. Summary results for 

as driver age and alcohol involvement or attributes such 
single-car accidents are shown in Table 12. Note that for 

as rural or urban travel and night or day travel, but any 
brevity in this table the shown circumstantial attributes 

factor that (1) has a substantial influence on the risk, and 
have a binary categorization and the shown frequency 

(2) has a significantly varying distribution among the car 
values, in percent, concern the shown category. The 

classes under examination, 
percent value for the not shown category is obviously 100 

A more detailed discussion of this subject is given in 
percent minus the shown percent. 

Appendix B in connection with Equations (B-l) to (B-8). 
It is evident in the data of Table 12 that the distribution 

In the same part of this appendix, we address what 
of circumstantial attributes among car market classes 

determinations are necessary to estimate the likelihood of 
shows no significant variation or any pattern conspiring 

confounding effects and what adjustments are appropriate 
to enhance the overturn propensity of any given market 

to control their influence. We have applied these 
class. Similar results are obtained when all accident types 

procedures in the examination of the data concerning are considered instead of single-car accidents. The 
sensitivity of overturn risk to car class. We selected this 

frequencies by circumstantial attribute are different, but 
type of accident fora more detailed examination because 

they remain relatively insensitive to car class. On this 
of the magnitude of its sensitivity, 

basis alone, we may expect no substantial confounding 
The number of circumstantial attributes that may 

effects on the risk determinations, unless the risk sensitivity 
influence the outcome of a car accident as an overturn is to these attributes is overwhelming. Accordingly, we 
large, and their complexity is also large. We have have resolved the risk ofcar overturn by the circumstantial 
considered the following among the most likely to be 

attributes of interest here for each of the car market 
influential: the age and alcohol involvement of the driver, 

classes under consideration. These results are shown in 
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Table 12. Frequency of circumstantial attributes in single-car fatal accidents (FARS 1975-1983} 

Percent by Circumstantial Attribute 

Market Young Alcohol Night Rural High Speed Road Wet 
Class Driver Involv. Travel Travel Limit Rd. Curve Pavement 

Subcompact 
Domestic 26 50 69 68 66 42 18 
European 29 55 70 61 60 47 14 

...... Japanese 27 50 67 67 67 43 14 

Compact 
Domestic 22 52 72 66 64 44 17 
European 29 50 67 58 62 47 ! 7 

Intermediate 22 53 71 65 64 43 16 

Standard 23 52 69 64 65 40 17 

Entire Fleet 24 52 70 65 64 43 13 

Table 13. The table also shows the overall risk for recorded in the accident files, there may be influential 

........... overturn, with and without adjustments, factors that are not recorded. 

The unadjusted overall risk is obtained from the data Another equally important consideration deals with 

of Table 6 by forming the ratio ofoverturnsialltypesof the degree of desired disaggregation of the data ir~ 

accidents, for the entries appearing in Table 6. All other relation to the magnitude of the risk differentials we are 

entries to the left of the unadjusted overall risk display attempting to examine. When relatively small differentials 

values of the risk controlled for each slot of each must be examined for a large number of classes and 

circumstantial attribute shown in the table, subclasses, the procedure of controlling for confounding 

The not unexpected variation of risk according to factors can be very frustrating. 

circumstantial attributes (variation within each row) is 

evident. However, it is also evident that the pattern References 
within each column is retained, for all practical purposes, 

regardless of the particular circumstantial attribute under !. "Fatal accident reporting system," Automated Files, 
consideration. This is a second indication (the first National Highway Traffic Safety Administration, 
indication comes from the data of the type shown in Annual Issues, 1975-1984. 
Table 12) that no major confounding effects are to be 2. "National accident sampling system," Automated 
expected. Indeed, when the overall unadjusted risk is Files, National Highway Traffic Safety Adminis- 
adjusted, no major differences are observed. This is tration, Annual Issues, 1979-1984. 
shown in the last two columns of Table 13. 3. "National crash severity study," Automated Files, 

The adjustment under consideration is carried out National Highway Traffic Safety Administration, 
following the procedure discussed in Appendix B in 1977-1979. 
connection with Equation (B-7). Very similar results are 4. "National vehicle population profiles," R.L. Polk, 
obtained when the procedure discussed above in con- Annual Issues, 1975-1983. 
nection with fatal car accidents is applied to car accidents 5. "Highway statistics," Federal Highway Administra- 
of all severities. The results for all car accidents in the tion, Annual Issues, 1975-1983. 
State of Texas, as an example, are shown in Table 14. 6. "Nationwide personal transportation study," con- 

The above analysis leads us to the conclusion that no ducted in 1976-1977 by the U.S. Bureau of the 
major confounding influences are in effect in the deter- Census for the Federal Highway Administration. 
mination of accident involvement risks when cars are 7. "Consumption patterns of household vehicles,"survey 
aggregated by market class. This is especially true for car conducted by the U.S. Department of Energy in 
involvement in overturns, where the risks appear to be 1979-1982. 
quite sensitive to car market class. However, the reader 8. "Truck inventory and use survey," conducted in 1977 
should not generalize this conclusion. First, it should be by the U.S. Bureau of the Census. 
kept in mind that there is no automatic assurance that all 9. "On-road fuel economy and annual travel of cars and 
potentially influential confounding factors have been light trucks,"survey conducted in the early 1980’s by 
examined. In addition to possible unsuspected factors the National Highway Traffic Safety Administration. 
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10. ¯ Stewart, J.R., et al., "Annual mileage com- and motorcycleregistrationshavemorethanquadrupled. 
parisons and accident rates in North Carolina," Furthermore, new truck sales as a percent of all motor 

final report to National Highway Traffic Safety vehicle sales have risen from about t 2 percent in the early 

Administration. 1980. 1960’s to about 22 percent in the early 980 s. 
¯ Dutt, A.K., etal.,"Annual mileage comparisons These two vehicle types have been and still are of 

and accident rates in North Carolina," final concern in the safety community because they are in 

report to National Highway Traffic Safety general substantially more involved in accidents than the 

Administration under Contract DOT HS-803041, average vehicle type (see Table 3 in the main text). They 

January 1978; also under Contract DOT HS- also present special problems that are size-related. Trucks 

802428, June 1977. are more aggressive and motorcycles more vulnerable 

1 t. "Fatal and injury accident rates on public roads in than the average vehicle type. 

the U nited States," Federal Highway Administration, 

Annual Issues, 1975-1983. Changes in Major Car Characteristics 
12. Malliaris, A.C., "Discerning the state of crash- 

worthiness in the accident experience," Tenth Inter- 

national Technical Conference on Experimental 
Three car characteristics- -~weight, wheelbase, and front 

or rear wheel drive are singled out for general con- 
Safety Vehicles, Oxford, England, July 1985. 

sideration because they are often discussed and analyzed 

in connection with accident and casualty risks. Significant 

Appendix A changes have taken place in these characteristics in the 

past 10 years for most makes and market class categories, 

especially of the domestically produced new cars. Table 

Major Changes in the Motor Vehicle a-1 shows car weight changes, and Table A-2displays the 

wheelbase changes in an identical format. The growth of 
Fleet and Travel front wheel drive car shares is shown in Table Ao3 in a 

similar format. 
While the resident population in the United States For the market class characterization in these tables, 

grew at an average rate of 1.1 percent per year in the past we have followed the practice of the domestic car trade 

15 to 20 years, the number of licensed drivers grew faster, literature, i.e., a classification by nameplate or car line 

at an average rate of about 3 percent per year. An even into market class categories. European makes are classified 

faster growth took place in the number of registered as subcompact except for makes with a wheelbase above 

motor vehicles and in the miles of travel of these vehicles 100in (e.g., Mercedes Benz, AudL BMW, Volvo, and a 

each year. Both of these grew at a rate of about 4.5 few others). Also, the great majority of the Japanese 

percent per year. In addition to growth, significant makesare subcompacts with few low-volume exceptions. 

changes took place during this period in the composition Furthermore, we have used the R.L. Polk registration 

and major characteristics of the motor vehicle fleet, counts by nameplate and model year for obtaining the 

weighted means of car weight and wheelbase and l’or the 

Shifts in Fleet Shares by Vehicle Type               percentages of front wheel drive cars. 

Between the early 1960’s and 1980’s, the mix of vehicle Travel and Exposure Pattern Changes 
types in the fleet on the road changed significantly. In the 

early 1960’s. vehicles other than cars were a relatively Gasoline supply disruptions, the 55mph speed limit, 

small fraction of the fleet. Since then two fleet components, the rising cost of highway travel, and various cycles in the 

trucks and motorcycles, have grown and are growing economy have influenced travel and exposure patterns in 

faster, as shown below: the past 15 years. The resulting variations are noticeable 

but lesser than the changes in the motor vehicle 

discussed above. 
Registration (Millions) 

The average annual travel per vehicle has fluctuated by 

Trucks less than 5 percent in the period under consideration. 

Cars (All Types) Motorcycles However, larger fluctuations have been observed for 

specific vehicle categories as shown in Table A~4. The 
Early 1 960’s    55-65 10-1 3 1.3 source of the data in this table is(5). The annual travel of 
Early 1980"s 105-110 35-39 5.8 cars, for example, shows a significant reduction between 

1973 and 1974 and again between 1978 and 198t. Car 

It is evident that while car registrations have barely travel is generally more responsive to and follows the 

doubled in 20 years, truck registrations have easily tripled pattern of major influencing factors. 
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Table A-1. Mean car weight (Ibs) for cars retailed in the United States by origin of make and market class, 

I. New Cars by Model Year 

Market Class 1 977 1978 1979 1980 1981 1982 1983 

Domestic Subcompact 2,597 2,453 2,425 2,393 2,118 2,211 2,125 

Compact 3,415 3,231 3,047 2,756 2,651 2,708 2,612 

Interm. 4,062 3,589 3,417 3,311 3,295 3,147 3.135 

Standard 4,109 4,08t 3,929 3,844 3,886 3,838 3,874 

European Subcompact 1,994 1,897 1,989 2,098 2,032 2,085 2,071 

Other 2,990 2,955 3,056 2,997 2,988 3,023 3,057 

Japanese Subcompact 2,191 2,243 2,1 !4 2,188 2,203 2,196 2,159 

Other 2,673 2,740 2,834 2,849 2,887 2,886 2,851 

II. All Model Years by Calendar Year 

Market Class 1977 1978 1979 1980 1981 1982 1983 

Domestic Subcompact 2,592 2,573 2,545 2,512 2,468 2,432 

Compact 3,184 3,176 3,139 3,103 3,07t 3,042 

Interm. 3,946 3,861 3,802 3,753 3,703 3,637 

Standard 4,379 4,347 4,325 4,311 4,285 4,259 

European Subcompact 1,948 1,957 1,968 1,993 2,008 2,026 

Other 2,755 2,801 2,827 2,860 2,891 2,924 

Japanese Subcompact 2,187 2,188 2,184 2,183 2,187 2,187 

Other 2,699 2,735 2,773 2,798 2,831 2,842 

Table A-2, Registrations weighted mean car wheelbase (in) for cars retailed in the United States by origin of make and 

market class 

1 New Cars by Model Year 

Market Class 1977 1978 1979 1980 1981 1982 1983 

Domestic Subcompact 95.7 96.9 96.5 96.6 95.7 96.4 95.3 
Compact 110.0 108.9 ! 06.5 105.4 103.9 102.8 101. ! 

Interm. 115.1 111.0 110.1 108.6 108.3 107.1 107.3 
Standard 118.1 118.2 116~9 117.4 116.5 116.5 116.9 

European Subcompact 94.8 93.4 93.8 94.2 95.0 96.5 96.6 
Other 104.0 104.3 105.4 104.8 105.2 1053 105.7 

Japanese Subcompact 93.4 93.6 93.4 94.3 94.3 952 95.3 
Other 104.0 104.0 104.0 100.4 103.6 103.3 103.1 

I1~ All Model Years by Calendar Year 

Market Class 1977 1978 1979 1980 1981 1982 1983 

Domestic Subcompact 97.7 97.4 97.3 96.9 96.6 96.4 
Compact 109.0 108.8 108.5 108.1 107.7 107.3 

Interm. 115.1 114.2 113.6 113.0 11 2.4 111.8 
Standard 122.1 ! 21.7 121.5 121.2 120.9 120.5 

European Subcompact 94.8 94.7 94.7 94.7 94.7 94.8 ..... 
Other 103.4 103.7 103.9 104.0 104.2 104.4 

Japanese Subcompact 93.8 93.8 93.8 93.9 94.0 94.2 
Other 104.0 104.0 103.5 103.3 103.3 103.3 
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Table A-3. Percent of front wheel drive equipped cars retailed in the United States by origin of make and market class 

I. New Cars by Model Year 

Market Class 1978 1977 1978 1979 1980 1981 1982 1983 

Domestic Subcom pact 0.0 15,9 22,8 20.3 56..6 80.6 80.0 
Compact 0,0 48.6 63.0 49.7 64.6 

Interm 0.0 27.4 33.3 
Standard 0.0 3.0 0.0 2.6 14.9 13.0 13.6 14.2 

European Subcompact 0.0 82.4 82.8 84.6 94.9 94.7 97,4 99.0 
Other 0.0 17.6 26.8 21.1 27.7 22.3 18.2 16.0 

Japanese Subcompact 0.0 27.4 27.4 37.3 42.9 51.0 59.3 72.2 

Other 0.0 17.8 

All Market Classes 

II. All Model Years by Calendar Year 

Market Class 1976 1977 1978 1979 1980 1981 1982 ! 983 

Domestic Subcom pact 0.0 1.4 3.1 6.5 11.7 19.4 25.7 

Compact 0.0 0.5 4.5 9.2 13.4 16.9 

interm. .0.0 1.1 4.4 

Standard 0.0 2.5 2.4 2.8 3.4 4,0 5.5 

European Subcompact 0,0 21.9 27.8 33.1 38.8 43.2 48.1 

Other 0.0 16, 9 16.1 16.6 16.9 17.0 16.8 

Japanese Subcompact 0.0 16.8 20.1 24.8 28.8 32.7 38.1 

Other 0.0 4.4 

Table A-4. Average annual travel per vehicle in thousand miles as a function of calendar ~/ear 

Trucks All Motor 
Year Cars Single Combin Motorcycles Vehicles 

1973 10.0 9.87 46.7 4.50 10.1 
1974 9.45 8.98 49.1 4.50 9.53 
1975 9.63 8.88 51.7 4.50 9.6=$ 
1976 9.76 9.37 48.3 4.50 9.8=$ 
1977 9.84 9.40 50.2 4.50 9.93 
1978 10.0 9.25 49.3 4.50 10.1 
1979 9.49 9.18 49.7 4.00 9.58 
1980 9.14 10.1 42.7 3.14 9.41 
1981 9.00 11.0 47.0 2.57 9.48 
1 982 9.53 9.81 50.1 2.09 9.64 
1983 9.64 9.71 52.4 2.15 9.73 

In the late 1960’s and early 1970’s. car travel showed does not necessarily follow the pattern of car travel. The 

minor fluctuations around 10.000mi per year. A significant pattern for all motor vehicles agrees with that of cars 

decline occurred between 1973 and 1974 due to the oil because car travel dominates. 

embargo at that time. From 1974 to 1978, car travel per Annual travel per car is known to vary substantially as 

year increased slowly but steadily until 1979. when a function of car age (or of model year in a fixed calendar 

another oil crisis forced an abrupt reduction. This year). Variations may also exist as a function of market 

reduction was prolonged and deepened well into 1981 class. The data for a detailed and systematic examination 

due to a depressed economy, of these patterns and their variation in the past 10 to 15 

The increase of annual travel per car. starting in 1982. years are not at hand. However, the available information 

has coincided with the economic recovery that also is generally consistent with the summary shown in Table 

started at that time. Note the annual travel for other A-5, which addresses relatively new cars, i.e., of age 3 

vehicles, especially trucks, is much less discretionary and years or less. 
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Table A-5, Annual travel per car as a function of car age and car market class 

Car 1 it Yr. Travel Travel Ratio 
Market Class Thousand Miles/Car 2nd Yr./lst Yr. 3rd Yr./lst Yr. 

Subcompact 13.2 ± .47 1.00 ± .02 .95 ± .03 
Compact 12,1 .51 ,91 ,05 ,89 .07 
Intermediate 13.3 .60 .89 .02 .82 .03 
Standard 13,6 .36 .91 .03 .84 .02 

All 13.0 .2 .94 .02 .87 .03 

The data in each entry of this table are averages of Table A-7. Fatal accidents and nonfatal injury 

corresponding values provided by" a large number of accident rates per 100 million 
vehicle-miles traveled on U.S. roads 

sources(2,3,6,7,9,10) spread over several years between by calendar year 
the mid-1970’s and early 1980’s. The raw data in these 

sources have very dissimilar origins. In spite of this, fair Accidents per 100 Million Miles 

agreement is observed for car ages up to 3 years or with 

respect to car market classes. This is reflected in the Year Fatal Nonfata~ Injury 

relativeIy small errors that arise when data from all these 
1975 2.85 133.0 

sources are averaged, as shown in Table A-5. Furthermore, 1976 2.87 133.3 
no significant or systematic trend has been found in the 1977 2.91 129.8 
data with respect to calendar year variations, again for 1978 2.92 135.9 

cat travel categorized as in Table 5. 1979 2.97 137.5 
1980 2.96 132.8 

Travel speed patterns have also changed substantially 
1981 2.84 130.1 

in the past 10 to 15 years. ]’he 55mph speed limit went 1982 2.45 123.6 
into efl:ect nationwide early in 1974. Before that time, the 1983 2.30 121.6 
prevailing average speed on interstate highways was 

about 65mph. This average speed dropped to about 

57.5mph in 1974. In the following years, this speed 

increased steadily, slowly in the second half of the 1970’s Appendix B 
but t>aster in the early 1980’s. "Fable A-6 shows the 

percentage of motor vehicles noncomplying with the Errors and Adjustments in Risk 
55mph speed limit while driving on U.S. highways(5). Determinations 

The most common and serious source of errer in the 
Table A-6. Percent ofmotorvehicles on U.S. highways estimation of absolute risks, by application of Equation 

exceeding shown speed in the early 1980’s 
(t), is the absence of coincidence in the categorization of 

attributes represented by subscripts j and k, between the Year 55 Mph 65 Mph 75 Mph 
numerator and denominator. The discussion fol!owing 

t980 49.3 16.8 4. ! Equation (3) in the main text explains why the estimation 
1981 485 18.4 5.2 of absolute risks is more vulnerable to such errors than 
1982 52.6 24.2 7.9 the estimation of conditional risks, by application of 
1983 54.1 25.4 8.5 

Equation (3). The steps we have taken to minimize this 

type of error have been outlined in the main text in 

connection with absolute risk determinations. 

A second, but separate, concern is the number of 
Travel speed is one of the factors that influence the 

vehicle and exposure categories, subscripts j and k, that 
severity of the exposure to accident and casualty risks. 

must be introduced to obtain the desirable resolution in 
Many other factors, driver, environment and vehicle- 

the computation of risks. It is desirable, although not 
related, may also be influential with varying strengths. As 

an overall descriptor of exposure severity, we have 
always feasible, to resolve the matrixjk into as many cells 

considered the rate of accidents per unit travel for all 
as necessary to obtain fairly uniform risks within each 

vehicles on U.S. roads. "Fable A-7 shows how this rate has 
population. This, however, must be traded offagainst the 

varied in the past t 0 years. The source of these data is(11), 
statistically insignificant results obtained when a large 

number of cells yields populations that are too small. 
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Even after the concerns discussed above are satisfied, Table B-2. Normalizationfactorsfortravelandexposure 
further adjustments may be appropriate to deal with severity by car age and calendar year 

n0nuniformities in the exposure conditions relevant to .... 
risk determinations. This appendix discusses such Calendar Car Age 

adjustments. Year 1 Year 2 Years 3 Years 

We consider first a normalization procedure that is 
1975 .99 1.05 1.14 

used for relatively new cars (1 to 3 years old) traveling on 1976 .97 1.03 1.11 
U.S. roads in any of the calendar years 1975 to 1983. The 1977 .95 1.01 1.09 
exposure variations experienced by these subfleets were 1978 .92 .98 1.06 

discussed in the last section of Appendix A. Tables A-4, 1979 .96 1.02 1.10 

A-5, and A-7 display relevant data. When comparing or 1980 1.00 1.06 1.15 
1981 1.06 1.13 1.22 

aggregating these subfleets, it is convenient and appro- 
1982 1.16 1.23 1.33 

priate to normalize their accident experience to an 1983 1.23 1.31 1.41 
arbitrary but common basis. For this purpose, we have 

selected the 1-year-old cars, under the travel and exposure 

severity conditions of the calendar year 1980. alcohol involvement, vehicle type, time of day, travel 

In practice, normalization is performed through factors speed, etc., may have influences stronger than those 

that multiply the risks of accident involvement per addressed in the discussion so far. Accordingly, adjust- 

vehicle registration to normalize them to the reference ments would be necessary to bring the determination of 

exposure conditions. Table B- 1 shows normalizing factors risks under exposure conditions as comparable as possible, 

A and B for annual travel per car by calendar yearand for when such comparability is desired. When necessary, 

........ exposure severity, respectively. Factor A is obtained these adjustments are made according to the procedure 

from the car travel data shown in the first column of discussed below. Consider first the risks R~ and R2 

Table A-4, by making !980 the reference year. Similarly, concerning two different vehicle classes 1 and 2, as 

Factor B is obtained from the data of Table A-7. determined from aggregated data of vehicle involvements 

and exposure: 

Table B-1. Normalization factors by calendar year for Rl = Sum Vlk/SUm Elk (B-l) 
.... annual travel per car (column A) and for R2 = Sum V2k/ Sum E2k (B-2) 

exposure severity (columnB) The summations in these relations are over all exposure 

conditions designated by k, which may represent, for 

Calendar example, driver age brackets, alcohol involvement, time 
Year A B of day, highway type, travel speed, etc. It is now helpful to 

introduce the exposure distribution frequencies: 
1975 .95 1.04 
1976 .94 1.03 Flk = ElkSUm Elk                       (B-3) 

1977 .93 1.02 F2k = E2kSUm E2k (B-4) 
1978 .91 1.01 Note that the sum of all F Ik or all F2k values equals unity. 
1979 .96 1.00 The use of these equations in (B-I) and (B-2) yields: 
1980 1.00 1.00 

R~ = Sum (F~kR~k)                     (B-5) 
1981 1.02 1.04 
1982 .96 1.21 R2 = Sum (F2kR2k) (B-6) 

1983 .95 1.29 where the risks g lk and g2k arc defined by Equation (l) in 
the main text for j = 1 and 2, respectively, and for each 

value of k that is of interest. Subscript i, i.e., the accident 
The product of Factors A and B is the composite category, is dropped here for simplicity; however, the 

normalization factor for 1-year-old cars. This product analysis is equally valid for any given or for all accident 
appears in the first column of Table B-2. The other two categories. Equations (B-5) and (B-6), which are fully 
columns of this table show the composite normalization equivalent to (B- 1) and (B-2), are more informative. They 
factors for 2- and 3-year-old cars, respectively. These show that, in each case 1 or 2, the aggregated risk is the 
factors have higher values, which reflect the travel sum of risks corresponding to individual exposure 
reduction taking place as the car age increases. The conditions, with each such risk weighted by the frequency 
relevant data for these transformations are shown in the of occurrence of the corresponding exposure condition. 
last row of Table A-5. When risks R~and R2 are determined under aggregated 

In addition to travel per vehicle and exposure severity exposure conditions, i.e., by Equations (B-l) and (B-2), 

in general that show variations from year to year, there any~difference between them may be not entirely due to 

are many exposure attributes that influence accident risk differentials under specific exposure conditions, As 

risks, even in the absence of calendar year or model year shown in equations (B-5) and (B-dL differences between 

considerations. In fact, attributes such as driver age, R~ and R2 may arise from differences between Rlk and 
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R2k, or from differences between Fik and P2k, or from distributions are fairly similar, the possibility ofdistorted 

both sources, results is minimized. However, if the distributions differ 

A numerical example wil! clarify these points. Let substantially, then Equations (B-I) and (B-2) or their 

subscripts ! and 2 represent two different vehicle types equivalent (B-5) and (B-6) as written are inappropriate 

and subscripts a and b represent two different exposure for risk determinations. 

conditions, say urban and rural travel. Furthermore, Equations (B-5) and (B-6) may be used but only after 

suppose the data we are deating with are: an adjustment. The necessary adjustment requires that 

Fia = 905c, F~b 10%; Fga = 10%, F2b 90% Flk and 1E2k must be made identical. This can be done 

for the frequencies of occurrence of the exposure and: either by retaining Fik in (B-5) but also using the same in 

Ria = 3, R Ib = l; R2a = 5, R2b = 2 (B-6) instead of F2k, or by retaining F2k in (B-6) and also 

for the individual risks, in accidents per unit exposure, using the same in (B-5) instead of Flk. These two 

The risks R~ and R> integrated over both exposure alternatives correspond to risk comparisons either under 

conditions for each vehicle type, are: R! = 2.8 and the exposure conditions of vehicle category 1 all across 

R? = 2.3. the board or under those of vehicle category 2 also all 

This answer may be fine if we wish to compare the risks across the board. A third alternative may be considered 

of vehicle categories 1 and 2 under their recorded by pooling the exposure conditions of both vehicle 

exposure conditions. However, this answer is absurd if it categories together and determining a frequency distri- 

is meant to be a risk comparison under exposure but!on Fkfor thepooled populations. For this alternative, 

conditions assumed to be fairly similar. It is absurd the appropriate version of Equations (B-5) and (B-6) is: 

because R~ais lower than R:,, and Rlbis lower than R2bSO RI = Sum (FkRlk) (B-7) 

R~ is also expected to be lower than R2, but it is not. This R2 = Sum (FkR2k) (B-8) 

very substantial distortion is introduced because the Note the risks R lk and R2k must be determined for each 

frequencies of occurrence of exposure categories differ exposure category k, and then used in conjunction with 

significantly between vehicle types 1 and 2. the common frequency distribution fk for the determi- 

Whenever risk calculations and comparisons, vehicle nation of R! and R2. Other alternatives are possible for 

category I versus 2, are made over aggregated exposure introducing a common frequency distribution. Which 

conditions, it is essentia! as a minimum to determine and alternative is selected depends on the terms under which 

review the frequency distributions of exposure conditions we wish to compare risks. 

for each of the vehicle categories ! and 2. If these 

Optimum Luminances and Areas of Rear-Postition Lamps and Stop Lamps 

Hans-Joachim Schmidi-Clausen basis for the static and semidynamic tests carried out in 

Technica! University Darmstadt, Federal the normal traffic situation. The influence ofthe following 

Republic of Germany parameters was investigated: light-intensity of the lamp, 

area of the light-emitting surface of the lamp, daytime/ 

nighttime observation, and observation distance. As a 

Abstract criterion, the 9-rating scale was chosen. 

In static and semidynamic tests, the luminances of stop 

tamps and rear-position lamps were rated by test persons. Light-Intensities of Lamps 
Out of these results, the influence of light-intensity, area 

o~ the light-emitting surface, and observation distance on 

the assessment of the luminance is shown. 
The light distribution of signal lamps is prescribed, for 

example, in ECE regulations. In Figure 1, a frequency 

distribution for the axial light-intensity is plotted for stop 

lamps and rear-turn-signal lamps. The plotted values are 

introduction results from the test-institute in Germany. These values 
are gained with a so-called test voltage at the filament 

Starting from the measured light-intensities as measured lamp, which is also prescribed in the regulation. The 
during ECE-t}pe approval in Germany(l), the aging values have a normal distribution. The typical values are 
effects of lamps were looked at. These results were the summarized in Table 1. 
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Figure ], Frequency distribution f of light-intensity I Figure 2. Frequency distribution f of luminous 
ties L 

Table I. In Figure 3, the results of the stop lamps and rear-turn- 

signal lamps are plotted; in Figure 4, those for the rear- 

position lamps always measured with stopped engine. 
Light-intensities in cp 

Each curve is represented by roughly 1,200 single meas- 
Frequency Rear-Turn-Signal 

in % Stop Lamp Lamp urements. The dots are the mean values as shown in 
Figure I (f = 50 percent). With increasing age, the axial 

.50 65 138 light-intensities of all the described lamps are lowe~ing. 
16 53 99 For some selected years of construction, the values for 
I0 49 88 light-intensities are summarized Jn Table 3. 

These values of light-intensities were converted to 
I/cd 

..... luminance values. The results are plotted in Figure 2 and 
I 
~ ....... have a log-normal distribution. 100- ] 

In Table 2, the main values are summarized. 

50- ~     ~ ~ ~ 2 

Table2. 
’ I ~ ~~ 

Luminances in cp/cm2 

Frequency Rear-Turn-Signal 10- 

~~ 
~ 

in % Sto~ kam~ kam~ 

98            3.2               6.6                      5 
1970        !975        I9~ 

50 1.2 2.3 
16 0.69 1.3 Figure 3. Light-intensity I and age of different lamps 
10 0.59 1.1 

I!cd 

These values as shown in Figures 1 and 2 are values 10- 

measured in the laboratories: Nevertheless, these values 

may give an impression about the luminances of those 5 

two types of lamps. 

2 
Light-Intensities of Lamps Mounted on 
the Car 

During a test initiated by the BAST in Germany, the        0.5- 
1970       1975       1980 light-intensities of lamps mounted on the car in use were 

measured(2). Some of the results are shown in the Figure 4, Light-intensity ! and age of rear-position 

following two figures, lamps 
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Table 3 

Year of Axial Light-Intensity in cp 
Production Stop Lamp Rear-Turn-Signal Rear-Position 

Lamp Lamp 

84 37 56 4.2 
80 28 50 2.9 
75 20 45 1.9 

Comparing these summarized values with those in Evaluation of the Tests 
Table i, it can be shown the mean value of the light- 

intensities of lamps oncars in useis roughly half the value The results of the tests were evaluated using the 

as gained by the type approval. 3?he same reduction will common statistic method. For the evaluation of the 

occur when comparing the luminances of the lamps in use luminances and tight-intensities, a log-normal distribution 

and during type approval, was taken as a basis; for the assessments, a linear-normal 

distribution was used. 

The Tests As an example in Figure 5, the assessments of the 

light-intensities I of stop lamps are plotted. The mean 

values x and the distribution t7 of the results are shown. 
The tests were performed statically and semidynamic- 

ally. In the static test, the test person had to rate the 
The regression line of the results as drawn was calculated 

luminance of two lamps while looking on an axial 
using common statistic methods. 

fixation spot. In the semidynamic test, the test person was 

moving with a car in the direction of the test fixture. At a w/! 

certain distance, the test person had to rate the luminance. ~N~. ~ 
A dynamic test is in preparation at this moment. The 

areas of the test lamps could be changed between -- : 

A = 20cm2 and A = 200cm2 in steps. The axial light- 

intensities of the lamps could be changed between lcp " 

and 1,000cp while the luminous distribution itself showed ’ 

a normal curve. .’N[ 

The rating scale is summarized in Table 4. 

Table 4 

Assessment of the Luminance of Lamps 1.0 10 !00 1000 

Grade Description Figure 5. Assessment w of the light-intensity of a stop 
lamp (size of light-emitting surface of stop 

1 Too dark lamp: A=20cm2; time of test: nighttime) 

2 
3 Dark 
4 
5 Optimal Results of the Tests 
6 
7 Bright 
8 Assessment of Light-Intensities 
9 Too bright 

The results of the assessment of the light-intensities of 

The tests were carried out during daytime and nighttime stop lights are plotted in Figure 6 for daytime observation 
with l0 emmetropic test persons. About 6,000 tests were and in Figure 7 for nighttime observation. In both 

conducted. The tests were made on a straight road with a figures, only the results for the areas A = 20cm2 and 
neutral background during daytime and no glaring lights A = 200cm2 are plotted. For reasons of clarity, the results 
during nighttime. During the nighttime tests, the test for the other areas are not shown. The dotted area in both 
persons were adapted to the luminance of a low beam. figures represents the area of light-intensities that are 
Because of this restricted kind of test, the results may be permitted after the ECE regulation. 
somewhat lower than those that will be gained with glare For the assessment "optimal" (w = 5), the results are 
sources, street lighting, and other optical noise, etc. summarized in Table 5. 
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9 w/t 9 w/! 

1,      ,             /~       , ............ .      , /cd 1i Z/cd 
t,0 !0 L0 !~ 1000 1.0 !0 L0 1~ 1090 

Figure 6. Assessment w of light-intensity I of stop Figure 7. Assessment w of light-intensity I of stop 

lamps during daytime observation lamps during nighttime observation 

Table 5 

Observation Optimal Light-Intensities of Stop Lights in cp 
Area of the Light-emitting Surface in cm2 

20 200 

nighttime 18 117 
daytime 27 140 

Both regression lines in the figures lie somewhat Table 6. 

symmetric to the dotted area. In both cases, no optimal ...... 

luminance can be reached with either the 20cm2 area nor Area of the Light-emitting Optimal Light- 
the 200cm2 area. Surface in cm2 Intensities of 

For rear-position lamps, the results are plotted for Rear-Position Lights in 

nighttime observation only in Figure 8. The dotted area cp 

again describes the limits for the light-intensities after the 20 5.2 
ECE regulation. The light-intensities for the assessment 200 24.3 
"optimal" (w = 5) are summarized in Table 6. 

w/1 The optimal light-intensity for rear-position lights can 
9 , , -- --            ~- " --~- i--,/~ 

be reached with small areas A; for areas A = 200cm2, the 
8- 

/~/ 

optimum cannot be reached~ 

74..~ .... 

~/ 

6 Assessment of the Luminances 

5 I I ×/x , 

L- _.~ / I 
For different light-emitting sm’faces A, the optimum 

luminance L of stop lights are plotted in Figure 9. The 

3 -- t--F--/ ................. ~ results are plotted for daytime and nighttime observation. 

I/ 
With increasing area A, the luminance is decreasing. The 

2- plotted results are somewhat lower than the 50 percent 

! ’ I ~" . ...... ! ......, I/cd value in Figure 2. These results are valid for neutral 
1,0 10 !2 !00 1000 backgrounds, no glare source, etc. With these influences, 

Figure 81 Assessment w of light-intensity I of rear the optimal luminances may be higher than the results in 

position lamps during nighttime observation Figure 9. 
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L/.cd.cm-2 area of the light-emitting surface A as a parameter, the 

5’0t "~ 

[ 

l 

dependence of the optimum light-intensity I from the 
observation distance d. With increasing distance d. the 
light-intensity must also be increased to get optimal high 

20-~-~ .......... [ t- 
intensity for the lamp. Changing the distance from 25m 

, up to 125m. the light-intensity has to be increased by 60 
percent for the small area A and by 30 percent for the 
large area A. 

[/c d 

20 

Figure 9. Luminance L and size A of a stop tamp 

The results for the rear-position lamp are plotted in 
Figure 10 with the observation distance as a parameter. 
An increasing area of the lamp reduces the luminance 
required for the assessment "optimal." The same effect 
occurs with decreasing observation distance. Out of the 
reasons mentioned above, the necessary luminances in 
the real traffic situation may be higher. 

Figure 11. Light-intensity I for rear position lamps and 

L/cd cm_2                                                      observation distance d 

Conclusion 

0.5- The assessment of the luminances of stop lamps and 

_ 

~~-~~-- 

rear-position lamps indicates that the present ECE 
02__~~’ _ regulations more or less fulfill, within certain areas of 

’~ 

light-emitting surfaces, the conditions "’optimal " It is I ’ 

0~I- nevertheless necessary to prove these results by those 

~’~ gained by dynamic tests. 

0,05 -|         I    ~                               A/cm2 
20 50 100 200 References 

Figure 10. Luminance L and size A of a rear position 
damp during nighttime observation 1. Pollack. H.. Private communication, 1985. 

2. Leuchten~iberpr~ifung im Verkehr, report 1.7566, 

BAST. Germany, 1975. 
Influence of the Observation Distance on the Leuchten-undScheinwerfer~iberpr~ifungirn Verkehr, 
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3. Report on the "Demonstration of devices having 

The influence of the observation distance on the different light-intensitiesandbrightnesseswithregard 

assessment of the light-intensity of rear-position lamps to their dazzling effects." Economic Commission of 

can be shown in Figure 11, in which is plotted, with the Europe, TRANS SC 1/WP 29J GRE R 57, 1983. 
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Evaluation of Headlamp Beam Patterns Using the Ford 
CHESS Program 

Michael Perel Because of these limitations, NHTSA is exploring the 

U.S. Department of Transportation, National possibility of developing a headlamp evaluation method- 

Highway Traffic Safety Administration ology that more directly quantifies safety performance. 
The performance metric most commonly used to evaluate 
beam patterns in the past has been target detection 

Abstract distance measured using static or dynamic road tests. 

One of the problems in conducting these tests is deter- 

The Ford CHESS computer program was used to mining what conditions should be used. Parameters that 

evaluate headlamp performance as a function of various can be varied in such studies include target type, target 

influencing factors such as beam pattern, aim, and location, driver characteristics, headlampaim, androad- 

overall intensity. The degree to which the model was way geometry. Because of the many variations possible, a 

sensitive to headlamp, driver, and environmental variables beam that ranks high under certain test conditions might 

was assessed. The results showed that only small increases rank low if others were used. The evaluation process 

in performance could be achieved by beam pattern becomes even more complicated because there are multiple 

modifications, improved aim, and increased overall criteria for evaluating beams. In particular, a beam 

intensity. Part of the difficulty in identifying performance should provide illumination for target detection and keep 

improvements was found to be the low sensitivity of the glare low for oncoming motorists. 

C H E S S figure of merit to changes in beam photometrics. These considerations lead to the question of whether a 

Suggestions are made for upgrading the CHESS evatua- systems evaluation should be emp!oyed that would 

tion methodology to make the performance metrics more provide a variety of conditions under which beams 

sensitive to differences in beam design, should be evaluated and al!ow tradeoffs to be made 
among multiple performance criteria. This approach 
might be thought of as analogous to the current evaluation 

...... Background of vehicle fuel economy where a standardized route is 
used to evaluate overall fuel economy over a variety of 

Recent developments in headlamp technology are conditions. In the headlight area, this approach is 
making new low beam photometrics possible. The somewhat similar to the Ford CHESS program (Corn- 
National Highway Traffic Safety Administration is inter- prehensive Headlamp Environment Systems Simula- 
ested in developing an evaluation methodology that tion)(1). This paper wilt describe some analyses conducted 

..... would provide a means to compare the new beam with CHESSinattemptingtobetterunderstandwhether 

......... patterns with each other and with current ones in terms of and how it might serve as a starting point for developing 
safety performance. The agency may consider the use of an evaluation methodology. The analyses explored three 
such a methodology to help set minimum performance general areas: 
requirements for headlamp systems. ¯ The effects of various influencing factors on 

Currently in the United States, we determine whether a beam performance 
beam is acceptable or not by whether it meets the test The role of discomfort glare in evaluating 

point specifications in the Society of Automotive performance 
Engineers standards. This approach has a number of ¯ The comparison and evaluation of beam patterns 
limitations, including the difficulty of knowing what the This paper discusses some of the questions suggested 
test point values mean in terms of their influence on by these analyses that need to be addressed to develop an 
driver performance. In other words, test point specifi- evaluation methodology and concludes with suggestions 
cations do not quantify the visibility distance or glare for future research. 
hazard potential of the beam. Furthermore, many beam 
patterns can meet the same test points but may not 
produce equal performance. If a new pattern is proposed Description of CHESS 
that does not meet the current test point specifications, it 
is difficult to obtain general agreement on whether it The CHESS program developed by the Ford Motor 

meets minimum safety needs. Another type of problem is Company provides a comprehensive method for quantify- 

that current test point specifications do not permit ing headlamp photometric performance. Beam perform- 

evaluation of performance of lamps at different mounting ance is evaluated in terms of a Figure Of Merit (FOM). 

heights or of asymmetric lamp systems. This FOM is basically the percent of miles driven under 
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which three criteria for measuring performance are 

simultaneously met. The three performance measures are 

right-tanedelineation visibility, pedestrian visibility, and 
~,,,,,,, ¯ ¯ ’ *’.- .4 ¯ discomfort glare. These measures are calculated for a 

.12 
...: ...~, . 

simulated vehicle as it is "driven" over a test route 

representative of U.S. roadway geometries and environ- 

ments, tn the case of delineation visibility, the performance 

criterion that must be satisfied is to have visibility for a DELINEATION TARGETS 
distance greater than the distance the simulated vehicle 

travels in2s time to steer the car to keep it on the road. 

Performance is measured based on computation of 2 

delineation contrast and comparison to the contrast 

needed for detection by simulated drivers. For pedestrian 

detection performance is measured basically the same 

wa} the criterion is that detection distance must be 

greater than the car’s stopping distance. A driver is 

considered discomforted if the glare at the eyes is over 10 
PEDESTRIAN TARGETS 

percent greater than the glare of a baseline U.S. low beam 

built into the model or when the subjective rating of 

discomfort based on the DeBoer scale reaches a value of 4 2 - 

or less. In computing whether or not these criteria are 

met, the effects of various influencing factors such as aim, 

target reflectance, and driver visual characteristics are 

taken into account. In addition, various weightings are 

used to reflect the relative importance and exposure of 

the different components in the computation of the ONCOMING DRIVERS 
FOM. 

As an illustration of the representative conditions Figure 1. Distribution ofangularlocationsofpedestrian, 
under which performance is measured, Figure 1 shows right-delineation lines, and oncoming drivers 

how road geometry variables affect angular locations of 

right-delineation lines, pedestrians, and oncoming d rivers, 
drivers discomforted had high sensitivity, and the overall 

The points on the graphs illustrate where in the beam 
figure ofmerit shows moderate sensitivity. The delineation 

pattern the critical targets and oncoming vehicles are 
detection criterion was not a discriminating measure of 

~ocated. One observation from these figures is that the 
performance for any of the factors because the required 

locations of critical targets sometimes coincide with 
2s criterion distance could be met under most encounters. 

locations of oncoming drivers- --thus, this illustrates the 
Another point to note in summarizing these results is 

difficulty of making the beam intense enough to detect 
that performance varies as a function of the influencing 

¯ ~argets without creating discomfort gla~e for oncoming 
factors. The implications for improving night driving 

dri~erso 
safety with beam pattern modifications is that beam 

performance cannot be determined in isolation from the 

Analysis of Beam Performance various environmental, vehicular, and driver factors that 
can interact with performance. Because some beam 

One t3pe of analysis conducted to provide information patterns are likely to show greater sensitivity to the effects 

about the sensitivity of CHESS performance measures of some influencing factors than others, the relative 

was to determine how the metrics varied when values for ranking of beam performance could be affected by the 

influencing factors or other components of CHESS were choice of parameters to include in the evaluation method- 

changed, rhis type of analysis was conducted for a ology. For this reason, it is also important to reexamine 

rmmber of CH ESS parameters and is summarized in the parameters of CHESS and update those that do not 

Table 1, It lists the qualitative degree of sensitivity that reflect the current driving environment. 

the performance metrics for a U.S. tungsten low beam The discomfort glare performance measure is important 

have to the various factors listed. For example, the first in the CHESS evaluation methodology. The limit of 

line is the percent design intensity parameter. This allowable discomfort is a major constraint on lamp 

parameter multiplies the overall beam intensity by a intensity. Discomfort glareis determined from geometric 

given percent. Pedestrian detection had a relatively high consideration by calculating the beam intensity that 
sensitivity to this factor, delineation had low sensitivity, intersects the oncoming driver’s eyes in each meeting 
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scenario. This intensity level is compared to a criterion European sharp cut-off beam; a modified U.S. low beam 

value to determine whether or not the driver would be with overall higher intensity, especially in the lower right- 

discomforted, hand quadrant; a hypothetical beam with reduced inten- 

The criterion value is based on the DeBoer rating scale, sity in the upper left quadrant but higher lower right 

which was calibrated with a typical U.S. low beam. To quadrant intensity; and a hypothetical beam with 40,000cd 

calibrate the scale, a typical U.S. tungsten sealed beam below horizontal and no intensity above horizontal. The 

was assumed to have acceptable glare. Because this low lamps were evaluated under perfect aim and misaim 

beam produced discomfort levels of 4 and above (i.e., conditions that are representative of the aim of the 

acceptable glare) on the DeBoer scale, this value was used vehicle fleet in the early 1970’s. The mean vertical aim was 

as the criterion. .75° up with a standard deviation of 1.5°. Mean horizontal 

Figure 2 shows the results of comparing several real aim was .08° right with a standard deviation of .86°. 

and hypothetical low beams in terms of discomfort glare The results show that, as expected, discomfort glare is 

performance. The headlamps compared include, from an important performance measure in helping to dis- 

left to right: no headlamp; a U.S. tungsten sealed beam; a criminate between beams. The discomfort performance 

Table 1. Sensitivity of performance measures to input parameters (L = low sensitivity N~ = moderate 
H = high 

Pedestrian Delineation Drivers 
Detection Dection Discomfort FOM 

Overall 
Intensity H L H M 

Mean Vertical 
Aim H L H M 

Mean Horizontal 
Aim L L M L 

Vertical Aim 
Standard Deviation M L M M 

Mounting 
Height M L L L 

Beam 
Pattern M L M M 

Glare 
Criterion H L 

Road 
Illumination H L L M 

Driver 
Alertness M L 

Pedestrian 
Size L L 

60- of the ECE beam is noticeably better than the other 

o beams. The 40K beam, because of its high intensity levels, 
ua has the worst discomfort. The figure also shows the 
a: Le9end 
o strong influence of misaim on discomfort. The difference 
~ F-’l PERFEC’~ aim 
~- I0- ~ I~lSl~Itl in performance between misaim and perfect aim 

c3 conditions for the same beam can be as great as the 

m~ ~o- magnitude of the differences between beams. Since 

o~ misaim is a fact of life for all headlamps, these results 

u~ 20- emphasize the importance of evaluating beam design 
> under realistic misaim conditions. 

m 10- An updated survey of headlamp aim of the U.S. fleet 

x has just been completed by Olson(2). The results found 

o that for passenger car model years 1978-1984, the mean 

vertical aim was .25° down with a standard deviation of 

Figure 2. Discomfort glare performance of various low 1°. Mean horizontal aim was .04° right with a standard 

beams deviation of .78°. An update of the CHESS program 
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should include these more recent data. Because of the simulated test route to compute the FOM (Figure 4), the 

smaller standard deviations of misaim, the more recent performance of the 40K lamp is not greatly different from 

data would result in smaller differences between perfect the other beams. Misaim results in further reduction in 

aim and misaim conditions, the 40K lamp performance. 

Another factor that affects beam performance is the 

level of glare beyond which drivers would subjectively 

rate glare as discomforting. This criterion has been 
Legend 

studied recently by Olson and Sivak(3). Their results ~0-~ r-n P~r~c’r AIM 
suggest that drivers can accept a higher intensity before 

they will complain of discomfort than the criterion on 
~ 70H 

which the CHESS program is currently based. This 

finding is based on measuring glare tolerance under field 

conditions as opposed to laboratory testing~ 

The effect on performance when this discomfort glare ca 

criterion is changed according to the Michigan results is 

that the percent drivers discomforted for a U.S. beam 

pattern decreased to 5 percent from almost 17 percent 

with the current criterion. However, the overall FOM 

does not change much. This does not imply that glare is 

not important but that the current FOM formulation is 

not a very sensitive metric, tt has a narrow range. Also, 

discomfort glare is weighted considerably less than the Figure 4. Merit for various low beams 
pedestrian detection metric in the calculation of the 

FOM. 

The beam patterns discussed above were also compared None of the lamps showed any major differences when 
in terms of percent pedestrians detected and overall evaluated by the FOM. Larger differences among beam 
FOM. Eigure 3 ~hows pedestrian detection performance patterns were found with the individual performance 
under unopposed traffic, unlit roadway conditions. It measures than the overall FOM. Part of the reason for 
illustrates that misaim reduces performance slightly, the lack of sensitivity of the FOM to different beam 
Under these unopposed conditions, misaim down would patterns is that some criteria are met by all beams and 
reduce detection distance: misaim up would increase thus do not discriminate. For example, the percent 
detection distance. The net effect, as shown in the figure, delineation detected was always very high and not much 
is a slight decrease in performance. The performance of different for different beam patterns. Also, the effects of 
the ECE beam with its sharper cutoff above horizontal is the various weighting and influencing factors may wash 
more sensitive to misaim. The 40K beam appears to be a out beam pattern differences. A beam may provide good 
good performer in this comparison. HoweveL the dis- performance under some conditions but poor performance 
comfort glare of this lamp is high. When the various under others. The net effect is that it is difficult to 
performance measures are combined over the entire improve the overall FOM score, which takes allconditions 

into account. Even if we had a more sensitive FOM, there 

;,~. is the question of whether a major low beam improvemenl 

~ 
is possible. The inverse square law and log response of the 

~ ~0- eye mean that a large intensity is needed to gain even a 
o Legend ~a small increase in detection distance. As described on a 
v.~ 50- IX2 ~FEOT 
t~ previous chart, some critical target locations coincide 

m 10- with oncoming drivers’ eyes, further increasing the 
z difficulty of satisfying all criteria. Finally, misaim reduces 

~ ~0° the effectiveness of beam performance. 

~m Another observation to make from Figure 4 is that 

ca when there are no headlamps, the FOM is almost 40. In 

~ 10- large part, this is due to delineation, and pedestrian 

x targets can be seen from the ambient illumination and 

~- fixed roadway lighting. Thus, the CHESS program can 

evaluate the broader aspects of nighttime driving visibility, 

not just beam patterns. 
Figure 3. Pedestrian detection performance of various 

low beams 
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Conclusion Once performance criteria have been identified, the 

methodologies and equations for computing performance 

It is difficult to identify" means to make major improve- need to be determined. Although some work had been 

..... ments in low beam headlamp performance using CHESS. performed to calibrate the formulation used to compute 

Only relatively small increases in performance could be target detection distance and discomfort glare, additional 

measured due to changes in beam patterns. Small calibration is desirable to consider a broader range of 

improvements in performance were also shown by driving conditions and drivers. This type of calibration 

modifying the various factors that interact with photo- would serve as a check on the validity of the methods for 

metrics to upgrade performance. Although it is con- evaluating performance. 

ceivable that other beam patterns could be envisioned Because the original CHESS development is over 10 

that have increased performance potential, major yearsold, the data used to describe the influencing factors 

improvements are still considered unlikely because of the related to the driver, vehicle, and environment need to be 

underlying constraints on beam performance incorporated reassessed and updated. The driving scenarios that best 

in CHESS. As mentioned above, these include the large represent safety critical conditions should be identified, 

increasein intensity needed for a relatively smallincrease the factors that interact with beam photometrics to 

...... in detection distance and the limits on intensity due to influence performance reviewed, and the weightings to 

discomfort glare concerns. It is also possible that per- determine the relative significance of these factors and 

formance improvements are difficult to identify because scenarios reassessed. 

of limitations in the program structure and formulation. Finally, a reevaluation is needed of the method for 

For example, because the FOM score has a very narrow utilizing the performance metrics to arrive at a value for 

range as a function of beam pattern, performance overall lamp performance. Consideration should be 

changes due to beam modifications are difficult to detect, given to alternative means to compute performance that 

It may also be difficult to identify improvements because might provide greater sensitivity to beam differences. For 

of inappropriate assumptions related to the performance example, the use of individual performance metrics such 

criteria, test scenarios, and weighting factors used in the as pedestrians detected, or drivers discomforted, might 

program calculations, show the relative safety benefits of the beams more 

In developing a headlamp evaluation methodology directly than the FOM. Another measure that would help 

using a CHESS-type approach, problems can arise in focus on the safety performance of beams and increase 

deciding which performance criteria are relevant, how to the sensitivity of the FO M to beam differences is one that 

measure performance, what type of driving environment gives increased weights to nonilluminated roads, curves, 

to simulate, and how to compute a performance metric, and other worst case conditions. With such changes, it 

To resolve these dilemmas, a number of actions are may be possible to provide a more sensitive and safety- 

recommended to make the tool more sensitive to safety related evaluation of beam performance. 

....... performance differences in beam photometrics. 

The performance criteria form the central basis for the References 
evaluation methodology, it is important they reflect the 

safety performance required of headlamps. The criteria 1. Bhise, V.D. et al., "Modeling vision with headlights 
used in CHESS should be reviewed to make certain they in a systems context," SAE Paper 770238, 1977. 
reflect safety needs. Changes that might add to the safety 

2. Olson, P., "Measurement of crash avoidance 
relevance of the criteria include (1)modifking the delinea- characteristics of vehicles in use," 1985 (in press). 
tion detection criterion to be a more sensitive metric, (2) 3. Olson, P., and M. Sivak, "Improved low beam 
adding discomfort glare from following vehicles, and (3) photometrics,"N HTSA Contract DOT-H S-9-02304, 
adding a sign detection/reading performance. The Report No. DOT-HS-806 488, 1983~ 
criterion level for discomfort glare needs to be reexamined 

and a consensus developed to determine the maximum 

values that could be permitted. 
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A Study of Laser Radar 

Hiroshi Kawata, Effects of adverse weather conditions were expected, 

Hiroshi Endo, and so a waterdrop and mud detector and wiper were 

Yoshiyuki Eto installed on the window of a laser radar head. 

A microprocessor discriminates vehicles from roadside Nissan Motor Co., Ltd. 
objects by detecting their range and the relative velocity 

of the detected objects. Thus, the laser radar system was 

Abstract tested to insure its application as a sensor in collision 

avoidance systems or in automatic headway control 

systems. 
Various radar systems have been proposed as collision This paper describes the structure and performance of 

a~oidance sensors for automatic braking and warning the laser radar system and gives test results gained on 
applications. Practical use of laser radar systems is near actual roads with curves and hills and ranges in adverse 
with the introduction of high power, high reliability laser weather conditions. 
diodes. 

Utilizing these new devices, a laser radar system has 

been adapted for measuring the distance to objects in its Laser Radar Equation 
path. It was first shown that reflectors on the rear of the 

automobile possess high ret]ectivity and sharp directivity. The geometry of laser radar is shown in Figure l. A 
Given these characteristics, a compact laser radar system short pulse laser beam is transmitted with the divergence 
was tested that employed 12W laser diodes and PIN angle Y0- The transmitted beam is reflected by the target, 
photodiodes, then the reflected beam diverges with the angle qb0 and is 

The maximum range of approximately 100m was focused onto a detector such as photodiode. The received 
obtained. Furthermore, the abilitytodiscriminateother signal power is given by expression (1). Detector is 
vehicles from roadside objects was achieved by detecting followed by an amplifier. The range to target is given by 
discontinuity in measured distance data through a micro- the time difference between transmitted and received 
processor. These results show that the performance of laser beams. 
laser radar is comparable to that of microwave radar. 

Considering the cost and size of the radar systems, laser 

radar would appear to be the more practical of the two. 

TRANSMITTER 

introduction                                                              TARGET 

Microwave, laser, and acoustic-based radar systems RECEIVER 

that can be applied to vehicles have been proposed. 
Figure 1. Geometry of laser radar 

Radar systems that can detect the distance of the 

preceding vehicles or obstacles on a highway are limited 

to microwave and laser-based radar systems, as they 

require longdetection ranges. Development of microwave 
Pt " K ¯ At ¯ Ar- Tr 

radar has been carried out for some time, but it is not yet      (1)    Pr =                    e2°-R 
7/.2 R4 002 qb02 

practical due to its large size, high cost, etc. 

On the other hand, the development of opto-electronics 

such as laser diodes has increased the probability of 

utilization, since laser radar systems can be constructed where 
at a lower cost, while assuring higher performance than Pt : transmitted laser power 
microwave radar systems. K : target reflectivity 

As a fundamental experiment, reflective characteristics At : area of target 
of the rear of a vehicle were measured. A prospect Ar : receiver area 
detection range of about 100m was obtained with laser Tr : receiving optics transmission 

power, which is nonhazardous to the naked eye. The R ¯ range to target 
authors have tried to construct a cheap, small-size, and qb0 : transmitter half-angle divergence 
practical laser radar system with a detection range qb0 : reflected beam half-angle divergence 

exceeding 100m. cr : atmospheric attenuation coefficient 
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Reflective Characteristics of a Vehicle parts. The laser radar head is composed of a transmitter, 

a receiver, and a range-detecting circuit; a waterdrop and 

Reflect ive characte rlstics of the rear of the vehicle have mud detector and wiper can be installed. The laser radar 

been measured using a simple laser radar. As shown in head provides range signals. The display unit receives the 

Figure 2. ~wo reflex reflectors have high reflectivity; other range signals and displays the range. 

parts do not. k’urthermore, reflex reflectors have sharp Range signals and vehicle velocity signals are provided 

directivity: beam divergence is about 30mrad. This is very for the microprocessor. 

desirable in laser radar systems. The system composition is shown in Figure 3. 

#-2 
~RANGE DETECTING CIRCUIT 

~ - TARGET VEHICLE \, ~- AMPLIFIER 
~ ’\ ¯ PHOTOD ODE 
cd ~ ~    r-LASER BEAM SPOT 

<~cc 

~ 
~ (ABOUTSOOmm¢)            ~      ’ ~RECEIVtNGLENS 

cu ~ [__j ~- REFLEX REFLECTOR 

1(        ~                   LD DRIvELE" ~/~- ~ LTERNAsNSMI~ING 
CIRCUIT                     / LASER DIODE (LD) 

Figure 3. System composition 

BEAM POSITION 

Figure 2, Reflective characteristics of a vehicle Transmitter 

Laser Power and Safety Aspects(I,2) To get a wide, long detection area, two laser diodes 

(LD) are provided in the transmitter. Each laser diode 

According to the l[!C standard, the maximum permis- 
can provide 12W peak output power. 

sible exposure value for a repetitive laser beam with a 
The LD drive circuit requires high response to achieve 

pulse width of 50ns. wavelength 900nm. is about 0.6W. 
high-range accuracy. Waveforms of drive current and 

Given the wheel-motion interlock system, a safety range 
laser pulse are shown in Figure 4. 

of lm should not pose a problem. Supposing transmitter 

beam divergence to be 60mrad (full angle), the diameter is _ 

60mm at lm range. The pupil diameter is about 7mm. so. 20nS 20aS 

assuming a uniform beam. the total laser power ~s given 

by: 3W 

P0( 7 ) <= 0.6 (W) :IOA 

DRIVE CURRENT LASER PULSE 

Po --< 44 (W) 
Figure 4. Waveforms of LD drive current and laser 

pulse 

Actually, a uniform beam cannot be obtained, so P0 

must be less than 44W. Laser beams from two laser diodes are transmitted 

through lenses toward the fl’ont. One laser beam has a 

Laser Radar System Design half-intensity, full-angle divergence of 60mrad. Another 

laser beam has a half-intensity, full-angle divergence of 

30 X 10mrad. 

System Composition Irradiance distribution of the combined laser beams is 

shown in Figure 5. Distribution depends mainly on the 

A laser radar system is composed of a laser radar head. characteristics of the laser diodes; it is difficult to obtain 

a display unit. and a microprocessor unit among other uniform distribution. 
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SIGNAL /-FRESNEL LENS & IR FILTER 
AMPLIFIER- /~(- HONEYCOMB 

~                                                                                        GLASS 

--=-- - - PIN PHOTODIODE 

..-~ ~ ....... -- : - Figure 6. Receiver structure 

Figure 5. Irradiance distribution of laser beams Table 1. Characteristics of the laser radar head 

Item                Description 

Receiver 
Size 180w X 80H X 150L mm 
Laser power 18 W (peak) 

The receiver is composed of optical parts and a signal Beam divergence angle 
amplifier. The structure is shown in Figure 6. Fresnel lens (full-angle) 60 mrad. 
was chosen as a receiving lens because it covers a large Pulse repetition cycle 6 kHz 
area, is lightweight, and is thin. This lens is designed with Detecting range about 120 m 

Range resolution 1 m a short focal length to make the laser radar head small. 
Error of range about +2 m 

The lens plate consists of two lenses, whose size is 60)< Data output.repetition 
60mm; the focal length is 40mm, respectively. Conse- cycle 15- 30 ms 
quently, two PIN photodiodes are provided on the focal Drive voltage 10 -- 16 V 
points. Drive current 0.7 A 

Optical filters consist of infra-red filter (IR filter) and a 
honeycomb. An acryl-based plate is used both as an IR 
filter and as a fresnel lens. A honeycomb is used so as not 
to admit sunlight scattered by the fresnel lenses. 

The signal amplifier is composed of an amplifier and 
an STC (sensitivity time controller). AnSTC is used to 
reject the signals reflected from fog, rain, road, etc., at 
close range. 

Performance of the Laser Radar 

Characteristics of the Laser Radar 
Figure 7. Laser radar head 

Fundamenta! performance of the laser radar is shown 
in Table I. A photograph of the laser radar head is shown 
in Figure 7. ,,m, 

v HORIZONTAL DETECTION RANGE 
\     -VERTICAL DETECTION RANGE 

Detection Range for a Vehicle 

Detection range was measured with a passenger car as ~,~,                                  DISTANCE (m) 
the target with two 50 X 40mm reflectors. The results are 

Zku 

shown in Figure 8. The lane width of the highway in ~- 3i 
Japan is about 3.5m, so the vehicle in front can be 

,, 
detected with high reliability on a straightaway Figure 8. Detection range 

232 .... 



Section 4. Technical Sessions 

Dispersion of Maximum Detection Range In fog, one problem is that a transmitted laser beam is 

scattered and then detected by the receiver. This is also 
Maximum detection range varies widely, as the reflected solved by an STC. Another problem is that the laser 

beam from the preceding vehicle is mainly from reflectors, beam is attenuated by fog. The detected signal level in fog 

where reflected laser power varies with their size and is shown in Figure 10. When the range of view is less than 

surface cleanliness. Results obtained on a highway are 100m, detection range is reduced by more than a factor of 

shown in Figure 9. Most of the vehicles are passenger cars two. 

or trucks. In the case of passenger cars, dispersion is There are only a few restrictions in light snow because 

relatively small. However, in the case of trucks, it is large the reflected laser beam from the snow is rejected by an 

since some trucks have muddy reflectors or large reflectors. STC. H owever, in heavy snow, it is impossible to sift out 
the signals from the snow; then random distance data are 
obtained. 

6~ 
PASSENGER CARS Sunlight is detected by a photodiode and decreases the 

I 
signal-to-noise ratio (S/N). Consequently, it causes error 

~ 4~ 

~_.~ t I ~__~ 

of range and, in the worst cases, blinding occurs. Asa 
i laser radar is designed by taking account of sunlight and 

> 0~ noise, it operates normally under usual conditions. 

However, in cases when the sun is within 10° of the axis of 

~ 61 TRUCKS the laser beam, the laser radar becomes blind. 

Z 
0 L-4~J 

~ 

~ 

I O [ oo (CLEAR .~1~- 

60 70 -80 90-1OO- 110-120130-140-150 

i~.,%,x, 

~                                              F--~- ~--- ~ 

C_~ i 2o.-4o 

Figure 9. Dispersion of maximum detection range 

...... Range Restriction Due to Curves and Hills -~ 2ot ’, 

~’\\ ’\\ 
On actual roads, detection range is restricted by curves ~ 1°t 

or hills. For example, in curves of a radius of 300m, 5[ "x,,, 

;)_ 

maximum range is about 25m. Hills also impose range 
restriction; however, it is not so severe as in curves. In I 

MINIMUM 

either case, maximum range is insufficient. 2i SIGNAL LEVEL 

Weather Effects 
o ~o ~o ~o go go go 

RANGE (m) 

It was confirmed experimentally that detection ranges Figure 10. Signal level in fog 
in fog, rain, snow, and sunlight are restricted. 

In rain, detection range is reduced by approximately a Window Cleaning System 
factor of two, from its clear-air value. This is caused by 
waterdrops on the transmitter, receiver, reflectors of the As a laser radar head is provided in the front end, it is 

vehicles in front, and in the air, moreover, by the sometimes exposed to rain, snow, or muddy water. To 

splashing ofthevehicleinfront. Based on theamountof keep the window of the laser radar head clean, a 

water splashed, the detection range is sometimes reduced waterdrops and mud detector and a wiper are installed. 

by approximately a factor of three. It is possible to The structure of the detector is shown in Figure 11. 

remove waterdrops by use of a wiper, such that detection Some of the transmitted laser beam is scattered by 

range increases about 20 percent from nonwiper values, waterdrops or mud on the window, and the laser beam 

However, in heavy rain, the wiper is not so useful. When incident into the optical fiber is detected by a photodiode 

it is raining, the transmitted laser beam is reflected by the and then amplified. Although the detection area is 

rain. Moreover, the transmitted laser beam is scattered limited on the path of the transmitted laser beam, the 

on thewindowofthetransmitterandthenreflectedfrom detector operates very well under ordinary adverse 

the near-range road. An STC is necessary to sift out such weather conditions. In light rain, the wiper can remove 

useless signals, waterdrops and maintain good performance. 
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/- WINDOW (GLASS) 

~ 

~ ROADSIDE 
~ REFLECTORS VEHICLE 

LASER BEAM 

OUTPUT 
WATE DROPS (a) O 

60 

~- 40 
AMPLIFIER -/ / ~-OPTtCAL FIBER ua 

20 z_ PHOTODIODE 

~ 0 L 
Figure 11. Structure of waterdrops and mud detector co ~’-- ~ Tt’M~’ 

~ IOSEC 

Ranges for Other Targets 

~ PRECEDING INTRUDING 
The laser radar detects many kinds of targets: roadside co VEHICLE VEHICLE 

reflectors, guardrails, trees, roadside signs, etc. (see 

Figure 12). Reflectors and roadside signs have high N 80 

reflectivity and ranges as tong as those of vehicles are ~ 60~ 

obtained. Guardraits on a highway are seldom detected. (b) ~o 40 
cu 20 I~he detection range for a person is about 40m~ 
z 0 
~ TIME 
u~ IOSEC 

ROADS DE REFLECTORS 

AREA Figure 13. Distance data on real roads 

TaNe 2. Comparative evaluation of laser and microwave 

Figure 12. Roadside objects radar 

Item Laser Radar Microwave Radar 
Discrimination (60 GHz) 

Maximum range about 100 m ~ 
Some examples of distance data on real roads are Resolution 1 m ~ 

shox~n in F’igure 13. Figure 13(a) shows data wherein a Operation in 
vehicle is detected on a straight road and roadside adverse weather poor good 
reflectors on curves. Figure 13(b) shows data when conditions 

another vehicle intrudes between the preceding vehicle. Cost reasonable expensive 

Moving vehicles can be discriminated from other targets 
Poor detection 

by detecting relative velocity and discontinuity in. distance range for low 
data. Hazard level is determined by detecting distance Others reflective Poor target dis- 
and relative velocity. However, lane discrimination(3,4) targets crimination 
ot the target is impossible. Easy beam 

control 

Comparative Evaluation of Laser and 

Microwave Radar                                ~ehicles and roadside objects is possible. This performance 
~s comparable with that of microwave radar. Totally 

Table 2 shows a comparative evaluation of laser and evaluated, laser radar is more practical than microwave 

m:icrowave radar. There is little difference in performance, radar. 

but, totally evaluated, laser radar seems to be superior to It is inevitable that the detection range of laser radar 

microwave radar, will be restricted in adverse weather conditions. Detection 

ranges are improved by use of a wiper; however, the 

original performance level cannot be obtained. 

Conchlsion To put the laser radar system into practical use, lane 

discrimination of the targets and improvement in the 

Laser radar has a detection range of approximately detection ranges, especially in adverse weather conditions, 
100m; the capacity for discrimination between moving must be achieved. 
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Car Controls for Physically Handicapped Drivers. 

Christine M. Haslegrave* Introduction 
Motor Industry Research Association 

Physically handicapped people often need modifications 
...... to their cars to make access easier and to allow them to 

Abstract operate the controls safely. With recent developments in 
technology, many severely disabled people are now able 
to drive, and some conversions are highly sophisticated. 

Many physically handicapped drivers have difficulties In practice, the control conversions range in complexity 
in using ordinary car controls, and modifications need to from the simple relocation of switches to a full conversion 

...... be made to their vehicles. A review of the types of of steering for foot operation, and possibly to the 

adaptations and equipment that are available for this in combination of all controls on a single arm-operated 

Europe has identified the principal aspects that need to be unit. Often the controls have to be individually tailored to 

considered in their design. For safety and ease of use, it is the driver’s needs, and conversions are typically carried 

important to match the characteristics of a control out by small specialist firms. However, some of the most 
conversion to the driver’s capabilities, taking into account common adaptation equipment (such as hand-operated 

....... the location and mode of operation of the control, brakeand accelerator) maybe manufactured in astandard 

together with the operating forces and the range of form in relatively large numbers. 
movement. Many of these adaptations are highly A review of the control conversions used by disabled 
individual, and it is also important to encourage in- drivers in Europe was carried out in1984, with the aim of 

novation and flexibility in design to increase the identifying all types of control conversions that are 

possibilities for severely disabled people to obtain the available as well as the technical developments and 
mobility accepted as the norm by the rest of the research that may change their design in the future. 

population. Information was collected on the regulations and testing 
Modern technology permits the use of sophisticated procedures that are applied to car adaptations in the 

control systems, and a high degree of power assistance different countries(l). 
can be provided on steering and brakes. This raises From the information obtained in various countries, it 
problems such as determining the appropriate degree of seems probable that approximately 0.5 percent of drivers 
feedback or"feel" on the steering wheel for drivers who are physically handicapped, and an earlier study(2) 
have little strength in their arms. More research is needed estimated that about 0.2 percent of drivers would be 
into drivers’ responses using these types of controls. In likely to require adaptations to their cars. In Britain, this 
more radica! conversions, such as remote steering, there would correspond to 70,000 drivers under 65 years of age. 
may be a choice of steering characteristic, and this also The numbers are relatively small compared with the total 

needs further study, market for production cars, one reason why most special 
equipment is added after a production car is sold. 
Another reason is the diversity of handicaps, which make 

it unlikely a single car design could be produced suitable 
*Now at The University of Nottingham, Department of Production for even a large proportion of handicapped drivers. 
Engineering and Production Management 
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The physical handicaps with the most effect on the outside the scope of this paper, which is confined to a 
driving task are shown in Table 1. The degree of disability discussion of primary control equipment. 
arising from a particular impairment is very variable even Control conversions in Europe are usually carried out 
for two people with the same medical diagnosis. In by small firms, many doing individual conversions for 
addition, some people have multiple disabilities, causing their customers rather than using a standardised design 
multiple handicaps, it is not a simple matter to list car of control. However, several of the larger firms produce 
conversions suitable for different types of disability. A kits (usually sets of hand controls) that can be supplied to 
driver with a single leg disability will probably be able to other firms, agents, or local garages. A few conversion 
drive a car with automatic transmissioni perhaps in the firms specialise in a particular type of control (such as 
case of a right leg disability having the brake and foot steering or power-assisted steering systems). In 
accelerator pedals moved to the other side of the footwell, general, the vehicle manufacturers are not directly 
Similarly, a driver with a single arm disability can involved in conversions, which are carried out after 
probably drive an ordinary car with automatic trans- purchase of the vehicle. Some manufacturers have 
mission, although he may find the steering easier if a organised special model specifications for customers, and 
knob or spinner is fitted on the steering wheel. Other a very few are more closely involved in the development 
more complicated conversions will need to be chosen in of new conversion equipment and may provide a service 
relation to the needs and capabilities of the individual offering approved conversions. 
driver, 

Brake and Accelerator Controls Table 1, Principle groups of impairments affecting the 
driving task 

The most common type of adaptation is the conversion 
Limb disabilities which may be the loss of a limb, of both brake and accelerator to hand operation, often 
restricted movement of joints, or muscular impairment using mechanical linkages that operate on the original 
impairment affecting one or more limbs 

pedals in the car. 
Spinal disabilities and size or reach limitations (such In many" conversions, the brake and accelerator 
as dwarfism) that may affect the ability to reach the 

functions are combined in a single or split lever, usually 
controls, or to bend or twist 

installed just under the steering wheel. The levers are 
General weakness that may affect the strength needed normally pushed downward (axial to the steering column) 
to operate ordinary controls, or may affect walking 

to brake and upward toward the wheel to accelerate. 
ability and ease of getting into and out of the car 

There are some exceptions where the control may be 
- Lack of coordination moved radially around the wheel. 

A wide variety of hand-operated controls is found, but 

they fall broadly into the following types: 

Current Range of Control Adaptations        o Push/pull levers 
Segment grip 

A wide range of equipment is now available for -- Ring 

disabled drivers, but the cost of conversion is a critical Bar 

factor that may limit the possibilities for an individual ® Rotary "twist grip" 

driver. Many conversions are adaptations of the ordinary * Electric potentiometer 

foot-operated brake and/or accelerator to hand operation Two examples are illustrated in Figure t, which shows 
for drivers with leg disabilities, while a few vehicles must a bar-type lever passing below the steering wheel, and in 
be controlled completely by foot operation when the Figure 2 which shows an accelerator ring. This is 
driver has lost the use of both arms. Tetraplegic drivers connected to the accelerator pedal by a rod passing 
and others with severe weakness may require very through the centre of the steering column and operated 
complex conversions to give a high degree of power by a light pressure of thumb or pahn of the hand. The 
assistance, brake is operated by a different type of control. 

It is worth mentioning that in any conversion, the first Shoulder- and knee-operated controls have also been 
consideration is the driver should have a stable seating specially developed for individual drivers. In principle, 
posture (using suitable supports and restraints if necessary) these are similar to the hand-operated controls. 
with a good view of the road. This may necessitate In every direct brake design found in Europe, 
modifications to the car seating, and sometimes to the mechanical linkages were constructed of rigid rods. 

structure ofthecarifthedriverhasarigidlyextendedleg Cable linkages were used only in a few designs of 
or is unable to bend his spine to adopt an ordinary seated accelerator control. The majority of hand-control con- 
posture. Modifications may be made to help the driver versions are purely mechanical, but power assistance can 
get in and out of the vehicle more easily; but these are be added to brakes, often using hydraulic servo systems. 
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is needed by anyone steering with only one hand, but may 
also be helpful for someone with a weak grip. Sometimes 

the handgrip on the spinner is moulded to fit the driver’s 
hand or arm, and a switch panel is sometimes incorporated 
with the steering knob to operate minor controls. 

More complex conversions to the steering system are 
normally made to give additional power assistance, to 
bring the wheel within reach, or to adapt it to foot 
steering. 

Power-Assisted Steering 

If a driver cannot choose a car with a power steering 
option, it is sometimes possible for a conversion firm to 

fit a power unit that has been designed for a different car 
within the car manufacturer’s range, and some firms can 
increase the degree of power assistance of an existing 
system, for example by reducing effort via ratio modifi~ 
cation. It would be of great benefit to disabled people if 
car manufacturers could make power steering options 
available on a wider range of small and less expensive 
cars. 

A company in Britain now designs special hydraulic 
systems for different models of cars. During the conver- 
sion, they are able to measure the customer’s steering 
effort in a static rig and match their steering unit to his 
strength. 

Figure 1. Bar-Wpe hand operated brake/accelerator 
control 

Extended Steering Column 

For small people, it is necessary to resite controls 
within easy reach and perhaps to fit smaller steering 
wheels. A conversion for someone with short arms may 
also include moving the steering wheel closer to the 
driver, and conversions are available with extended 
steering columns and telescopic or inclinable columns. 

Foot Steering 

If steering must be operated by foot, four types of 
systems are available commercially. 

Figure 2. Accelerator ring Several conversion firms fit a rotating plate system 

such as that shown in Figure 3. The rotating plate is 
positioned on the floor pan, and the foot is inserted in a 

One conversion in Sweden is operated by compressed air, slipper to turn it. It rotates in the same way as the original 
with compressors installed to act directly on the foot steering wheel, with a linkage to the car’s steering 
pedal or hand control. An electronic accelerator has been cotumn. The system is tailor-made for each individual to 
developed in France and is combined in a single control achieve the optimum driving position. In some conver- 
with a hydraulic brake system, sions, the driver does not use a slipper but grips the rim of 

the plate with his toes or alternatively turns the plate by 

Steering friction with the sole of his foot. 
The second type, System Franz, was developed in 

The simplest and most widespread steering aid is a Germany and uses a pedalling motion as shown in Figure 

knob or spinner fitted to the existing steering wheel. This 4. The pedal is connected to the normal steering system 
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steering column. Three parallel control channels are 
fitted for safety: two drive motors and potentiometers are 
fitted to turn the steering wheel, and the third is a 
reference channel. Three more potentiometers are turned 
by the gearing that turns the wheel, and their movement is 
compared with the movement generated by motion of the 
joystick potentiometer. If a discrepancy is sensed, that 
channel and motor is disconnected and an alarm sounds. 
A "reset" facility is provided to allow for temporary 
failures. 

Steering Developments Ltd. has developed hydraulic 
remote control steering, which has a primary system with 

Figure 3. Rotating plate foot steering                    a hydraulic pump driven by the engine from a belt offthe 
crankshaft. In addition, there is a backup system, which 
is an electrically driven hydraulic motor. The control 
operated by the driver is a lever, which can be placed 
anywhere in the car but has mostly been fitted on the car 
door. 

Recent Developments 

Joystick steering using electronic technology has also 
been investigated in France and Sweden but has not 
resulted in commercially available equipment. A team at 
the University of Birmingham is developing hydraulic 
joystick controls for small automobiles, while the 
I.N.S.E.R.M. Biomedical Research Unit at Montpelier 

Figure 4. System Franz foot steering has produced a single hydraulic joystick control that 
operates steering, brake, and accelerator. However, this 

through a gear unit and is moved forward to turn right uses very high technology components and is unlikely to 

and backward to turn left. 
become commercially available in the foreseeable future. 
In Sweden the Handikappinstitutet is working with 

The other two systems suitable for foot steering were Systemteknik to develop a servo system for quadriplegics, designed as remote control systems and are described in 
the next section, 

which operates steering, brake, and accelerator. It 
incorporates a hydraulic steering joystick, while the 

Obviously, when a driver has lost the use of his arms, brake and accelerator are operated by a second electro- many other minor controls will have to be modified when 
the steering is converted to foot operation. These may be hydraulic joystick. 

The past few years have seen great improvements in 
operated by knee, shoulder, or head, as, for example, 

steering controls as many companies have introduced a pushbutton switches that are fitted in the headrest to 
operate the turn signals, range of modifications to provide additional power 

assistance. Some car manufacturers have also designed 
In some conversions, the original steering wheel may special servo steering units that they market for handi- be retained so the car can be driven by able-bodied 

people, This can be important for maintenance when the capped drivers. As a result of these developments, 

car is driven by garage staff, 
steering forces can now be reduced to as low as 4N when 
using a conventional steering wheel. With remote steering 
systems, the steering forces are reduced to virtually zero. 

Remote Steering Controls Electronic controls are being developed for accelerators 
and brakes, and more complex hydraulic systems for 

Two systems have been developed in Britain that brakes, which means these functions will be able to be 
incorporate an operating control remote from the car remotely controlled. They can be designed for people 
steering system. These can be positioned virtually any- with little arm mobility. 
where in the car and can be tailored to the individual Two other new developments have occurred for 
driverwithasuitablemodeofoperationforhisdisability, ancillary controls. One is infra-red sensors, which are 
The Malden unit is an electronic control system using a used for switch panels and powered access functions (e.g., 

small joystick with a gearbox mounted at the top of the opening doors). The other is the introduction of voice 
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control by Kempf Equipements, a great advantage in organisations--f0r instance in relation to the maximum 

combination with foot steering for drivers with both arms operating forces beyond which power assistance will be 

disabled, required. 

The new electronic technology is on the point of being With the wider availability of power assistance on 

introduced and can be expected to make a big difference brakes and (more recently) on steering systems, more 

to the design of controls in the next few years. The groups emphasis needs to be placed on driver responses and 

who have the greatest difficulty in driving at present are performance using ultra-light and finger-operated controls 

people with problems of coordination, high tetraplegics, where steering and braking forces can be virtually zero. 

and those with diseases such as multiple sclerosis or With a light joystick control, for instance, the car’s 

........ muscular dystrophy, which cause severe weakness. They response can be very rapid, and the driver gains little 

lack the strength to use ordinary controls but are likely to feedback from the contro!. Similarly, servo braking can 

be assisted by powered steering systems or remote be very abrupt. Some controls are so sensitive that drivers 

steering. The type of control needed but not at present are constantly making steering corrections, which can be 

commercially available is a single-handed control that tiring. Additionally, where steering is very light, it is not 

operates a!l the car functions, possible for the driver to relax with his arms resting on 

...... the wheel, and he may find this to be tiring. 

Further study is needed to find how feedback or "feel" 
Assessrnent oftheDriver’sRequirements should be built into the system. In discussing this 

problem in relation to braking, Harden and Tennis- 
When a handicapped driver chooses a car and has to wood(3) suggested that artificial feedback might not be 

consider what types of modifications will be needed, the best solution, since the feedback should be a function 
.... usually he will seek advice from the conversion firm or of the specific vehicle’s characteristics and nonlinearities 

from a driver training or assessment centre. In some are induced in the brake system by factors such as 

countries, licensing authorities and vehicle inspectors temperature or brake lining wear. They advocate direct 

may also be involved in determining the most suitable feedback through the servo valve. Nishikawa et at.(4) 

conversion, discussed the provision of feedback in deve!oping a 

tn many cases, these conversions are devised by power steering system for Honda. 
...... medical or engineering staff who have a knowledge of the Microprocessors and electronic control systems now 

options from years of experience. There is considerable make it feasible to alter the traditional steering response 

liaison between the staff of rehabilitation or assessment characteristic, and research is needed to investigate the 

centres and engineers in conversion firms, which has most appropriate characteristics for drivers with various 
resulted in many new developments. Often, the final types of handicap. There islittleknowledgeofthedegree 
design of the control system evolves through several of sensitivity or feedback acceptable for able-bodied 
trials, making further modifications as necessary to suit drivers using the new types of controls, and still less for 

the individual driver, severely handicapped drivers. 
Some centres are now using car simulators (or mock- Although car simulators may be useful in studying 

ups) in which the driver’s capabilities can be measured driver performance with new types of control systems, an 
more objectively. One advantage of this is that various assessment of an individual’s driving ability should not be 

control layouts can be tried out quickly and easily to based solely on the measured criteria such as force 
choose the best solution. Performance measurements can capability and reaction time measured in a simulator° 
then be made using the type of control they anticipate Driving is a very complex task, which cannot be 

fitting in the car. Typical measurements would be of the completely reproduced in a simulator, and this is 

forces the driver is able to apply, the range and speed of particularly so when reaction times are measured. Most 
movement, and the reaction time. The driver’s coordina, staff involved in assessing potential drivers would agree 
tion would be assessed, and it might also be necessary to there is no substitute for a final road test to judge the 

assess endurance for a sustained pressure, as on the person’s driving performance. However. simulators are 

accelerator, being used more widely and have considerable advantages 
However, up to date, there has been little research into in assessing different options in a conversion and in 

the levels of these measures that should be acceptable for providing objective measures of force capability that can 
the driving task nor into the correlation between be matched to control forces measured on the car itself. 
measurements made in a simulator and performance on 

the road. Most research studies have concentrated on 

measuring the maximum forces that people can apply Design of Controls 
and on assessing these in relation to control loads in 

vehicles on the road. Despite this, there is still no During the study, it was obvious a good deal of 

consensus among the recommendations made by different flexibility is needed in providing designs suitable for the 
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individual drivers, who may have very different or Table 2. Principal design factors in control conversions 
complicated handicaps. In many countries, converted 

~ehicles are subjected to a technical appraisal of the ERGONOMICS 
Mode of operation 

comrol installation, and physically handicapped drivers 
Direction of operation 

may also be assessed while driving their converted Location and range of movement 
vehicles. The inspection procedures are chiefly concerned Operating force 
with the suitability of the adaptation for the driver and Response characteristic 

with his ability to control the car, although they sometimes Relative positions of controls (separation, 

find problems with poor engineering and with installation clearance) 

by inexperienced fitters. GENERAL SAFETY 
In no country visited during the study tour are there Stability of seating and posture 

regulations or codes of practice specifying the design of Provision of duplicate control channels or backup 

tlhe controls themselves nor of the installation, although systems 

there may be regulations prescribing the modifications or Dangerous projections 

types of controls required for each type of disability. ENGINEERING 
Neither is there any legislation that specifies the operating Type of system (mechanical, hydraulic, pneumatic, 
forces for controls used by handicapped drivers. It is in electrical) 
fact very important to encourage innovation in design in Interaction between controls in operation 

Mechanical [inkaoes (rigid or cable} order to increase the possibilities of mobility for very 
Construction techniques 

severely disabled people. 
Vehicle environment 

However, it is possible to use the experience related by Durability 
vehicle technical inspectors to promote good design of 

controls. During discussions with both engineers and INSTALLATION 

medical staff working in this field, various problems or Stability and rigidity of fixings and adjustments 
Provision oI guards or removal of original 

technical points were mentioned that have arisen with 
equipment 

controls and or with their installations. These have been Clearance between controls, and between controls 
analysed to identit}’ the principal factors that need to be and structures 
considered in the design of a control conversion, and they Safety of electrical connections 

are listed in Table 2. They represent a summary of aspects Facility for an able-bodied person to drive the car 
Notice warning that controls have been modified that are important from the points of view of safety and 

ergonomics and that should be of concern to manufac- 

turers and convertors. The factors fall under four main 

headings: ergonomics, general safety, engineering, and mode of operation may be sufficient to increase a driver’s 

installation, reaction time, just by reducing the element of movement ......... 

or by overcoming difficulties of coordination. One 

example is a layout (described by an assessment centre as 

using a "paddle" action) where one foot operates the 
Ergonornie Factors accelerator and the other the brake. This can nearly halve 

reaction time. 

The ergonomic factors that need to be considered On the question of direction of operation, there are 
relate to the positioning and adjustments of the control, varying opinions among European organisations. It 
as welt as to the choice of operating mode and response would generally be accepted, of course, that a brake 

characteristics most suitable for different types of control should operate forward since the driver’s weight 
handicaps, will be thrown on the control during heavy braking. 

The detailed design will often need to be matched to the However, in a few cases, the driver may need to use a 

individual driver. Taking mode of operation as an different action because of his disability. Any attempt at ........... 
example, a control could be operated in a linear mode, standardisation of directions of control operations would 
radially around the steering wheel, or in a rotary mode therefore need to incorporate some flexibility. 
(such as a motorcycle throttle). The most appropriate In matching the control conversion to the driver, it is 
mode would depend on thedriver’sdisabilityand strength important to consider his capabilities rather than his 
and particularly on whether certain groups of muscles handicaps. This can be done by determining the strength, 
had sufficient function, degree of coordination, or mobility, and coordination of each limb in turn to decide ..... 

endurance for sustained applications, which is best suited to operate each control. For example, 
The positioning of the control would depend on the the ordinary brake pedal in the car requires strength to 

range of movement of the driver’s joints, on his mobility, operate, whereas the accelerator requires little strength 
and often on reaction time. Redesign of the layout or but does need position control and sustained operation. 
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The various controls need to be considered in relation to In installing special or modified control equipment, 

each other to insure their relative positions are suitable there is a danger of interaction between the new control 

and they are sensibly divided between the driver’s limbs and the original systems on the vehicle or between 

having sufficient function, so that the driving task does different parts of modified equipment. This may occur in 

not overload him. The design solution needs to be tested several ways. One example that has been found in 

with the driver himself either in situ or in a mock-up, if accelerator conversions for hand operation is the loss of 

necessary making minor modifications, and seating kick-down when fitted on a vehicle with automatic 

support and posture are an important element in this. transmission. 

Although emphasis has been placed here on matching 

the design to the driver’s individual requirements, the 

cost of conversions is perceived by many disabled people Installation 

as a major barrier to driving. There would therefore be 

great benefits to be gained by designing low-cost controls, The method of installation and fixings of the control 

perhaps by designing them to be adjustable or to fit a equipment in the vehicle are just as important as the 

wider range of car models, or by using modular systems, design of the control unit itself. Many hand-operated 

Although this may not be feasible for the most complex controls and other ancillary controls are produced as 

conversions, it should be possible for simpler equipment-- kits, which can be fitted by people other than the 

for examples, standard sets of hand-operated controls manufacturers. The fixings and range of operation may 

needed by larger numbers of people. If possible, adapta- differ considerably between different models of car. 

tions should be designed to fit any model of car and not Since there is an alteration of the original vehicle 

be specific to particular models, design, there is again the possibility of an interaction 

between the modified control and other controls already 

on the vehicle. At its simplest, the operation of a lever 
General Safety Provisions may restrict access to other controls at some positions in 

its range of travel, or there can be clearance problems 
The general safety provisions listed are not compre- between the lever and the bodywork of the car. This 

hensive but highlight points where requirements may might result in the travel not fully covering the range of 
differ from those in ordinary production cars. A good brake or accelerator operation. 

..... seating posture is essential and needs to be established Fixtures must be stable and rigid. For instance, there 
before prescribing the types of controls that will be have been cases ofadjustable steering knob fitmentsthat 
appropriate. It has to be remembered that disabled do not have an adequate attachment mechanism and can 
drivers may be operating closer to the maximum limit of be pulled away from the steering wheel. In recent car 
their capabilities than are able-bodied drivers. In the models, the increased use of plastic components and 
event of an engine failure, for example, the driver may collapsible structures has tended to make installation 

..... lose power assistance and be unable to steer the car. more difficult. 
Additional backup systems may be needed. Some models of car can present particular problems of 

The installation of controls differs considerably between installation. For example, they may have an angular 
car models, requiring brackets and other fixings, often offset on the steering wheel, which means the clearance 
fitted on an ad hoc basis. It is not always possible to avoid between the wheel and a hand-operated control varies as 
encroaching on knee or other impact zones, and protection the wheel is rotated. The hand reach to the controt 
from sharp projections may thenbe important, therefore varies, and it could present problems in 

providing sufficient travel to operate fully. 

Engineering Factors It can be useful to retain the original car equipment in 

addition to the converted controls. The car may need to 

Small companies involved in manufacturing control be driven by garage mechanics during maintenance or by 

conversions often do not have access to the sophisticated able-bodied members of the family. Some disabled 

test facilities used by vehicle manufacturers. Some of the drivers also like to have the option of using two types of 

more important engineering factors that they need to controls, if for instance they are not capable of sustained 

take into account are given in Table 2. A few points will pressure on an accelerator pedal for long periods of 

be mentioned in more detail, motorway driving, when they may use a hand control. 

Policies or requirements for mechanical linkages may If there is any danger of a control being operated 

differ between European countries. Rigid links were inadvertently when two types of controls are fitted, a 

found to be used in virtually all direct brake systems, and guard should be fitted over the control, or it should be 

in a few countries these are required for direct accelerator hinged out of the way or made easily removable (for 

systems. Other countries, however, permit cable linkages example, by fitting with a wing nut). All of these solutions 

on accelerator controls, are frequently used when pedals are moved to the 
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opposite side of the t5otwell %r left leg operation. This is 7. One of the greatest problems perceived by disabled 
particularly important %r paraplegics who may not be drivers themselves is the expense of the conversions, 
aware of where their feet are placed and for drivers who and there is a need for design of low-cost controls ........... 
are subject to muscle spasms. 8. The main areas in which further study is needed 

are 
The methods of testing and assessment for 

CorlcltlSiO~l handicapped drivers and the correlation between 
simulator measurements and road performance 

1 There is now a wide range of control conversions ¯ The use of unconventionalcontrol characteristics 
available for production cars in Europe, permitting * Driving performance with ultra-light steering 
various modes of operation suitable for drivers with controls 
different types of handicap, although there is still ® Ways of reducing the cost of controls and 
need for a system in which al! control functions can conversions 
be operated by a single limb. 

2. New techniques are being developed incorporating 
Acknowledgments electronic and hydraulic systems that can provide 

remote-controlfedandultra-lightsteering, wherethe 
The study was carried out by the Ergonomics control can be placed in whichever position is most 
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Transport and Road Research Laboratory on behalf of developed using new technologies for the remote 
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Department of Transport. 4. Our knowledge of driver performance and response 

with the new types of controls is limited. Since it is 
now possible to alter the conventional control References 
response characteristics, further research needs to be 
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sidered when a conversion is carried out. Research Association, Nuneaton, 1979. 
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242 



Section 4. Technical Sessions 

The Prevention of Bead Dislodgement of Tires and the Importance of 
Limited Run Flat Capability on Safety 

G. Tavazza 

Pirelli Coordinamento Pneumatici, Milano, 
Italy                                                                                                                                   INFLATION PRESSURE 

Tire Failure and Safety 

Every motorist quite rightly has the fear of a tire ,u.~ 
"blowout," especially during cornering. In this case, the 

cornering force exerted by one of the tires is suddenly BEAD co, E 

reduced, causing a situation in which the vehicle becomes 

uncontrollable, especially if the tire affected is fitted to 

the rear axle. Furthermore, as will be seen later, due to 

the loss of inflation pressure, the beads of the tire will fall 

into the wheel well, allowing the rim flange to scrape the 

road and risking the possibility of becoming embedded in Figure 1. Internal inflation pressure on bead 

........... any surface irregularities. 
Fortunately, modern car tires of tubeless design rarely 

blow out; instead, when damaged, they tend to lose air 
between the bead core and wheel becomes compressed, 

slowly, sometimes taking many hours to deflate to 
giving the high contact pressure that insures the retention 

pressures significantly lower than those recommended, 
of air. This force effectively renders the tire locked to the 

This phenonenon, in the absence of a good low-pressure 
wheel and capable of transmitting driving and braking 

warning device, could cause an underinflated tire to go 
torques generated by the most potent vehicles. 

unnoticed by the driver and precipitate a dangerous 
During cornering, the road exerts a force on the outer 

situation. In fact, should a sharp steering maneuver be 
tire (relative to the corner) that tends to push the bead 

executed, especially on an irregular surface, the tire beads 
inward toward the center on the wheel as shown in Figure 

could dislodge, giving rise to the identical conditions era 
2. This action can be divided into two components, an 

blowout but with the added risk of occurring during an 
axial force that acts at the center of the bead core and an 

emergency maneuver. It is from these types of incidents 

that the interest to decrease or eliminate the possibility of .... 

bead dislodgement originates. 

Another potential danger for the unfortunate motorist 

is the necessity of immediately changing the damaged 

tire/wheel and fitting the spare. This, should the incident 

occur in a tunnel or on a busy road, can be hazardous, in 

which instance it is advantageous for safety reasons to be 

able to continue running without difficulty a short 

distance to arrive in a safer area to park the vehicle. This 

can only be achieved if no bead dislodgement has 

occurred and with a tire having a certain run fiat 

performance. 

The Bead Dislodgement 

Examining the case of a tubeless tire, in conditions of 

normal use, the bead is maintained on its seating by the 

internal inflation pressure as shown in Figure 1. 

It is accepted the bead core is considered as a ring 

practically radially inextensible. Thus, as the internal 

inflation pressure pushes the bead along the conical bead 

seat until it comes in contact with the flange, the rubber Figure 2. Effect of cornering 
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overturning moment (see Figure 3) that tends to turn the 

bead upward and inward. This rotational movement is "/" "-.. 
resisted by the torsional rigidity and radial rigidity of the "\ 
bead; in fact, the bead blocked from any axial movement 

by the hump tends to roll around the bead toe, and in \ 
doing so raises the center height of the bead core. The R.=20M. 

\ 
axial force, which tends to force the bead along its seat "-,., 
into the wheel well, is opposed solely by the hump. 

Therefore, since the bead is sufficiently rigid to resist the EN’rR¥ SPEED 55 KM/H. 

overturning tendencies (due to design parameters), the 

axial force becomes the principal cause of bead dis- 

lodgement, and the hump becomes the main obstacle to 

bead dislodgement. TYRE TO BE REDUCE INFLATION IN FIXED 
TESTED DECREMENTS The bead dislodgement is influenced by- 

® The overload condition that affects the tire 

(external relative to the curve) during the Figure 4. J-Curve roll-off test 

cornering maneuver. This depends on suspension 

geometry and vehicle design. 

® The grip afforded by the road surface. 
o The violence at which the maneuver is performed, Rims and Humps 

These ultimate considerations explain why the labora- 

tory tests, both static (U.S. "Push-off" test) and dynamic, It is obvious that increasing the diameter of the hum ps 
are inadequate to predict the road performance of the will certainly increase the level of bead retention but will 
tire wheel unit being unable to take into account the render more difficult the seating of the beads during 
sharp increase in load and slip angle ofthe affected wheel, fitting and also (generally a less serious problem) the 
while alternatively"on road" tests are relatively simple to removal of the tire from the rim. Additionally, the fitting 
perform and very realistic, of tires on rims must be feasible on existing automatic 

The most frequently used test is illustrated in Figure 4. fitting machines, and any variation in a fitting technique 
The wheel being tested runs each time with the inflation that causes an increase in operation time would be totally 
pressure reduced in fixed decrements along a semicircular unacceptable in a mass production environment. 
course at a relatively low speed (to ensure driver safety) This constraint, with the exception on certain particular 
but with high lateral acceleration due to small radius of applications, excludes all the various solutions of split or 
test course (about 1.0G). The bead dislodgement usually multipiece wheels that do not require a well for fitting, 
occurs immediately after entry into the curve. With systems for closing the well with inserts, or even the use of 
normal humps (flat or round), this dislodgement happens wheels with retractable pins ~instead of humps), which 
t3 pically at inflation pressures of 0.7-1.1Atm. have been used although found to suffer problems of air 

loss under sporty driving applications. 

Other possible solutions require the use of special tires 

fitted to special wheels upon which, as a rule. it is not 

possible to mount standard tires. Solutions of this type 

have never really gained favor in the market since they 

restrict the vehicle owner to a limited range of tires or 

otherwise cause him to suffer the financial inconvenience 

of having to change wheels. 

It seems the only acceptable solution is to permit the 

fitment of standard tires produced by a large range of 

manufacturers while allowing easy automatic fitting and 

maintaining the level of bead retention indispensable for 

safety reasons. This level must permit the driving in a 

deflated condition at reasonable speeds and lateral forces 

(e.g., 100Kph in a straight line and lateral acceleration of 

0.2g) without bead dislodgement. The mileage attainable 

in this condition, as we will see later, depends only on the 

tire and insures the bead retention at the very low 
~ inflation pressures that even the most unexperienced 

F~gure 3. Overturning moment motorist cannot fail to notice. 
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The types of humps most commonly used (Figure 5) ..... 

are very similar, and unfortunately do not satisfy the 

criteria requested. 

Or SPECtAL LEDGE (SL) 

HUMP(H) 

......... ! [CCENTRICI TY 

DOUB,E Figure 6. Working principle 

Figure 5. Types of car rims 

Figure 7. Mounting 

The Asymmetric Hump Rim 
During manual fitting, however, inflating through the 

Recently Pirelli and Goodyear have presented a new valve, the increasing internal pressure pushes the tire in 

type of hump design, which significantly increases the an asymmetrical manner, which causes a slight deviation 

..... level of bead retention, thereby fulfilling the safety from perfect self-centering. For this reason, the pop-up 

factors listed above while satisfying the requirements of pressure in this condition can be slightly higher than for 

ease of fitting and compatibility with other manufacturers normal humps but always remaining within acceptable 

of tires, safe limits of 3-3.5bar. 
The working principle is shown schematically in During the bead dislodgement maneuver, the road 

Figure 6. The hump can be considered as made from two applies its force to only a small section of the tire, that 

rings symmetrically eccentric with respect to the hub and corresponding to the footprint area (about 30°). In such 

joined together by a straight plane. They are both of conditions, the bead is restricted from moving into the 

equal diameter, approximately equal to that of a standard well by a barrier equal to the sum of a normal hump, plus 

hump, and the plane that joins the two rings has a a value of eccentricity (which usually is of the order of 

variable inclination along the circumference (e.g., it is 2.5mm). This is far more important than the obstacle 

parallel to the axis of rotation at 90° to the section of represented solely by the hump. 

Figure 6). A selection of test results are shown in Tables 1 and 2. 

As a result of the inherent tlexibility of the tire The AH wheels are used as originalequipment by four 

sidewalls, during the fitting operation the tire is auto- important European vehicle manufacturers and can be 

matically self-centering, as shown in Figure 7, ideally constructed in cast light alloy as well as in pressed steel. 

expanding only enough to arrive at the circumferential 

development of the hump, which, as stated previously, is 

similar to that of a normal hump. This ideal situation is Rllll Flat and Limited Run Flat 
realized very closely with automatic fitting where, during 

dome inflation, the tire is pushed simultaneously along As demonstrated, wheels now exist that protect the 

the bead circumference, motorist from the dangers of bead dislodgement; however, 
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Table 1. J-Curve roll-off test results 

Inflation at Roll-Off (Bar) 
Car                RIM       Tire Size Standard Rim    Special Rim 

Fiat Ritmo 65 4 1/2 B 13 145SR13 0.8 0.5 ,/o 

Fiat Ritmo 85 S 41/2B 13 145SR13 0.65 0.3 * 
Fiat 132 5 1/2J 14 175/70SR14 1.1 0.45 ,/o 

Fiat Argenta 2000 IE 5 1/2 J 14 175/70SR 14 1.0 0.40 ./o 

AlfaRomeoGiulietta2000 51/2J 14 185/65HR14 0.9/0.85 0.4/0.4 
Audi 200 6.0 J 15 205/60VR15 0.45 / 0.5 0.1 / 0.1 
BMW735 61/2J 14 205/70VR14 0.4/0.45 0.0/0.0 o 
Ford Escort XR3 51/2J 14 185/60HR14 0.9/0.9 0.35/0.35 ,/o 
Opel Kadett Caravan 5 1/2 J 14 185/60HR14 0.8 / 0.7 O. 1 / 0.0 
Jaguar XJ 6 7 J 15 235/60VR15 0.9 / 0.9 0.0/0.0 
Seat Ronda 5 1/2 J 14 165/65-14 0.9 0.3 * 

* Rim Touches Ground 
o No Roll-Off 

Table 2. Rapid deflation on straight roadbed dislodgement 

Rim 
Car Rim Size Tire Size Position Standard A.H. 

Front       No        No 
175/65SR14 

VW Jetta 5 1/2J x 14 Rear No No 
Front No No 

185/60HR 14 

Rear No No 

Front     Roll-Off      No 
195/70HR14 

Ford Granada 6J x 14 Rear Roll-Off No 
Front Roll-Off No 

195/70VR14 

Rear No No 

Front    Roll-Off     No 
DB 280S           7J x 15      205/65VR15 

Rear Roll-Off No 

Front No No 
BMW 736 6 1/2J x 14 205/70VR14 

Rear No No 

Fiat Argenta 5 t!2Jx 14 175/70SR14 Front Roll-Off No 

Front Roll-Off No 
Fiat Abarth 5 1/2J x 14 185/60HR14 

Rear Roll-Off No 

Jaguar XJ 5~3 6 1/2J x 15 235/60VR15 Front No No 

Test description (FMVSS11 O/Australia design 20) 

¯ Dry straight road 

¯ Vehcite with full road 
¯ At a pre-determined point actuate rapid deflation 

device 
Bring the vehicle to rest under moderate braking 
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it remains to establish exactly how many miles a fully subject to immense frictional forces in area (A), during 

deflated (but still with beads in position) tire can continue straight running due to longitudinal chafing between the 

running to arrive in a safe area where the wheel can be lower bead area and the part in contact with the road 

...... changed. (particularly important on driven wheels) and during 

......... In the absence of an internal inflation pressure, the cornering due to lateral chafing between the tread and the 

load-carrying capacity of the tire is drastically reduced by bead. 

80 to 90 percent, the sidewall and bead area come in The result of this friction generates a significant 

contact with each other as shown in Figure 8, while the increase in temperature, which causes a rapid degradation 

contact area with the road increases notably (three or in all the mechanical properties of the rubber compounds 

......... four times that of the normally inflated tire), tending to and temperature-sensitive reinforcing materials. 

........ lift away from the road surface in the center (C), thus The tire failure, in the absence of sidewall damage, is 

increasing the contact pressure in the shoulder area (D). seen externally as oblique cuts in the sidewall and 

Occasionally, part of the sidewall comes in contact with internally as abrasion corresponding to zones of contact. 

the road surface (area B in Eigure 8), which results in the These mechanisms clearly indicate that the distance 

relatively soft sidewall rubber compound being abraded one can travel on a deflated tire diminishes rapidly with 

away quite rapidly, thus cutting the tire longitudinally in the increase in load, speed, and lateral force of the 

..... this area. If, due to the geometry of the tire and width of vehicle, and the situation becomes worse for a driven 

wheel used, this does not occur, the deflated tire becomes wheel. 

Table 3 indicates a sample of test results. The speeds 

and lateral accelerations adopted for the tests were 

chosen to simulate conditions encountered by a motorist 

with a deflated tire searching for a safe place to change 

the wheel without jeopardizing the safety of other road 
AN users. The tests were all performed with the valve core 

\\ 
removed to insure complete deflation of the tire. 

It is noted that even in the most favorable conditions of 

a VR tire with a very low aspect ratio, the mobility 

afforded prior to the tire’s destruction is very low. 

The level of mobility of an uninflated tire can be 

increased in various ways. Excluding the solutions that 

utilize internal supporting systems necessitating multipiece 

wheels or the use of spray cans that require stopping the 

B/ B c 
car, the simplest answer is to strengthen the tire sidewalls 

..... to obtain a self-supporting tire. 

Solutions of this type have been available in the market 

for several years but without great success, since (prior to 

the introduction of AH wheels) they required special 

Figure 8. Sidewall and bead contact wheels, were significantly heavier (about 20 percent), and 

more expensive. 

Table 3. Run-flat and limited run-flat (speed l OOKph in a straight line--max latera~ 
acceleration 0.3g.) 

Car Rim Tire Size Tire Weight Run-Flat Capacity (KM) Tire Design 

(KG) Front Rear 

8MW 323 I 6J 14AH 195/60VR 14 9.3 6,5 3. Standard 

BMW 323 I 6J 14AH 195/60 VR 14 9.8 32 18 Limited 

BMW 323 I(*) 6 J 14AH 195/60 VR 14 9.8 65 56 Limited 

BMW 518 6 1/2 J15 AH 205/60 VR 15 10.5 6 3 Standard 

BMW 518 6 1/2 J15 AH 205/60 VR 15 10.5 21 14 Limited R,F. 

BMW518 61/2J15AH 205/60VR15 12.5 500 420 Self Supporting 

(*) Car load of 2 passengers only 
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Figure 9 illustrates a section of the Pirelli self-supporting 

tire of which the weight and performance characteristics 

are listed in Table 3. In addition to the weight penalty, it 

also needs stating that it is not easy to tune such a robust 

tire to the performance comfort and rolling resistance 

levels currently demanded by modern motor vehicle 

manufacturers. 

However, a run flat mobility of 20 to 30Km should be 

sufficient for locating a roadside area that would permit a 

safe whee! change. Tires providing this type of mobility, 

which we can refer to as limited run fiat, have only a 

moderate increase in weight and consent to a performance 

almost equal to that of normal tires. 

"Ihey are not self-supporting, and their run flat perfor- 

mance is obtained using small filters in the sidewalls and 

carefully choosing the structure materials. Results and 

characteristics are listed on Table 3. 

Summarizing, it can be said that mounted on AH 

whecls these tires constitute a major step forward in the 

area of motor vehicle and road safety. 

Figure 9. Pirelli self-supporting tire 

Modification of Vehicle Handling Performance by 
Four-Wheel Steering System 

Shoichi Sano, A vehicle incorporating this steering system may 

Yoshimi Furukawa, and exhibit improved accident avoidance capabilities. 

Shuji Shiraishi 

Honda R&D Co., Ltd. 

Introduction 

Abstract 
This paper discusses the handling performance of a 

motor vehicle equipped with a four-wheel steering system. 
At past ES V conferences, we have reported on a series Vehicle handling performance means the overall steering 

of studies on how the driver’s control performance is 
performance of a driver-vehicle system, which is 

affected by vehicle steering response. These studies 
schematically shown in Figure 1. 

showed that a four-wheel steering system can reduce the 

dela5 in lateral acceleration response to steering action, 

which may result in better control performance of the 

driver. 

VfHICLE "](he present report examines the handling performance o~s~a~o 
PATH +~_ of an experimental vehicle fitted with a four-wheel ~EIR ~ VEHICLE] 

steering system under a wider range of operating condi- " " 
~ 

"                                            I [ I /OPEN-LOOP\ 
I I OR I tions. The studies were conducted using mathematical L___~_STE~R~NG I 

models and simulation of the driver-vehicle system, plus 

road tests. [CLOSED-LOOP\ 
OR The findings indicate that the four’wheel steering 

L ....... _~_~_~N_~LI_~J_CHI_fl_~C_I[_~I_ST_IC_S_ ......... 

system may provide better vehicle handling performance - ..... 
than a conventional two-wheel steering system. Figure 1. Driver-vehicle system 
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The open-loop characteristics in Figure 1 represent the 
f = 0.3Hz            f = 0.75Hz 

steering response characteristics of a vehicle as determined 
VELOCITY(kin/h)                           VELOCITY(kin/h) 

with the input as a steering wheel angle and the output as o 1oo 20o 2°0 

vehicle motion including lateral displacement. The closed- 

........ loop characteristics are part of the "handling perfor- ",~: 

mance." This includes the vehicle characteristics, the 

driver’s control performance, and the driver-vehicle 
/ ~NEUTRAL STEER (K= 0       ) 

closed-loop combination as shown in Figure I. The / 
system input is a desired course, the error is the deviation 

.......... from that course, and the output is the actual vehicle 

....... path. Figure 2. Effect of vehicle velocity on phase angle of 

Sections 1 and 2 of this paper discuss research efforts to 
lateral acceleration response 

find the difference between the two-wheel and four-wheel 

steering systems with respect to possible vehicle steering 
which were selected as the most typical regions in the 

qualities and to identify the effects of such differences on 
higher and lower portions of a steering frequency range, 

....... vehicle handling performance based on previous 
below 1Hz. This range was selected because the steering 

........ reports(I,2), 
frequency during normal driving mostly comes within 

This is followed by discussions in Section 3 of computer 
1Hz. The vehicle stability factor was alternatively set at 

simulation using a mathematical model of driver’s steering 
three different levels, ranging from slight understeer to 

action, conducted under a number of typical operating 
slight oversteer (see Appendix B for full details of vehicle 

conditions to find vehicle handling performance; road 

........ tests to validate the simulation results; and studies based 
specifications and stability factor). 

The following characteristics are shown in Figure 2: 
on these experiment findings to estimate the possible ¯ The higher the vehicle speed, the larger the phase 
effects of the four-wheel steering system on driver’s 

lag of lateral acceleration response to steering 
control performance and subjective rating,                          action. 

The phase delay increases as the stability factor 

Studies on the Handling Performance of becomes smaller and as the vehicle tends more 

Two-Wheel Steering Cars toward oversteer characteristics. 

¯ Vehicles with understeer characteristics have 

Many reports are available on methods of evaluating              little phase delay in the lower frequency range. 

vehicle handling performance using vehicle response 

parameters. Previously, the authors conducted two series 

of studies mostly with a lateral motion simulator. In 
Techniques To Reduce Response Delay and 

course tracking and evasive lane change tests, it was Their Effects 

found that a shorter delay in the phase of vehicle lateral 

acceleration response to steer inputs would improve the To study possible means of improving the handling 

driver-vehicle system performance even if the yaw response performance of conventional two-wheel steering cars, the 

gain and phase were kept constant(I,2), basic vehicle design parameters were varied in several 

This section first discusses how the delay in the phase ways to determine how much each contributed to the 

of lateral acceleration response to steering action relates phase delay in lateral acceleration response. The vehicle 

to the handling performance of a conventional two-wheel specifications and typical frequency levels used for th’is 

steering car and how this is affected by vehicle speed and calculation were those of the preceding section. The 

design parameters. This analysis uses the two-degree of stability factor of the vehicle used as a reference standard 

freedom car equations to calculate the frequency response was varied to three different levels, as in Figure 2. The 

(see Appendix A). vehicle speed was set at 110km/h (see Figure 3). 

Response Delay and Vehicle Speed Reduction of Response Delay Relative to Vehicle 

Speed 
The calculated effect of vehicle speed on the phase lag 

in the lateral acceleration response to steering action is To quantitatively determine the possible effects of a 

shown in Figure 2. The vehicle specifications used in four-wheel steering car in terms of steering frequency 

these calculations were modelled after those of a small range, the following paragraphs calculate the delay in the 

production car, now on the market in Japan, which is of phase of lateral acceleration response to steering action 

the same model as the vehicle used for road tests. The from a frequency response equation for an example four- 

frequency bands used in Figure 2 are 0.3Hz and 0.75Hz, wheel steering car (see Appendix A). 
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UO= 1 10 km/h , U.OE.Sr~R t,~:= ~ 63×~0 ’1 f=O.75Hz 
~ NEUTRAL ST~E~ (K= O } 

VELOCITY(km/h) 
f=O.3Hz f=O.75Hz o 8V~S~EE~ (~=-0~2~0~) 

~o~ o~ ~o~ F--~ ......... ~ FOUR-WHEEL STEERING SYST~ 

~ ~ TIRE CORNERING UNDERSTEER ~ -9o" "" (k=O’4) 

NEUTRAL STEER ~ ~ / WHEEL BASE -90" 

~ ~ YAWING MOMENT OVERSTEER 

~o" 

K:STA~UTY FAC~OR(~c m~} ~:STABILITY FACTOR(~c:/m 

Figure 3~ Effect of vehicle design parameter on phase Figure 4, Effect of 

angle of latera! acceleration response lateral acceleration response 

ratio of rear to front 

Ei~u~ 4 sSows tS~ d~]ay ~n t5� pSas~ o~ ]at~rM ~cc¢]~rafion r~sponse to 

acceleration at the frequency of 0.75Hz, relative to the higher frequency range, as they run faster. The phase 

vehicle speed, for a four-wheel steering car with the same delay may be reduced only about 10° even if the vet icle 

parameters and the same steady-state response gain as a design parameters are changed as much as some 20 

two-wheel steering car. percent. 

The ratio of the rear-wheel steering angle to that of the This implies that in normal production cars, the 

front wheels x was set at 0.4 level, for comparison with improvement of vehicle handling performance may 

the two-wheel steering system. The steering angle ratio ~ usefully involve research efforts to properly control the 

is considered positive when the rear wheels are steering in phase delay in lateral acceleration response in the higher 

the same direction as the front wheels. The vehicle frequency range. Therefore, only the typical value of 

stability factor was set at the three different levels of 0.75Hz in the higher steering frequency range will be used 

Figure 2. in further discussion on this subject. 

A. Effects of tires 
The cornering stiffness of both the front and rear Red Ct O  of Response Delay by Four- 
tires was varied by ¯ 20 percent. Wheel Steering System 

B. Effects of basic specifications 
The wheel base was varied ¯ 20 percent. 
The yawing moment of inertia was varied ¯ 20 

We have reported at previous ESV conferences that the 

percent, 
delay in the phase of latera! acceleration response to 

The results of the calculation are as follows: 
steering action may be reduced by a four-wheel steering 

¯ The delay in the phase of lateral acceleration 
system designed to steer the rear wheels in the same 
direction as the front wheels. Our reports also suggested 

response to steering action becomes shorter as 
the cornering stiffness increases, as the wheel 

that reduction of such a phase delay within a proper 

base becomes longer, and as the yawing moment 
range might improve the control performance of driver- 

of inertia decreases, 
vehicle systems(I,2). 

This section discusses the possible improvement of 
¯ These percentage changes in cornering stiffness 

lateral acceleration response through the use of a four- 
and wheel base contribute almost in the same 
degree to the phase delay, producing an effect of 

wheel steering system with particular emphasis on the 
effects of vehicle speed variation and the steer angle ratio 

around £ 10~ of lag. 
of rear to front wheel ¯ The contribution of this change in yawing 

moment of inertia reaches its height~an effect 
of around ¯ 8°--when the vehicle has an Effects of Four-Wheel Steering System 
~ndersteer trend in the higher frequency range. 

These findings indicate that the existing two-wheel The four-wheel steering system may have the following 
steering cars can have the following trends in steering effects: When the steering wheelis turned, a conventional 
characteristics: Typical small production cars with under- two-wheel steering car places the front wheels at a slip 
steer can show a longer delay in the phase of lateral angle in the initial stage, which gives the front wheels a 
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cornering force. This becomes lateral force and yawing Variations in the steer angle ratio x are significant in 
moment for the vehicle, making it turn its heading while this higher frequency range. The phase delay decreases 
moving it sideways. Then a slip angle occurs between the remarkably as the value of K increases. 

.... vehicle heading and the velocity direction. This places the The discussions in Sections 1 and 2 may be summarized 
......... rear wheels at a corresponding slip angle, giving them a as follows: 

cornering force. Thus, the rear wheels lag a little in The four-wheel steering system becomes more effective 
contributing to the lateral motion of the vehicle. The in reducing the delay in the phase of lateral acceleration 

result is a delay in lateral acceleration response to steering as the rear-wheel steer amplitude more closely matches 

action, the front. The analyses showed that steering the rear 
.......... With a four-wheel steering system, on the other hand, wheels at a ratio of 0.4 to the front is about three times 
....... the rear wheels take part from the first in producing a more effective in reducing the phase delay than a selected 

lateral force for the vehicle. Therefore, it can provide the design parameter change. In course tracking and lane 
vehicle with a quicker lateral acceleration response than change tests, as shown previously in (1) and (2), reduction 
the conventional two-wheel steering system, of the phase delay in lateral acceleration response may 

The analytical findings are as follows: help improve vehicle handling performance. This suggests 
¯ The four-wheel steering system can provide a that the four-wheel steering system may provide motor 

shorter delay in the lateral acceleration response vehicles with better handling performance in some driving 

in any speed range whether the vehicle has tasks. 

understeer, neutral steer, or oversteer charac- 

teristics. Effects Of Four-Wheel Steering System ¯ In the higher steering frequency range, it reduces 

...... the phase delay by as much as 30° in all speed 
This section examines the handling performance of a 

........... ranges. This favorable effect grows stronger as 
vehicle fitted with the four-wheel steering system using a 

the vehicle tends more toward oversteer 

characteristics, 
variety of assumed operating tasks and conditions likely 

to occur on the road. The aim is to identify more clearly 

the effects of the new steering system. 

........ Effects of Steer Angle Ratio of Rear to Front Method of Study 
Wheel on Phase Delay 

Computer simulation with mathematical models of the 
Figure 5 shows the effects of the steer angle ratio of rear driver-vehicle system was used to examine the effects of 

to front wheel K noted above on the phase delay at the four-wheel steering system under a wide variety of 

...... 110kmi h. operating conditions. The simulation findings were then 

....... confirmed by road tests. 

_ The tasks evaluating the closed-loop characteristics 

Up= 11 Okm/h may be broadly divided into course tracking and course 

changing. The first step was to evaluate the stability of the 
f -’0.75HE 

k 
driver-vehicle systems. Our attention was then turned to 

the subjects of road irregularity and lateral wind sensitivity 
-02 

] to assess the course tracking, followed by the lane 

m changing performance as typical of course changing 

r,.9 -45°- tasks. 

Evaluating Conditions 

Table 1 shows the subjects, methods, and parameters 

of evaluation. 

K:STABILITY FACTOR(sec.’/m2)                   Simulation Models 

]~= (STEER ANGLE OF REAR WHEEL) (STEER ANGLE OF FRONT WHEEL} For comparison with the four-wheel steering system, a 

Figure 5. Effect of steer angle ratio of rear to front two-wheel (bicycle) model as used in the preceding 

wheel on phase angle of lateral acceleration sections was selected for the vehicle, and a simple preview 

response predictor model was used for driver control. Major 
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Table 1. Evaluating conditions 

Subject Evaluating Method and Parameters 
Computer Simulation Road Tests 

A. Driver-vehicle Stabilty range of 
system driver’s control parameters NIL 
stability 

B, Road irregularity r.m.s. Value of steering 
sensitivity Lateral deviation and heading angle NIL 

Steering power spectral density 

C, Lateral wind Maximum and cumulative values of 
sensitivity lateral deviation and heading angle NIL 

Range of driver’s control parameters 
D Lane change for pass through the course NIL 

performance 
Settlement of steering patterns Settlement of 
and vehicle motion steering patterns 

and vehicle motion 

details of the driver’s mathematical model used in the evaluated from the resulting characteristic equation (see 
simulation are given below and in Appendix A. Appendix A). 

Mathematical model Figure 6 shows the stable range for the driver parameters 

Vehicle: Bicycle model preview distance E and control gain h with the time delay 

Driver: Preview predictor model (see Reference 3) r fixed at 0.2s. The results are sensitive to the time delay 

Control parameters selected. Generally, the closed-loop response time can 

1) Preview distance ~---L range from 0.15 to 0.8s, with typica! values in the range of 

2) Control gain    --h (steering wheel angle rela- 0.25 to 0.45s(5). A nominal value of 0.2s was chosen for 

tive to the deviation of driver’s all the analyses based on assumed operating conditions 

sight point from the desired for evasive maneuvers. 

course) For analysis purposes, the steer angle ratio of rear to 

3) Time delay ....... r (time lag between the front wheel X was set at three different levels from 0 to 0.4. 

perception of such deviation As in the previous calculations, the ratio of steering wheel 

and the start of steering angle to the front-wheel steering angle r/was adjusted to 

action) make the steady-state gain equal to that of the two-wheel 

Analytically, the driver looks at a point L meters ahead steering car. The analysis was made at 110km/h. 

of the vehicle, finds the deviation of that point from the Figure 6 gives the following findings: 

desired course, and turns the steering wheel for correction 
with the control gain h after the time delay r seconds: (dog!m) 

10~ ~ 

Road Tests UNSTABLE U0= 11Okm/h 
"r =O.2sec 

A test driver operated an experimental vehicle that had 
the steer angle ratio of rear to front wheel set at K = 0.4. 
The vehicle specifications and operating conditions for 

~ ~o the test car were identical with those for the simulation. ,-, 

~ sYs~a ~,~=o.z~ STABLE 

Driver-Vehicle System Stability                     ~ 

The first step in the evaluation was to analyze the ~°° 
10° 10’ 10 

stability of the driver-vehicle system. PREVIEW D~STANCE L 

Given a transfer function for each of the driver and ---i~-,-~0~ 
vehicle, the transfer function for the driver+vehicle system r: ~R~v~.s ~a¥ 

can be obtained. The closed-loop system stability can be Figure 6. Stability of driver-vehicle system 
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¯ The preview distance L has a minimum value Uo=l~Okm/h 
that depends on the driver time delay and vehicle ........ ]~/~-~HEEL STEERING SY~rEM(k=0i ...... 
speed. The four-wheel steering vehicle shows a , 

slightly smaller minimum value of the preview 
distance L and, therefore, a wider range of 

¥ LIILS. : 0.03811m1 

calculated closed-loop stability than the two, 
wheel steering car. 

As the preview distance L becomes longer, the 
driver’s control gain has to be made smaller to 
insure stability. ~ ................... 

¯ The maximum value of control gain for a given ~o~0OR’WH~Et STaBIle6 sYSrEMIk=~.~t 
length of preview distance L is little affected by _}/~A .~’I~, ~/dsw 

r.m.s.:0.s781a~ 

the steer angle ratio of rear to front wheel K 

Sensitivity to Road Irregularity and Other 

External Disturbances During Straight-Ahead 

This section examines the driver’s control action and Figure 7. Maneuver on road irre~uladW sensitivity 
vehicle motion when an external, lateral force is applied 
at random to the front and rear axles of a vehicle running ~o= 1 ] Okm/h 
straight ahead. The mathematical model of the driver 
described above is used. 

The external disturbance used in the calculation had 
sufficient force to put the vehicle one full lane width 

(3.5m) off the desired course and give it a 1° yaw angle, 
after 15s, if no steering action was taken. Another feature 
of the external disturbance was good repeatability. The ................. ~ .......................................... 

-02 0 0~2 d4 O~ -02 0 02 04 08 

steering power spectral density was adjusted to the same 
level as in the road tests. 

Figure 7 shows the steering and vehicle behavior when 
the steer angle ratio of rear to front wheel x was varied 
while the driver’s control gain h and preview distance L 
were kept constant at 5° /m and 100m, respectively. The o 

vehicle speed was set at 1 lOkm/h The findings are as ’=~~ 

follows. -02 0 02 04 0.6 r.m,s.:~oor MEAN SQUARE VALUE 

The larger the steer angle ratio of rear to front wheel K Figure 8, Effect of steer angle ratio of rear to front 
the less the vehicle moves sideways, wheel on road irregularity sensitivity 

The root mean square (rms) values of steering angle, 
heading angle, and lateral displacement were selected as measured in a lateral motion simulator with random 

parameters for evaluating the performance of the driver- course tracking tests. This was reported at previous ESV 

vehicle system when receiving an external disturbance, conferences (see (2) and Figure 9). 

These values were divided by the rms values at X = 0 Figure 10 compares the steering powerspectraldensities 

(corresponding to the two-wheel steering car) and then of the four-wheel and two-wheel steering cars. In this 

made nondimensional. The results are given in Figure 8. comparison, the driver’s control gain was adjusted to 

The four-wheel steering system does not differ appre- keep the rms value for the lateral deviation of the four- 

ciably from the two-wheel system in steering angle or wheel steering vehicle (at x = 0.4) virtually equal to that 

heading angle unti! the steer angle ratio of rear to front for the two-wheel steering car. 

wheel approaches 0.4. At K = 0.4, the vehicle laterat In the higher frequency range, the four-wheel steering 

deviation decreases to less than half that of the two-wheel car has a lower steering power spectraldensity amplitude 

steering system, than the two-wheel steering car: The power spectral 

The most effective value of K mr coping with an density ofthe former reaches a peak at about 0.75Hz, and 

external force is probably about 0.4. The way the vehicle the four-wheel steering system efficiently reduces the 

lateral deviation changes relative to the level of K is required steering wheel amplitude at frequencies above 

consistent with the objective and subjective ratings 0.4Hz. 
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e’Deviation of Lateral Movement 
Yd:Lateral Position of Target Mark k- (STEER ANGLE OF REAR WHEEL) 

(STEER ANGLE OF FRONT WHEEL) 

I~ ~ 
....I 

9- 

~ 5 

-0.4 -0.2     0     02    04 06 -0.4 -0.2     0 02     04     0.6 

Figure 9, Effect of steer angle ratio of rear to front wheel on driver-vehicle performance a~ subjective rating in 
course tracking test 

Uo= 1 10km/h 
(deg2) TWO-WHEEL           SYSTEM STEERING             (deg2)      FOUR-WHEEL                                   SYSTEM STEERING 

0.1 -                                0.1 - 
>_ ~                       (k =0.4) 

¢.0 

(STEER ANGLE OF REAR WHEEL) 

/~----- (STEER ANGLE OF FRONT WHEEL) 

t.23 
~.~a 

0,1 1 2 O. 1     2 

FREQUENCY <Hz> FREQUENCY <Hz> 

F~gure 10. Power spectral density of steering wheel angle in road irregularity sensitivity 

In the course tracking tests conducted on a lateral ¯ - Vehicle lateral deviation is affected more by the 
motion simulator, discussed in (2), two steering frequency steer angle ratio x than by the stability factor K. 
ranges were considered. One was the frequency range for ¯ But the steering wheel angle and heading angle 
following the desired course, and the other related to are affected more significantly by the stability 
corrective steering needed when the initial steering action factor than by the ratio x, if it is kept below 
failed to keep the vehicle on the desired course. The about 0.4. 
second frequency range had a peak around 0.7Hz. It was This means that use of the four-wheel steering system 
found that the amplitude of this peak was lower for the for vehicles with understeer characteristics should reduce 
four-wheel steering car(2), the steering wheel angle, heading angle, and lateral 

The simulation findings indicate that the four-wheel deviation. 
steering car requires less corrective steering to maintain 

the vehicle back on course. 

The effects of the steer angle ratio of rear to front wheel Lateral Wind Sensitivity 
and stability factor on the rms steering wheel angle, 

heading angle, and lateral deviation (see Figure 11) were The difference between the closed-loop behavior of the 
investigated, i.e., four-wheel and two-wheel steering cars was calculated in 
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Uo=l 10km/h UO=I 10km/  
{deg)l {degl 

DEG 

....... ..~. 
- /~-FOUR~WHEEk STEERING SYSTEM(k=O,O 

~ ~ ~ k <sEc> 
~ 

005 -8 -- TWO-WHEEL STEERING SYSTEM 

~ ~-K= 2.45 xlO ~ m 

-0,2 0 02 04 0,6 02 0 02 04 0.6 
~ 

~ ~ <SEC> 

0 05~ 

# o 

~_(STEER ANGLE OF R~R WHEEL) ~ <SEC) 

Figure 11. Effect of stability factor on road irregularity N Nm 

~ 
1500 500 z~SIDE FORCE ON C. 6. OF VEHICLES 

sensitivity 
~ ~IN6 MOMENT~. 
~ o 
~ 

:S~C) 

the presence of an external [orce and moment cortes- - -moo 500 

ponding to a lateral wind. The external force and 
k=t~TE~A~Gk~{.t~_WHm 

m o mere were made roughly equal to those a test vehicle ~ ste~ ~ae o~ ~o~t wHm~ .. 

would receive while running at 110km h through a 15m- Fioure 12. Lateral wind sensit~v~W 

long lateral wind pulse with a strength of 22.5m s. 

Figure 12 compares the two-wheel steering car and the results of integrating the lateral deviation up to the point 
four-w heel steering car with its steer angle ratio of rear to where steering settles down. 
front wheel ~ set at 0.4. Figure 13 shows the effects of the s~eer angle ratio of 

The analyses show that the steering and heading angle rear to front wheel on the maximum lateral deviation and 

damp faster with the four-wheel steering car. heading angle after the closed-loop driver~vehicle is 

The maximum lateral displacement of the four-wheel exposed to a simulated lateral wind. 

steering vehicle is about 20 percent less than that of the The maximum heading angle becomes target as the 

two-wheel steering vehicle. The four-wheel steering car is steer angle ratio of rear to front wheel x increases, while 

also some 30 percent lower than the two-wheel steering the maximum closed-loop lateral deviation decreases as 

car in the cumulative value of lateral deviation--the the value of g increases. 

(STEER ANGLE OF REAR WHEED Uo= 1 1 Okm/h /~’~=(STEER ANGLE OF FRONT WHEEL, 

II 

N ~       0.5 N o.5- 

-0~.2 0 0.2      0.4 0.6 -0.2 0 

Figure 13. Effect of steer angle ratio of rear to front wheel on lateral wind sensitivity 
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Lane Change .............. 
(degirn) 

Maneuverability to Pass Through Courses Marked by UNSTABLE -’\ = U0=110km/h 
" ’ "r=O.2sec 

’]~ra~f~ ~O~S ,~ LANE CHANGE BOUNDARY 

~ 
~NNE~ RANGE:POSSIBLE TO PASS 

A~ attempt was made to analyze the range of driver’s 
comrol parameters by which the vehicle could pass 
through using a simple closed-loop, driver model, In this 
simulation, the driver preview distance L and contro! a STABLE 
gain h were varied for both the two-wheel steering car and 
the four-wheel steering car (at ~ = 0,4). The time delay 
was set at 0.2. ~o0 

The maneuverability was determined by whether the 
PREVIEW DISTANCE ~ (m) 

vehicles operated with the above driver control model ,.= 
could run successfully through the lane change courses, r: OR~VER’S aeLAY r~ME 
the width of which was marked by traffic cones as shown Figure 15. Task perfermance and stability in driver- 
in Figure 14. A target line was used to define the course, vehicle system 
and the vehicles were required to go through the courses 
without touching any of the cones. The vehicle dimensions 

Steering and Vehicle Behavior 
for this calculation were fitted to the overall length and 
width of the test vehicles, and the vehicle speed was set at 

For a lane change, from a driver control standpoint, 
t ~0kmi h. 

the most desirable values of driver model parameters are 

30m 20m 30m 
probably the least control gain h and the longest preview 

~ + + ~ distance L, The two vehicles can be compared in the lane 
...... 0 0 0 0 0 O 

~q 
change to find the difference between the systems in 

o o o o o o o o steering and behavior. Possibly, less controlgain hand 
~ longer distance L within the stable range-parameters 

aeSm~D Va~CL~ PAtH selected cause the driver-vehicle system to remain most 

¯ RA~F~C CONe stable. 
The analytical findings are given in Figure 16. 

gigure 14, Course ~ayout for ~ane change test The steering wheel angle, lateral acceleration, yaw 
velocity, and roll angle of the four-wheel steering vehicle 

Figure 15 presents a diagram prepared by plotting the are all less than those of the two-wheel steering car. In 
~egions of successful lane change courses for the two 

addition, they damp more rapidly. 
~ehicies on top of the stable ranges of driver control 
shown in Figure 6. 

Figure 16 gives the results of road tests, which show the 

These results of computer modeling for the assumed 
same tendency as noted above. 

driver time delay and vehicle speed are as follows: 
The two-wheel steering vehicle cannot change 
lanes successfully in a stable range of control at 
this speed. In other words, its motion after The open-loop and closed-loop characteristics of the 
running through the course correctly cannot be four-wheel steering system were analyzed by computer 
stabilized unless the driver model control pa- simulation. The results may be summarized as follows: 
rameters change right after the lane change is (1.) Open-loop characteristics of the vehicle. The 
over. four-wheel steering configuration reduces the 

¯ The four-wheel steering vehicle, on the other phase lag of lateral acceleration when the rear 
hand, can change lanes using the stable range of wheels are steered in the direction of the front 
control for the assumed conditions. These pa- wheels. Steering the rear wheels at a ratio of 0.4 
rameters enable the driver-vehicle model to go to the front wheels is about three times more 
on without changing control parameters and effective in reducing this phase delay than, say, a 
stably run through the desired course. 20 percent change in the design parameters of the 

¯ Although the steady-state response gains of the conventional two-wheel steering system. 
two vehicles are set equal, the four,wheel steering (2.) Driver-vehicle system stability. The four-wheel 
car requires a smaller amount of the driver steering system permits thedriver modelpreview 
control gain to run through the desired course, distance to be reduced, compared with the two- 
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The computed behavior of the four-wheel steering 
L~o=’~ ’~ Okmih car is moderate and settles down a?aickly following 

$~NIJL~N}N ~ESLJLT ~’E$~ ~E~L~ the maneuver. 
~E~ DE6 

~ ~s~ ~ ~&w 
in summary, the new steering system, designed to steer 

~(~ 
~        ~ ~ 

the rear wheels in the same direction as tt~e front wheels, 
~ ’i0 0 . "~ improves the calculated control performance of the 

~ <sEc> <SEC> 

-~- -~oo driver-vehicle system under a wide variety of operating 
~a a0 ~ ~ ~0. ~ 

~r.. conditions. It may provide a significant contribution to 

~~ 
o ~ ,, ,~ the area of active safety devices for motor vehicles in the 

_~    :. v -x¢ <~c, -~ <~c> years to come. 
-30 

DEG 

Mathematical Models 
OEG/SEC 

o o , Model of a Vehicle Equipped with a Four= 
_~       ,-, ~y ~ ~> -~     ~_,~ Y~"~- <~> Wheel Steering System 

-30- -30~ 

~ ~STEE~ A~GEE OF ~ W~EEL ~s~ : ST~RING WHEEL ANGLE 

~ : ~TE~L ACCELERATION 

With the fo~ard vehicle velocity give~ 
ROLL ANGLE 

N~ur~ ~. Lane Change Maneuver and vehicle slip angle given as ~ (= smatl), eq-~adons of 
vehicle motion with 2 degrees of freedom in a coordinate 
system fixed to the vehicle center of gravity can be 

wheel s~eering system. In addition, the maximum expressed as follows (see Reference (1): 
value of driver control gain for the new system 

doesnotdependonthesteerangleratioofrear l~ : ] ~ Cg a,+Cr b~ 
to front wheel. This suggests that the new Uo 

Cr b-C~ 

steering system might provide a slightly wider = 
range of stability for driver-vehicle systems than -~ Cr b-Or a 

the conventional two-wheel steering system. 
Ud 

(3.) Sensitivity to road irregularity and other external 
disturbances. When the steer angle ratio of rear 

[Ctg-Crb] ~ 

to front wheel is set at about 0.4, the four-wheel + . (1) 
steering system allows the corrective steering of 

[ C�    Cr 
N uo 

the driver model to be reduced by about 30 
percent, when countering road irregularity or 
other external disturbances during course The definition of the symbols used in tt~e equation is 
tracking driving. For good lateral deviation given in the nomenclature at the end of the appendixes. 
performance, the range of steer angle ratio is up 
to 0.4 or so, and ratios above this level produce 
little effect. This trend is consistent with previous 

Transfer Function for Steering Response 
studies conducted with a lateral motion simulator. 

(4.) Lateral wind sensitivity. When affected by a 
lateral wind, the lateral response of the four- 

The right and left members of Equation (1) may be 

wheel steering car damps more quickly, closed- 
Laplace-transformed by using the relations: 

loop. The larger the steer angle ratio, the less the dsw= n & (2) 
lateral deviation. & = k & (3) 

(5.) Lane change. For the assumed driver model, the 
conventional two-wheel steering car cannot Y =Uo (B+r) (4) 
accomplish the lane change with a stable range 
of control parameters. However, the four-wheel Then the transfer functions for yaw vetocity response 

steering car can follow the prescribed lane and lateral acceleration response to steering ~sw can be 

change using a stable range of model parameters, expressed respectively as follows: 
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r (S)      r       Gr               l+Tr S 
=Gssw(S)= 5sw(O)" 1+ 2¢ S+@ S2 (5) &w(S)                                         Equations of Vehicle Motion in Ground-Fixed Coordinate 

6Oni 
System 

.+ 2¢" ~+ 1 $2 This section derives vehicle transfer functions in a 
(6) y(S) _ y y i -W~- ~ ~ 

-G~.w(S)=G~sw(O)" ground-fixed coordinate system o-XY, which are useful 
¢?sw(S) l+~n S+_ff~~_ S2 for an analysis of driver-vehicle system stability as 

discussed in the next section. 

The coefficients for different terms of these transfer 
functions are:                                            From Figure A-I, the following equation may be 

obtained: 

Uo 
" ~, (I+K Uo9 

~= Uo sin(B+�)                      (15) 

U°2 (8) ~°s~(O)=n" ~ (l+g Uo~                 ~=Uo (l~+r) cos(B+�)               (16) 

If vehicle motion is limited to small lateral perturba- 

tions, while running straight ahead at a constant velocity, 
(9) 60~=C~- Cr f~2 (I+K Uo~) then small angle approximations can be used, i.e.: 

m IUo2 

(10) ¢~= ((C~ a2+Cr b2) m+(C~+Cr) I}~ 
~=Uo (~+r) (17) 

4m I Cf Cr g~ (I+K Uo~) 

O,=r (18) 
(~1) Tr= m (Cta-kCrb) Uo 

(l-k) C~ Cr g 
The right side of Equation (17) conforms with Equation 

(4). 

(~2) 60~= (l-k) Cf Cr £ 
(Ct+k Cr) I Hence: 

Where 

O$%w(O)’Steadystate gain in yaw velocity response \Y 

to steering 

G~w(O)" Steady state gain in lateral acceleration 

response to steering 

6On : Natural frequency of lateral motion 

~" " Damping ratio of lateral motion 0 X 

Tr : Time constant (for lead) of yaw velocity 

Figure A-1. Bicycle model of four-wheel steering 

K " Vehicle stability factor, vehicle 
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Analytical Model of the Driver-Vehicle System With the lateral position of the desired course given as 

Yc, the error ~ may be expressed as follows: 

Mathematical Model for the Driver 
¢ << 1 

~,=Y+L ¢,-Yc 
(24) 

To analyze the handling performance of the four-whee! 

steering system, this paper uses a driver model, called the 

"preview predictor model" (see Reference (3)). 
The time-domain computer simulation uses Equation 

As is apparent from Equation (19), lateral vehicle 
(21) instead of Equation (24). 

position has the qualities of second-order integration. 
Equations (23) and (24) are used in linearizing the 

Accordingly, differential as well as proportional behavior 
driver-vehicle system for stability analysis, as discussed in 

are needed to stably control the vehicle using the driver’s the next subsection. 

feedback control action. Determination of vehicle lateral 

deviation requires second-order integration, while the Stability Analysis of the Driver-Vehicle System 
: ........... heading angle assumes characteristics similar to first- 

order integration as indicated in Equation (15). Typically, The block diagram of the driver-vehicle model discussed 
a motor vehicle can be easily controlled by detecting and here is similar to Figure A-3. 
controlling these two phenomena. This is the basic idea From the diagram: 
on which this mathematical model of drivers has been 

....... established.                                     Yc(S)=~E(S)+dsw(S)’(G~sw(S)+L G~sw(S)}     (25) 
As shown in Figure A-2, a driver as the mathematical 

model described above looks at a point L meters ahead of 

the vehicle, and after finding the error ~ of that point 
y(s)=dsw(S).G~sw(S) (26) 

from the desired course, feeds back such information to 

the steering wheel angle at a given gain h. It is assumed 

there is a delay time r between the detection of such error 

and an initiating steering action. Y (S) _ G~sw(S)’G~s~,,(S) 

Yc(S) 1+ags~(S).{a£#S)+L * S 
Hence: 

(21) dsw(t)=h E(t- ~) The characteristic equation for the driver-vehicle system 

as described in (27) above with the desired course as input 

With the right and left members Laplace-transformed, and the lateral displacement of the vehicle as output can 

the transfer function G°sw(s) becomes: be expressed as follows: 

(22) =  sw(S) - + o ,~ (s) =h F(S)-I G~ (S)’{G[~w(S)+L G£w(S)}= (27) 

Assuming that r is small, it follows: If Equations (19), (20), (23) are substituted for the 

appropriate terms of Equation (28), a polynomial of S 

(23) = h (1-~ S) raised to the fourth power can be obtained: 

VEHICLE F(S)=ao ’3~+a~ $3 +a2 Sz +a~ S +a4=O (28) 

Where 

~ DESIRED VEHICLE PATH ao=n rn I (29) 

G : VEHICLE CENTER OF GRAVITY 

Z.~:: ~REVtEWO"*VER’S D*STANCE~OtNT O~ StGHT a, =-~o- ((C[ a%Cr b~) m+(Cf +Cr) I}- (30) 
~ :ERROR FROM DESIRED PATH 

U.: VEHICLE VELOCITY 

T h {(Cf+k Cr) I+L (Cf a-k Cr b) m}    (31) 
Figure A-2. Preview predictor model 
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’ ] (DESIRED PATH) (ERROR) (STEER) I VEHICLE (VEHICLE DISPLACEMENT) 
I ’ Yc + ~ I OmVER I dsw I ~ ~" ~ Y 

DRIVER’S CONTROL PARAMETER I 

L:PREVIEWOISTANCE L G¢ o, L ¢ [ + 
h:STEAOY SLATE GAIN I 

I T: OELAY TIME                                       ] 

(LATERAL OISPLACEMENT AT POINT OF SIGHT) 

L¢+Y 

Figure A-3, Driver-vehicle system using preview predictor model 

(I+K Ud) Two methods are available for identifying the stable 
(32) a~= n C[ Cr g~ 

Uo~ ranges of driver’s control parameters L, h, and r; one is to 
directly solve Equation (29), and the other is to find such 

h {(C,,+k Cr) I+L (C,, a-k Cr b) rn} ranges from coefficients a0, ai, a2, a3 and a"4. 

The second method includes a techniquts aeorem. A 

C[ Cr ~ primary test on this particular method found that al! 
- "g h Uo {b+k a+L (l-k)} coefficients of Equation (29) must be positive. From: 

a~>o 

C,- Cr g The following relation can be derived: 
(33) m=h ~ {b+k a+L (l-k)} 

L>T Uo- b+k a (35) 
1-k 

" h~(1-k) CfCrg 

This means that the preview distance the driver has to 
look out ahead has a minimum value that depends on 

(34) a4=h (l-k) C,, Cr g vehicle velocity and driver time delay and that a four- 

wheel steering system helps reduce the minimum possible 

preview distance, L. 

To keep this system asymptotically stable, all roots of 

Equation (29) must be found in the left-half plane. 

Nomenclature 

a : Distance from front axle to center of gravity (C, G) of vehicle. ¢ff.sw: Steering wheel angle. 

b : Distance from rear axle to C.G. ~t : Steer angle of front wheel 

~ : Wheel base (a+b. r~r : Steer angle of rear wheel 

m. : Vehicle mass. S : Stability factor. 

.[ : Yawing moment of inertia, (x,g): Earth fixed axis system. 

/2 : Steer angle ratio of steering wheel to front wheel. (x,y): Vehicle fixed axis system. 

/~ : Steer angle ratio of rear to front wheel 
/~b Heading angle. 

~/" : Front tires’ cornering stiffness. /~ Vehicle sideslip angle, 

Cr : Rear tires’ cornering stiffness. F Yaw velocity, 

No : Vehicle forward velocity y Lateral acceleration, 
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Appendix B 
......... Vehicle Specification 

Table B-l, Basic specification Table B-2. Design parameters for changing stability 

factor 
2WS: Two-Wheel Steering System 
4WS: Four-Wheel Steering System 

(1) 
Stability Factor :K       Understeer      Neutralsteer      Oversteer 

No. Item Unit 2WS 4WS (xlO-3) 1.63 0 -0,82 

1 Vehicle Mass m Kg 1280 ~ 
Front Tires’ 

2 Distance from front axle to C.G.    a       m        0.98       ~            Cornering Stiffnessc!              66300          80200         86500 

Rear Tires’ 
3 Distance from rear axle to C.G, b m 1.47 - Cornering Stiffness Cr 67400 53500 47200 

4 Yawing moment of inertia I Kg’m2 1840 ~ 
(For Fig. 3,4,5) 

5 Wheel t~ase / m 2.45 -- 

6 
Steering wheel angle n 14.5 8.7 (2) 

Stability Factor :K More Understeer Less 

Steer angle of front wheel (x103) Understeer Understeer 

2.45 1 63 *082 

7 Steer angle of rear wheel 
k 0 0.4 

Steer angle of front wheel 
Front Tires’ 
Cornering Stiffnessc/ 59500 66300 73300 

8 Front tires" cornering stiffness      Cf    N/rad      66300       ~ 
Rear Tires’ 

.... 9 Rear tires’ cornering stiffness Cr N/rad 67400 ~ Cornering Stiffness cr 74100 67400 60400 

(For Fig. 11 ) 
10 Overall length                              m         4.21        ~ 

11 Overall width m 1.65 - 

Stability factor K sec2/m2 1.63xl 0.3 -- 

Design Parameters for Equalizing 
Steady-State Response Gain 

Table B-3. Design parameters for equalizing steady 
state response gain 

Steer angle of rear wheel 
:k -0.2      0       0.2     0.4    0.6 

Steer angle of front wheel 

Steering wheel angle 
:n 17.4     14,5     11.6    8.7    5.8 

Steer angle of front wheel 

(For Fig. 5,6,8,9,1 t,13) 
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Maneuverability and New Suspension for Four-Wheel Drive Vehicles 

Minoru Drake, developed to insure not only a safer and more comfortable 
Shingo Obayashi, ride under high-speed cruising on the highway and on 

Midori Kubota, and long drives, but the best performance of the four-wheel 

Yoshiaki Nozawa drive when used off the road~ 

Subaru Engineering Division, Fuji Heavy 
t ndustries, Ltd. Maneuverability Characteristics of Four- 

Wheel Drive Vehicles 

Driving and Braking Characteristics 
Four-wheel drive vehicles have recently become widely 

used for their enhanced safety in a variety of road 

coveredC°nditi°nSroads.°n the highway and snowy~ wet, and gravel- Br/w 

. IDEAL BRAKING-FORCE It is well known that four-wheel drive vehicles are                           / /O~STR~BUTmN L~NE 
superior in maneuverability to two-wheel drive vehicles, / 
We have attempted to explain this superiority by theo- FRoNTCRITICALwHEELLINEsPINOF 
retical as welt as experimental methods. ~                                                          FOUR WHEELS LOCK 

This paper deals with the theoretical approach in ’Ff/w / 

sN,..~i/° determining the difference in movements between two- FOUR WHEEL \CRITICAL LINE OF 
wheel and four-wheel drive vehicles during cornering SP~N..~ 

FRONT WHEEL LOCK 

with varying tire-to-road-surface friction coefficients and IDEAL DRIVING-/N "/ N "~CRITICAL LINE OF 

wheel loads. Experiments were carried out on paved and L~NE ~_~/ 
snowy roads using the two types of vehicles. As a result, it 

has been verified quantitatively that the four-wheel drive ~ 
’~w vehicle provides higher stability with greater variations in 

friction coefficients and wheelloads, thoughthedifference Figure 1. Driving and braking characteristics of four- 

is only marginal under a steady state, wheel drive 

This paper also reports on the new suspension system .... 

developed to implement enhanced characteristic levels of 

a normal passenger car (vibration, ride comfort, steering CRmCAL UNE OF FOUR WHEELS /DEAL BRA~NG-FORCE 
REARWHEEL LOCK,, LOCK~ /DISTRIBUTION LINE stability and control, etc.) without sacrificing the unique 

features of the four-wheel drive system. 
FRONT WHEEL SPIN 

BRAKING-FORCE 

Introduction ~f/w ~ISTRIBUTI©N LINE 

0 Bt~w 

The four-wheel drive vehicle, with its greater traction "~ \CRITICAL LINE OF 
FRONT WHEEL LOCK 

than two-wheel drive vehicles, was developed mainly for 
/ ~ ~DEAL DR~V~NG-FORCE 

off-road use, but in recent years the four-wheel drive has / DISTRIBUTION LINE 
been adopted for normal passenger cars as well. It insures I 
safe driving not only on the snowy and unsurfaced roads 

but also on highways(l). ~ 

For maneuverability, however, conventional analysis 

based on experiments on fiat roads with constant coef- Figure 2. Driving and braking characteristics of four- 

ficient of friction is unsatisfactory for proving that the wheel drive 

four-wheel drive vehicle is safer than two-wheel drive Where: 
vehicles. We, therefore, have analyzed the movements of 

Bf_r : Braking-force of front and rear wheels (per 
front-wheel, rear-wheel, and four-wheel drive vehicles wheel) 
with varying coefficients of road friction and wheel loads 

Ef_r : Driving-force of front and rear wheels (per 
to compare and report on the safety of these types of 

wheel) 
vehicles. W ’ Vehicle weight 

This paper also reports on the practical pneumatic 
Po " Maximum friction coefficient between tire 

suspension system with height control that has been 
and road surfaces 
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Figures 1 and 2 show driving and braking characteristics 

of automobiles. The four-wheel drive vehicle, in which /~t~ax.w ^~__ 

both the front and rear wheels are connected directly to H 
..... the transmission, traces theoretically an ideal braking- -->Fr L tf J-~Ff 

..... force distribution line during braking, insuring maximum t 

performance regardless of road surface conditions. 
Though front tires cannot be steered in the two-wheel 

1~11=0.40 drive system while they are locked up, the four-wheel ~ 1.0 -- WITHOUT OENTRAL DIE 
drive system allows the control of steering until all four 

a~ 
u/t=o.40 
Ft/Fr=I wheels are locked, thus enhancing safety. Figure 3 shows 

i 

0.8 -- 
WITH CENTRAL DIF. 

the results of experiment, t~ 0.6 / /.-~ / RWD tf/t--0A5 
f~’* FWD lift:0,40 

13.5 
~ 02 

........... 
~: 0,4 

O 4WD 0.0 02 0.4 0,6 0,8 1.0 

~ ¯ FWD MAXIMUM FRICTION COEFFICIENT 

~- Figure 4. Maximum friction coefficient to maximum z IDEAL BRAKING-FORCE "’ acceleration diagram 
~ 0.3 LINE 

o 

~ 0.2 

ct: BRAKING- FORCE 
uJ DISTRI BUTION LINE 
~ 01 \ 

0 
Dx :DRIVING RESISTANCE V :SPEED 

0 O1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Ff-r:DRIVING-AND BRAKING-FORCE W :WEIGHT 

g :GRAVITY ACCELERATION 13 : SIDESLIP ANGLE 

FRONT BRAKING COEFFICIENT Bf/W iz : YAW MOMENT OF INERTIA 13f-r : SIDESLIP ANGLE OF WHEEL 

Figure 3. Experimental results of braking-force dis- 
t :WHEELBASE ~f :STEERING ANGLE OF FRONT 

tf-r : DISTANCE MASS CENTRE-AXLE WHEEL 

tribution S~-r:SIDE FORCE ~ :YAW ANGLE 

t :TIME ~ :COURSE ANGLE(@::’~+{3) 

The four-wheel drive shows an ideal driving-force Figure 5, Simulation model with three degrees of 

distribution line during driving and insures maximum freedom 

traction at al! times. When the equivalent traction is used Equations of equilibrium for vehicle longitudinal 

in two-wheel and four-wheel drive vehicles, the four- force, lateral force, and yawing moment are as follows: 
wheel drive vehicle uses less traction per wheel, allowing Longitudinal force 

greater use of cornering force. 

~[(~t ) (~) 

Figure 4 shows the maximum friction coefficient -Dx 
dV _ V fl    + F~ cos 6r- Sf sin 6f + Fr = 0 

(between tire and road surfaces) to maximum acceleration 
diagram (/Jo " O~max diagram) for four-wheel, front-wheel, (1) 

Lateral force 
and rear-wheel drive vehicles as obtained by calculation, 

from which we know the four-wheel drive vehicle is {Q~t)\ ( ~[/j 
superior in its ability to transmit driving force. - + V ~" 11 /3dV 

de W +F~.sindf+S~.cosdf+Sr=0 
g 

(2) 
Simulation Model with Three Degrees of 
Freedom 

Yawing moment 

Figure 5 shows a two-wheel model with three degrees 
" Z ~"~-~ j + (Fr sin 6f + Sf cos 6f ) I f- S~ J~ = 0 (3) 

of freedom in a vehicle, simplified for making an analysis. 
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By applying the concept of friction circle, the relation- 
ship between tire driving and braking force ~Ft_~, ahd side ITENDENC¥ 
tOrCe S~, can be simplified as follows: 8 -- /~ TOWARD SPIN 

/\ 

~:m6 ?ENDENCY 
X / /./Li..r 2 X 2/3for (,4) ~ TOWARD DRIFT 

Where: L .... FWD 
----RWD No : Maximum friction coefficient betweer~ ~j4 FRONT WHEEL 

tire and road surfaces > u=~oo°¢o 

~ : Friction coefficient between tire and 
~2g road surfaces ~REARLr =100%WHEEL Lr=30~/o 

1~. Vertical 1.ead on front and rear wheels 
(per wheel) 0 0-----__,1_~~ ~ t 

fc(# o’kf-r) Side force per given sliD angle TIME (soc) 2 
From these equations, it is learned that more marked 

differences exist in vehicle movement between different Figure 7. Theoretical simulation of vehicle behavior 
during turning with varying L{.r 

drive systems with greater driving resistance Dx, driving 
force Ff_~,, and wheel vertical load L,q., and a smaller Actual Maneuverability Examples 
maximum friction coefficient #o: the four-wheel drive 
system is superior in driving stability. These factors 

Looking at differences in vehicle behavior between 
correspond, respectively, to driving on snow- and graveF actual four-wheel and two-wheel drive vehicles when. they 
covered roads, hilt climbing, and high-speed cruising on 

make a steady state cornering and move up and down a 
wet roads. snowy hill, the following are seen: 

Figure 6 indicates simulation results of vehicte behavior 
when turning with a fixed steering angle and varying 
friction coefficients on road surfaces Po. it shows that the Steady State Cornering 
rear-wheel drive demonstrates the most drastic change in 
yaw velocity and a stronger tendency toward spin. Figure 8 shows the results of steady state cornering 

made by a vehicle allowing selection of either front-wheel 

or four-wheel drive mode, cornered in both modes. The 
test was conducted on both wet and dry surfaces. In both 

TENDENCY TOWA~ Stun cases, the four-wheel drive has a slightly higher limit of 

’,\ adhesion and tends to have reduced understeer near the 
\\ limit, the difference between front-wheel and four-wheel 

~--             [ -- - drive being marginal. This is because for a flat, smooth 

Dm~ \ .~ ~- ~Ji,; ---- 4’#0 
surface, there is no change of friction coefficient (~o), and 

~0 
there is little driving resistance. 

~=om ,b~_a,=0.30                      Driving on Snowy Roads 

Figure 9 shows measurements of frequency of various 

~ 1 ± _j ~ .... steering-wheel angles, steering efforts, and lateral ac- 
0 1 2 3 celerations occurring [’or a vehicle driven in both front° TINE (see) 

wheel and four-wheel drive modes. The vehicle was 
Figure & Theoretical simulation of vehicle behavior driven on a test course of approximately 5km by one 

durin~ turning with varying FLO values driver to hold the same road impression. Maximum 
vehicle speed was held to the same level on a straight 

The frontowheet drive has greater change in yaw course. 
velocity and shows a strong drift tendency. The four- The figure reveals that the four-wheel drive has a 
whee! drive, on the other hand, has the least change in smaller frequency in the region of relatively smal! levels 
yaw velocity, showir~g excellent driving stability, of steering-wheel angle, steering effort, and lateral 

The same is also true in Figure 7, which simulates acceleration. This indicates that the four-wheel drive 
vehicle behavior during turnin.g with a fixed steering tends to stay on course better, requiring little correction 
angle but varying wheel vertical !oads, of steering angles along a straight line, which insures safer 
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subjective evaluation results, and the four-wheel drive 

$ required shorter time than the two-wheel drive despite 

~    1 the fact that the vehicle was driven at the same maximum 

o_ z0 FWD 
WET DRY speed and driver’s road impression. 

~_ m___ 4WD p= 0.50 p=0.85 

."’ ///// Suspension System of FouroWhed Drive 

<z 

/// 

Vehicles 

"’-~ 

1 

Requirements for the Suspension System on 
~ Four-Wheel Drive VehicLes 

On-Road 

m 
0y    I    I I    I    I    I I It is important to consider passenger comfort as well as 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 noise characteristics, in addition to driving stability at 
LATERAL ACCELERATION (g) high speeds, to insure a safe, comfortable ride on the 

road. These factors help to reduce fatigue of passengers. 
Figure 8. Experimental results of steady state cornering 

Thus, the requirements are--- 
® Height of vehicle center of gravity should be low. 

CLIMB DOWN CLIMB uP ® Sufficient suspension stroke should be provided 

TIME TIME at all times regardless of pay load. 

4WD 5’39" 4WD 5’33" ~ Spring and damper damping characteristics 

~i FWD 5’52" ~ FWD 5’42" should be insured according to operating condi- 
~a0 tions. 

,.~" ® Transmission of vibration from unsprung weight 

_ ...’~ __~° ’-’k’,o~_ should be minimized, 
50     0     50deg 50     0 50deg 

STEERING -WHEELANGLE                 Off-Road 

Generally speaking, off-road driving limit depends not 
-- 4wo only on traction but also on grounding and bottoming 
--- FWD characteristics, the important factors to take into account 

for the suspension system on a four-whee! drive vehicle. 
Excessive road shocks imparted to the vehicle body 

10 0 1ON 10 0 10N increase driver fatigue, affect driving stability, and lead to 
STEERING EFFORTS d body damage. Requirements therefore include--- 

d_~ ~-,k~ ® Sufficient road clearance should be pro,~ided, 

~-,                  
/~i-il 

unaffected by varying load weight. 
® Sufficient suspension stroke should be provided 

regardless of load weight. 
Spring rate should be increased in proportion to 

0,4 0.2 0 02 0.4g 0.4 0.2 0 0.2 0.4g increased load weight. 

LATERAL ACCELERATION ~’ The damper damping force should be kept at an 

Figure 9. Experimental results of snowy roads adequately high level. 

As can be observed above, design requirements for a 

driving. This tendency is especially true with steering- 
suspension system for both on-road and off-road use 

wheel angle and steering effort when the vehicle climbs a 
tend to contradict each other in many respects. 

hill. which demonstrates that thegreater the driving force Subaru P~eumatie Suspension System with 
the more noticeable the differe nce between the two drive 
systems. 

Height Control~ 

A closer examination of the results of lateral accelera- Outli~e of the System 

tion measurements shows that the four-wheel drive has a 
greater frequency in higher acceleration regions, as To eliminate conflict between the requirements, we 

compared with the front-wheel drive, which means it is have equipped the system with several novel functions as 

easier to handle during cornering. This agrees with the follows: 
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(1) Level control that selects height at either normal 

or high in a range of 30mm at the front and 

35ram in the rear, thereby insuring road clearance 

as well as !ow center of gravity 

(2) Automatic load leveling that maintains vehicle 

height at a predetermined value regardless of 

load weight, thereby insuring sufficient suspen- 

sion stroke as well as road clearance 

(3) Reptacmnent of conventional metal springs by 

air-spring assemblies, not only to improve the 

vibration damping characteristics from the un- 
__ 

sprung weight but also to help make possible the " 

automatic toad leveling mentioned above 

(4) Displacement-dependent variable damping force 

that improves ride comfort and stability on the 

road as welt as driving ability off the road                 -- 

Figure 10 shows the configuration of the Subaru 

Pneumatic Suspension System with Height Control. The 

sy tern consists of the following components: 

Pneumatic springs: A rolling-diaphragm-type 

air spring is installed outboard the damper. This, 

combined with automatic toad leveling, allows 
NORMAL HEIGHT        HIGH HEIGHT setting of a tow spring rate for improved ride 

comfort. The spring rate can also be increased in Figure ~. Variable damping force mechanism 
proportion to load, which improves road stability 

with a heavy load, as well as bottoming charac- 

teristics. Should there be an air leak, the built-in 

bump stopper rubber comes into play to allow 

continued driving. 
z 1.5 

~./SOLENOID VALVE 

~ AIR DISCHARGE ~- 1.0 
~_ SOLENOID VALVE \ 

,~E~O~D ~ E ~=~ O 0.3 0.6 
COMPRESSOR~ 

0 1 
AIR CHARGE     ~ ~ -- 

SOLENOid) VALVE. + ~~ 
~ PISTON VELOCITY (m/s) 

PRESSURE SWITCH~ .... --~J ~" 0 
~0.5 

DIAPHRAGM 

AIR CIRCUIT~ AIR CHARGE---"~ o 1.0 
qRING CIRCUIT z:zz:zzz AIR DISCHARGE--~" 

Figure 10~ System diagram - _ 
Figure 12. Damping force characteristics 

® Variable damping force: Figure 11 shows the within close tolerances, offering a means of 
variable damping force mechanism; Figure 12 precisely determining vehicle conditions. 
shows an example of damping force charac- ¯ Compressor and drier: The compressor, drier, 
teristics, and exhaust solenoid valve are integrated into 

® Height sensor: A sensor is installed in each of the one unit. As a safety feature, the solenoid valve 
four air springs and detects suspension stroke acts as a relief valve when delivery pressure of the 
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compressor becomes excessive in certain unusual Load Leveling-- Load leveling maintains vehicle height 

conditions, at a predetermined level regardless of load weight. The 

¯ Control unit: Using a single-chip microcomputer, fu nctlon is activated when the height sensor transmits a 

it enables optimum cont rol of air springs by signal indicating variations in car height for time duration, 

analyzing height-sensor and vehicle-speed signals, as shown in Table 1. It is not activated, however, when "a 

Figure 13 is a block diagram of the control logic, wheel rides on road bump.""a wheel comes off track to z 
lower level." or "body roll" (see Figure 15). This prevents 

Height Selection--The height selection switch allows the stability and control from being deviated to right and left. 
driver to select either the high or normal height, as shown If an error occurs in the system, an indicator light 
in Figure 14. When vehicle speed exceeds a p redetermined flashes to warn the driver of incorrect operation, and the 
level while driving in high level, normal height is auto- relevant control functions are deactivated. 
matically selected to lower the center of gravity, improving 
driving stability at higher speeds. 

Performance Evaluation 

On-Road--Road stability at high speeds is improved by 

HEIGHT [_~d’LOAD ~_/"AI R SU PPLY ""~ low vehicle height and constant vehicle position regardless 

SELECTION[ -k~ LEVELING~/-’k~ TO AIR TANK~] of pay load and aerodynamic lift. In particular, the 

t 

[~’/~ 

subjective evaluation has proved that the pneumatic 
bSPEE D ) .suspension is extremely effective in keeping the vehicle on 
° ~,. SENSING~) OPERATION    ~ 

INHIBIT MODE.~/ straight course at 100km h or over. 

L_~AILUREMODE )l ’"~ 

Thenewsuspensionalsoinsuresgoodridecomfort. 

For example, there is little rapid pitching, such as choppy 
MEMORY EY"OFF"MODE ride (see Figure 16) or vibration around 5Hz. and 

vibration is drastically reduced over 20Hz I see Figure 17). 
[""7 : HARDWARE 

Noise characteristic has also been improved, as shown in 
Q : SOFTWARE 

Figure 18. by effectively damping or road noise. 

Figure 13. Block diagram of the control logic Off-Road--When used off the road, the vehicle with the 

new suspension in high mode offers a wide 195mm road 

Figure 14. External view 

Table 1. Time constant of height sensor signal. 

Vehicle Conditions        Time Constant               ~ 

Within 2 sec after ignition switch on 0.5 sec 
During stationary 10 sec 

W~,en a wheel is off I:racK 
;qt~,n bod~ rolls 

Eo a higher or lower level 

Within 1 rain after starting a vehicle 15 sec 
1 rmn or more after starting a vehicle 60 sec 

Figure 15. Examples of operation inhibit pattern 
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~ ~PNEUMAT[C SPRING 

>" -- ~ METAL SPRING 

V=50Km/h 

O ~ PNEUMATIC SPRING 

O:METAL SPRING 

& ~ 1 ~    ,L Z ~ VEHICLE SPEED (Kin/h) 
0 ~    2    3    4 5 6 

FREQUENCY (Hz)                     Figure 18. ~nterior noise 

Figure 16. Body p~tch rate 

O= PNEUMATIC SPRING(NORMAL HEIGHT) 

_ ~:PNEUMATIC SPRiNG(HIGH HEIGHT) 

~ PNEUMATIC SPRING ~: METAL SPRING 
----- METAL SPR~NG 

V= 80 Kmih~ 

/ t 

0     5 

0 20    40 60 80 100 with excellent ride comfort. The combination, we believe, 
FREOUENCY ( H z ) will provide a safer ride from both the vehicle maneuver- 

Figure 17, Ve~ical body vibration on Belgian road ability and human comfort viewpoints. 

clearance, and automatic load leveling has minimized ]References 
bottoming regardless of load weight (see F!gure 19). This 
improves driving ability as wet1 as ride comtBrt on rough 

1. Matsumoto, R., et al., "Increase of driving safety 
roads, through new concept 4WD vehicle," Proceedings 

Ninth International Technical Conference on Exper- 
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insure a safer ride. By combining the four-wheel drive Tokyo, May 1985. 

with the electronically controlled pneumatic suspension, 
sufficient stability, when used under a wider range of 
conditions including off-road, can be achieved together 
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Behavior of a Vehicle During Turning 

Y. Vermont To characterize the probable transitory stage of a car 

when the foot is lifted, we shall compare two static- 
Renault                                               dynamic states of the vehicle: 

Just before the foot is lifted 
Introduction ¯ The second just after, when the deceleration of 

the car creates longitudinal load transfers 

Doing things in such a way that the driver of a car is proportional to its deceleration 

always in control of his vehicle, whatever the circum- To maintain the trajectory, the driver must correct the 

stances, is one of the goals that Regie Renault has set angle set by the steering wheel. The greater this angle, the 

regarding safety: less stable the car will be and the higher the chances of 

¯ The behavior of the vehicle must always be head-to-tail skidding. If we modify the parameters de- 

consistent with the instantaneous orders given fining the axle assemblies it becomes possible to have the 

by the driver, whether he is braking, accelerating, overall rigidity of each of the axle assemblies sets evolve 

or lifting his foot off the accelerator (a point that favorably. Although this rigidity is basically caused by 

will be the object of this paper), the tires, it is, in fact, the evolution of the deviation 

¯ The vehicle must inform its driver when it is between the front and rear axle rigidity that governs this 

nearing the point of limit, behavior. The car manufacturer’s margin maneuver is 

It is easy to understand that a driver will very possibly approximately of the same order of magnitude. 

leave the road if he takes a curve too fast. Family cars do These first results were confirmed by simulations using 

not benefit from aerodynamic ground effects and cannot a vehicle transitory model. This model integrates a tire 

tackle a turn, without running substantial risk, at a speed model designed by Mr. Ratti, engineer at Regie Renault. 

greater than that producing transverse acceleration of lg 

(9.81m/s2). Static-Dynamic Balance of a Vehicle 
The natural reaction of a driver who realizes he is 

taking a turn too fast is to lift his foot off the accelerator Turning on a Circle 

and then, in some cases, to brake. Without particular 

technical precautions being taken, the vehicle is quite 

likely to skid head-to-tail. Definition of Tire Drift Rigidity 
The manufacturer, when drawing up the specifications 

for the axle assemblies of a car, specifies the steering If a side force is applied to a tire, the tire drifts through 
geometry stresses that will improve coherence between an angle 6. For a small angle ~, the drift and force ~ are in 
the driver’s action and the response of the vehicle, proportion to one another, so we can define a drift 

Therefore, we think we can improve car-driving safety, rigidity as F = D X 6. The drift rigidity is an increasing 

The purpose of this study is to help understand-- function of the vertical load applied to the tires. 
¯ Why a vehicle begins a head-to-tail skid 

¯ How the manufacturer can correct this phe- 

nomenon 
Definition of Angular Dynamic 

Using the calculation results of a mathematical model 

representing the transitory behavior ofavehicle, we shall 
The angular dynamic defines the under- or ow:r- 

see how, by adjusting the running gear, the limit at which steering behavior of the car. The test currently performed 

a car begins a head-to-tail skid can be pushed back. 
to test the under-or over-steering performance of a car is 

The first part of this paper will be devoted to the 
as follows. A 50m circle is traced on the ground, lhe test 

attitude assumed by the vehicle with respect to its 
driver has to follow this line while accelerating. If he is 

trajectory at stabilized speeds. In this way, we will bring 
obliged to increase the steering wheel angle, the vehicle 

in different notions needed to understand the transitory 
under-steers; otherwise, it over-steers. ~’amily car man- 

behavior of the car: 
ufacturers seek to design under-steering cars. The increase 

¯ Rigidity of the overall drift of the axle assemblies of the steering angle at the steering wheel as the transverse 

and tires 
acceleration speed increases is a natura! driver reflex. In 

¯ The steering angles induced by the vehicle rol! addition, it is a stability criteria for the car. 

attitude The angular dynamic of a car is the supplementar5 

,~ Under- and over-steering behavior (angular 
angle through which the steering whee! must be turned to 

dynamic) keep the car on the same trajectory ~hen transverse 

¯ Behavior of the tire under load acceleration increases at the rate of lm s2. A positive 
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angle means that the car under-steers; a negative angle Finally, the angular dynamic equals the difference of 
means that it over-steers. The angular dynamic can be the respective drift angle of the rear axle and front axle 
expressed either at the road wheel or at the steering when the vehicle, traveling at a stabilized speed, is 
wheel, through the application of the steering demulti- subjected to transverse acceleration of lm/s2. 
plication ratio N. Dr = (62 - 61)/It 

Ds = N X Dr If the axle drift is due only to the rigidity of the tire 
Let us assume a car is running at a speed V on a circle drift, the angular dynamic assumes a very simple ex- 

with a radius R. pression: 
M : weight of vehicle Dr = (M2iD2 - MIiDI) 
M t : weight on front axle 

M2 : weight on rear axle 

1 : wheelbase Static-Dynamic Balance of a Vehicle Traveling 
11 : distance from center of gravity to front axle Around a Circle--Vehicle Attitude with Respect 
12 : distance from center of gravity to rear axle 

to Trajectory 
It : transverse acceleration 

Udp : vehicle yaw speed 

Y1 : transverse force on ground at front axle Let us assume the vehicle is running at a stabilized 

Y2 : transverse force on ground at rear axle speed around the circle. If the rear axle does not drift, the 

D1 : front tire drift rigidity attitude of the vehicle on its trajectory would be in 

D2 : rear tire drift rigidity conformity with the following diagram. The center of the 

6 : body center of gravity drift angle circle on which the vehicle is moving would be exactly in 

61 : front axle drift angle line with the rear axle. From the trace obtained, it also 

62 : rear axle drift angle becomes obvious that it is essential the inner wheel turns 

r " circle radius more during turning than the outer wheel. 

~ " angle on steering wheel (expressed at road 
Because the tires drift, the attitude of the turning 

wheel) 
vehicle will conform with the following diagram. The 

projection from the center of the circle is now ahead of 
General equations of dynamic: 

the rear axle. 

(M1 + M2) X tt = Y1 + Y2 

0 = Y1 X 1t - Y2 )< 12 
Behavior of a Vehicle When the Foot Is 
Lifted 

Y1 = M1 X It 

Y2 = M2 X It                         Static-Dynamic Approach 

Let us assume the car is moving at a steady rate over a 
Tire balance equations: 

circle with radius R. Because the vehicle is under, 

steering, the driver must turn the steering wheel (as 
YI = D1 X 6! 1 

equivalent to the road wheel), in the light of the above, 

Y2 = D2 X 612 
through: 

crv = (I/R) + (VXV!R)XDR 

DR = M2iD2- MIiDt 

Lifting the foot instantaneously results in longitudinal 

Kinematic relations: load transfers linked with the deceleration of the car. The 

drift rigidities of the axle assemblies (which as seen above 

depend on the vertical load supported by them) will be 
V X ( a + 6"1 ) = V )< 6g + 11 X OP 

modified. D2 will decrease; DI will increase. To remain 

V x 62 = V x 6g - 12 ;< OP on the same trajectory, the driver must decrease the angle 

to which the steering wheel is turned. 

Op=V!R 
Stability Criterion 

~t=VXViR 

As a stability criterion for the car when the foot is 

cr = 1 / R + 62 - 6! lifted, we shall select the difference of the angle on the 
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FT 

Transverse 
Force 

6000 

5000 

4000 Fz ~ 4000N 

3000                        ~ 3000N 

/ 
gz ~ 2000N 

/ 
/ 

Fz = ~O00N 

/ 
/ 
/ 

Drift Angle O~(degree) 

Figure 1. Vehicle on circle, infinite axle assemble rigidity 

Characteristiques A 120km/h 

Dy daN/degree 

- 120                               / ~ 2,1 
"1 

/t | XVS 185/70 HR13 
1,9 J 

...t ~- ~ ~2,2 

2,0 XLX 175t70 SR13 

1,, 

- - - - - _ 

20 

t~    2~    ~    ~    ~    ~ 7~ ~ Fz(N) 

I ~ I I I I I I 

Figure 2. Vehicle on circle, low tire drift rigidity 
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steering wheel as required by the driver to keep to the The coefficient eps depends on the car trim. The 
same trajectory: the lesser the angle, the more the vehicle 

induced steering angles modify the under-steering be- 
will be stable, havior of the car. Therefore, it is normal they appear in 

The calculation results are presented differently; in the angular-dynamic formula: 
~eality, we are comparing the two static-dynamic attitudes D R = M2 / D2 - M 1 / D 1 + (eps2 - epsl) X 0 
of the car before the foot is lifted and after it is lifted, eps 1: steering angle induced at front wheels 

eps2: steering angle induced at rear wheels 

Vehicle without adjustment of running gear. taking into account that the sign conventions for the 

under-steering angles are negative at the front but 

w~o~o o Gooo~ positive at the rear. Controlling the wheel steering angles 
~°~°"° induced by vehicle roll forms part of the axle specifica- 

tions. 

/ ~ Let us consider how they can be used to improve the 
/ 

~ 
behavior of the vehicle. 

Y~G )~/L---- The order of magnitude if the desirable variation of the 

induced steering angles is not compatible with the 

o ........ ~ 
/r~ 

customary kinematics of the running gear. 
: .~ ~0~÷ Therefore, we shall use another phenomenon to improve 

~ooo P,~, c~o~ vo,,~o,~ot the vehicle. 

"*°~’°°"°°° ,oo. ..... ~o~o~,o,~o Adjustment of Toe-In or Toe-Out of Axle 
/ Assembly 

/ ~ / 
/ If we consult the technical specifications of manu- 

~ ~o \/ facturers relative to adjusting the alignment of axle 

//~ 
-- assembly, we will come to the surprising conclusion that 

perfect alignment is never sought after. 

example of R9: 10ft toe-out at the front 

.......... 
~o~. 

30ft toe-in at the rear 
Figure 3. Two static-dynamic attitudes before and after As a general rule, vehicles are adjusted with toe-out at 

lifting the foot (tire effect only) the front and toe-in at the rear. 

Let us consider axle assembly adjusted with toe-in. 
Adjustment of Induced Steering Angle 

When the car runs in a straight line, the tires drift by an 

angle equal to the toe-in imposed on the axle assembly 
~f the drift rigidity of the axle assembly depends only and therefore develop substantial internal forces of up to 

on the tire, the automobile manufacturer would be 300N for a 30min wheel toe-in. 
unable to improve matters. If, effectively, the drift When a car rolls, the transverse forces on the ground 
rigidity of the axle assembly is basically caused by the 

are picked up by each wheel of the axle assembly in 
tires, the variation of the drift rigidity of a tire can be 

proportion to the rigidity of the drift of each tire. 
counterbalanced by a purely kinematic modification of 

Increasing the toe-in of axle assembly is, in fact, equivalent 
wheel-steering angles, to increasing the transverse force picked up by the outer 

We have a measuring system with which we can 
wheel that is most heavily loaded, i.e., the wheel of the 

evaluate the steering angle of a vehicle’s wheels under 
axle assembly with the greatest drift rigidity. Accordingly, 

different stresses. On this apparatus, it is possible to 
the drift rigidity of the axle assembly can be increased by 

impose a roll angle on the vehicle. It has been found the 
changing its adjustment toward a toe-in (if the axle 

plane of the wheel turns in proportion to the roll angle 
assembly is adjusted for toe-out, then the rigidity will 

assumed by the car. 
drop). 

For a given car attitude, the induced steering angles are 

a linear function of the roll angle. This leads to the notion 

of steering angles induced by roll: Adjustment of Anti-Roll Distribution 
eps = air(z) iO 
crir : wheel steering angle The choice of the anti-roll distribution governs the ...... 
eps ¯ induced steering coefficient distribution of the transverse loads transfers between the 
~ : vehicle roll ( ~t = Amis~) front and rear running gear of the vehicle when it begins 
z : vehicle trim to roll. If the drift rigidity of the tire were proportional to 
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Figure 4. 

Figure 5, Internal forces for toe-ira 

the vertical load it bears, the anti-roll distribution would To understand this phenomenon, one must be able to 

have no effect on the behavior of the vehicle. Quite understand the operation of the tires, ha the following, we 

contrary to the implicit hypothesis put forward above, give the results of tire measuremet~t tests: 

the tire reaches saturation point and its drift rigidity no ¯ Evolution of transverse force as a function of the 

longer increases with the !oad. This is understandable if drift angle 

we consider that the maximum transverse force with ® Evolution of drift rigidity as a function of’load 

which, a tire can cope is necessarily limited by the ground ® Evolution of longitudinal force as a function of 

adhesion coefficient, pseudo-slippage 
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Analysis of the Vehicle Behavior Model 

Description of Model 

The model takes six objects into account--the body, 
the four wheels, and the steering wheel. 

The transverse and longitudinal Brouilhet effects are 
taken into account in a simplified manner: roll axis and 

pitch axis. The analysis of the axle assembly, including 
the variations of toe-in or toe-out, the steering angle 
variations induced as a function of the load, are incor- 
porated in the model in the form of tables or figures. The 
deformation of the axle assembly under force, important 
phenomena we have not yet gone into, are not left out of 
account. We are certain they can modify the toe-in or 
toe-out of the axle assembly. 

On the basis of the drift rigidity curves of a real tire, we 
adjusted the tire model. We verified that the longitudinal 
force variation curves as a function of pseudo-slippage 
were realistic, as were the transverse rigidity variation 
curves as a function of the longitudinal force. We were 
required to make this choice because we do not have a 
suitable measuring apparatus, which is rather to be found 
at a tire manufacturer. On this point, closer collaboration 
between car manufacturers and tire manufacturers 
appears essential. 

Description of Simulation 

The case of driving that we suggest simulating cor- 
responds to that in which a driver is about to negotiate a 
motorway exit road at too high a speed, incompatible for 
him with the curve radius of the exit way. The speed is not 

Figure 6. excessive, but the transverse accelerations are substantial. 
The engine braking will generate deceleration of approx- 
imately 0.3g(3m!s2). The results of simulation confirm 

o Evolution of transverse force at a given drift the improvements considered previously. 

angle and as a function of the longitudinal force 
(motor power) 

Numerical Applications 

Taking account of the complexity of the tire’s working 
mode, Regie Renault has developed a model of tire 

behavior under force (work of Mr. Ratti) which has been 
N : steering demultiplication ratio integrated in a simulation model of a vehicle’s transitory 

state behavior. The results obtained with this model are asa : angle on steering wheel (expressed at 
presented below. The model enabled us to validate the steering wheel) 
static-dynamic approach for the improvement of behavior 
on iifting the foot in a car by working on-= 1 " wheel-base 

I tb : transverse acceleration before lifting the 
¯ The analysis of the axle assembly foot 
¯ The toe-in or toe-out 

I : transverse acceleration after lifting the 
¯ The anti-roll distribution foot 
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Dlb : front tire drift rigidity before lifting the 
2 Vehicle With Induced Steering Angles 

foot 

Dla : front tire drift rigidity after lifting the asb = asa eps2-epsl = -0.12 
foot 

epsl : steering angle induced at front wheels 3 Vehicle With Adjustment Of Front Toe-out. Rear 

after ( 0. before ) 
Toe-in 

eps2 : steering angle induced at rear wheels 
Dlb = 75500 Dla = 83700 ÷ 1120000 X 01 

after(0, before)                                D2b = 71600 D2a = 60700 * 1478000 × 02 

0 : vehicle roll 

cr0 1 : toe-out after at front wheels ~01 < 0) 
(approximated formula) 

/rd) 
crsb = asa = = >a01 = 0. a02 = 0.023 rd 

a02 : toe-in after at rear wheels ~02 > 0)(rd) or crO1 = -0.018 a02 = O. 

ash = ( 1 r * (M2 D2b-M1 Dlb) X /t0) x N 

crsa = ( 1 r ÷ (M2 D2a-MI Dla) X ltb * Conclusion 
(eps2-epsl) X Ot X N 

If the simulations we have demonstrated convince you 

of the interest that Regie Renault has in improving the 

l Vehicle Without Adjustment safety of the cars we put on the market, we have achieved 

our goal. If we believe that we can correctly control the 
Dlb= 75500 N rd technical factors playing a part therein, we do consider 
D2b= 71600 n rd that designers are unfortunately deprived of the same 
~ tb = 8.2 m s2 latitude as computing engineers in varying the constructive 

parameters of the car. If we have been able to boast the 

Dla = 83700 N rd advantages of a certain modification to improve the 
D2a = 60770 n rd behavior when the foot is lifted, we have sometimes 

deliberately said nothing about the induced negative 

n = 20 M1 = 549 kg M2 = 396 kg effects. Finally, everything is a question of a compromise. 

competition between manufacturers is severe, and the 
asb - asa = -16 degree technical qualities of vehicles are improving. Let us hope 

safety is also imp roved in the process. 
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An Instrument To Measure Scattered Light due to Windshield Wear 

Alwin Timmermann 
Forschungsgemeinschaft Auto-Sicht-Sicherheit 

Abstract 

An instrument is described that permits the meas- 

t~rement of scattered light on windshields in cars in full 

daylight. It presents the intensities of the scattered light in 

the form of a diagram and calculates two indices, which 

can be associated with the most prominent types of wear, 

i,e., impact of small stones and wiper damage. 

The instrument is easy to operate and permits inspection 

of a large number of windshields in a short time. 

Measurements on 300 vehicles indicate a linear increase Figure 1. Dazzling due to light scatter by a worn motor- 

in wear due to impact of smalI stones with mileage and a cycle visor 

more-than-linear increase of wiper damage. Vehicles of 

identical mileage can have very different values depending 

on the type of use. 

It is also examined how the different amounts of wear 

as characterized by the measured indices affect the ability 

of test persons to see and recognize objects on the road. 

introduction 

As clear vision is of" prime importance for safe driving, 

automobile windshields and motorcycle visors have to be 

of good optical quality. This is taken into account by high 

s~andards for official approval. 

In actual use, both windshields and visors are exposed 

to the impact of small particles of sand and dust as well as 

the abrasive effects of cleaning efforts and scratching by Figure 2. Surface wear on a windshield at 80,000km 
fine grains that are moved over the surface by windshield 

wiper action, appears to the observer who has his eyes accommodated 
tn the case of visors, the surface will wear rather to infinity, as a halo around the light source. Only few 

quickly. The worn surface scatters the light and may and partly contradictory data are available regarding the 
impair vision considerably (Vigure 1). Motorcyclists are 

extent of surface damage as a function of mileage. 
advised to replace their visors at reasonable intervals. 

A recently developed instrument quantitatively 
Automobile windshields, although more resistant owing measures the light scattered by surface damage while the 

to the higher hardness of glass, are nonetheless subject to windshield is in the car. This, for the first time, provides 
wear. ~’igure 2 shows the typical damage in a windshield 

the capability to collect larger amounts of data. Typical 
at 80,000kin: The surface contains a multitude of small values of scattering data derived from these measurements 
craters (about 180crn2). The band of bright light is due to 

can then be correlated with the reduction in visual 
scattering from (locally) parallel grooves (with a statistical 

perception of individuals to determine the effects of worn 
distribution of depths and distances) produced by the 

windshields on the safety of road traffic. 
windshield wiper. These grooves extend over the entire 

area of the photographed glass sample. They scatter light 

in a direction perpendicular to them and add one or two Measurement of Scattered Light on 

"tails" to each light source. The tails move according to Windshields in Cars 
the relative position of light source, observer (or camera 

objective, respectively), and the direction of the grooves. Light incident on a windshield is partially deviated 
Light scattered by the small craters, on the other hand, from its original direction by scattering from damaged 
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areas of its surface las well as films of dirt and grease), This angular interval is important for the glare while 

This light is called "’stra y light." while the portion of light driving at night. The headlight next to the center of the 

transmitted without disturbance is called "useful light" road of an oncoming car 60m away and lm lateral 
(Figure 3L To characterize the scattenng power, n is distance will appear at an angle of about 1.75° relative to 

reasonable to take the ratio of stray light to useful light, the forward direction. 

The human eye cannot relate the scattered light to the Another reason for the selection of the angular interval 

object from which the light originally came. The is that the intensity of the scattered light normally drops 

inhomogeneities of the surface appear as light sources of off rather drastically with increasing angles. The selected 

their own. the luminance of which is a measure for the interval offers the advantage of higher intensities and, 

intensity of the stra y light. Divided by the intensity of the consequently, faster operation and higher precision. The 

useful light, this gives us the so-called reduced luminance restriction to a specified interval is necessary and sufficient 

coefficient. Its unit is the candela per square meter and to characterize the scattering power. We present our 

lux Icd*m2*lx-l). measurements taken at the interval of 1.5° to 2.0° as 

index values, namely as scattered light index (S.L.I.) 

windshield surface rather than as candelas per square meter and lux. 

It is desirable that the instrument discriminates between 

the types of windshield damage. In particular, wiper 

damage causes scattered light to appear as streaks that 

/ occur only in certain azimuths. Thus, a resolution of the 
surface azimuthal angle ~o is required. The actual instrument 

\ 
,’ based on these design considerations is shown in Figure 5 

(schematic diagram) and Figure 6 (field use). A parallel 

¯ light beam of 3.5cm diameter is incident on the windshield. 
incident light useful light 

Figure 3. Definition of terms ........ 

The intensity of the stray light will depend, of course. ’ ......... 

on the scattering angle 0(Figure 4). Hence. values of the 

reduced luminance coefficient cannot be compared unless -~ 

measured at the same angle. However. measurements Figure 5. Schematic of thestray light measuring device 
show’ that the typical surface damage leads to tntens~ties 

that decrease monotonously with increasing scattering 

angles. It seems, therefore, sufficient to restrict the 

measurement of stray light to a limited range of angles. 

The instrument is designed to utilize the angular interval 

from 1.5.° to 2.0° as proposed in DIN standard 4646 for 

the measurement of the reduced luminance coefficient. ~ 

h 

azimuth- ~-------"~-~-----’~-forward scattering nngle 

incidentlight J | usefutlight Figure 6. Instrument to measure strayqight indices on 
installed windshields 

/// 
A collimator lens focuses the unscattered light onto a 

,,/--" point where it is measured by a detector. The light 

-/~" Definition of Scattering Angles scattered into the angle of I. 5° to 2.0° is imaged as a ring 
sample ~7 .~ onto the focal plane. A second detector measures the 

Figure 4. Definition of scattering angles scattered intensity in 250 discrete intervals, which is 
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equivalent to an azimuthal resolution of approximately 

1.5°. The present version of the instrument takes approx- 

imately 7s for a complete measurement and automatically 

corrects for possible scattering within the instrument 

itself that may be caused by dust particles on the lenses. 

The S.L.I. is plotted as a function of azimuthal angle qo. 

Figures 7a-c show S. I.. diagrams of three different 

samples. It can be seen that the same S.L.I., may be due to 

totally different azimuthal distributions. 

Figure 7a shows the S.L diagram of a glass plate 
damaged by dropping sand on it. The measurement was 

performed with the incident light perpendicular to the l~ittel~ert: 
~a~i~tl~,. ,58 cd/(~*l×) bei 344 6rad 

plate. 

.... ,,,,,,, ..... Figure 7e. Stray light diagram of a windshield with 

The geometry of the arrangement and the principle of 

measurement make the process of measurement insensitive 

to a parallel shift of the beam caused by the inclination of 

~ the windshield, which eliminates the necessity of adjusting 

l. i 

the instrument for the measurement of windshields of 

~.~.~ varying angles of inclination. Light sources and detector 

~’~ i~,~ ~ sey systems are permanently adjusted. An electromechanical 

~z~t t~t,: lift fits the system to the various levels of windshield 

~i,~ei~er .5: o~,<~*i×) position in different cars. Handling of the instrument is 
~x:~,a,~ 4.51 cd’(q~*l×) b0i 270 Grad 

easy enough to be used by nontechnical personnel. 

Figure 7a. Stray light diagram of a glass plate damaged 
by sandblast test 

Results of Field Tests 

Figure 7b shows the S.L. diagram of a windshield after 

extended road use. Most of the scattered intensity is due A first set of data was obtained from 250 cars at the 

to fine craters in the glass surface, motor vehicle inspection station in Cologne. In the 

beginning, measurements were taken at various points in 

I 
~: :~,~ ~::~t,.~,:~÷~z~ * 5 ~c.~,~,,i,~ : the main field of vision. It was found, however, that the 

~~ 

~i__~__- 

area halfway above the steering wheel was representative 

of other areas, too, and measurements were subsequently 

restricted to this primary area. (The test was made on a 

~-- -- - ~ ~ voluntary basis; drivers should not be overly delayed.) 

[ /__~ ~__ 

_ __ . The measured mean S.L.I. values as a function of mileage 

t are presented in Figure 8, the peak values in Figure 9. For 
~ ~ ~ both parameters, one observes an increase with mileage 

| , 9’i ~1 ~, ~0’ 
might be expected. There also is a wide variation of 

| 
~zi~u~ ,:~’.a~,~ 

values, which will be discussed below. 

If one tries to find a mathematical relationship between 

b Ma i~,a~: 1,25 cdz{~*i~9 b.~i 168 6tad wear and mileage, one notes that the relationship is not 

linear in either the mean or the peak values. The peak 
Figure 7b. Stray light diagram of a windshield after 

extended road use values in particular (which are caused by scratches from 

the wiper blades) increase more than linearly with 

Figure 7c shows the S.L. diagram of a windshield with mileage. As peak values on averaging also enter into the 
damage due to wiper action. The light scattered by the mean values, this subsequently causes a nonlinear reid- 
resulting grooves is restricted to a narrow azimuthal tionship of the mean values with mileage. The observed 
range and appears as a narrow peak in the diagram, relationships can best be explained by making the 

The instrument permits the measurement of the S.L.I. following assumptions: 
while the windshield is part of the car and evaluates the !. Damage to the surface of the glass by impact of 
scattering in the same direction in which the driver views stones, as an average over all vehicles, increases 
the road. linearly with mileage. 
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Figure 8. Distribution of mean S.L.I. valuesas measured at the motor vehicle inspection station in Cologne 
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Figure 9. Distribution of peak S.LA. values 
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2. An increase in wiper damage depends on the Light scattered by individual deep scratches and 
amount of previous damage already suffered at craters of 0.5 to 1.5m contribute little to the S.L.I. and 
that point. The relationship between peak value reduction in contrast. However, as the relative position of 
and mileage woutd consequently beexponential, the light source moves, these defects will light up 

The respecti~ e mathematical relationships in Figures 8 suddenly and for a short time. It is this dynamic property 
and 9 are represented by solid curves. Each point on the that is most irritating to the driver and can reduce his 
curve is chosen so that, for this particular mileage power of concentration and his alertness. 
interval, half of the experimental points (Cologne sample) We have made a number of tests to determine which 
are abo~e and half below, minimum S.L.I. value will cause a noticeable reduction in 

In addition to the 250 cars from the Cologne area, a the power of perception in the laboratory. Our best 
number of windshields were tested that came from other results were obtained by measuring the times of readapt- 
areas. Especially interesting are 25 samples from Sweden, ation after dazzling and the distances at which objects are 
ahich, at the same mileage, show three to five times recognized using a road simulator. 
~igher ~alues compared to the samples from Cologne. 

iThe values of the Swedish samples are marked as open 
Measurement of Readaptation Times Using a 

circles.) Such regional differences migh~ be expected due 

to different road and weather conditions. To obtain a Mesoptometer 
compIete picture of how windshield wear affects safety, 

A standard instrument to measure the mesopic power meas~rements will have to be made for different geo- 

gaphica! regions, of vision (Mesoptometer II) was used to measure the 

in addition to regional influences, there is an effect on readaptation times after dazzling. It turns out these are 

peak S.L.I. values bytheamountofcarcarebytheowner quite sensitive to the amount of scattered light. The 

of the vehicle. It was also found that windshields of cars experimental setup is such that the test person is dazzled 

parked in ~he streets often had higher S.L.I. values than for 10s by a light source positioned 2° away from a given 

garaged cars. It is suspected that particles that collect on point of fixation. The object is a Landolt ring. The task is 

~i-~e windshields, and especially on the edges of the wiper to recognize the position of the opening in the Landolt 

>lades, act as an abrasive. Dust and dirt will preferably ring in the shortest possible time after the dazzling light 

collect in the corner between glass and wiper blade and source is switched off. 

will adhere to the glass and blade when wet. When it Readaptation times measured with new windshields 

begins to rain and wipers are activated, abrasive material were compared to those with used windshields of a mean 

will be mo’,ed over the glass until the layers of dirt are average S.L.I. of t. 1. All of the 13 test persons of all age 

dissolved or rinsed off. Possible remedies are covering the groups showed an increase in readaptation times of 6.9 to 

~iper ~,./-~ile in the off-position and installing a ridge on 7.9 percent. Table 1 gives the average readaptation times 

~he glass immediately above the off-position so that at tI (new shield) and t2 (worn shield). 

!east part of the dust and dirt particles are removed from It is interesting to note that among the total of 13, there 

~he wiper blade, are 9 cases in which the data for the worn windshield have 

a larger standard deviation than those with a new shield. 

The increase in deviation of the measured readaptation 
Correlation of Measured S.L.I. Values times indicates that the test person makes a stronger 

With Loss of Perception effort to concentrate but cannot maintain a constant level 

of perception. Statements of the individuals after the test 

It is important to correlate measured values of the confirm this impression. This means that worn windshietds 

S l.I. with the actuat loss of perception by the individual, are a source of danger not only through an increased 

~ hich will be most prominent while driving at night, readaptation time, but that additional dangers may arise 

Craters caused by the impact of sand and dust particles from an accelerated reduction in concentration. 

~ ill produce a halo around a source of light. This causes 

tl~e intensity of the haze near the light source to increase, 

reduces colorfast, and may change the state of adaptation 

of the eye. Measurement of Detection Distances Using 
Scattered light due to windshield wiper grooves appears Simulated Road Conditions 

as a "tail," which keeps changing in direction as light 

source, ~ehicle, and ese move relative to each other. This Another series of tests to determine the influences of 
adds an additional dynamic component to the process of worn windshields in 20 subjects was made with a glare 
perception. While the psychophysiotogical effect of this source permanently switched on. The intensity of the 
component is not well-understood, it is nonetheless the light was equivalent to the low beam of an approaching 
o~e that causes the m~ority of complaints by drivers, car. The road was simulated by a conveyer belt that 
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Table 1. 

Testperson Readaptation Time Difference Difference (%) Signifi- 
cance 

Sex / Age t1 t2 t2 - t1 (t2 - tl)/t1 

m 17 1.59 +/- 0.09 2.58 +/- 0.19 1.26 79% h.s. 
f 26 2.62 +/- 0.09 3.25 +/- 0.16 0.63 24% h.s, 
m 26 Z04 +/- 0.08 2.28 +/- 0.11 0.24 1 2% n.s. 
m 26 2.07 +/- 0.10 2.53 +/- 0.08 0.46 22% s. 
f 27 1.43 +/- 0.05 1.62 +/- 0.05 O. 19 1 3% s. 
m 32 1.56+/-0.05 1.68 +/- 0.05 0.12 18% n.s. 
m 40 3.58 +/- 0.14 4.54 +/- 0.25 0.96 27% h.s. 

f 43 3.12+/-0,16 3.54+/-0.17 0.42 13% n,s. 

m 45 2.24 +/- 0.08 3.02 +/- 0.14 0.79 35% h.s. 

m 60 4.59+/-0.15 4.91 +/-0.18 0.32 6.9% n.s. 
m 63 3,06 +/- 0.13 4.57 +/- 0.31 1.51 49% h.s. 
f 64 7.96+/-0.41 10.15+/-0.65 2.18 27% s. 
m 71 6.89 +/- 0.36 9.31 +/- 0.48 2.42 35% h.s. 

carried objects (cubes 20mm to the side and of low measurement of scattered light intensities as a function of 

reflecting coefficient) toward the test person. At a scale the azimuth in a fast and reliable manner. This offers the 

1:20. this corresponds to road conditions at night with no capability to inspect a large number of windshields for 

street lighting. The test person was told to indicate as damage that can have a detrimental effect on road vision. 

soon as he she believed themselves able to recognize the Difficulties arise in the identification of large individual 

object. Our results show that a worn shield of S.L.I. value scratches and craters that may contribute little to the 

of 1.7 reduces the distance by 7 percent compared to a measurements but nonetheless may be irritating to the 

new shield, driver. On the other hand, this type of damage can be 
detected readily without instrument by mere visual 

Subjective Criteria 
inspection. 

Loss of perception based on laboratory tests begins at 
an S.L.I. of 1.0. Drivers we interviewed considered 

While measurements of S.L.f.’s of windshields were windshields objectionable at a somewhat lower value of 
carried out. we also asked drivers as to which degree of 0.5 to 1.0. It is typical for laboratory tests to result in a 
wear they considered windshields unsafe for further use. 

higher value for the threshold due to a strong interaction 
The S.L.I.’s of such shields were between 0.5 and 1.1. 

between concentration and physiological ability. This 
Measurement of a windshield that had been replaced phenomenon is usually taken into account by so-called 

by the owner because it scattered too much light (and not 
"field-factors" when experts give their opinions on the 

because of fracture) gave a mean index of 0.7 and a peak 
possible cause of accidents. Our laboratory tests measure 

index of 6.0. These values seem to be an especially reliable 
only the correlation between loss of perception and the 

indicator, as the exchange represents an expense to the mean S.L.I.. The threshold peak S.L.I. value (dominated 
owner and was certainly considered necessary. The 

by wiper damage) at which drivers find windshields 
observed correlations of measured S.L.I. values with loss 

objectionable is around 5.0. 
of perception are summarized in Table 2. The correlation of the peak S.L.I. value and loss of 

perception by laboratory test is somewhat difficult. In 
Table 2. Threshold values for noticeable changes contrast to the homogenous distribution of scattered 

Change S.L. Index 
light from craters, the light scattered from wiper damage 

Parameter worn vs. new mean peak appears only at certain azimuths, and drivers can easily 

Readaption 6~9% - 79% see past these bright streaks of light. 
times prolonged 1,1 (2,8) The actual danger that originates in these streaks lies in 
Detection 7% the fact that they are moving as the traffic changes. This 
Distances shortend 1,7 (5,5) 

also makes it difficult to measure their effect in the Subjective windshield 
judgement objectionable >0,6 >4,0 laboratory. There is a lack of test parameters that can be 

used to estimate how such dynamic changes affect road 

safety. The subjective judgment by drivers indicates that 
Discussion the S.L.I. peak values may turn out to be the important 

parameter for the determination of whether or not a 
The instrument for the measurement of scattered light windshield is safe for road use. 

on windshields in cars that is presented here permits the 

281 



Experimental Safety Vehicles 

The Development of Drowsiness Warning Devices 

Keiichiro Yabuta, appear in the driver’s operation of a vehicle accompanying 

Haruhiko Iizuka, a drop in alertness. 

Prior to analyzing the driving behavior that occurs in a 
Takayuki Yanagishima, 

low alertness level, an alertness index was devised for 
Yukio Kataoka, and quantifying different alertness levels. This paper will first 
Tetsuo Seno explain the alertness index, and then the driving charac- 

Nissan Motor Co., Ltd. teristics observed under lower alertness levels will be 

presented, together with a concise outline of the new 
drowsiness warning device. 

This paper describes a newly developed microcomputer- Alertness Index 
based drowsiness warning system, which detects changes 

in the driver’s alertness through his steering behavior. In To find the characteristic driving behavior that occurs 

developing this system, we first quantified several levels in a low alertness level, it is necessary to have some 

of alertness based on such physiological factors as brain method of ascertaining when a driver’s alertness level 

activity and blinking. Tests were then conducted in which drops. However, research conducted in the field of 

drivers fe|l into different degrees of drowsiness, human engineering has not yet established a method by 

Using the quantified alertness levels, we defined the which levels of human alertness can be grasped quant- 

"drowsy driver" and found unique steering patterns that itatively. 

could not be seen in normal driving. These patterns were In this study, therefore, it was first necessary to 

entered into the memory unit of the microcomputer, quantify levels of human alertness, and for this purpose 

When the sensor built into the steering wheel detects a an alertness index was formulated. 

drowsy steering pattern, the microcomputer recognizes 

the driver’s drowsiness and activates a buzzer to warn the Formulation of an Alertness Index 
driver. 

In this paper, the process of determining the alertness 

levels is explained, along with the steering characteristics Experimental 
of the drowsy driver. 

An experiment was conducted in which the subject’s 

alertness leve! was lowered through the performance of a 

monotonous task. The correspondence between the 

results achieved by the subject during this process and 
The continued construction of freeways in Japan in different physiological reactions, including his brain 

recent years and the improvement and expansion of road 

facilities have made it possible for drivers to enjoy 
waves and eyeblinking, was examined. 

The experimental setup used is illustrated in Figure 1. 
pleasant, comfortable motoring. On the other hand, 

By means of the steering wheeland the accelerator pedal, 
motorists now are more likely to drive under rather 

monotonous conditions, and there has been an increasing 
the subject controls a pursuit point with which he pursues 

number of traffic accidents that are thought to have been 
a circular target that is moving in a circle at a uniform 

caused by the driver falling asleep at the wheel, 
velocity. 

Three time cycles, 50s, 20s, and 10s, were used for the 
Dozing off at the wheel is a potential danger that could circular movement of one revolution of the target circle: 

befall anyone when driving under monotonous circum- 
Measurements were taken of the subject’s brain waves, 

stances. Accidents that occur due to drowsiness, however, 
blinking, facial expression, and degree of error (i.e., 

often tend to be of a very serious nature. 
distance between the target circle and the pursuit point). 

As a preventive measure against such accidents, various 

types of drowsiness warning devices have already been 

proposed by researchers at universities and other research Formulating the Alertness Index 
institutions. For the most part, these devices have not 

been very practical because the detection system has Special attention was focused on the subject’s brain 
required the attachment of an electrode to the driver’s waves, blinking, and facial expression because, among 
body to detect physiological reactions, the various physiological reactions of a human being, 

In this research, a practical drowsiness warning device these in particular are known to vary according to the 
has been developed by focusing on the irregularities that alertness level. An evaluation system was set up cor- 
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Correspondence Between Alertness Levels and Contro! 
VTR 

TARGET CRT     ~ -- Task Results 

The correspondence between the alertness level and the 

~ [-~/)1[ taskresults(i.e.,error) isshowninFigure4forvarying 
20 PURSUIT 
uP POINT I I / ~ l II 

~: I ’~(/%--d tl speeds of the target circle (i.e., different degrees of 

�~ IMOCK DRIVING difficulty). The amount of error represented by the 
pPPARATUS 

I S+1 ]ACCELERATOR 
horizontal axis is an index of the off-target distance 

_[---’@~REDAL STROKE between the target circle and the pursuit point. 
i o I STEERING ANGLE For an easy task (a cycle of 20s or 50s for the movement ANALOG 
COMPUTER of the target circle), there is virtually no error when the 

Figure 1 Schematic diagram of the test setup alertness level is high. However, error quickly becomes 

responding to such variations, and a value from three 
conspicuous when the alertness index drops to around 
6.5--6. 

points to one point was assigned accordingly, ranging For a difficult task (a cycle of 10s), there is some error 
from a "wide-awake state" to a "state of fuzzy conscious- even if the alertness level is high. With an alertness level of ¯ " " " in nessjust prmr to falhng asleep. Then. by tak g the sum 

6 or lower, control becomes completely impossible. 
total of the points assigned to these three factors, seven In other words, as the alertness level drops, error 
alertness levels were ranked, ranging from "wide-awake" increases and a person’s control capability deteriorates. 
(nine points) to "fuzzy consciousness" (three points). This confirms the appropriateness of the alertness index. 
Levels of human alertness were thus quantified by means 
of this scale (Figures 2 and 3). 

SUm. YA : 
SE : ¯ 
IN: X 

3               2.5               2                        TIME CYCLE: 50 sec.     20 sec,          10 sec. 

5 sec 

I_iL./  I i 
APPEARANCE OF APPEARANCE OF N " ~ ~ 
SMALL-AMPLITUDE LARGE-AMPLITUDE ~, 6~ ~o ~z ( \ 

NO ~ WAVES a WAVES a WAVES ~: 5~ ~% 

1.5 1 ~ 4t " =~%%,~ ~ ~: 4 t~ 

3~ ¯ 3 . 3’ 

~ 23456 0123456 ~,,, 
CONTROL ~ CONTROL~ CONTROL "~ 

IMPOSSIBLE IMPOSSIBLE IMPOSSIBLE 

CONTINUOUS 
CLUSTERS OF APPEARANCE OF AMOUNT OF ERROR AMOUNT OF ERROR AMOUNT OF ERROR 

LARGE-AMPLITUDE LARGE-AMPLITUDE 
~Z WAVES C/WAVES Figure 4. Correspondence between alertness level and 

Figure 2, Evaluation criteria for brain waves                         error 

Alertness Level Requiring a Warning 

3 2.5 2 Using the alertness index described above, alertness 

~5.s~ levels were investigated for proving ground driving as 
well as for driving on ordinary roads. It was observed that 
the driver’s alertness index fell from an initial level of 9 at 
the beginning of the test to between 6 ~ 7.5 after 30min of 

CONTINUOUS, SUDDEN INCREASE INCREASE IN SLOW driving, regardless of whether the driver was conscious of 
RAPID BLINKING IN BLINKING BLINKING 

1.5 1 
this drop or not (Figure 5). 

The relation between the alertness level and the 
, , percentage of times the driver realized he was sleepy is 

’ ~ ’ [ ~ shown in Figure 6. The point at which a subject realized 
he was drowsy varied considerably depending on 

EYES CLOSED AT    EYES CLOSED FOR individual differences. However, with an alertness index 
TIMES LONG INTERVALS of 6, the ratio was about 75 percent. With an alertness 

index of between 5.5 ~ 5.0, the subject was aware of being 

Figure 3. Evaluation criteria for blinking drowsy in nearly every case. 
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AFTER 2 MIN. AFTER 33 MIN. 

FACIAL EXPRESSION FACIAL EXPRESSION 

~-~ 2 sec 

EEG O’ WAVES EEG O’ WAVES 

EOG BLINKING EOG BLINKING 

Figure 5. Example of reduced alertness level during driving 

driver a feeling of disorientation if a warning were given, 
Z NO OF TIMES SUBJECT WAS AWARE OF BEING DROWSY 

P~AT~O ............................................................................................................ X 1OO was an alertness level of 5 or lower. 
2: NO OF Tg’,AES EACH ALERTNESS LEVEL WAS 

DETECTED DURING TEST The results in Figure 6 also show that for an alertness 

1% index below 4.5, the realization of drowsiness does not 

~oo correlate with the alertness level and is completely 

unreliable. 

Reduced Alertness Level Driving Test 
Using ~ Drive Simulator 

This test was conducted to investigate whether or not 

c changes would appear in the driver’s operation of a 
9 8 7 B 5 4 3 vehicle accompanying a drop in alertness level (See 

ALERTNESS LEVEL 
Figures 7 and 8). 

Figure 6. Relation between alertness level and aware- 
heSS of drowsiness 

Test Procedure 
Driving tests, wMch will be explained later, were also 

co~ducted under a condition of reduced alertness level The drive simulator was equipped with a color monitor 

using both a drive simulator and an actua~ vehicle. From that displayed the road surface, and the subject simulated 

the results of those tests and the foregoing findings, it was a driving situation by operating the steering wheel, 

postulated that the alertness level that should be detected accelerator pedal, and brake pedal. A state of reduced 

as drowsiness at the wheel, and that would not give the alertness level was induced and recordings were made of 
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WIDE-AWAKE REDUCED ALERTNESS LEVEL 
| (ALERTNESS LEVEL OF 9) (ALERTNESS LEVEL OF 3) 

¯ BRAIN WAVES 

¯ BLINKING 

¯ STEERING ANGLE 

¯ VEHICLE SPEED 
(OPERATION OF 

¯ ACCELERATOR} 

p~ KR !iiEDAR; 

"YAW RATE 
ACCELE ° ROAD CURVATURE 

¯ J~TERAL BRAIN WAVE (G’ WAVE) BRAIN WAVE (~Z WAVE) 
DISPLACEMEN3- 

F|gure 7. S~hematie diagram o~ drive simulater 2~sec 2%ec 
BLINKING BLINKING 

STEERING ANGLE STEERING ANGLE 

20 II t 20deg,~ deg]:~ 

ACCELERATOR PEDAL ACCELERATOR PEDAL 
STROKE STROKE 

LATERAL LATERAL 
DISPLACEMENT DISPLACEMENT 

Figure 9. Examples of simulator test data 

From the foregoing results, it was concluded that it 

would be possible to devise a method for detecting 
Figure 8, Photograph of drive simulator test drowsiness on the basis of the driver’s manipulation of 

the steering wheel¯ 

the subject’s physiological reactions, driving actions, and 

vehicle behavior. The items recorded included brain Driving Test Using an Actual Vehicle 
waves (EEG), blinking, facial expression, steering angle, 

accelerator pedal stroke, vehicle speed, and side A specially outfitted test vehicle (Figure 10) was used 

displacement, to investigate whether the same characteristics pattern of 

steering wheel operation that was seen with the drive 

Characteristics of Vehicle Operation Under simulator would appear in a driving test using an actual 

Reduced Alertness Level 
vehicle. To assure safe vehicle operation during the test. a 

steering wheel and brake pedal were installed in the test 

vehicle on the passenger side. The brake pedal on the 
Typical examples of the test data for a wide-awake passenger side was rigged such that the fuel supply was 

state and a reduced alertness state are shown in Figure 9. 
cut off when it was depressed. 

When the subject was fully alert, he was constantly 

manipulating the steering wheel and the vehicle ran 

straight along the center line. However. when the driver’s Test Procedure 
alertness level dropped, he became unable to execute 

minute movements of the steering wheel. The steering The subject’s alertness level was lowered through 

wheel was held stationary temporarily and then turned constant-speed driving on a proving ground, and a data 

sharply to the right or left. producing corresponding recorder was employed to record the subiect’s brain 

changes in the forward direction of the vehicle. On the waves and blinking, along with the steering angle, An 

other hand. no substantial change was seen in the examination was made of changes in the subject’s 

ope ration of the accelerator pedal, mani pulation of the steering wheel accompanying a drop 

An investigation was also made of the gripping force in alertness level, 

on the steering wheel and the driver’s posture. No With the test vehicle as well. it was found that in a state 

significant changes were observed as the driver’s alertness of reduced ale rtness level the subject temporarily held the 

level dropped to a state of nearly falling asleep, steering wheel stationary and then cut it sharply to the 
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4.0- 

REDUCED ALERTNESS 
LEVEL (ALERTNESS LEVEL 
OF 5 OR LOW[R) 

F__. 3.0- [ (ALERTNESS LEVEL OF 8 
,,, 

~\ 

OR ABOVE) 

>- 2.0- 

Figure 10, Test vehicle with dual steering wheels 
UJ 

~ 1.0- 

right or left, thus confirming the same steering pattern 
that was observed in the simulation test (Figure 11). 

V61DE-~/AKE REDUCED ALERTNESS LEVEL 0 

SHORT"-- --~LONG 
B~N V~VE (~ V~Z) BR~N V~VE (~ V~V~ L NON-STEERING PERIOD 

"~" F ,~ ~ Figure 121 Difference in occurence frequencies of 

A Steering Pattern in Which Corrective Steering 
~NG ANGLE STEERING ANGLE 

Continues Following Nonsteering 

The distribution of the nonsteering period in a state of 

--- reduced alertness level was found to be no different from Figure 11. Examples of test driving data under reduced 
alertness level that for a wide-awake state. However, examination of the 

data wave-forms revealed there tended to be a continua- 
tion of sharp, corrective steering actions following non- 
steering that characterized the state of reduced alertness 

Analysis of Steering Wheel Manipulation level, and a minute analysis of the data was done to 

Data elucidate this pattern. 
A typical steering angle wave-form illustrating this 

Since the aforementioned tests revealed that particular characteristic is shown in Figure 13. After nonsteering, 

characteristics occurred in the manipulating of the steering the steering wheel is turned in one direction, called the 

wheel in a state of reduced alertness level, an exhaustive first turn hereinafter, followed by a second turn in the 

analysis of the data was done to upgrade the performance opposite direction. 

of the drowsiness detection logic. 

Analysis of Nonsteering Period                     FIRST TURNx, 

An investigation was done to determine if changes 
occurred in the nonsteering period when the alertness NON-STEERING 
tevel dropped. Figure 12 shows the distribution of the :’~ 
nonsteering time for a wide-awake state and a reduced 

Figure 13. Steering pattern peculiar to e reduced 
alertness state 

alertness state. As this figure indicates, no difference 
could be seen in the nonsteering time between these two Figure I4 shows the occurrence frequencies of this 
states. It was concluded, therefore, that drowsiness at the steering pattern when the magnitude and turning speed of 
wheel could not be detected from the nonsteering time the first and second turns were fixed and only the 
alone, nonsteering time was varied. 
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to prevent the warning device from operating by mistake 
when a driVerwas changes lanes or maneuvers the vehicle to 

avoid an obstacle on the road (Figure !7). 
~                      ~> 87 

The drowsiness detection performance of the device 

evaluated on a proving ground using a vehicle 

equipped with dual steering wheels. 
3 

FSTEERING ANGLE t------- 10 20 30 40 (MIN.) 

DROWSINESS 

[ VEHICLE SPEED }-- 
DETECTION TIMING 

1               TURN SIGNALSJ         MICROCOMPUTER        INDICATOR 
Figure 18, Examples of drowsiness detection 

[ BRAKE SWITCH }------ 
typifies a driver in a state of reduced alertness level, 

I SHIFT SWITCH ] ....... particularly the characteristic steering patterns. Based on 
I | the data obtained, a practical drowsiness warning device 

Figure 17. Block diagram of drowsiness warning device has been developed that does not have to be attached to 

the driver’s body. 

This indirect detection method has now made it 
A typical example of the test data is shown in Figure possible to detect drowsiness at the wheel in a rather high 

18. At the start of the test, the driver was in a wide-awake percentage of cases, though the system is not entirely 
state with an alertness index of 9. After 23rain of driving, perfect. Part of the drowsiness detection logic of the new 
however, the alertness index had dropped to 3.5. At that device is already being successfully incorporated into the 
point, the device detected drowsiness at the wheel and "Safety Drive Adviser" that is available on Nissan’s new 
generated a warning sound that caused the driver to wake Bluebird model. 
up quickly. To assure safety during the operation of a rnotor 

vehicle, it is essential that the driver is ft~nctioning 

normally and the vehicle is in proper working condition. 

Until recently, virtually no safety devices had been 

As explained in the foregoing sections, a system for developed to check on the normal condition of the driver. 

quantifying human alertness levels was devised and It is hoped that research and development efforts in this 

uti!ized to find the vehicle operating behavior that area will see a great deal of progress in the years ahead. 

Tire Pressure Warning System 

Yu~i Uemura, 
stability due to reduced cornering power, and hydro- 

Saiichirou Oshita, 
planing phenomenon. 

The purpose of a low tire pressure warning device is to 
Toshihiro Konno, give adequate warning to a driver when tire pressure falls 
Toshiyuki Kobuna, and below the specified level, calling attention to the need for 

Yoshihiro Yoshida countermeasures, such as adding tire pressure or tire 

Subaru Engineering Division, Fuju Heavy repairs. Thus, the equipment is to reduce the adverse 

Industries, Ltd. effects of low tire pressure, insure safer operation, and 

achieve better economy. 

For this, various warning devices have been deve!oped 

Abstract and reported. The tire pressure warning system presented 

in this paper was developed to incorporate a user-friendly 

Low tire pressure can have adverse effects on a vehicle, feature that would tell the driver which of the four wheels 

such as abnormal tire wear, increased tire rolling loss, tire has low tire pressure, combined with low system price. 

burst due to excessive heat generated, poor running To achieve these targets, a combination of magnet and 
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Hall effect IC was selected for transmitting change in tire and commercializing run-flat tires is required. However, 

pressure from a rotating and vibrating tire, which also with this type of tire, tire pressure loss will be even more 

.......... resulted in a simple control circuit, difficult for the driver to detect, and the need will be 

.......... The main components of the system are a pressure greater for an adequate tire pressure warning device. 

sensor using a magnet, Halleffect IC, controtcircuit, and Various tire pressure warning systems have been 

alarm section, operating as follows: patented or reported(3). They can be classified roughly 
¯ A pressure sensor is mounted on each wheel disc. into the following types: 

When pressure falls, the magnet of the pressure ¯ Systems Mounted on the Wheel--Self-contained 

sensor, as it rotates, causes a change in the systems mounted on the wheel, with no parts 

magnetic field it generates, installed on the vehicle body itself. There are two 
¯ Fach time the wheel rotates, the magnet moves types, one that visually indicates tire pressure 

across the Hall effect IC mounted on a suspension loss at the wheel center and another that warns 

member. The IC then detects the change in the of low tire pressure audibly with sound produced 

magnetic field and signals the control circuit, by striking the whee! rim or cap, or a spring or 

¯ The control circuit identifies the wheel generating electrically driven bell, etc. 

........... the signal, then operates the alarm to warn the ¯ Systems Indirectly Detecting Pressure Loss-- 

driver, Systems that detect tire pressure loss based on 
change in wheel rolling resistance, rate of slip, 
vehicle height, tire width, or tire ground contact 
area. 

Introduction ¯ systems Detecting Tire Pressure Loss Mounted 

......... on the Wheel and Transmitting Signals to the 
Maintaining proper tire pressure is essential for safe Vehicle Body--Methods available to transmit 

vehicle operation. Running a vehicle with low tire signals from a rotating wheel to the vehicle body 
pressure leads to additional running cost such as abnormal include resonance coil, electromagnetic induc- 
tire wear, higher fuel consumption, safety hazards such as tion, radiowave, light, and magnetism, 
tires generating excessive heat with resultant tire burst, In developing a tire pressure warning system, we set the 
lower cornering power and poorer running stability, and following targets: 
likelihood of hydroplaning. According to a sampling ¯ To be capable of determining, while driving, 
survey of general road vehicles, many were found with which of the four tires has abnormal tire pressure 
tire pressure below that recommended of 1.8 to 2.0kgf/cm2 * To have a low system price 
(176.4 to 196kPa). As many as 12.5 percent had pressure * To make wheel changing easier 
below 1.5kgf/cm2 (147kPa)(1). * To be maintenance-free with the alarm operating 

The causes for loss of tire pressure include natural when tire pressure falls but automaticallyturning 
leaks over long periods, punctures, and air leaks due to off once normal pressure is restored 
rim deformation. A sudden air loss is usually sensed To achieve these targets, we selected a combination of 
quickly by the driver because of a change in vehicle magnet and Hall effect IC from various candidate means 
behavior, vibration, etc., but it may take some time to to send signals indicating tire pressure loss from a 
sense any difference with a gradual pressure loss. in rotating whee! to a unit mounted on the vehicle body. 
front-wheel-drive vehicles whose rear wheel load is small, 
some drivers may not sense a total loss of air from a rear 
wheel while driving straight and are startled by the General Configuration 
change in vehicle behavior when they attempt to steer. In 
such cases, warning the driver of tire pressure loss as soon Figure 1 shows a general configuration of the system~ 

as it occurs is very important for safety. A pressure sensor is mounted on the wheel disc to 
Run-flat tires that allow driving a certain distance even detect tire pressure loss. For sensing pressure, balancing 

after pressure loss due to puncture, etc., have been between inside tire pressure acting on a silicone rubber 

developed. In Japan, their use by vehicles for the diaphragm and reaction force of a spring in the sensor is 

physically handicapped and police vehicles was approved used. When pressure falls, the spring, which is normally 

in 1981(2). compressed, extends to turn and face a magnet toward 

Currently, such tires are still inferior to ordinary tires the inside of the wheel. This new magnet position causes 

in terms of high-speed performance, weight, ride, cost, change in a magnetic field in which the Hall effect IC, 

etc. Even the ordinary user, however, sometimes expe- mounted on the suspension member, is positioned. Once 

riences difficulty or danger when attempting a wheel tire pressure is restored, the spring is compressed and the 
change to replace a punctured tire because of weather, magnet returns to its original position. The pressure 

road conditions, etc. For this reason, further improvement sensor has an aluminum diecast housing so its weight is 
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¯ 
~~ ’ ....... causes a rotor carrying the magnet to turn so the magnet 

’/~/~~! 

pole faces down (see Figure 2b). 

Then, when the IC senses the magnetic field, it sends an 

alarm signal. A rare earth cobalt alloy magnet is used 

~ ,/ because of less magnetic field change with temperature 

\.~ "" and because of its high magnetic force, which insures 

~,HE~L O,SC’~/’’2"% ~".~ ~C. ,C sensing even at some distance from the IC. The diaphragm 

~~ 
used is of silicone rubber that does not harden even at 

¯ [~ ~ ~ temperatures as low as ~0° C. 

Figure 1, General configuration 

balauciu~.withi~ the ~au~e of ordinary adjustmem 

The Halt effect IC is mounted on the disc brake shield 

and senses a change in the magnetic field generated by the Figure 2b. During reduced pressure 

pressure sensor. This change in the magnetic field 

strength drives the alarm section via a control circuit and 

warns the driver of tire pressure loss. With time, it is likely that a very small amount of air 

The Hail effect has a temperature compensation circuit will pass through the diaphragm, and if the pressure 

and is compact, lightweight, and resistant to vibration, sensor was made airtight, air pressure inside the sensor 

making it ideal for mounting on unsprung suspension would equal tire inflation pressure. Then, the spring force 

parts, would cause the slider to move and the magnet to turn as ......... 

in Figure 2b. 

Thus, it would be possible that an alarm could be 
Pressure Sensor generated even in the absence of tire pressure loss. 

To prevent this, the pressure sensor must be open to the 
The pressure sensor is constructed so that when a fork atmosphere but protected against entry of water and 

mounted on a slider moves according to tire pressure, it dust. These conflicting requirements have been met by a ......... 
causes a magnet to turn. When the pressure is normal, the special filter mounted at the boundary between the sensor 
pole face of the magnet faces sideways as seen in Figure and the outside that allows air to pass but is impermeable 
2m to water. 

In this position, the Hall effect IC does not sense any This filter has high airflow resistance. As a result, in the 
magnetic field, and no alarm is generated, event of a broken diaphragm, an alarm is generated 

As tire pressure drops, the fork moves toward the right, immediately but air leakage to the outside from the ........ 
together with the slider. As a result, the link mechanism sensor is obstructed by the filter, preventing any quick 

loss of tire pressure. 
~’~ The magnet rotor is fitted with a balance weight to 

~’~~2~~ 

rotation.°Verc°me the effects of centrifugal force during wheel 

_ 

~~~ ~ 
The Hall effect device th at trans fo rmsm agnetic flux 

~ ~~~d ~ ~~ 

density to voltage making use of the Hall effect is 

attracting attention as a noncontract type sensor, but for 

improved immunity to electrical noise it is necessary to 

amplifythe voltage signal from this device in its close 

..... o~/~,.~ ~o,.~.~.~ proximity. It was difficult to install a Hall effect device 

and amplifier circuit in the form of a discrete circuit in the 

F~ure 2~. Durtno normal pressure limited space such as a suspension pan. 
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However. a Hall effect IC with this Hall effect device. Figure 4 is a functional block diagram of the Hall effect 

signal amplifier circuit, etc.. integrated into a single IC. This IC has a voltage regulator, temperature com- 

package, was recently developed to overcome this instal- pensation circuit, comparator. Schmitt circuit, and output 

lation problem, tran;istor. The output can be directly connected to a 

In this svstem, the Hall effect IC is used as a sensor to bi polar or CMOS logic circuit. Therefore. it was possible 

make noncontact detection of tire pressure change, to simplify the control circuit that processes the output 

Figure 3 shows the transfer characteristics of the Hall signal from this IC. 

effect 1C used in this system. This IC. developed for 

automotive applications, has been designed to withstand __ 

severe operating conditions in terms of temperature ,~ .... 

range, power voltage, etc. 

12V 70 140. - ---- 

Figure 4. Functional block diagram 

,-, NORTH COLE GAUSS SOUTH ~OLE m Figure 5 shows the Hall effect IC as mounted. The IC 

mounted to the disc brake shield was resin-molded for 
~,AG~T~C ~U× O~S~¥ 

protection agmnst vehicle body vibration, water, flying 

Figure 3. Transfer characteristics stones, etc. 

Figure 5. Hall effect IC as mounted 
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Control Circuit 

The control circuit was formed by a hold circuit to 

detect change in signals coming from the Hall effect IC 

and a drive circuit to light an alarm lamp and sound a 

buzzer. 

Figure 6 is a block diagram of the control circuit, which 

has been made as simple as possible. 

The direction of the magnet in the pressure sensor 

fitted in the wheel disc changes as the tire pressure drops. 

The IC mounted to the disc brake shield detects this 

change of magnet direction and, as a result, the IC output 

voltage level also changes. The control circuit holds the 

IC output voltage level change and causes the alarm 

buzzer to flash and buzzer to sound. The alarm buzzer Figure 7. Safety monitor 
stops sounding after a set time, but the alarm lamp 

remains flashing until normal tire pressure is restored or 

the ignition key is turned off. tire pressure, alarms will be generated too frequently--to 

the annoyance of the driver. 

The alarm operating pressure setting also depends 

much on vehicle and tire characteristics, and further 

studies and examination are required. 

The operating pressure of this system can be set at any 

- ~ ~ level by adjusting the reaction force of the spring in the 

~ pressure sensor. 

.............. ~ ~ The vehicle on which this system was installed (Figure 

8) has recommended tire pressure of 2.0kgf! cm2 (196kPa), 

and it can run safely under all conditions as long as the 
Figure 61 Control circuit block diagram pressure is within a range from 2.3 to 1.7kgf/cm2 (225.4 

to t66.6kPa). However, when the pressure falls below 

Alarm Section 1.3kgfi cm2 (127.4kPa), it impairs steering behavior and 

directional control during high-speed driving or sharp 

This system was so designed as to positively warn the 
cornering. 

driver of low tire pressure, both visually (lamp) and Therefore, with these and the operating pressure 

audibly (buzzer). The alarm lamp, in particular, is setting accuracy taken into account, the operating pressure 

was set at 1.5kgf/ cm~ (147kPa) +__ 0.1 kgf! cm2 (9.SkPa). positioned in the graphic safety monitor at the center of 

the combination meter so that it is readily visible at all 

times. 
Figure 7 shows the flashing alarm lamp in the safety 

monitor. This alarrn lamp also serves as an indicator to 

show 4WD mode selection. When tire pressure is at or 

above specified level, the lamp operates as the 4WD- 

FWD selection indicator (lights green when driving in 

4WD mode). When tire pressure falls below specified 

level, the lamp of the corresponding wheel lights red. 

Operating Pressure 

To maintain optimum tire pressure, the actual operating 

pressure of the alarm system should be as close as 

possible to optimum tire pressure. 
However, the tire pressure tends to decrease little by 

little due to natural leaks even if the tire i~self is normal. 

Pressure also changes with temperature. Therefore, if the 

alarm operating pressure is set too closely to optimum Figure 8. Test car 
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Results Figure 10 shows the change of the operating pressure 

due to vehicle speed. 

Pressure Sensor Operating Pressure 

Figure 9 shows the operating pressure of the pressure 
sensor. The abscissa represents the tire inflation pressure 
and the ordinate represents the magnetic flux density at 
the Hall effect IC mounted on the suspension member. 

The operation point and release point of the IC used 
are 70 Gauss and 140 Gauss, respectively, as shown in          I,~ .................... 
Figure 9. and in this case the alarm turns on at 
!.45kgf cm2 (142.1kPa) and turns off at 1.6kgf cm2 
(156.8kPa). 

This operating pressure, which is affected by the .... ° 

accuracy of the sensor itself, vacations ~n Hall effect IC 
characteristics, and the dimensional accuracv between Figure 10. Operating pressure change with vehicle 
the p ressure sensor and IC. requires full consideration in speed 

volume production of the system. Figure ll shows experimental and calculated values 
In the present system, deviation due to pressure sensor obtained when the balance weight was changed. 

accuracy is _+0.4kgf cm2 (+3.9kPa), due to the Hall By carefully selecting balance weight, it is possible to 
effect IC operating point accuracy is _0.02kgf. cm2 positively change alarm operating pressure with speed: 
(___ !.96kPa), and due to IC to pressure sensor distance that is. to raise operating pressure when speed increases 
accuracy (+ 1 mm} is __+0.04kgf cm2 {+__3.9kPa) Thus, the so the alarm is given earlier during high-speed driving, 
target value of _0.1 kgf cm2 (_+9.SkPa) has been met. 

Figure 11. Change of measured and calculated operat- 
................................. ing pressure with balance weight mass 

Figure 9. Pressure sensor characteristics change 

Influence of Environment Conditions 

Change of Operating Pressure due to Speed 

Low Temperature 
The pressure sensor is mounted on the wheel disc and is 

subjected to centrifugal force from the wheel turmng. Silicone rubber of small physical change at low 
This centrifugal force not only acts directly as a force on temperature is used for the diaphragm. No difference was 
the mowng parts but also increases the frictional resistance observed in operating pressure between 15° C and -40° C, 
of the sliding parts. 

In this system, to minimize any operating pressure 
change due to centrifugal force, a balance weight is High Temperature 

provided on the rotating parts in the pressure sensor to 
co unter centrifugal force and resulting increase in friction What is most important is creep deformation of the 

force, diaphragm. A test piece of diaphragm was subjected to a 
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tensile load of 3kgficm2 (294kPa) up to 120°C x 2,000h inserting a tire lever between the wheel rim and tire bead 
but permanent elongation deformation was within 20 to remove the tire. 
percent. 

Assuming a vehicle life of 10yri200;000km and an 

ordinary and upslope running (65 percent), high-speed 

running (30 percent), and downslope running (5 percent), Conclusion 
the test results and other data indicate that the temperature 

around the diaphragm will reach 80°C or higher for The tire pressure warning systempresented here adopts 

about 30h during a vehicle’s lifetime. Thus, creep should a simple signal processing system to make it user-friendly 

not be a problem, and at the same time achieve a low cost. 

The pressure sensing accuracy of within the operating 

pressure ----_0.1kgf/cm2 (9.8kPa) was verified by both 
Water Pressure Resistance bench and on-vehicle tests. 

The special filter (average pore diameter 0.6/Jm) 

separating the pressure sensor from ambient air can 

prevent water permeation down to a water depth of about References 
14m. 
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The pressure sensor is mounted on the rim inside, and Pressure Warning Device (LTPWD),"SAE Paper 
care is necessary regarding pressure sensor location when 820458, 1982. 

Aspects of Subjective!objectiVe~ Correlation Regarding Vehicle Tyres 

Dr, Lea Brindle 
investigating driver sensitivity to the effects of low profile 

Cranfield Institute of Technology, Bedfordshire, radial-ply and standard radial-ply tyres is then described. 
England It was found that the subjective ratings of ordinary 

drivers could be systematically related to objective 
measures of vehicle directional response. Most important 

Abstract                                               in affecting favourable ratings were short lateral accelera- 
tion and yaw rate response times, and higher levels of 

An introduction to vehicle steering response dynamics control gain for these parameters. Low profile radial .... 
is followed by a discussion of the influence of pneumatic tyres were rated relatively more favourably than standard 
tyres on driver subjective ratings concerning vehicle radials, mainly in respect of a combination of steering 
steering and handling characteristics. An empirical study "feel," stability on dual carriageways, and roadholding 
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on straight roads and motorways (freeways). In contrast, design of the steering system and, as we shall see, 

standard radial-ply tyres received relatively higher ratings according to the type of vehicle tyre. Figure 1 shows the 

concerning the amount of steering return strength and forces acting on the steered wheel. 

........ the degree of comfort experienced on rural roads. The vehicle steering system can be thought of as an 

Future research directions discussed include investi- amplifier with similar response characteristics. Two 

gating the effect of these directional response parameters distinct types of parameters can describe vehicle direc- 

on driver behaviour. Also discussed is the need for a tional response. These are gains and response latencies 

systematic investigation of "steering aesthetics," where (or response delays). 

there would be concern for a wide range of influences on The gain of an amplifier is the ratio of output to input, 

: driver feedback through the vehicle’s steering system, or the efficiency of the system. When considering the 
¯ 

" rk Included would be steenng torque, the amount of wo steering system, gains operate for lateral acceleration and 

done" in steering, gains and response times for lateral yaw rate response to steering wheel input. Lateral 

acceleration and yaw rate, and the linearity of response acceleration gains are defined as the lateral acceleration 

for all of these parameters, response per unit steering wheel angle input by the driver 

(ms-2/Rad). Similarly, yaw rate gains are yaw rate 

........ response per unit steering wheel angle input (Rad s- 
....... Introduction ~ / Rad). Lateral acceleration and yaw rate gains will vary 

according to the design of the steering geometry and type 

of vehicle tyre, and tend to increase as forward speed 
Overview increases. The ratio of steering wheel torque to steering 

wheel angle input (Nm/Rad) is also influenced by the 
The introduction initially provides a presentation of same factors (but not necessarily in the same way) as are 

aspects of the vehicle directiona! response dynamics lateral acceleration and yaw rate gains. 
necessary to facilitate an understanding of the physica! 

consequences of change affecting vehicle steering and 

handling. This is followed by a discussion of the influence 0irecfion of Notion 
~f Vehicte 

of pneumatic tyres on driver subjective ratings concerning ,,< = Slip Angle 
vehicle steering and handling characteristics. 

Vehicle Directional Response Dynamics 

A description of the forces acting on the front (steered) 

wheels is a useful beginning for understanding the effects 

of pneumatic tyres on the driver/vehicle system. When 
~,,, the front wheels are steered, the cornering forces generated 

at the front of the vehicle are greater than those generated ~ 

pneum~i~ Trail 

Self-aligmng 
at the rear. This causes the vehicle to yaw. The cornering Torque 

forces at the front (and rear) of the vehicle act via the 
tyres. The area where the tyre is in contact with the road is 

described as the "contact patch." Because of a phenom- 

enon known as "pneumatic trail," the tyre cornering 

forces do not act at the centre of the contact patch. This 

results in the generation of"self-aligning torque," which 
l’yre conf~f P~tch 

opposes the steered force input by the driver (via the 

steering wheel). If the self-aligning torque is nonzero, the Figure 1. Forces acting on the steering wheel(lO) 

vehicle yaws to overcome this force and attempts to 

realign the steered wheels with the direction of motion of 

the vehicle. In general, the strength of the self-aligning The other important vehicle directional response 

torque depends on four factors. It increases as the load parameters are lateral acceleration and yaw rate time 

being applied to the tyre gets heavier. In other words, response to steering wheel input. These are due to the 

heavier cars will be more difficult to steer than lighter inherent time delay of mechanical systems. The measure- 

ones. It increases as the steered angle gets larger. It also ment of these particular response parameters presents 

increases for a given steer angle as the forward speed special problems since small times(whichareoftheorder 

increases. Less steered angle is necessary, however, for a of between one-half of one second and one second for a 

given cornering force as forward speed increases. Last, moderately fast responding modern saloon car) are 

self-aligning torque will vary according to the geometric involved. 
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Other useful terms include transient and steady-state Following Principal Components Analysis of responses 
manoeuvres. A transient manoeuvre is one when the to 22 interview questions, driver opinion regarding 
vehicle changes its steered direction at least once. An vehicle steering and handling was reduced to nine 
example of this is steering during an "S" bend. Steady- components. Discriminant Function Analysis then 
state manoeuvres are not usually encountered during performed on relatively orthogonal approximations to 
normal driving but are often used by test engineers these nine components found three to be successful 
driving on vehicle proving grounds. This involves driving discriminators between tyre type (p < 0.01, canonical 
a vehicle during a turn with either a fixed steering wheel correlation = 0.74). It was found that drivers rated 
input or maintaining a fixed level of lateral acceleration, radial-ply tyres relatively more favourably than cross-ply 
Open loop testing generally involves a steady-state tyres regarding a combination of perceived safety and 
manoeuvre, although it can involve transient manoeuvres, security, control in emergencies, stability and course 
The term comes from control theory and refers to the fact following on straight roads, and the amount of effort 
that there is no feedback from vehicle to driver. A vehicle required in steering the vehicle. This was contrasted by 
receiving a step input from a robot-driving machine relatively higher ratings regarding steering "feel" for 
would be a good example of an open loop system. A drivers on cross-ply tyres. 
closed loop system is the way human factors psychologists Further analysis showed that driver opinion thus 
would view the relationship between driver and vehicle-- described could be systematically related to objective 
as elements in the system, each responding to feedback measures of the driver/vehicle system directional response. 
from the other. When lateral acceleration and yaw rate were examined, 

Finally, some discussion of vehicle tyres is necessary, significant negative correlations were obtained between 
Cross-ply (or bias-ply) tyres are fitted to a minority of driver subjective ratings regarding both safety and effort 
passenger cars nowadays. This is because the steering and response time (-0.66 < r < -0.40, binomial probability 
systems of modern cars are designed to be driven with p < 0.001), while significant positive correlations were 
radial-ply tyres. Radial-ply tyres last longer and generally obtained for gain functions on these parameters (+0.33 < 
have superior response qualities than cross-plies. How- r < +0.62, p < 0.02). In other words, favourable driver 
ever, cross-ply tyres have certain qualities that radials opinion concerning safety and effort was associated with 
could do well to imitate. For example, although the shorter response times and higher levels of control gain. 
roadholding limits of cross-ply tyres are lower than those Steering "feel" was also strongly associated with both 
of radials, cross-plies exhibit a more linear response response time (positively) and control gain (negatively) 
toward the limit of their performance. Radials generally and, to a lesser extent, positively with an objective 
exhibit sudden break-away at their limit, a nonlinear and measure of work expended (the product of steering wheel 
undesirable response, kow profile (or low aspect ratio) angle and steering wheel torque) by drivers in steering the 
radial-ply tyres are a new development. These tyres are vehicle (+0.33 < r < +0.46, p < 0.07). 
designed to put a larger area oftyre (contact patch) on the Brindle (1984) explained this relationship between 
road and are generally acknowledged to have superior driver opinion and vehicle directional response parameters 
response qualities and higher limits of roadholding than by examining the known engineering properties of the 
conventional radials, tyres. It was suggested that the manufacturing quality 

mainly responsible for the superior response charac- 
teristics (notably shorter response times) of radial-ply 
tyres was the higher cornering stiffness of these tyres, 

Driver Sensitivity to Vehicle Directional 
typically about 20 percent higher than cross-ply tyres. 

Response Parameters Thus, favourable driver opinion associated with radial 
tyres, which were related to short response time and 

The steering parameters most frequently reported as higher levels of control gain, can be considered primarily 
affecting driver opinion and driver!vehicle system are attributable to this technical quality. The concept of 
response latencies (time delays) and gain functions. A pneumatic trail largely explains the higher levels of 
review of the literature regarding driver sensitivity to steering wheel torque associated with cross-plies, due to 
these parameters can be found in Brindle and Wilson the relative movement rearward of the contact patch for 
(!983) and Brindle (!984). Brindle and Wilson showed these tyres. The amount of work done in steering the 
that it was the effect on these vehicle directional response vehicle, also important in affecting driver opinion, was 
parameters that was mainly responsible for the variation possibly affected by a combination of higher levels of 
in driver opinion as influenced by tyre type. steering wheel torque (as a result of increased pneumatic 

Using a methodology similar to that described in the trail) and the high levels of steering wheel angle associated 
present study, Brindle and Wilson investigated driver with the lower levels of control gain found for cross-ply 
sensitivity to radial-ply and cross-ply (bias-ply) tyres, tyres. 
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The Study Ss drove an instrumented vehicle equipped to measure 

steering wheel angle, lateral acceleration, yaw rate, and 

Research Objectives forward speed for a range of transient manoeuvres. These 

included low-, medium-, and high-speed bends and 
curves, and roundabouts (circles) in rural Bedfordshire 

The findings from Brindle and Wilson (op. cit.) were and Buckinghamshire. Data were recorded on a Racal 
investigated in an expanded study examining a wider 

range of driver opinion. The effect of a more modern tyre 
analogue tape recorder and were subsequently interpreted 

contrast (low profile radials versus standard radials) on 
using a microcomputer analogue to digital routine. Ss 
were interviewed on a range of items both during and 

vehicle steering and handling characteristics, and the 
after each test drive. 

influence of these characteristics on driver opinion, was 

investigated under realistic driving conditions. 
Results 

Research Design 
Interview data were initially analysed using Principal 

Components Analysis. Thus, 40 Likert scale items relating 
A total of 46 subjects (Ss) drove a medium-size estate to driver subjective ratings of vehicle steering and 

car (1978 Ford Cortina 1.6 L) on public roads in an handling, ride quality, and safety were reduced to 10 
independent-groups, repeated measures research design, components. Before rotation, these 10 components 
Three treatment groups were used: t8 Ss drove using accounted for79.3 percent of the total variation among 
Pirelli P6 low profile "sixty series" radial-ply tyres driver opinion. An orthogonal rotation according to the 
(185/60x14) on dry roads. 18 Ss drove using Pirelli P4 "Varimax" criterion was carried out, and relatively 

" "1 1 "’standard rad~a -p y tyres (165x14) on dry roads, and 10 orthogonal simplified versions of the 10 components 
Ss drove using P4 radial tyres on wet roads. The route were subjected to Multiple Discriminant Function 
was 40.6km and included a range of rural country roads. Analysis (DFA) for three groups. This method results in 
suburban dual carriageways, and a section of motorway "...the reduction of multiple measurements to one or 
(freeway). Additionally, Ss d rove an 8.2km practice route more weighted combinations having maximum potential 
before commencing testing, for distinguishing among members of the different 

A total of 33 males and 13 females took part in the groups." (Overall and Klett, 1972, p. 280). The "Wilks" 
experiment, and Ss were aged between 18 and 60 (median criterion for inclusion of meta-variables in a stepwise 
27.7 years). Driving experience ranged between t and 38 DFA was used. For further details of these multivariate 
years I median 16.0t, and driving exposure ranged between statistical techniques, also see Brindle and Wilson (op. 
1.000 and 25.000 miles per annum (median 11,400!. cit.). 

Medium-powered tests (one-way analyses of variance), Table 1 describes how much variance each of these 10 
carried out to check for random group assignment, failed factors accounted for after rotation. 
to detect any systematic effects due to possible confound- Table 2 shows the structure of the simplified meta- 
ing variables (e.g., age, driving experience, miles driven variables used in the Discriminant Function Analysis 
per annum). The power of these tests was such that a after "Varimax" rotation. A "+" in any column indicates 
strength of association (w2. see Hays, ibid., p. 417) of 10 that the respective row variable was given a weighting of 
percent would have been detected at the p < 0.05 level +. 1.0 in the composite meta-variable. Variables were thus 
(N = 46. J = 3) with a probability of 0.20 (Beta = 0.80). only included in the factor structure where a "+" appears 
Groups were considered, therefore, to be adequately in the appropriate column. All other variables were 
randomised. 

Table 1. Factor names, eigenvalues, and percent variance for interview data 

Factor Name Eigenvalue % Variance Cum % Var 

1 Rural Comfort 6.28 19.8 19.8 

2 Rural Performance 5.55 17.5 37,3 

3 Straight/Motorway Performance 4.55 14.3 51.6 

4 Responsive/Sensitive 3.21 10,1 61,7 

5 Brake in Emergency 2.96 9,3 71,0 

6 Stability Dual Carriageways 2,29 7.2 78.2 

7 Rural Safe 2,08 6.6 84.8 

8 Effort 2.04 6.4 91.2 

9 Return Strength 1.55 4,9 96.1 

10 Feel 1.21 3.8 99.9 
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Table 2. Factor structure for the 10 meta~variables 

Variable and Description                                Meta-Variable 

1    2    3    4    5    6    7    8    9 10 

OPIN1 Roadho~ding in General 

OPIN2 Handling in General 

OPIN3 Control in Emergency Rural 

OPIN4 Quality of Ride - Rural + 
OPIN5 Comfort - Rural Roads + 
OPIN6 Responsivity 

OPIN7 Stability on Dual C’ways + 
OPIN8 Return Strength + 
OPIN9 Sensitivity on Dual C’ways + 
OPINIO Control in Emergency M’way 

OPIN11 Brake in Emergency M’way + 
OPIN12 Handling Bumpy Rural Roads + 
OPIN13 Comfort Bumpy Rural Roads + 
OPIN14 Safety Margin Rural Roads + 
OPIN15 Roadholding in General 

OPIN16 Handling in General 

OPIN17 Safety in General 

OPIN18 Control in Emergency - General + 
OPtN19 Quality of Ride - General + 
OPIN20 Comfort in General + 
OPIN21 Responsivity in General + 
OPtN22 Predictability in General 

OPIN23 Brake in Emergency (General) + 
OPIN24 Handling Bumpy Rural (2) + 
OPtN25 Roadholding Bumpy Rural (2) + 
OPIN26 Ride Bumpy Rural Roads + 
OPIN27 Comfort Bumpy Rural Roads + 
OPIN28 Handling Straights and M:ways + 
OPtN29 Roadholding Straight and M’way + 
OPIN30 Kept on Course Straight and M’way + 
OPIN31 Predictable Straights and M’way + 
OPtN32 Comfort on Straights and M’way 

OPIN33 Kept on Cse Bends and Roundabouts 

OPIN34 Predictable Bends and Roundabouts 
OPIN35 Responsive Bends and Roundabouts + 
OPtN36 Feel in General ÷ 
OPtN37 Effort at Low Speeds + 
OPIN38 Effort at Higher Speeds + 
OPtN39 Likely to Buy 

OP!N40 Safety Margin in General + 

1    2    3    4    5    6    7    8    9    10 

excIuded. The criterion for assigning a weight of + 1.0, or the amount of steering return strength and the degree of 

otherwise zero, was for factor loadings )0.65 in the SPSS comfort experienced on rural roads than drivers on P6 

Rotated Factor Structure matrix, tyres. Drivers on dry roads expressed relatively higher 

Two canonicaldiscriminant functions were computed, ratings concerning a combination of steering return 

The first function (which explained 67 percent of the total strength, responsivity and sensitivity, and roadholding 

variance, p< 0o05, canonicalcorrelation = 0.47)discrim- and handling on straight roads and motorways than 

inated between P6 tyres and P4 tyres. The second drivers on wet roads. 

function (which explained the remaining variance, p An analysis of the vehicle directional response pa- 

< 0.14, canonical correlation = 0.35) discriminated be- rameters confirmed that response time and control gain 
tween dry and wet road conditions. Results indicated that were important parameters affecting driver subjective 

P6 tyres were rated relatively more favourably than P4 ratings. Since multiple correlations were made, results 

tyres regarding a combination of steering"feel," stability were examined using probabilities associated with the 

on dual carriageways, and roadholding and handling on binomial distribution (see Hays, 1974, p. 184) for the 

straight roads and motorways. Drivers :on P4 tyres, expectation of these results due to chance. Yaw rate 

however, expressed relatively higher ratings concerning response time was negatively correlated with favourable 
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driver opinion regarding perceived safety (-0.37 < r < - profile radials would be expected to have improved 

0.14, binomial probability p < 0.001), and straight road cornering stability together with some other benefits, 

and motorway performance (-0.35 < r < 0.18, p < 0.02). though at the expense of ride quality. These characteristics 

High levels of speed-adjusted lateral acceleration and can be seen to match the subjective ratings of ordinary 
.......... yaw rate gain were associated with favourable ratings drivers. 

concerning steering "feel" (+0.16 < r < +0.30, p < 0.04), 

and safety (+0.13 < r < +0.37, p < 0.01). An inverse Discussion and Recommendations 
relationship was found between speed-adjusted lateral 

acceleration and yaw rate gain and high ratings concerning 
The studies reported have shown that ordinary drivers 

rural steering and handling (-0.30 < r < -0.16, p < 0.01), 
are sensitive to the effect of different tyres on vehicle 

........ and steering responsivity and sensitivity (-0.37 < r < - 

0.14, p ~ 0.04). A marginally significant result was found 
steering and handling. Further, it has been shown that 

driver subjective ratings can be systematically related to 
suggesting a direct relationship between high ratings 

vehicle directionalresponse parameters. Thisis important 
regarding steering responsivity and short lateral accelera- 

tion response time (-0.22 < r< -0.11, p ~ 0.08). 
since, as Ray and Gibson (1983) have concluded, "... 

It was found additionally that, for lateral acceleration 
subjective assessments of vehicle handling performance 

......... are useful if used in conjunction with other objective test 
............ and yaw rate steering gains, standard radials had a more 

linear response as affected by forward speed (r2 = 0.91, 
procedures," (ibid., p. 169). In conclusion, these results 

have a high degree of generalisability since data were 
and 0.82, respectively) than low profile radial tyres 

collected from representative drivers under realistic 
(r2 = 0.84, and 0.75). In other words, for the range tested, 

steering gains increased approximately linearly with 
closed-loop conditions. However, in addition, several 

research directions were indicated. 

....... 
increased forwardspeed. Results alsoshowedthatdriver- 

Although it has been shown that driver opinion is 
......... adopted yaw rate had a more linear (inverse) response to 

affected by different tyre types, the effect of this sensitivity 
forward speed (r2 = 0.89) than driver-adopted lateral on driver behaviour also requires investigation. For 
acceleration (r2 = 0.79). These results are discussed more example, do drivers adjust their driving by, say, cornering 
fully in Brindle (1984).                                      faster to compensate for the superior response qualities 

of low profile tyres? (This question is examined in 

.... Conclusion Brindle, 1985, and at length in Brindle, 1984.) Further, 

the effects on driver opinion and behaviour require 

Results showed that the subjective ratings of ordinary 
investigation for other subsets of drivers. It is important 

drivers could be systematically related to objective 
to investigate the response for different groups, such as 

measures of vehicle directional response. The main 
young versus older drivers, accident involved versus no- 

influences on favourable driver opinion were short 
accident drivers, etc. 

.... response times and high levels of control gain, qualities 
Another intriguing area involves investigating the 

that were, in general, associated with the superior 
relative effects of driver sensitivity to yaw rateand lateral 

response characteristics of low profile radial tyres, 
acceleration response. Early indications (from both of 

However, drivers were also sensitive to other effects of 
our studies) suggest that as forward speed increases, 

vehicle tyres, notably to rural comfort and rural steering 
driver-adopted yaw rate is more linear than driver- 

and handling performance--qualities that were relatively 
adopted lateral acceleration. Other authors have also 

more likely to be associated with standard radials than 
been concerned with this distinction recently. For instance, 

with low profile tyres. It is also possible that favourable 
Nakaya, Sano, Furukawa, and Oguchi (1982), using an 

ratings for standard radials could have been affected by 
experimental drum-type simulator with front- and rear- 

the more linear lateral acceleration and yaw rate response 
wheel steering, concluded from the data from three 

for these tyres, 
subjects "...that during evasive manoeuvres the driver 

These subjective ratings by ordinary drivers match 
attaches greater importance to the vehicle’s lateral dis- 

expert evaluations of the known engineering qualities of 
placement as the necessary input information, while in 

the tyres tested. Early discussions with the Technical 
normal driving, he puts more weight on yaw angle" (ibid., 

Services Department of Pirelli U.K. Ltd. indicated that 
p. 109.6). It is interesting to note that lateral acceleration 

higher levels of roadholding and handling would be 
and yaw rate are, respectively, second- and first-order 

expected from the low profile (P6) tyres. Sandberg, 
derivatives of lateral displacement and yaw heading. 

Formgren, and Ohlsson (1976) reviewed several engi- 
However, more research is required before any serious 

neeringreportsinvestigatingtherelativemeritsofstandard 
conclusions can be reached on how these parameters 

and low profile radial tyres. They concluded that standard 
contribute to driver directional feedback. 

radial tyres, apart from other benefits, would be expected 
Finally, it has been shown that a wide range of vehicle 

to produce a higher standard of ride quality, and that low 
directional response parameters can influence driver 

299 



Experimental Safety Vehicles 

opinion. Previously, steering "feel" has been defined College of Aeronautics, Cranfield Institute of Tech- 
(e.g., Anderson, 1983) only in terms of "the force- nology, England, 1984. 
feedback characteristics" (ibid., p. 16) of the steering. It is 3. Brindle, L.R., "Driver risk compensation and vehicle 
suggested that the concept of"steering feel" be broadened active safety," paper submitted to Ergonomics (in 
into that of"steering aesthetics," where there is concern press), !985. 
t’or a wider range of driver feedback from the steering. 4. Brindle, L.R., and W.T. Wilson, "The effects oftyre 
Apart from steering torque, drivers have been shown to type on driver perception and risk-taking," Pro- 
be affected by the amount of work done, lateral accelera- ceedings International Conference on Road Vehicle 
tion and yaw rate gain and response time, and the Handling, lnstitute of Mechanical Engineers, London, 
linearity of response for these parameters. This hierarchy C 134/83, 1983. 
of importance for these influences for different drivers 5. Hays, W.L., StatisticsJbr the Social Sciences, 2nd 
under different driving conditions also requires clarifica- Edition, London: Holt, Rinehart, and Winston, 
tiom It may well be that, for instance, the same charac- 1974. 
teristic may not necessarily be as important when driving 6. Nakaya, H., S. Sano, Y. Furukawa, and Y. Oguchi, 
on rural roads as, say, when driving on motorways. "Effects of vehicles’ yaw and lateral acceleration 

responses on drivers control performance," SAE 
paper 82109, New York, 1982. 

7. Overall, J.E., and C.J. Klett, Applied Mullivariale 
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U.K. Ltd., which provided technicaland materialsupport 8. Ray, R.W., and P.D. Gibson, "Car handling test 
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Proceedings International Conference on Road 
Vehicle Handling, Institute of Mechanical Engineers, 
London, C126/83, 1983. 

9. Sanberg, U., C. Formgren, and E. Ohlsson, "Tire 
I. Anderson, J. M., "The evaluation of drivers’ responses dimensions: properties of wide and low versus narrow 

to a multi-characteristic power steering system," and high tires," National Swedish Road and Traffic 
PhDThesis, School of Automotive Studies, Cranfield Research Institute (VTI), Report 108A, 1976. 
Institute of Technology, England, t982i 10. Setright, L.J.K., Automobile Tyres, London: 

2. Brindle, L.R., "The influe.nce of tyre characteristics Chapman and Hall, 1972. 
on driver opinion and risk-taking," PhD Thesis, 

Tire Performance Measurements--Wet and Dry 

Lloyd H. Emery performance data is particularly true in the nonlinear tire 

U.S, Department of Transportation, National performance range of large cornering slip angles and 

Highway Traffic Safety Administration braking slip. Accident avoidance vehicle performance 

research requires tire performance data representative of 

the tire braking and cornering forces generated by the 

vehicle tires when operating in the regime of large slip 

angles, large normal load transfers, and high braking slip, 

Vehicle accident avoidance potential is very much even up to locked wheel performance. The study of 
dependent on the vehicle braking and cornering per- vehicle stability and accident avoidance through cornering 
formance potential. In the past, much effort has been and braking maneuvers requires tire performance data 
concentrated on the suspension and braking systems to from 0 to 90° slip angle and from 0 to 100 percent slip for 
raise their performance level. However, vehicle braking braking. 
and cornering performance is also strongly influenced by This paper reports the results of an effort by NHTSA 

the braking and cornering force characteristics of the to measure the braking and cornering forces of a P185- 
vehicle tires. The study of vehicle tire dynamics has been 80R 13 tire produced by Goodyear Corporation. Tire .... 
generally limited by the absence of accurate braking and force measurements were made at the Tire Research 
cornering tire data representative of the vehicle per- Facility (TIRF) located at Calspan Corporation. Tire 
formance range of interest. This absence of tire force measurements were made on both dry and wet 
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surfaces. Braking force was measured for each slip angle           1,2F 

from 0 to 100 percent slip. The tire slip angle was varied 
/ 

k~ge~d 

overs slip angle range from 0 to 90°. 

~.o~o o 

Introduction .8 ¯ 
I 

The motivation to perform this study was the need to 
analyze vehicle stability and spin out performance during 

.61 

® o 
accident avoidance maneuvers involving steering and 
braking and the realization that the open literature .4~ [] 

provided insufficient tire performance data to do so 
effectively. Accordingly, it was decided to measure the .2 
braking and lateral forces produced by a tire when o 
subjected to both braking and slip angle simultaneously 
as a function of normal load on both a wet and dry 

o O 
I I I 

......... surface. The tire of interest was the Goodyear-produced o 
P185-80R13 radial tire, which is representative both in 
size and construction of many tires presently being Figure 1. Normalized lateral force versus normalized 

produced, braking force as a function of slip angle and 

The 1984 Tire and Rim Association Manual gives this 
percent braking slip on a dry surface with a 
250 Ib normal load 

tire a rating of 1301-1b normal load at 35PSI. The , 

measurements were performed at 30mph, at 34PSI 
1.2[ 

inflation pressure, on a wet and dry surface, on the TIRF I ~Legend 

located at Calspan Corporation, Buffalo, New York. Tire 

1.0[ force measurements reported on in this paper are the 
longitudinal and lateral tire forces produced by braking 
and cornering. These force measurements were performed 

.6 ~ 
o 

at 0, 4, 12, 20, 30, 50, 60, and 90° slip angles. Tire force 
measurements reported on in this paper were made at the .61- * ~, ~® o 

three normal loads of 250 lb, 600 lb, and 1,027 lb, at each 
of the above slip angles. In addition, the tire braking and .~ ~_ 
lateral forces were measured as a function of braking slip 

from 0 to 100 percent slip. The wet friction coefficient of 
0.30 was established by the usual wet ASTM tire and            ~21 

O 
recommended procedure. The dry friction coefficient of o 
0.85 was measured by a locked ASTM tire on the dry 0~ O 

surface, o 
Normalized Braking Force (NFX) 

Test Results 
Figure 2~ Norm~iiZ~ lateral force versus normalized 

braking force as a function of sllp angle and 

percent braking slip on a dry surface with a 

The braking force test results are contained in Appendix 1,027 Ib normal load 
A, The lateral force test results are contained in Appendix ratios for a normal load of 250 lb and 1,027 lb on both a 
B. 

dry and wet surface. The following observations become 
apparent when Figures 1 through 4 are examined. 

Discussion                                              ¯ The normalized lateral and longitudinal forces 
for each slip angle are higher for the 250-1b 
normal load than for the 1,027-1b normal load. 

General Thus, one can conclude this tire is more efficient 
at generating forces as the normal load is 

The normalized braking and cornering forces of the decreased: This observation is true for both and 

test tire are significantly different as a function of normal dry surfaces. 

load, slip angles, and slip ratio. Figures 1 through 4 have ¯ The maximum normalized lateral force for both 

the normalized lateral force plotted as a function of normal loads on the dry surface occurs at around 

normalized braking force for different slip angles and slip the 160 slip angle at the zero slip ratio braking 
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value and then a curl back to the left. The peak 

I 
L,~e~ normalized lateral force for these three slip angle 

~ 
curves represents the peak normalized lateral 

~.0 
force that occurs at some slip ratio, which is 
usually around 20 percent slip for straight line 

~ 8 braking. However, the percentage slip at which 

~ t ~ 
the peak normalized braking force occurs 
increases as the slip angle increases. Examination 
of Appendix A clearly shows this effect. 
The peak normalized braking force on the dry 
surface begins to coincide with the 100 percent 

m ~o~ braking slip condition at around the 24° slip 
¯ angle level. 

¯ 
o° @ 

¯ The normalized lateral force of about 0.76 for 

o~oO 

0 

~ 

0 0 the 90° slip angle in Figure 1 is considerably less 
~ L ~ than the normalized braking force of about 1.05 

for the 0° slip angle for the 250-1b normal load 
[’~malized Braking Force (NFX) 

~gure 3. Normalized lateral force versus normalized on a dry surface. A similar comparison can be 
made for the 1,027-1b normal load data in Figure braking force as a function of slip angle and 

percent braking slip on a wet surface with a 2. The data show that the tire is much more 
250 Ib normal load efficient at producing force in the longitudinal or 

braking mode than it is in the lateral or cornering 
mode. It would be interesting to rerun this 

~d experiment using wider wheels with the same tire 
~o - [ ~ ii ~o [ to see if the wider wheels would increase the tire 

lateral force production efficiency. 
In contrast to the dry surface, the maximum 
normalized braking force on the wet surface for 
both the 250-1b and 1,027-1b normal loads 

~ o occurred for the straight line braking condition 

v~ 
rather than at some small slip angle. 

v 
o~ ¯ The normalized lateral forces and braking forces 4: "~      ¯ 

o o                                    for all slip angles on the wet surface are much less 
~t o @ than their counterparts on the dry surface. 

i 
@ ¯ The normalized braking force on the wet surface 

o ~ 
o for the 4°, 8°, and 16° slip angle with a 250-1b 

0 O O O O O normal load also shows a peak value and then a 
l I I ~ I ~ 1 curl down and to the left..The peak normalized 0 2 .4 .6 ,8 1.0 t .2 

~ Normalized Braking Force(NFX) braking force occurs at about a 20 percent 

Rgure 4. Normalized lateral force versus normalized 
braking slip for a straight line stop. The peak 

braking force as a function of slip angle and normalized braking force occurs at higher levels 
percent braking slip on a wet surface with a of percent braking slip as the slip angle increases. 
1,027 Ib normal load The peak normalized braking force coincides 

with the locked wheel condition after the 50° slip 
condition. Slip angles less than and greater than angle condition is reached. 
approximately 16° produced less normalized ¯ The normalized lateral force of about 0.4 for the 
lateral force. 250-1b normal load and a 90° slip angle on the 

¯ The maximum normalized braking force on the wet surface is again considerably less than the 
dry surface occurred at the 4° slip angle rather maximum normalized braking force of about 0.7 
than the 0° slip angle. There is presently no for the 0° slipangle condition in Figure 3. Again 
adequate explanation as to why the maximum the tire is much more efficient at generating 
normalized braking force should occur at some maximum force in the longitudinal direction 
slip angle greater than zero. Future research will compared to the lateral direction at a 90° slip 
be necessary to explain this unexpected result, angle. This tire performance characteristic is 

¯ The normalized braking force on the dry surface detrimental with respect to vehicle stability when 
for the 4°, 8°, and 16° slip angles shows a peak the rear wheels are experiencing large slip angles. 
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The normalized braking force and the normalized 
10 

lateral force are plotted as a function of slip angle for a 

locked-wheel condition in Figures 5 and 6. res pectively. 

The maximum normalized braking force occurs not at 

the 0° slip angle but at about the 4° slip angle. The 

maximum normalized lateral force also does not occur at 

the 90° slip angle but at about the 60° slip angle. Again, 

there is no adequate explanation at the present time to 

explain these somewhat unexpected results. 

o    t9 

o ~ 0 20 40 60 80 1 O0 

Slie Angle (Degrees 

Figure 7. Normalized lateral force as a function of slip 

’ ~    ,~ ~o ~ ~ ~ 2o ~ ~ ~o angle and percent braking slip on a dw 
~ .......... ~ ..... su#ace with a 1,027 Ib normal load 

Figure 5. Normalized braking force as a function of slip 
angle-locked wheel 

O 

" 

Figure 6. Normalized lateral force as a function of slip 
angle-locked wheel 

0 

The normalized lateral force for a normal load of 1.027 I I 1 I I I 

lb is ~ lotted as a function of slip angle and braking slip in 
0 20 40 

Figures 7 and 8 for a dry and wet surface, respectively. 
Slip Angle (Degrees} 

The overall normalized lateral forces are much less on the Fi lure 8. Normalized lateral force as a function of slip 

wet surface than on the dry surface: however, the 
angle and percent braking slip on a wet 
su#ace with a 1,027 Ib normal load 

normalized lateral force for very small slip angles is about 

the same on both the dry and wet surfaces, especially for 

small percentages of braking slip. The normalized lateral for different slip angle conditions in Figure 9. The data 

force has a pronounced peak at around the 8° slip angle are plotted for three normal loads on both a wet and dry 

point on the wet surface and at about ~he 12° slip angle surface. Again. the normalized braking force shows a 

point on the dry surface at the zero braking slip peak near the 4° slip angle and the normalized lateral 

condition. As the percentage of braking slip increases, the force shows a peak at the 60° slip angle conditiom Thus, 

peak normalized lateral force diminishes in pronounce- the data show that a friction circle does not perfectly 

mere and occurs at larger slip angle conditions, describe the braking and lateral force behavior of this 

The locked-wheel normalized braking force is plotted tire. Both the normalized braking force and the normalized 

as a function of the locked-wheel normalized lateral force lateral force show a curl. which has never been explained. 
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" on a wet surface; thus, when emergency stopping 
0 4 12~ 20" 

30 performance is needed, the expected dry decei- 
t0 - oration potential cannot be attained. Based on 

4o 
these data, a locked-wheel deceleration on a wet 

so surface may be over 40 percent less than on a dry 
surface. The straight line normalized braking 

I force is largely independent of normal load on a 
6p 60° 

, wet surface; however, the normalized braking 

t force is inversely proportional to normal load on 
4~ __ Legend the dry surface. For those vehicle designers who 

O FZ ~ 250 Lbs Dq/ I i~ FZ 250 Lbe Wet want to increase the straight line braking per- 
[] FZ 600 Lbs Dry 

2~- [] FZ 600 Lbs Wet formance envelope on a dry surface, the data 
Fz 1027 Lbs Dry suggest this can be accomplished by using tires ~FZ ~027 Lbs. Wet 

with a higher designed load range. It is also clear 
0~- ~ ~ o~go~ 

that the effective brake proportioning can be 

o 2 4 6 8 to altered on a vehicle by the mixing of different 
Normalized Lateral Force (NFY) 

____ load range, tires front to rear. 
¯ The data in Figure A-2 represent the normalized 

Figure 9. Normalized braking force versus normalized braking force for combined cornering and braking 

lateral force locked wheel at a 4° slip angle. The normalized braking force 
for the dry surface is significantly higher than the 
normalized braking force on the wet surface and 
is very much a function of normal load. The 
observations about A-1 are also valid here. In 
addition, the peak normalized braking force on 
the dry surface of 1.25 is very high for the lightly 
loaded condition of 250 lb. The peak normalized 
braking force for the wet surface is becoming less 
pronounced and is moving toward higher slip 

Appendix A values as the slip angle increases. 
¯ The datain Figure A-3 represent the normalized 

braking force for combined cornering and 
Examination of Appendix A reveals the following braking data at a 12° slip angle. The peak 

observations: normalized braking force is again occurring at 
higher slip values as the slip angle increases. The 

~ The test data in Figure A- 1 show that the test tire normalized braking force for the dry surface is 
has a similar braking stiffness on both the wet significantly higher than the normalized braking 
anddry surfaces. A driver applying his brakes in force on the wet surface. The normalized 
a straight line braking situation would feel little braking force on the dry surface is again very 
difference in brake gain (vehicle deceleration much a function of normal load. 
versus pedal effort) between a wet and a dry ¯ The observations made aboutthedatain A-3 are 
surface up to about 0.2 normalized braking also valid for the data in Figure A-4. The 
force. However, there is a big difference in the normalized braking force for the 20° slip angle 
peak braking force between the wet and dry data in A-4 still show a peak although the peak is 
surfaces. The peak normalized braking force for occurring at about 80 percent longitudinal slip 
the dry surface is about 60 percent greater (braking). The normalized braking force on the 
(depending on normal load) than the peak dry surface does not show a peak for slip angles 
normalized braking force for the wet surface, greater than 30°. The normalized braking force 
The sliding normalized brake force for the dry on the wet surface does not show a peak for slip 
surface is also about 50 percent greater (depend- angles greater than 50°. Also, the wet and dry 
ing on normal load) than the sliding normalized normalized braking forces are starting to con- 
brake force for the wet surface. One can clearly verge toward the same value at the 60° slip anglel 
see the increased braking potential of this tire on Of course, the data in Figure A-8 show that the 
a dry surface versus a wet surface. It can easily be normalized braking force has converged to zero 
speculated that drivers can be lulled into a false at the 90° slip angle for both wet and dry 
sense of security when driving in the linear range surfaces. 
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Figure A,3. Normalized braking force versus slip ratio Figure A,4. Normalized braking force versus s~ip ratio 
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Figure A-5, Normalized braking force versus slip ratio     Figure A-6. Normalized braking force versus slip ratio 
(braking)~slip angle = 30°                                   (braking)--slip angle = 50° 
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Normalized braking force versus slip ratio Figure A-8. Normalized braking force versus slip ratio 
(braking)--slip angle = 60° (braking)~slip angle = 90° 
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Appendix B ¯ The normalized lateral force in Figure B-3 is for 

combined cornering and braking at a t2° slip 

angle. The normalized lateral force is much 

Examination of Appendix B reveals the following higher on the dry surface than on the wet surface. 

observations: However. the normalized lateral force on both 

the wet and dry surfaces again decreases rapidly 

¯ The normalized lateral force data in Figure B-I as the tire approaches lockup. The data in 

are for combined cornering and braking at a 0° Figures B-3 through B-8 show that as the slip 

slip angle, The normalized slip force is zero on angle increases, the locked-wheel normalized 

both the wet and dry surfaces regardless of the lateral force becomes higher and higher until it is 

degree of braking slip. However. once the tire the same value as the free rolling tire at the 90° 

develops a slip angle, the normalized lateral slip angle value. 

force becomes very much a function of braking ¯ The normalized lateral force in Figure B-8 shows 

slip. The data in Figure B-2 show the normalized higher normal load dependency on the dry 

lateral force decreasing from around 0.5 to 0.05 surface when compared to the wet surface. It is 

as the tire goes from a free rolling condition to a clear from the data that the higher normalized 

locked-wheel braking condition. The data in lateral forces are achieved with lower normal 

Figure B-2 show only a limited d ifference between loads. This effect is very prominent for the dry 

a wet and dry surface, surface. 

1.2 --                                                                 1,2 ~ -- 

Legend                                                                     Legend 
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¯ Fz - 250 Los Wet                                                           ¯ Fz - 250 Lbs, Wet 
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.8                             V Fz 1027 Lbs Wet                       .81-- 

.6 --                                                  .6 ~--- 

o 

.2 -- 2~-- ’~Z 

1.0 ,8 ,6 .4 .2 0 1.0 .8 .6 a .2 0 
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Figure B-l, Normalized lateral force vecsus slip ratio Figure B-2. Normalized lateral force versus slip ratio 
(braking)--slip angle = O° (braking)--slip angle = 4° 
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Figure B-3, Normalized lateral force versus slip ratio Figure B-4. Normalized lateral force versus slip ratio 
(braking)--slip angle = 12° (braking)--slip angle = 12° 
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Figure B-5, Normalized lateral force versus slip ratio Figure B-6, Normalized lateral force versus slip ratio 
(braking)--slip angle = 30°                                     (braking}--slip angle = 50° 
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Figure B-7. Normalized lateral force versus slip ratio 
(braking)--slip angle = 0° Figure B-8. Normalized lateral force versus slip ratio 

(braking)~slip angle + 90° 

Conclusion ¯ The normalized lateral force is surface-dependent 

above 4° slip angle. 

The normalized braking force is normal load- 
¯ Tire brakingand cornering performance for the 

dependent, especially on a dry surface. The 
test tire. and thus the resulting vehicle per- 

lower the normal load, the higher the normalized 
formance, has been shown to be very similar on 

peak and slide braking forces. 
both wet and dry surfaces in the small slip angle ¯ The normalized latera! force is normal load- 
and braking slip range. The braking and cornering 

dependent for slip angles above 4°. The lower 
performance on wet and dry surfaces has been 

the normal load. the higher the normalized 
shown to be very different in the large slip angle 

lateral force, especially on dry surfaces. 
and braking slip range. 

The above conclusions are based on the tire per- 
- The data have shown that the overall vehicle 

formance data measured in this one stud y. 
braking and cornering performance leve! can be 

increased by equipping vehicles with higher load 

range tires. Recommendations 
¯ The tire performance data in this study have also 

shown the possibility that vehicle stability during ¯ Tire design should be explored to increase we~ 

cornering and braking might be increased by tire braking and cornering performance. 

equipping the rear wheels of vehicles with higher ¯ Tire wheel rim diameter and width, as wel! as tire 

load range tires, aspect ratio, should be examined for their poten- 

¯ Tire normalized cornering forces are largely tial to increase tire braking and cornenng per- 

surface-independent in the regmn of small slip formance, especially in the nonlinear, more 

angles (less than 4° slip angle), severe, performance range. 

¯ Tire normalized cornering forces are largely ¯ Tireload range should beexplored as a potential 

surface-independent in the region of small tool for increasing vehicle brakingand cornering 

braking slip (less than 20 percent slip), performance as well as vehicle yaw stability. 
¯ The peak and slide normalized braking force is ¯ Tire normalized cornering forces are largely 

very much surface-dependent. The higher the surface-independent in the region of small slip 

friction coefficient, the higher the peak and slide angles (less than 4° slip angle). 

values. 
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Accident Avoidance--Crosswind Sensitivity of Some Streamlined Cars 

M.A. Jacobson Major Contributing Factors to Road Accidents 

Consultant, The Automobile Association, 

United Kingdom tn accident reconstructions, it is rarely possible, nor 
indeed necessary, to give precise answers as to what did 
take place, e.g., speed and driver avoidance action. The 

Abstract best one can hope for is to note the limiting values of the 

principal parameters that determine if a situation arose 
where an accident became inevitable or could have been 

~l’his paper is based on a detailed analysis of reaMife 
avoided by a driver exercising reasonable care and 

situations and is intended to highlight some of the 
competence. 

problems that can occur with modern lightweight cars 
The principal and interacting factors are-- 

when their aerodynamic shape approaches that of an 
The driver, his care and attention, skill and 

aerofoil. The problem of disappointing straight line 
experience, concentration and alertness, and 

stability when travelling at speed may be more pronounced 
state of well being, which includes not only drink 

in the United Kingdom than in Central Europe where one 
and drug side effects, but also emotional stress 

of the cars so flawed was conceived and developed. The 
The speed of the vehicles involved 

topography, significantly higher crosswind speeds, the 
The road layout and special topographic features 

alignment of the main trunk roads relative to the 
The dynamic characteristics of the vehicles 

prevailing winds of high speed, and the proneness for 
involved 

such winds to have extraordinary gust levels are cited as 
The weather conditions, including ambient temp- 

aa explanation for the difficulties experienced by motor- 
erature, intensity, and direction of strong winds 

ists when the low drag, front-engine, rear,wheel-drive car 
o The condition of the tyres 

was launched in 1982/83. Progress has been made to 
Generally it is difficult to give precise values to the first 

minimise the handling problems under high speed and 
two factors listed above. However, it may be possible to 

crosswind situations, but there is little chance of achieving 
state a range of probable values and, by a process of 

better driver skill. Therefore, it must fall on the carmakers 
iteration, give a close approximation of the most likely 

to do better and make their product fit for even morons to 
sequence of events that led up to the incident. In 

drive safely and be as predictable in their road manners in 
particular, the driver’s reactions to a given traffic situation 

wet, windy weather as under less demanding conditions, 
can span a wide range of possible options, from timid and 
slow to brash and erratic. 

It is, regrettably, still left to professional test drivers 
and motoring journalists to pass judgement on the 

Despite many significant advances in techniques, the general handling characteristics of vehicles. Their ap- 
information on the contributing factors to accidents or proach to a car is not typical of more normal motoring. It 
near-misses is still very scant and imprecise, takes most drivers quite a while to become attuned to an 

It would be wonderful if automobile engineers and unfamiliar model. The insurance companies can verify 
those concerned with preventing road accidents could that a disproportionate number of minor scrapes occur 
have the same feedback the aircraft industry has on the during the first few weeks following a change of car. This 
operational performance of its products and even on the may be a sad reflection on how well we prepare motorists 
causes and sequence of events leading to a near-miss or for modern fast-flowing traffic and dealing with confined 
actual accident. The precision of the results obtained in parking spaces. 
forensic analysis of aircraft mishaps is beyond what can The only deduction one can safely come to is that 
reasonably be expected in a reconstruction of road wherever possible, the cars and subsystems should com- 
accidents. In car accidents, there are generally no precise pensate for the inadequacy of those who drive them to get 
and reliable data up to the moment of collision or impact, them safely out of tricky situations. In other words, make 
Motor cars do not have black boxes or flight recorders to the car inherently safe even when the driver is not as 
assist an investigator in reconstructing the sequence of competent as he or she should be. 
events, including operator errors of judgement and their I have chosen a particular accident, not because it was 
consequences, a fatal one, but because it illustrates a number of 

By comparison, the reconstruction of road accidents is interesting features and was particularly well investigated 
fairly crude and remains more of an art than a science in greater detail than most such accidents. It was a single- 
since it is often based on intuitive reasoning, car accident on a well-maintained trunk road. 
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Accident Analysis Involving an Airborne much improved, but even then it was still not as well 

balanced as its front-wheel-drive competitor. The 
Family Car manufacturer achieved this improvement in his later 

model by subtle changes in some body panels, notably 
The case involved a young driver with only limited stiffening the floorpan torsionally, stiffening the suspen- 

driving experience and on his first outingwith a new 1.6-1 sion, and lowering the ride height. Also, attempts were 
car capable of a top speed of 101mph in wind-free made to introduce a controlled amount of eddying of the 
conditions on a level road. He survived, but his fiancee airflow over the rear quarters and thereby reducing 
did not. His general alertness and ability to respond to aerodynamic lift at the rear end. 
changing circumstances was poor. at least when he was 

subjected several months later to fairly simple tests. 

There are some features of this car that make this The Accident Site Conditions 

model distinctly different from others of the same general 

shape and weight (2,4001b). It is front-engine, rear-wheel- Although the inspection of the site and the relevant 

drive, has allindependent suspension, but does not have a measurements were undertaken some time after the 

very stiff floorpan, particularly on that section against accident, clear marks were left on the road, the kerb 

which the rear suspension struts react. It has a pronounced stone, grass verges, hawthorn hedges, telegraph posts, 

aerodynamic shape. When travelling at speed, it has been farm gate, and the grassy bank beyond the sunken farm 

noted and adversely reported on by several independent track. They allowed one to plot the progress of the car 

car testers that the early models (1982/83 build year) throughout the incident, including its trajectory while 

could be affected easily by strong winds, airborne. It also helped to pinpoint where the car made 

contact with fixed objects and to note concentrations of Driven steadilv but vigorously into a fast bend, even 

the 1982 83 models behave well. starting off with a mild scattered glass from light units, dirt from under-wing 

understeer and then progressing into a mild oversteer as areas, window glass, wheel trim, etc. 

speed is increased, provided the throttle is kept constant. The car had come up fast along a stretch of dual 

But if the driver loses confidence halfway through the carriageway, and had overtaken a slower moving vehicle 

while still climbing the long 1 in 12 rise. The road then bend and takes his foot offthe accelerator pedal, the rear 

can slide out so rapidly that many motorists could find it levels out before dipping into the West Broughton 

quite difficult to regmn control. Hollow, again at 1 in 12; it follows a wide curve. 

When one encounters strong crosswinds or fairly low 1 have safely negotiated this stretch of road in almost 

tyre-to-road grip conditions, this model is more prone to wind-free conditions with a wide-open throttle, reaching 

rear-end breakaway than a comparable front-wheel- 86mph as 1 breasted the rise and 91mph as I thundered 

drive car. down into the hollow; the road was dry. But the test car 

One should not forget that the instinctive reaction of was a 1.6-1 front-wheel-drive car ofa competitor’s make. 

most d rivers is to take their foot off the accelerator pedal 

when they note they have entered into a bend too fast or 

feel that the rear end of the car is about to drift sideways. Wind and Weather Conditions at the Time of 
Attempts to correct this by counter-steering are usually the Accident 
too late. partly because of the steering system charac- 

teristics and primarily because most drivers lack exper- There had been some sporadic, moderate rain showers 

ience of "driving at the limit." and considerable gusting of winds, with wind speeds over 

The ability to drive effortlessly and surefootedly at the nearby Met Office Stations exceeding 20mph. 

limit of tyre-to-road adhesion characterises a good rally When the car breasted the rise, the gusty crosswinds 

driver, for he can control a drifting car by rapid steering were coming at it at an oblique angle of about 40° to 60° 

and throttle application. An ordinary motorist cannot, relative to its line of progress, but the presence of hedges 

It was considered worthwhile to compare the 1982/83 on both sides of the dual carriageway and a dense 

model with a 1984 85 model lin which several modifica- windbreak of trees on the opposite side would cause the 

tions were introduced to improve the car’s behaviour) full force of the crosswind to be deflected upwards and 

and with its direct competition (which is front-wheel- most of it would pass over the roofline of the car. 

drive), and to do so not only under proving ground test Shortly before coming into the hollow proper, the line 

conditions but also on motorways under strong crosswind of fir trees stops abruptly and a car travelling westward 

conditions. Under wind-still conditions, all three behaved toward Uttoxeter would suddenly be experiencing the 

predictably and were at all times under perfect driver full force of the crosswind striking the car at about 50~ 

cont rol. However. at the time of the accident, conditions relative to its line of progress. 

were far from ideal. Under strong crosswinds, the latest The wind speeds recorded at the time of the accident 

version of the front-engine, rear-wheel-drive car was are by no means exceptionally high for the United 
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Kingdom. Much more severe conditions must be catered Determination of Car’s Speed at Moment of 
for in the overall design of a modern car. Leaving the Road 

Skid marks were left on the road and some were clearly 
The Condition of the Tyres striation marks, indicating that the car was travelling 

sideways for a time. It was relatively easy to obtain values 

Since the car in question had only covered some 280mi of tyre-to-road grip for the three conditions--dry, wet, 

prior to the accident, the tyres had hardly been bedded in and damp road surfaces--by braking to a standstill with 

and had not yet developed their full grip potential, locked wheels. 

particularly on a rapidly drying, yet still damp road At speeds above about 60mph, there is the risk of 

surface. Table 1 gives an indication of how the surface aquaplaning when the depth of water is about 2mm; this 

condition of welt-maintained roads influences the is typical for summer rainstorms. Generally, though a 

optimurn braking one can expect. The braking distance is thoroughly wet road tends to give a better tyre-to-road 

a measure of tyre-to-road grip. grip than when it is just damp, as, for instance, in fog or 

While some tyres are"grippier" than others under thin morning mist conditions or where the road is drying in ...... 

fihn conditions, thanks to their special tread rubber patches. It requires frost, salt, and grit application and 
compositions, all tyres behave very indifferently when a ample rainfall to open up the road surface texture and 
well-trafficked road surface is covered by only a thin film remove the thin layer of oil, diesel fuel, and abraded 

of moisture, though more and more modern tyres rubber that makes heavily trafficked roads so slippery. 
develop a good grip on rain-drenched roads. Damp spells" Danger. 

Table 1. Emergency braking distances for different road conditions. 

The distances are the be~;t that can be expected on well-maintained roads having either a 
tarmac or concrete surface. The figures are the distance, in feet, from a given initial 
vehicle speed to standstill and include reaction distance. 

Total Braking Distance (ft.) 

Initial 
For Different Road Surface Conditions & Sound Tyres 

speed 
Black Ice Damp Wet Road Dry Road 

mph 
1 mm Tread 5mm Tread 

Depth Depth 

5 11 7 7 6 6 
10 34 17 16 15 14 
15 70 30 28 26 24 
20 120 47 42 39 36 
25 155 60 55 50 47 
30 260 90 85 73 67 
35 345 117 105 93 85 
40 440 148 130 116 106 
45 555 185 161 141 129 
50 675 222 195 170 156 
55 815 265 230 205 185 
60 960 315 270 240 215 
65 365 350 275 250 
70 420 500 315 285 
75 480 600 360 320 
80 545 800 400 365 
85 620 930 450 405 
90 700 500 450 

Depth of Water 2mm 
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For the road in question, typical values were found to and rear bumpers of the car, two of the points of the 

be: trajectory could be fixed only approximately. Also there 

p (dry road surface) = 0.75 to 0.8 was a degree of uncertainty about the actual height of the 

!J (wet road. rain) = 0.6 to 0.68 point offirst strike on the soft bank some 88ft away from 

p (damp, particularly after a long dry spell) = 0.55 the takeoff point, i.e., relative to the starting point of the 

The striation marks indicated that the car was driven in free-flight parabola, for the car had spun in mid-air and 

excess of t he critical speed for the curve. As long as the there was evidence that the first part of the car to make 

car is maintained at this critical speed, there exists a ground contact was the side of the car. it could, however, 

balance of forces: a.rc = v2 only be within a fairly narrow range. 

In this: When due correction is made for the centre of gravity 

v = constant forward velocity of the car position of the car, it had to be at least 7ft and no more 

r = radius of curvature than 8½ft below the take off point. 

rc = critical radiusofcurvature, i.e.. the minimum Altogether, seven points of the trajectory could be 

radius ofcurvatureat which a neutral steering ascertained, of which three were only approximate. 

car can be driven at constant speed v without Accurately plotting them and giving the uncertain ones a 

drifting out realistic tolerance range confirmed that the car had 

a = limiting lateral acceleration = pg followed a true parabolic trajectory and partly turned 

/.t = maximum ty re-to-road grip coefficient while still in free flight. 

g = acceleration due to gravity It was, therefore, considered legitimate to use a simple 

The radius of curvature at the critical location is formula, which is familiar to those interested in ballistics. 

around 700 to 780ft, depending on the line taken by the The general, formula for an object propelled like a 

driver: flying projectile is: 

For the dry road condition: 

vc= critical speed = 88V2mph to 96½mph P = R [ 
-g 

For wet and rainy conditions: 
~                                              (H - R tan@)cOS2® 

Vc= 79mph to 89mph 

For damp road surface: in which: 
vc = 76mph to 80mph /.t = initial velocity at start of free flight through 

This leads to the conclusion that the car must have the air 

been travelling in excess of about 75mph when the d river g = acceleration due to gravity 

lost control. R = range 

H = height of point of impact above or below 

starting point 

The Airborne Phase 0 = angle of elevation of flying object relativeto 

the ground at the start of its trajectory 

There was ample evidence, on the spot where the car Measurements taken on site were: 

had left the road. that it had struck the kerb with the front R = 88ft 

wheels still rotating, for good tread pattern imprints were H = -7½ft to -8½ft 

left on the kerbstone and the verge. There could be a range of values of 0; however, the 
Striking the kerb would tilt the car very slightly scrape marks left on the hedges clearly rule out a large 

upward. The aerodynamics of the car would encourage proportion, e.g., negative values of 0, as wel! as those 

rather than suppress this attitude at takeoff. Thereafter, greater than about +3°. 

the car continued as a free-flying object across a sunken 

road. hedges, a pond. and a pasture before striking a 
For R ; 88 ft and H = -7 ft or -8~ft respectively 

rising grass bank some 88ft from where it took off, 

riccocheted off. and rolled over twice forward and once ® = 0° P = 91mph P = 82½mph 
backward before coming to rest as a broken and buckled 

O=1° p =82½mph P =76mph 
piece of machinery. 

O = 2° P = 76mph P = 7lmph 
In the analysis used. the slowing-down effects due to 

0=3° p =71mph fl =66½mph 
brushing against hawthorn hedges, a telegraph pole. and 

the pole of a traffic sign as well as air resistance have been Given the situation of a relatively inexperienced driver, 
ignored. There was no evidence that the car had been unfamiliar with the road manners of the make of car, 
badly dented by contact with these fixed objects, which is so markedly different from its predecessors and 

Since the top of the hedge can yield elastically when the many other current motor cars, and the damp road 

car first strikes it and since there were two nicks on the surface on this fast downhill bend in the d~ual carriageway 
wooden telegraph pole. caused by the edge of the front road, as well as the gusty side winds, it would be almost a 
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foregone conclusionthatthedriverwouldlosecontrolof need for fitting a rear end spoiler, though this is a 
his vehicle if travelling at speeds in excess of about standard and very prominent feature on all the more 
80mph. It would all be over in about 1.Ss, during which powerful models in this range. They use the same basic 
the car would be airborne for about 2/3s. body shell. 

In the early days of wind tunnel testing, the emphasis in 

most research departments was on reducing aerodynamic 

Why Should This Model of Car Be So drag, and any side effects this might produce, such as 

Sensitive to Crosswinds? unwanted aerodynamic lift and sensitivity to strong 

crosswinds, were barely considered to be of any relevance. 

It is not unknown for aerodynamic-shape cars to be In several wind tunnels, it is difficult to yaw the test car 

sufficiently to simulate a strong crosswind without the 
crosswind sensitive, and a number of well-known man- 

ut:acturers did have to stop selling, withdraw, or drastically wind tunnel bloc effect coming into play; moreover, this 

bloc effect can give very misleading numerical values. A modify the offending models, usually only after public 
wind tunnel will, of necessity, have limitations in tunnel pressure, severe criticism by the media, dramatic "roof 

bending" incidents, or fall-off in sales. In the case of the cross section, shape of side walls, and power output of the 

early Beetle, lack of top speed meant that the most likely wind generators. It will, therefore, be almost inevitable 

that when a vehicle is significantly yawed relative to the and fairly disturbing feature when encountering strong 
wind generator fans, some of the air blown over it in a and gusting crosswinds was that the car might be blown 

across one traffic lane when crossing an exposed road parallel stream of uniform velocity will be deflected 

viaduct. In other words, it lacked straight line stability against the sidewalls of the wind tunnel and then be 

under crosswind conditions, bounced back to pass over the rear end of the vehicle so 

I have experienced a flip-over in three quite dissimilar being tested and thereby significantly modify the air 

models, all without suffering serious injuries, for it was a velocity gradients in the wind tunnel. In most reaMife 

situations, this crowding effect is absent. The greater the relatively long period during which lift-off or being 

turned on the side took place, several seconds in fact, and yaw angle, the more unreliable the wind tunnel results 

tend to be. the slowing down to a stop was on a permanent top road 
One way around this would be to use wind generators 

surface or in cultivated fields, where the retardation was 

due to paint and metal being abraded by physical contact on proving grounds more extensively. Judging by the 

over a large surface area. rusty state of several of them (for example, those at 

’I’o the credit of the manufacturers of these early cars, MIRA), they are not being used all that often, and the 

reasons are all too plain. The airflow mass and pressure they did eventually undertake major design changes to 
characteristics of even very powerful compressors are minimise these undesirable trends. Also the knowledge of 

aerodynamic forces and couples generated by strong puny when compared with nature. The nozzle size and 

crosswinds did not exist at the time. It is, therefore, not the airflow velocity are such major limitations that only 

moderate crosswinds can be simulated. To create a yaw surprising that mistakes occurred. But since then, a great 

deal of factual, numerical data have been accumulated in angle situation representative of what can take place in 

many design studios. Racingcars have developed aerofoils high winds, say a 15° to 18° angle of attack of the 

resultant airflow as it passes over the car’s body, the speed to keep the rear end firmly on the ground, and air dams 

are now commonplace. The arguments about whether of the vehicle as it passes the compressor exit duct nozzles 

ground effect skirts gave unfair advantages toa particular at a right angle will have to be quite modest, i.e., about 

half the maximum speed of the car. In most modern cars, racing stable coutd not have gone unnoticed. 
crosswind sensitivity will not occur at legal speeds in the The new shape car had been developed in the wind 
United Kingdom, i.e., 70mph or less. However, people do tunnel and undergone extensive proving ground and 
motor well above that speed. road testing in Central Europe. Apparently the test 

drivers and development engineers did not encounter any Since this 1982/83 model has neither a small air dam at 

transient instability or other handling problems, the front nor anything resembling an aerofoil spoiler at 

the rear end, the car will experience a considerable 

aerodynamic lift when travelling at speed. 

IArnitations of Wind Tunnel Test Results The effect of aerodynamic lift increases as the square of 

the velocity of the air flowing over the body shell. The 

Adverse comments on the straight line stability were airflow velocity over the body is the resultant of two 
confined to the United Kingdom. The manufacturer velocities, which must be compounded by vector analysis. 
concerned had placed total confidence in the results The first force is due to the forward speed and the second .... 
obtained during his wind tunnel testing. Also, since the is due to crosswinds. 
car was intended for all markets in Europe and had to be As long as the car travelled in the wind shadow 
very competitively priced, management did not see any provided by the line of trees, there was hardly any 
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crosswind contribution. But as the car emerged from the lower intensity and less gusty inland. Also the terrain 

wind shadow of the trees and dipped into West Broughton tends to be more broken up by hills, forests, and copses 

Hollow, there was not only the additional air speed acting as wind force moderators. 
component of the gusting crosswind to be considered, but There are, of course, exposed sections of trunk roads 

also the two effects it produced: and motorways, but these and bridges and viaducts are 

1. It suddenly and materially increased overall lift liberally equipped with wind socks, which give un- 

to around 1 / 10 the weight of the car, which made ambiguous signals of wind intensity and direction. This 

the steering go light, for there was then less gives the driver the sort of early warning that allows him 

weight acting on the front wheels, and it also to moderate his speed and thereby minimise his being 

......... lowered the effective load on the rear wheels, blown about as he emerges from the protection of the 

which provided the forward momentum, wind shadow. 

2. Whereas in a more or less straight-ahead driving Where no such advance warning is received, it is all too 

mode the centre of gravity and centre of pressure easy for an average motorist to brake hard when he 

coincide, the presence ofa crosswind would tend suddenly feels the crosswind buffeting him. This can 

to make the car yaw in much the same way that a result in a fairly sudden transfer of weight from the rear to 

sailing boat reacts to wind forces, the front. This reduces the weight on the rear tyres to the 

The centre of pressure is the point at which one can point of momentary loss of grip on the road, particularly 

consider all the wind forces to act on the car, but it does in the damp, and the back may then slide out at an 

not coincide with the centre of gravity. The greater the alarming rate. 

distance between the centre of gravity (the point at which 

one can consider all the weight acting on the suspension 

to be concentrated) and the centre of pressure, the greater Comparison of the 1982/83 Model with Previous 

the leverage of crosswind forces. This creates a moment Models 

of trying to turn the car off its original straight line 

course. Such a moment must be resisted by sidegrip Whatever one may have thought about the previous 

forces exerted by the tyres on the road. The sideways grip models and their lack of all-around independent sus- 

will be limited by the tyre and road surface conditions, pension and other modern refinements, hundreds of 

........ There is a third centre-the centre of lift at which one thousands of motorists all over the world proved that 

can assume the combined vertical lift forces to act. Ideally these three aerodynamically unrefined box cars were 

this centre of lift should not move as the car travels faster, utterly predictable and far less affected by crosswinds; 

nor should it be influenced by crosswinds. Should the also there was no aerodynamic lift at high speed making 

centre of lift move rearward, then an aerodynamically the steering go very light. 

induced oversteer will occur, which is exactly the opposite By current standards, these earlier models are aero- 

of what is desirable, dynamically clumsy. Their general shape--a three-box 

The car in question suffered badly from this aero- arrangement--and the detail treatment of the body 

dynamically induced oversteer phenomenon, particularly panels, windows, etc., lead to considerable eddying and 

at higher speeds. When the winds were gusty and absence of an uninterrupted flow of air over the body 

exceeded about 30mph mean velocity, then the sensation shell. In a well-streamlined body shape with smooth 

of crosswind wander and the need for instant and rapid contours, the flow of air over the body is laminar, not 

countersteer would occur even at 70mph. One moment turbulent, and this laminar flow follows Bernoulli’s law. 

the car would be going as straight as an arrow; the next it For airflow over the body to be continuous, that part of 

would appear to dart off at an angle or move over bodily the airstream that passes over the bulbous (more convex) 

when passing close to a high-sided truck or coach. I have upper part of the body must meet up, a short distance 

repeatedly experienced this in the United Kingdom. behind the body, with that part that passes over the 

This tendency is less noticeable on the continent of almost flat underside. The part of the airstream that has 

Europe for several reasons, further to go over the bulbous part must, therefore, be 

It is a little known fact that the geography and travelling faster than the average air speed. 

topography of Great Britain has resulted in many of the It is a fundamental law of nature that, as air is speeded 

major trunk roads being so aligned that when strong up as it flows over the more convex part of an aerofoit 

crosswinds do occur, they strike traffic at an oblique (the upper part), it creates a lift. The faster the airflow, the 

angle of 15° to 90° on their North-South progress and on greater this negative pressure (the lifting force). The basic 

the East-West connecting roads on the sections where the principle underlying powered flight of heavier-than-air 

hills provide little windbreak at around 30° to 90°, all machines relies on this law of nature. 

relative to the line of progress of the vehicle. Fastback cars are particularly prone to generating lift 

In Central Europe, and that includes the manufacturer’s at the rear end because the airstream on this relatively 

proving ground area; the prevailing winds tend to be of smooth contoured, very aerodynamic car remains well 
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attached to the upper body without much eddying or running gear is the rate of this increase from zero to more 

turbulence. Broken flow causes a loss of lift. In an than 7°, which occurs as the car proceeds from the wind 

aeroplane, this is called wing stall, shadow of a tree-lined bank, or that provided by long 

As the aerofoil approaches the stall situation, the lift high-sided trucks, into the full force of a crosswind of 

diminishes to the point of collapse, around 30mph. It takes only a fraction of a second for 

It is surprising that the manufacturer, who had ample this transient, yet powerful, disturbance to get a hold on 

experience of building fast motor cars for sports and rally the car. It is the dynamic response of vehicle and driver to 

enthusiasts, did not make a discrete rear and spoiler a reestablish a new state of equilibrium, rather than the 

standard feature acrossthemodelrange. Moreand more actual displacement of the car from its straight line 

competitors add simple and discretely short rear-end progress, which can occasionally unnerve the ordinary 

bustIes and/or rear-end spoilers to their family cars and motorist. 

not only to their high-performance derivatives. The wooliness of the response to transients is often due 

The purpose of these rear-end spoilers, which take to there being too much compliance in the various 

extreme proportions on racing cars, is to insure that at rubber-bonded attachment points of the suspension and 

speed and in crosswind conditions there is a downward steering elements to the body structure. 

force acting on the rear wheels rather than an aerodynamic It is of little concern to the ordinary motorist that all 

lift. this may be due to either an inadequate, over-simplified 

mathematical model used in the early stages of product This is most needed in powerful rear-wheel-drive cars, 

for any lowering of such downward forces reduces the evaluation and assessment of design options or that the 

tyre-to-road grip. IX-or the same tyres, the greater the car will have to be tethered in an unrealistic way during 

downward thrust, the greater the ability of the tyres to wind tunnel testing. Nor is it any comfort to him that such 

provide the necessary control forces. These are fore and problems will be cured by a step-by-step refinement as 

aft for acceleration, steady speed, and braking, and time goes by. Nor can one hope that the explanation will 

sideways to hold the car on a predetermined course to be accepted as adequate, that in mass-produced cars it 

prevent sliding or skidding. Absence of adequate sideways may be necessary to have a considerable amount of built- 

grip causes the car to be jolted by crosswinds, particularly in compliance to smooth assembly and that at the same 

when t hese are gusty and coming out of the wind shadow time it minimises noise transmission from running gear to 

of tree-tined banks onto open, exposed road sections or the passenger compartment. It will not cure the problem 

after overtaking high-speed trucks or passing bridge nor restore public confidence in some models. 

parapets. The lighter the car and the more aerodynamic Crosswind effects should not be seen in isolation, of 

its shape, the more pronounced its tendency to be upset course. It is all too easy to exaggerate the frequency of the 

b5 gusty crosswinds unless spoilers are fitted, occurrence of strong crosswinds. It is possible to draw up 

A new industry now caters to motoring enthusiasts, tables that indicate the intensity and duration of strong 

winds likely to occur in the United Kingdom and, e.g., Since the launch of the car, some specialist accessory 

manufacturers have cashed in on the reluctance of the Germany. The one given here is based on United 

manufacturer concerned to do it in-house. Offered are Kingdom and German Met. Office records covering a 

welt-advertised add-on fitments to improve both the 10-year period. Strong winds are not an everyday risk 

front and rear end deflection of airflow and thereby factor, nor do the winds always blow from the same 

reduce crosswind sensitivity at speed. The car manu- quarter. 

facturer concerned is now making the optional extra of 

stylish add-ons available through some of its major 

dealers, at least in some of its European markets. Does How Strong Are the Transient Wind 
that imply this large carmaker is accepting that wind Gusts Experienced in the United 
forces can be troublesome, at least in the United Kingdom, Kingdom? 
and that it is up to the carmaker to so design even his base 

models that they can cope with the wors~ that nature and 
While it would be unrealistic to demand that a 

press-on motorists can do to upset straight line progress? 
carmaker design his lightweight cars to be able to proceed 

at almost maximum speed under every wind condition, a 

United Kingdom Wind Conditions realisation of what the peak wind speeds can be would 

not come amiss. In the flying car analysed here, the peak 

Table 2 gives an indication of what the motorist in the gust speed was only 42mph and the yaw angle this 

United Kingdom has to face from time to time. The induced rose in a fraction of a second from zero to 12°. 

resultant wind-speed yaw angle increases rapidly as Very high winds are occasionally encountered in 
crosswind velocity rises. Moreover, wha~ should concern Scotland. Mean hourly wind speeds in excess of 70mph 

the stylists and body designers and those perfecting the have been recorded at Glasgow and Edinburgh Airports, 
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Table 2. Annual percentage frequencies of wind near main trunk roads 

General Location 
Wind Force Intensity (Mean Hourly Values) 

13 to 19 20to 24 25 to 31 32 to 38 39mph 

mpn mph mph mph and 

above 

=ancasmre Fells 21.7 18.5 17.9 11.7 11,6 

close to M6. A66 --- 40.2 --- --- 29,6 --- 1 t 

--- 3.5 --- 0.1 
Glasgow Area --- 31.4 --- 

MS M73, Vt74 

--- 5.5 --- 0,1 
Eskdalemu~r, Scotland --. 29.3 --- 

M6. A7. A74 

--- 3.5 --- 0.1 
Edinburgh Area --- 35.3 --- 

M8. M9 M90 

Carlisle Area 25.3 4.9 1.3 0.1 

--- 1.4 --- 
M6 --- 30.2 

Newcastle/Tyne 24.7 8.1 3.5 0.7 0.2 

A1 A69 --- 32.8 --- --- 4.2 --- 0.2 

--- 8.9 --- 0.3 
Lancasmre Coast --- 44.6 

M6 M53 M56 

Shropsmre Plain                      21.7 4.2 1.1 0.1 

Vi6. A5 --- 25.9 ...... 1.2 --- 

Nottinghamshire Plato 23.6 5.3 1.3 0~2 

A1. M18 --- 28.9 --- --- 1.5 --- 

klottmgham/Central 24.6 3.8 0.6 
--- 0.65 

England M1. A46 --- 28.4 

Birmingham                             18.8                   3.6 
1.5 

M5 M6. M45 --- 22.4 --- 

East Ang{~a 29.7 6.0 1.4 0.1 

A10 All 35.7 ...... |.5        --- 

Bedford Area 28.7 7.7 2.3 0.3 

=- 2.6 
M1 A1 --- 36.4 

Standted near London 25.2 3.4 0.5 
--- 0~55 --- 

Mll A1. M25 --- 28.6 

London Heatnrow 22.9 3.2 0.7 
--- 0.7 

M3. Vi4. M25 --- 26.1 --- 

Built Up Areas. Surrey 17.9 2.3 0.3 
-~- 0.3 

M3 --- 20.2 

London. Gatw=cK 22.5 4.4 1.1 0.1 

--- 1.2 
M23 M25 --- 26.9 --- 

--- 7.5        --- 0.3 
3ungeness, Eng ish Channel --- 50~3 --- 

M20 

Exeter 23.1 4.8             t .3 0.2 

--- 1.55 
A30 A38 --- 27.9 --- 

Bristol Area 29.2 9.9 3.4 0.5 0.1 

M4. M6 --- 39.1 ...... 3,9         --- 0.1 

Cardiff Area 30.1 8.1 2.3 0.3 

--~ 2.6 
M4 --- 38.2 --- 

0.8        --- Hamburg, Germany                         ---       27.4         --- 

Hannover. Germany                         17                     5.5 
1.2 --- 22.5 --- 

For the purpose of direct comparison, wind conditions are also g~ven for two North German locations. 

All these values refer to steady wind speeds averaged on an hourly basis. A gust factor of 1.6 to 2,0 has been established on many 

s~tes where duration of SUCh gusts may only be a few seconds at a time, 

less than 0.1 percent but more than 0.05 percent 
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with short gusts, lasting at least 5s. exceeding 100mpho spurs. Wind gusts well in excess of 80mph were also 
On the Firth of Forth Road Bridge. the corresponding recorded in the same areas. 
values were over 75mph and over 105mph. The more exposed areas of the West Country, Wales, 

But the southeast of the country is not spared either_ and Scotland experience such high winds not for a few 

Winds in excess of 55mph, gusting to over 85mph. were seconds or even minutes at a time: here it can take much 

recorded in 1978 close to the main trunk route linking longer beforethe ferocity of such winds abates. The same 

kondon and Dover. A little more inland, but close to the applies to the East Coast and, due to its topography, this 

M20. these winds were 53mph, gusting to 76mph on a spells trouble for motorists driving on the northern ends 

number of occasions, of the M 1 and A1. The M5 and M6 m otorways have been 

buffeted by wind gusts of over 90mph. 
Even the Midlands do not escape high wind speeds: The topography plays a major role because it is the 

50mph winds with a minimum duration of 1 hour have 
funnel shape of such prominent features as the English 

been noted near Birmingham and also near Bristol. 
Channel. the St George’s Channel. between the land 

Gloucester. and further north near Shrewsbury. On a 
masses of Ireland and Wales. and. of course, the Bristol 

number of occasions, short-duration wind gusts of 
Channelthat causes an acceleration of air masses sweeping 

around 80m ph were recorded at these locations, 
in from the Atlantic. Such hills as the Mendips and others 

Welt inland, average wind speeds of between 45mph fringing broad valleys act as deflecting vanes in turbo 
and 55mph and a duration of at least 1 or 2 hours have machinery; they redirect the wind. In short, there are far 
been recorded, particularly near Nottingham. sweeping more major trunk routes in the United Kingdom that are 
across the main North-South motorway and its connecting affected by wind than in most European countries. 

Cross Wind Angle oz 1,                                      //, 
Car Speed 

12 
75-8 

-~ 10 

>" 8- 

4- 

2 - 
~ 

Cross Wind Velocity 

Fo~ard Speed of Car 

0 20 40 ~ 

Figure 1. Angle of elevation at takeoff 0° 
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Typical High Wind Speeds in Central Europe 

Extreme values of wind gusts of at least 5s duration 
may cause concern to architects and civil engineers who 

have to erect tall buildings and similar structures ca pable -,~, ~:~:~ ~; ~_, 

of withstanding the most severe wind !oading, even 

though they may occur only about once every 50 years. 

To the automotive engineer, the peak wind speeds that 

persist for at least 1 hour at a time. on average at least 

once every decade, are of more relevance. These should 

be included in the vehicle handling simulation, which can 

now be so colourfully s hown in computer graphics, and 

therefore allow modifications to be advocated before the / 

cars go on sale. 
a,~ 

On the Dutch Coast. they are likely to be 50 to 55mph. 

yet for many places in Northern Germany, including, 
among others, Hamburg, Braunschweig, Hannover, 

Berlin, Essen, Dtisseldorf. and Hildesheim, it is more [’ 

likely to be around 40 to 45mph. 
Geography is the prime reason why in places such as .~o T~";".~E"°.",~TE%~w°"K 

Frankfurt Main. Mtinchen. Ntirnberg, Stuttgart. and ~,;,, 
~ Ingolstadt, it is not likely to reach 40mph. In the Danube 

region of Germany and Austria, wind speeds in excess of Figure 3. Wind--direction, speed, and frequency at 
30mph are fairly rare. selected stations 

Flight Path 

o 5 

O 

~ 4 

"~ 3 
> 

I,M 

"6 2 

< 
1 

Car Speed 
mph 

0 

20 

Figure 2, Crosswind angle a 
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Occupant Protection for Frontal Impact 

Kennerly H. Digges. Chairman. United States 

Efficient Energy Absorption of Automobile Side Rails 

S. Yamaguchi, ~---mc~. SPEED CAMERA 
H. Kato, and 

LOAD 
#TEST PIECE T. Okazaki 

Toyota Motor Corporation BARRIER~FIXED 
#MOVABLE BARRIER 

Abstract 

The method for stabilizing the axial collapse of side Figure 1. Test equipment 
rails in a progressive folding mode. in which more 

efficient crush energy absorption was insured than in a 

bending mode. was examined by crush tests of closed-hat cameras. C rush loads were measured by load cell installed 

section members, o n t he fixed barrier face. 

The tests have shown that the properly designed 

beading functions effectively and the critical collapse Effective Beading To Stabilize the Axial 
length of slant-mounted side rails could be estimated. Collapse 

Introduction Figure 2 schematically shows the axial collapse mode 

in regular folding of a closed-hat section member. In 
Side rails absorb a large part of energy in head-on stable axial collapse, initial folding occurs near the 

barrier crush tests of automobiles. The side rails deform impact end with peak and bottom lines of waves per- 
in two different ways. One is bending deformation and pendicular to the axis. and subsequent foldings progress 
the other is axial collapse in a progressive folding mode. toward the other end with the same wave length (A). 
or the axial collapse. The axial collapse absorbs crush The purpose of beading is to trigger the stable axial 
energy more efficiently than bending and. therefore, in collapse. Therefore. t he foremost beading must trigger an 
some cases side rails are designed to be expected to initial folding and the other beading must trigger sub- 

deform in the axial collapse mode for a certain length the sequent foldings progressively with the same wave length. 
head-on barrier crush tests. However. in many cases the 

side rails fail in a bending mode before the axial collapse 

mode reaches the expected value. 

In this paper, two items are examined concerning the v-v 

section members generally used for automobile side rails, 
g ~ SECTION 

I. Effective beading (designed dents or bulges) 
shapes and their arrangement to stabilize the 

axial collapse 

2. Critical length of the axial collapse of slant- 

Test Procedurem°Unted side rails 

///-)~ 
! 

SYMMETRICAL MODE 

Figure I shows a schematic drawing of the test 

equipment. Test pieces were attached to the movable PARALLEL MODE 

barrier and impacteo to the fixed barrier. The deformat ion 

behavior of the test pieces was observed by high-speed Figure 2. Axial collapse mode 
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Two series of tests were conducted to examine the Test results of maximum crushload (Pmax) are shown 
effective beading shapes and their arrangement One was in Figure 4. The following were discovered: 
to examine the effect of various beading shapes on a 1. The corner beading (A1. A2, A3) reduces the 
collapse mode and their proper pitches: the other was to maximum crush load approximately by 20 
examine the effect of combination and arrangement of percent. 
the beading chosen from the previous tests. It was 2. The web beading (B1, B2) reduces less load than 
conducted for the members with and without the corn- the corner beading does. 
bination of beading, 3. The compound beading (C) reduces the same 

toad as the corner beading does. but it does not 

Effects of Various Beading Shapes and Their progress in subsequent foldings (see test results 

of folding mode). 
Proper Pitches 

Test results of folding mode are shown in Table [. The 

table shows the following: 
Six types of test beading shapes and their expected 1. Each type of beading, except type C. had its effects are shown in Figure 3. Beading was applied to the 

hat-plate of the member, 
proper pitch (ABO) to collapse the member in a 

regular folding mode. The proper pitch was: 
Four or five beading pitches (AB) were investigated. 

The pitches were: 
= a÷b )< a- b /~BO~AI) = ~BO(A3) 

2 
k3 

;~B -      x ki 
2 

~,here: kBOt A2) = kBOt BI ) = kBO{ B21 = a-b X k2 
a :    section width                                                                              2 

h : section height 

k : co~[ficient 
2. Type B1 and B2 beading folded the webs of the 

i : 1.2.3.4.5 
section ~n the opposite directions. Types A2 and 

A3 beading folded them in the same direction 

3. Type C beading did not allow the member to 

collapse in a progressive folding mode. All 
HAT PLATE 

~LAT ~LATE sections with the beading locally collapsed at the 

~~~~ 

~ TYPE 
initial stage of the deformation, and subsequently 

~ ~oo,,o, ......... the remmning sections between the beading were 

crushed. This is an extremely unstable collapse 

~ mode. 

,,~ _ x~ ~ ~- ~ TYP~ 4. All the flat plates did not fold regularly. 

A3 but " the 

CRUSH DISTANCE 

max                                            0 

T~e sa~e ~s m ERAGE VALUE 0 
TYPE-B : WEB B~AD|NG 

op0os~te alrech~n ~OF TEST RESULTSJ 

~ 
TYPE 

AZ + BZ 
c 

TYPE-C : COMPOUND BEADING 

Figure 3. Beading shapes Figure 4. Maximum crush load 
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Table 1. Folding modes 

~YPES~ 

PITC HES 

a+b ,. 
~ XK1 

-~i" - PLATE 

FLAT- PLATE 

Regular folding 

NOTES did not occur. 

All the section 

with beading locally 

collapsed at first. 

From the results described above, the corner beading ~,-TYPE A2 CORNER- 
(A1. A2. orA3) is suitable for the foremost folding point 

~ BEADING 
~TYPE B1 

because of its low crush load. For the other folding ~WEB BEADING 

pmnts, the web beading (BI or B2~ is suitable because it 

has a relatively high crush load and regulates the folding 

direction. I ) I 
Effect of a Beading Combination 

L).B XB__-.~ 
The effect of a beading combination was examined bv ~__..~..a .~,.~ ........ ~.B =-~xka 

crush tests of the members with and without the beading. 

Two types of members were tested. One was straight and 

the other was tapered, shown in side view in Table 2. Figure 5. Combination and arrangement of beading 
Figure 5 shows the combination and arrangement of 

beading, Figure 6 shows a test member schematically, 
Test results are shown in Table 2 and Figures 7.8. and critical length of axial collapse to decide the angle, Slant- 

9, Both types of the members without beading failed in a mounted side rails fail in two different modes shown in 

bending mode. but those with the combinanon of Figure 10. Bending mode A can be prevented by installing 

beading collapsed axially in a regular progressive folding an appropriate reinforcement to the rear port ion of side 

mode, rails. Here, the collapse length, before resulting in a 
bending mode B. is called the critical collapse length ol 

Critical Collapse Length and the      the side rail assembly including the bumper. The critical 
length was examined by crush tests for various mounting 

Mounting Angle of Bumper-Equipped angles of the side rails. 

Side Rails The test side rail is shown in FigUre ~1. The side rail 

had a sufficient reinforcement to prevem the mode A 

In many cases, side rails require positioning with some bending. The tests were conducted for five levels of t he 

mounting angle. Therefore. designers need to estimate mounting angles (0A and 0B shown in Figure 
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Table 2. Folding modes 

NO -- BEADING                        - BEADING 

PLANE VIEW                                          PLANE VIEW 

STRAIGHT 

HAT - PLATE HAT-- P LATE 

FLAT-PLATE FLAT- PLATE 

TAPERED 

~. 
HAT -- PLATE HAT-- PLATE 

FLAT-- PLATE FLAT- PLATE 

Figure 6. Test member 

Figure 8. Hat plate of straight member with beading 

Figure 7. Straight member without beading Figure 9. Flat plate of straight member with beading 
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ORIGINAL BENDING MODE A BENDING MODE B 

Figure 10. Bending mode of slant-mounted side rail                                                           ,, 

SIDE RAIL 7 
( 

--370~ --’320" 

BUMPER ARM ~ ~ -----=----~. l 
,J I ~o~ 6oo’r -6o~~ 

REINFORCEME NT 
I 

: 38~ ~’~ ~0~ 600~ 600 CROSS MEMBER                                                       , 

URETHANE                                                  I                         t 
- 

~ 
’ / .......... BUMPER 

_~1,~ ~ .......... ~ J~44 = 4~ _ j 

I 
Figure 11. Test side rail assembly                   --2~1 -~ 0    ~ 

~A 

~ a 
Figure 13. Critical collapse length 

The figure shows that the critical length of slant- 

mounted side rails depends on the mounting angle and 

that the increase in the absolute ~,alue of the angle reduces 

PLAN VI EW the critical collapse length. The combination of 0A and 

0B does not significantly affect the critical collapse 

length. Thus, the regions where the critical length is 

~ 
estimated to be 600mm and 400mm are indicated by 

broken lines. 
Additional tests were conducted to examine the reta- 

tionship of the critical collapse length and section height 

(b). In the case of slant-mounted side rails, the axial 

collapse progressing reduces the overlap (c shown in 

Figure 14) between the front end section and the section 

SiDE VIEW just collapsed. 

Figure 12. Mounting angle 

Test results are shown in Figure 13. Dots in the figure 
~~ OVerLAP 

show the mounting angles of the test side rails. The 

-~~ 

R~TE" 

number under each dot shows the critical collapse length 

of the test side rail. However, the length of 600mm is the 

maximum value limited by dimension of test side rail. 

That means the critical length is 600mm or more. Figure 14. Overlap rate 
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Figure 15 shows the overlap rate, which is cdivided by Thus. the critical collapse length could be estimated for 
b. at the instant of failing in the mode B bending, This mounting angle and section height. 
shox~ s that the critical overlap rates are roughly the same. 

(~B 
SECTION OVERLAP RATE (C/b) 
HEIGHT(b) 

’ 

0.6b~ 

Figur~ 15, Overlap rat~s at th~ instant ~f f~ilin~ 
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Efti:ctive combination and arrangement of beading 1. Mahmood. H.F., and A. Paluszny, "Design of thin 
have been obtained to collapse axially closed-hat walled columns for crash energy management- thmr 
section members in a regular folding mode. strength and mode of collapse," SA E Paper 811302. 
The critical collapse length of slant-mounted side 
rails could be estimated within limited conditions. 

Collapse Behavior Development of Body Components 

Reiner Brasche, available, affecting the dimensions of car front and rear 
(;eorgios Giazitzis, and end as well as the passenger compartment. 
He|rout Schmitt It is our objective to provide basic information about 
Ford-Werke AG the optimal structure conditions, to study and implement 

better development tools, and to make use of any new 

Abstract 
methods for the benefit of the product and the safety of its 
users. 

As a result of our development, we came across the ]-he development of car bodies is much affected by application of analytical methods predicting rather than 
saiety reqmrements, such as the FMVSS 208. Package is retesting the component form. gauge, material, and their 
of major importance. In other x~ords, space must be made influence on car crash behavior. 
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Introduction structure components, and dumms, trajectories under 

different kinematic conditions. Measured signals are 

The protection of vehicle passengers under impact analyzed by using the data processing equipment, The 

conditions ~s mainly a function of controlled energy following results are obtained (Table 1): 

absorption, at least from a body engineering point of A typical example is the dummy resultant head 

view. acceleration as shown in Figure 1. 

C o ntrol in this sense means a minimization of passen- "1- his test was conducted with a dummy fastened by a 

ger loading under the given change of velocity and a given production seatbelt on production ve hicle seats mounted 

deformation of space, where the permissible deformation on t he sled of the Dy namic Crusher: the deceleration was 

is limited by the request for a sufficient survival space about 17g mean value at an initial velocity of 41km h. 

within the passenger compartment. On t he other side. the The test analysis shows the deceleration time of the sled 

~njury criteria are related to the passenger’s deceleration and the resultant head deceleration curve of the dummy. 

pulse and shall not exceed defined valuesl 1). Within these The calculated Head Injury Criterion tHIC) is 283 fora 

boundaries, the inertia effects govern the loading of time interval of 108ms. 

passengers as a function of chosen change of velocity, Series of tests in this manner are evaluated and given 

Although static tests have proven their worth in various the HIC dependence on the initial velocity and the mean 

cases of structural strength, they are unsmtableto treat deceleration. The variation can be derived with 25 

the impo rtant inertia effects. These effects can be studied percent, due to small changes of ~ he head deceleration 

by using a calculation or dynamic test to do parametric pulse (Figure 2/. 

investigations. Important areas of investigation are-- To meet the HIC lirhited to 1,000. the mean deceleration 

¯ Optimizauon of the vehicle collapse mode and shall not exceed about 24g for a 56kmlh initial velocity 

body energy management for appropriate de- 

celeration level and pulse 

¯ Minimization of passenger loading by appro- 
Table 1 Test results 

priate design of restraint systems, including 

safety belts, seats, instrument panel, and steering ¯ acceleration of e.g. body, engine, dummy 

column system 
¯ velocity 
¯ deformation of component 
¯ displacement, dummy trajectory 

Experimental Methods ¯ force displacement characteristic 

¯ ener0y absorption 

The test device. Dynamic Crusher. is used to provide ¯ inlury criteria 

information about the behavior of vehicle structures. 

Ro=u.’l ,on - Hood Accol 

]~--~’Y    [A,--i , , ,I , , , I ,VI , , 

0 50 100 t50 200 250 

Time [msec] 

Figure 1. Dummy test result 
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I  250 

f 
LEGEND, 

o 1000 - oa42km/h _          ~’,-~56 km/h 

750 

5OO 

250             : 

0 ---4~ 
0 15 20 25 30 

NEAN DECELERATION [g ] ~ 
Figure 2. H~C variance 

test, although single peaks can be higher. With the knowr, 

mass of the vehicle, including driver, co-driver, and 

luggage, the mean deceleration value leads to the design 

requirement of sufficient structural crush space. 

The structural crush of the first phase is governed 

mainly by the behavior of the front side rails. This 

behavior can be studied statically and dynamically, 

}:igure 3 shows the sled with a mounted body side rail 

prepared t~r a dynamic test, 

The figure shows a body side rail of our Scorpio vehicle 

prepared in a \~ay that preformed darts reduce the peak 

load and insure the regular folding pattern. It should be 

understood that the pattern shox~s the final step of 

parametric studies as released. The energy curve and the 

force displacement characteristic are shown on Figure 4. 

Analytical Methods 

Analytical tools have the advantage of supplying 

information early in the development s~age when physical 

parts are not available. There are simulation methods as 

shown in Table 2. 

These are based on models with an appropriate 

mathematical description, Depending on the obiect~ves 

and the availability of the above tools, the suitable one is 

selected.                                                 Figure 3. Scorpio body side rail--component 
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Table 3. Simulation results 
Front Side Rail [1.75N i!laterial thickaess - ca 65x95 snaoe~ 

¯ dummy displacements 
¯ dummy velocity 

~ I,---~--~’o~T.~ ..... -~v~. ~ ~ ¯ dummy deceleration 

~. ~.~ 
¯ rotation of head and chest 

These results are obtained in relation to the s imulation 

0 0 time. A typical dummy head swingline is shown on 
t0~ 2111 3t10 4~ 5N ~ 

Figure 5, 

Figure 4. Scorpio front side rail-characteristic Finite Element Analysis 

Table 2. Analytical methods                                  Finite element models are used for static and dynamic 
analyses. As an advantage, this type of model is usually 

available from investigations in the field of Elastic 
¯ Spring Mass-Systems 
¯ Finite Element Analysis Theory. l’he geometric information can be carried over. 

¯ Finite Difference Analysis Elements. however, need to be redefined for two reasons: 

¯ Element definition and connectivity (QUAD4- 

N AS I’RAN--TRIANGLE-WR ECK E R-E’) 
¯ Coarseness of model to comply with computer 

Spring Mass Models capacity 

It is evident this tool allows the investigation of 

For energy management investigations and dummy different shapes of members, material gauges, and swag 

kinematic studies, the simulation tool. Ficem (in-house 
patterns. Of specific interest also is the influence of small 

program), is applied. The advantages are fast prep rocess- 
deviatio ns of nominal surface as a result of the stamping 

lag and quick turnaround of results at low cost. This tool process. 

gives the engineer information, for example, on simulation 
Figure 6 s hows the peak load d ifference depending on 

results (Table 3). 
these deviations. 

Figure 5. Dummy trajectory 
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i ~,.~ ~ _ obviouslY will be the desire of the analyst. 

~ ’"’ [~~ Finite Difference Analysis 

~ ~=’~ - ,, pe~,o~t ~ ...... ~ Finite difference methods were used successfully for 
2, 2~ o.o, = =p.~oot,o, continuous structures, e.g., pipes, vessels, etc. Many 
.... ~, 0., = =~,~,~o, 

efforts were made to use FD also in more complex---i.e., 
" ~, o.~ = *~*~’°~*°" automobile--structures. 

~, a.0 =,~,~.~t,o, Taking advantage of the Kirchhoff Shell Theory, 
o 0.0, 0.,~ 0.*, 0.=, 0., 0.~, .... , 0.,, 0.,, 0., which is valid for thin-shell structures, one can treat the 

°"~ ......... ’ " equations of motion of a shell for an automobile body. 

In the FD code that has been used(4,5), a regular mesh Figure 6. Influence of geometrical imperfections 
is formed on the shell, which helps to form these 

equations in a finite difference form at each mesh station. 

It can be seen that small imperfections in the order of The spatial differencing requires a regular mesh, and 
material gauge cause a great reduction of the peak load. discontinuities such as holes are hard to handle. This is an 
The following folding process, once initiated by always- obvious disadvantage. Complex structures can be corn- 
existing imperfections, is nearly independent from the puted, however, by means of connecting shells by 
above mentioned peak load reduction, appropriate shell boundary conditions at corresponding 

Figure 7 shows the post-peak-load behavior of a edges. 

longitudinal member, as computed(2,3). Figure 8 shows such a body side rail configuration 
The further folding will progress until internal contact under impact load at 9ms time with computed deformation 

of surfaces occurs. The contact of any two points needs to of three connected shells. 
be defined, for instance, with gap elements. 

In this case, one has to know a priori where contact Discussion of Results 
occurs or a precomputation has to be performed to define 

the contacting node pairs. A more effective approach 
As mentioned earlier, analytical methods can be used 

exists in some codes with defining a contact surface and 
early in the development process. 

I 

Figure 7. Computation of local fold 
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Figure 9, Scorpio front siderail correlation 

deformation. However. one has to study the effect of 

internal contact carefully in order not to misinterpret the 

results. Calculations are under way to compute the 

behavior of full body front and rear ends. The highly 

t = ~ rrlS iterative computations at the order of 10.000CPU’s b~ 

using a fast computer require suitable hardware. Our new 

Cray is yet to be used for this kind of development work. 

In summary, it is concluded that analytical tools can 

partly replace test work. 

Figure 8. Finite difference shell structure References 
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Advanced Concepts for Driver Air Cushion Systems 

G.F. Kirchoff, crash pulses. This is supported by computer performan ce 

R.W. Cart, projections to provide a total system design analysis. 

R.J. Wheelwright, and More details in each of these areas and the status of the 

G.V. Adams Thi okol program are provided with features, approaches, 

Morton Thiokol, Inc. 
and concepts rather than programmatics or actual costs. 

Abstract Co mponent Description 

It has long been recognized that cost has been one of 

the major deterrents to the acceptance of airbag systems Inflator 
in automobiles. This paper addresses some advanced 

design and development approaches being evaluated by The new lightweight aluminum inflator, now qualified, 
Morton Thiokol’s Utah Division toward reducing design, certified, and in production by Thiokol. is a key corn- 
development, and production costs of driver airbag ponent to this advanced system. It consists of two forged 
systems. While cost reduction values are not yet available, aluminum components, a diffuser and base. joined by 
nor are some of the design concepts proven, the inertia welding on three concentric diameters. It uses a 
approaches look quite promising, high-volume production squib, an ignition auto igmtion 

cartridge subassembly, sodium azide gas generant pellets. 

Introduction and combustion and diffuser filter and cooling screens. 

The design is amenable to high-volume production. 

Morton Thiokol, Inc., is evaluating several advanced Quantities anticipated in the near future are tess than 

concepts for driver air cushion systems to develop a lower 300.000 annuallv. The gas-generating p5 rotechnic used in 

this inflator ~s produced by a slurry/spray dry/pelletizing cost system concept than those offered today. System 

reduction is a result of (t) fewer components, (2) lower technique, which could be developed to a conunuous 

cost of those components, (3) component weight re- process but is now using batches of 3.000 lb each. Any 

process for high-volume processing of gas generant must duction, which reduces cost of support structure, (4) 
mimmize operating personnel contact, due to the toxic reduction in system installation cost either at the OEM or 

in the after-market, and (5) reduction in development, and hazardous nature of the intermediate constituents. 

qualification, and tooling costs, while still being able to process large uniform batches of 

the final pelletized product for use in the inflator. The primary ground rule during this cost reduction 

effort is that there is no degradation in system reliability. A second inflator requirement is that it be easily 

This includes failure of the system to function, an tailored to meet future driver system performance 

inadvertent t\~nction, or a failure of the system to perform specificatio ns and the envelope and interface imposed by 

the steering wheel and module. Figure I shows those the specified requirements when it functions (i.e., low 

inflator, slow sensing bag rip, etc.), parameters established for this inflator. Also this 

The approach that Thiokol has taken attempts to capability must be feasible with a standard inflator and 

without requalification, tooling, or certification. reduce costs in each of the five areas cited. Component 

cost reduction has been effected through a simpler 

inflator design. The reduction in components has been Module 
effected by actualization of integrating sensor concepts. 

Reduction in weight has been accomplished through the The key features of a driver module design must 
use ofaluminum and simpler structures. Placing a sensor minimize weight and number of components, and 
in the steering wheel and using a pyrotechnic actuation simplicity of design. 
system are being evaluated to reduce installation costs of The module design Thiokol is evaluating features a 
the airbag system. Reduction in the development cost of one-piece, reinforced urethane cover and an aluminum 
the airbag system is accomplished by using baseline- housing, which results in a lightweight, compact unit 
developed and qualified components, and modifying easily attached to a steering wheel. The total weight for 
them for each automobile. Testing cost reduction is the module linflator, reaction plate, bag, cover/ assembly 
evaluated by using a pendulum test technique for sensor is 3.3 lb. Figure 2 shows a cutaway of this design. The 
testing and developing sensor actuation times for various module housing is stamped from an aluminum sheet and 
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Tank Pressure vs Time                                                               0.?=20 in. 

1 Cu Ft (28.3 Liter) 
Test Tank 21°C Evacuated 

0o 
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Time (ms)                                                          Envelope 

Figure 1, Advanced lightweight inflator 

Figure 2. Thiokol module design 
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provides the attachment features for the remmning " 
module components. Of these, the cover is the most 

difficult to manutacture. It is a single-piece, construction- 
i 

~ ~L~×,~ o,s~ 

reinforced, molded urethane that snaps tnto place over 

the cushion and housing and is retained by a conunuous 

lip around the edge ofthe housing with a steeI retainer to ~ 
hold the two longest sides together. The single cover 

functions as both a protective cover to the airbag and a . 
decorative cover. An internal, molded-in-place, nylon 

mesh provides needed reinforcement for the cover panels 

during deployment. Tear seams exposed just to the 

nterior surface are being examined, however, until test 
/__ 

resut~s verify thi~ concept. The more conventional 

;~pproach of having tear seams o~ both external and 
Figure 3. Technar’s low-cost gas-damped sensor 

internal surfaces has been selected. 

Sensor/Transfer Line 

ghe sensing element we have been evaluating with the            -~-4-- 

module assembly is one of the new pseudo-integrating 

mechanical sensing elements with either an electrical 

ca~sure sx~ itch or a mechanical firing pin with a percussion 

pr~mcr. The percussion primer ininates a thin-layer 

explosive (TLX} transfer line. which transmits a pyro- 

technic shock wa~e to the inflator for initiation. The 
’\ 

sensingelementwehavebeenevaluatingisagas-damped ~_ ~ ~ --. ~O~ULC~SH~S 
~-"~ sensor being developed by Technar. A schematic of this 

sensing element is shown in Figure 3. The integration that ~ \ ~ ~ - 
take~ place is a function of the travel of the "’cup and 

mass" in the forward direction against the spring force 

and airflow around the cup. These impulse characteristics ~,,c~ ~,,~,~,~c~ ,u,s 
~0c~ 

are shoran in Figure 4. plotted to show the functioning 

and nonfunction regions in relation to the velocity 
0 t 

~L~w~ 
change and time duration of the crash impulse. Other 

imegra~ion sensing elements available in the market are 

also candidates for this system.                                                      ~LS~ 

Figure 4. Crash/noncrash impulse map 

Module Assembly 
configuration is presented in Figure 5. The TLX transfer 
line. as shown in Figure 6. consists of a thin coating of 

We are evaluating both the Pyrotechnic Sensor Module reactive materi al on the insi de of a plastic tube encased in Svs{em and the Electrical Sensor Module System. 
a protective coating. When initiated by a brisant primer, 

a pyrotechnic impulse is transmitted along the transfer 
Pyrotechnic Sensor!Module System line at a velocity of 4.593ft s. Since the length of the 

transfer line in this system is about 4in. the time delay 

the system that employs the pyrotechnic transfer is between the sensor and inflator is less than 0. lms. Inside 
ca~led a pyrotechnic sen sor module assembly. The sensor the inflator, the transfer line is terminated adjacent to the 
oe*ec[s the crash environment and. through a percussion ignition charge, so when the pyrotechnic impulse reaches 

mechanism, initiatesathin-tayer explosive (TI,X)transfer that junction, the inflator fires exactly as it would if 
line that transmits a pyrotechnic shock wave to the ~nitiated electrically. 
in*lator for initiation_ The sensor is mech anicaltv attached 

to the back of the module housing, and the transfer line Electrical Sensor/Module System 
would be connected directly to the inflator. No changes 

to tl~e steering column design are needed to accommodate The electrical sensor,’ module assembly incorporates 
this concept. A very preliminary design layout for this current airbag system technology except that everything 
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Figure 5, Preliminary design of pyrotechnic sensor/module assembly 

and structural integrity during vibration and shock 

~ 
- PLASTIC TUBING 

environments. Power from ~ he horn ring is used to charge 

the capacitors where the vehicle’s electrical system is 

~ 
1 PROTECTIVE 

energized. When the sensor funcnons in response to a COVERING 
crash impact, it closes a set of electrical contacts, allowing 

~,~x,~~ 

I 
electrical energy from the capacitors to be applied to the 

~~/d 
~_ ~x~,~ 

0.1120 

electrical squib, which, in turn. fires the inflator. The 

~ .. 
DIA added weight to the steering wheel for either the electrical 

0.040 or p:yrotechnic concept is approximately the same and is 

. 

~ DI~ 

shown in Table I. The total assembly weight is 3.7 lb. 

which is a substantial reduction over that previously 

available. 

Ease of Installation 

/ There are two key decisions yet to be made for future 

ZREACTIVE MATERIAL (20 MILLIGRAMS OF driver airbag systems that affect the ease of installation. 

ALUMINUM AND HMX EXPLOSIVE PER METER These are ~ 1) location of the sensor--that is. can it be 

OF CORD) located in the steenng wheel--and. (2) whether the 

inflator initiation element should be electronic or pyro- 

Figure 6. Cross-section view of TLX transfer tube technic. Although there are a number of ongoing programs 

to provide the data needed to make these decisions, the 

is contained within the module assembly. This eliminates answers are not yet clear. It may be that one design 

the need for complicated interconnecting wiring harnesses approach can be selected for one automobile, while an 

and a slip ring or rotanng electrical connecnon in the alternate approach is suitable [or others. Several elements 

steering column. The sensor is mounted to the module are obvious at this point, if we wish to have a system that 

housing next to the inflator (Figure 7), while on the can be used for either. These are 

opposite side is a cavity containing the energy storage 1. The inflator used must be suitable for either 

capacitors. All components are encapsulated in a plastic pyrotechnic or electrical initiation, without maj or 

cover with a foam potting material to maintmn position development, qualification, or tooling costs. 
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Break Wire                               Cord End 

Inflator 

Driver Air Restraint Module Figure 9. BDRACR computer model 

Figure 8. Layout design of driver inflator module with      -- 

TLX Transfer line                                               ~ 

Energy Steering 

I    I F rl Ab,orbing 
Development. Qualification, and Tooling ~S,.~a 

View A-A 

Reduction in qevetopment, qualification, and tooling 
costs is a maior factor in selecting a driver airbag system. 
Further. the costs rellect the lead time required to bring 
the svs,em to production readiness. There appears to be 
t,,~o key< to accomplishing these efforts with mimmum Device 
cost. /he first o! these is to use developed and qualified 
components where possible. Fhis is particularl3 true of 
the i~cms that are vet’, expensive to develop, tool. and 
quatify, such as the inflator and sensor. Second is the 
mi,~imization oflesting cost through the use of computer Figure 10. Pendulum test device air cushion system 
modeling and simplified dynamic testing, which can be impact test 

used to replace more expensive sled and car crash tests. 
this paper will not dea! with computer modeling, 

which will be dealt \~ith extensivel~ in other papers, impacted into the pulse generator, the sensing sequence 
except to sax thai through the use ot the BDRACR can be simulated with an inexpensive test versus an 
Computer Model (Figure 9) by Fitzpatrick Engineering, expensive sled or car crash dynamic test. Just as in a car 
excellenl prediction and ~esign capabilities have been crash test. various sensors can be tested to provide 
obtained with close agreement between s~mulated and comparative data. 
actual results. Another featnre we believe wil! reduce In conclusion, we believe that the recent and ongoing 
de~elopmen~ costs is a newl’~ devised pendulum test effort, to use lighter weight, simpler inflators, simple 
device no~ being fabricated. This device has been integrating sensors, potentially simpler installations in 
designed to simulate the ini*ial portion of any given crash the steering wheel, pyrotechnic initiation, and more 
~mse up to 15mph through the use of a pulse generator sophisticated testing, coupled with more accurate com- 
ai@ energ.’,-absorbing bands. With the sensorand module purer perforn ance modeling, offer lower cost systems 
assembly mounted on the pendulum (Figure 10t and than those previously available. 
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Figure 7. Electrical sensor/module assembly 

Table A. Weight summary driver air cushion module 

Module Assemblies Design Description Weight 

Inflator Assembly Lightweight Aluminum 585gms 

95501-01 Construction 1.3 tb 

Module Assembly Lightweight Reaction 906gms 

Without Inflator Plate. Bag, Attachment 2.0 Ib 

Hardware and Cover 

Sensor Assembly Pyrotechnic Mechanical 1 80gms 

(No Diagnostics) Sensor with Transfer 0.4 Ib 

Line or Electrical Sensor 

Module Assembly 1671 gms 

With Sensor Assembly 3.7 Ib 

Module Assembly 1491 gms 

Without Sensor 3.3 Ib 

Assembly 

Thiokol has done this with the aluminum rotating)ointtranstErlinesystemforpyrotechnic 

inflator. ~gnition. s hown in Figure 8. This concept appears 

2. There must be flexibility in sensor component adaptable to a standard steering column with 

placement to locate the sensor other than in the minimum modification. It is not developed or 

steering wheel, should this be desirable. This is qualified, though it has been conceptually 

abvious for the electrical system based on existing p roven. 

designs. [t ~s not obvious for the pyrotechnic These decisions will obviously have a major impact on 

system. Thiokol has designed a nd is evaluating a future cost of installation of airbag systems. 
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Injury Criteria for Combined Restraint Systems 

Dr. Lothar Gi’osch 
The dummy rib can be deflected in the sagittal or 

Daimler-Benz, Sindelfingen lateral direction (Figure 2~. In the case of a symmetrical 

sagittal deflection (a), positive strain s of equal magnitude 

SSAo are measured on both measuring points. In contrast 

Abstract to this. the nonsymmetrical lateral deflection (b) induces 
a positive strain at measuring point I and a negative 

The expected improved performance of a combined strain at measuring point 2: both of magnitude SLAT. 
restraint system where an airbag supplements the con- 

ventional safety belt was not reflected in reduced g-values 

on the dummy’s chest. However, by the distribution of 

forces over the wider area of the airbag and the cor- 

responding reduction of the pressure exerted by the 3- 

point belt. improved occupant protection is actually 

produced. Therefore. a new method to measure the 

deflection of dummy ribs with strain gauges has been 

developed. The resultxng data indicate a significantly 

reduced chest deflection when a combined system is used. 

Similarly, a concentrated load from a steering wheel in 

the mouth area at a low HIC value means a higher injury 

risk compared to a widely distributed load from an airbag 

at an even higher HIC value. Consequently. an additional 

facial bone injury criterion based on measurements of the 

specific loading on the dummv’s face would be useful. 

and an alternative calculation of HIC focusing only on 

that portion of the head acceleration curve assumed to 

have a brain-injury potential is necessary. 

Chest Injury Criterion Figure 1. Location of strain gauges on dummy ribs 

Due to the combined effect of two restraints a 3- 

point belt and an airbag the acceleration measured in 

the chest of an anthropomorphic dummy is greater than . 
with a 3-point belt alone. MEASURING POINT SPINe ?~EASURING POINT 

1 Since most of the chest injuries {especially rib fractures) 

in real-world accidents are due to contact with the belt or 

with the steering wheel, it is not chest acceleration that is 

important for identifying the potential injury level but the 
/ deflection of the dummy’s chest, 

t / 
A new method, evaluated through extensive tests with 

. dift’erent restraint systems, has been developed to measure 
I -= ’ 

the deflection of the dummy ribs by means of strain 

gauges. 

’\1      ’"      saG~ ~TA~              / /     ,, 
Experimental Method 

The sled tests were conducted at 30mph. The vehicle 

was equipped with an airbag, a knee bolster, and a 3- 

point safer y belt (webbing elongation 14 percent) on the STERNUM 
driver side. 

a! SAGITT~ ~ LATERA_ The test device was a Hybrid II dummy, eqmpped with 

strain gauges symmetrically attached on the six ribs near 
Figure 2. Measured strains if both modes of deflection 

the spine (Figure 1), 
occur 
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If both modes of deflection occur simultaneously, the 

a°l! 
~a=0‘ 

measured strains are: ~ a ) 60 

SI -- SSAG ~ SI.AI and S2 = Ss,x~; - SEar (11 ~0 003 = 45 g 
zo 

From this. the sagittaland lateralcomponents, respec- o ~’o zo ~o 

tively, can be calculated: ao~ 

t     b) 

~0 

Ssa(i = 1/2.(S~ ÷ S~} and St.A-~ = 1/2"1S!-$21 t0 a0.00a = ~l g 
(2) 

2o 
~. 

~,~~c They are (in linear model) proportional to the COT-          o~ io ~o ~o ~ ~ io qo ~ 
responding sagittal and lateral rib deflections: 

¢ 

~o~°|! 

c 
DSAG -- SSAG and DLA.T -- S~.A.r (3) ,o 0,00a = a9 g 

~’o ~ .... 
~.~c that can be determined by calibration, o. 

The resultant deflection ofeach dummy rib is given by: ~ ~o ao ao ~o ~o ~ ~o ~o 

S ~ ~ k2 k 0.6 Figure 3. Resulting chest accelerations 
DRES~ "~- SAG- = SI.\I2 = 

determined by calibration 14) 

The total of all rib deflections or. alternatively, the 

average deflection o [ anterior chest wall. can be regarded 

as a measure of chest deflection: 6 "-,J~ 6 

DTOTAt- 
= D[~st~} + . . . Df~l~S’"’ DAV = l/6 ~ 4 

2 

Results and Data Analysis                          1 

Three types of" restraint systems were evaluated using - 1 
~ ~ i t 

sled tests: 
a) Three-point safety belt alone without emergency            ~ zo ~o so 80 ~oo ~zo ~a aso ,,~o zoo zzo ms 

tensioning retractor* (3 PT) 

bl Airbag combined with 3-point belt alone 4 ~ b ) 

(AB - 3 PT) ~ ~ 
c) Airbag combined with 3-point belt ~ith ETR 

(AB ~- 3 PT -- ETR) 
2 

The resulting chest accelerations (Figure 3) and rib 
l 

strains (Figure 4/indicate 0 

¯ Increased g-values when using the combined - 1 ~ F~8 r i gh 
system without ETR (b), due to simultaneous ~ z~ ~o so ~o ~o ~o~o ~o 260 a~o msa~ 
restraint forces of belt and airbag in phase with 
each other r c) 

¯ A reduction of chest acceleration with ETR (c), ~ 
due to the early restraint effect of the belt and. 2 
therefore, delayed contact with the airbag, i.e.. 
belt and airbag out-of-phase 

0 
¯ In contrast to the tendency of increased chest 

acceleration, significantly reduced rib st rains for 
- 1 r ~ g h t 

the combined system o 20 ,o s’o s0 ~co ~Zo ~2~7~o ~o ado ~o 

Figure 4. Resulting strain date of different restraint 

~ Io eliminate belt slack upon lmpac~ systems 
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Consistent with this, the upper torso belt load at the 
5~4 ~ 

shoulder is significantly reduced for the combined system 

without ETR and slightly increased with ETR because of 

the delay in belt unloading from the airbag. 33 == 

The separation into sagittal and lateral components of 39 

rib strains indicates.--- 
¯ Nearl5 the same total sagittal deflection for all 25 

three restraint systems (Figure 5) 
® Lateral deflections in each case higher than the 

sagittal, but a reduction of almost one-half when 

the combined system is used (Figure 6) 

Furthermore. some other important facts: 

® Consistent with rib fracture occurrence in real- 

world accidents, the lower ribs are much more 

stressed than the upper ones. 
® By the combined system, both sagittal and 

lateral deflection of the lowermost rib are signif- CHEST AVERA6E DEFLECTION 

icantly reduced; even more with ETR. ACCELERATION OF ANTERIOR CHEST WALL 

The comparison of rib-deflection data to the chest 

~) 1 3aT g~wHues (Figure 7) indicates contradictory tendencies: 

~ With the combined system (b), increased chest ~} ~ AB + 3 PY 
acceleration but reduced deflection --1 ~ AB + 3 PT + E-’YR 

¯ With an ETR in the combined system (c), lower 

g-values but nearly the same deflection 
.... Figure 7. Comparison of restraint systems using either 

Because most chest injuries in real-world accidents are chest acceleration or chest wall deflection 
caused b> rib deflection and not internal acceleration the 

rib-deflection data are obviously more suitable for 
estimating the risk of chest injury than are g-values. 

Therefore, the need exists for revised chest-injury criteria 

based on chest-deflection measurements instead of chest 

acceleration. 

Head Injury Criterion 

It is not the purpose of this paper to provide an 

extensive review of the pros and cons concerning the 
subject of HIC. Suffice it to say that--- 

H IC is not adequate to evaluate the potential for 

Figure 5, Saggital deflections of dummy ribs                        facial damages, depending on both the local 

impact forces and differing strengths of the 

individual facial bones. 

The current HIC calculation can suggest that an 

..... artificially high brain-injury risk exists for a 

,0~ ~ crash that has a relatively low g-level but a long- 

~,t 

~ time duration (e.g., contact to airbag or non- 

..... , ~ .... contact events). 

’t ~’. ~ Head acceleration data are insufficient to predict 
~ i ~t , / localized fracture of the facial structure for two reasons: 

J ,I ’~ (1) there are a wide range of load limits for different zones 
’+’ 

~ i in the face and (2) its incapability to detect localized hard 

~ ~0 points in the contact surface. Therefore, attempts have 

, A been made to apply various devices for pressure indication 
on the dummy’s face (Figure 8). 

~ .................. r .................. ,~- Due to some difficulties in practical application--in 

particular where the contacting surfaces move relative to 
Figure 6. Lateral deflections of dummy ribs each other during an impact--it is necessary to enclose 
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~ H A R D CONTACT TO STEERING WHEEL 

!/-0 + 
---~14 ~ CURRENT HIC 940 

100 l 

@~ ~ 

MODIFIED HIC 940 

BRAIN    INJURY THReSHOlD 

~0 60 80 ~00~201~0160180 ~ 220 

~ 
S 0 F CONTACT T0 AI~AG 

120 

g 
CURRENT H]C 890 

~OD[FIED H[C 500 

BRAIN INJURY THRESH0~ 

~~ 
~ 

20 ~,0 60 80 ~I00 "t20 1~0 160 180 ms 220 

La 
 2°I N0 C0NTACT 

Figure 8. Dummy face with pressure-indication devices 

74 m~ ~ ~R~ENT H]C 890 80~ 
the devices in silicon masks or nylon stockings; further ~ A ] MODIVIED HIC 170 
improvements are in progress. The difference between 

static and dynamic loading makes it necessary 1o calibrate ~ I~~ ~ TMR~SM0~ 

the device under approximately the same conditions as 

those under which it is used. _/, ..... 
With th~ help of this prossur~-indicadn~ d~vic~. £aoial O~ 2~ ~o 6o ~oo ~oo ~2o ~0 ~8o ~6o ~ 220 

injury pm~n~ial could b~ monitored. Whon ~h~ dummy’s 
head contacts an airbag ~nstead of a steering wheel, in Figure 9. Head acceleration curve of different head 

spite of similar head accelerations and H1C values. Ioadings 

respectively, a more than fiftvfold reduction of facial 

pressure was measured, short-duration head impacts up to 15ms. and the leve! of 
confidence is lower for those portions of the WSTC, 

Modi[ied Calculation of HIC which are analogous to noncontact events of longer 

duration. 

It is generally accepted that the currently used HIC Consequently, the calculation of H1C should be mod- 

fo rmula is not able to handle the high tolerance levels in if ted, recognizing that there exists a brain-injury threshold 

cases of long d uration but low-level head acceleration set to 60g by the originators of the WSTC; that, of course, 

pulses and. therefore, can produce an artificially high simply reflects the fact that if maximum acceleration does 

HIC. Consequently, HIC appears not to discriminate not exceed this critical value, insufficient inertial forces 

between hard steering wheel impacts, soft airbag contacts, are developed to produce injury. It does not matter how 

or noncomacts, as shown in Figure 9 tong the acceleration persists. Those portions of the head 

In spite of similar HIC values, the actual brain-injury acceleration curve below the 60g level are assumed to be 

risk of the three head acceleration curws would be below the threshold at which brain injury occurs and 

ditTerent, because the existing real-world accident data should be neglected. A modified HIC calculation must 

show no brain injuries with the absence of a head strike or focus only on that portion of the head acceleration curve 

in the case ofairbag contacts. Serious brain injuries occur assumed to have a brain-injury potential and should be 

only with evidence of hard surface impacts. The reason limited to the specific time interval where the 60g injury 

for this is that most of the data points defining the threshold is exceeded as shown in the shaded portion in 

Wayne-State-Tolerance-Curve (WSTC) were based on Figure 9. 
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AcomparisonofcurrentandmodifiedHICcalculations accident data: H1C’s of truly hard impacts are not 

for different head toadings during rigid barrier tests is affected, whereas those of soft contacts to airbags or 

given in Table I. it is interesting to note that only the noncontacts are significantly reduced. HIC becomes 

modified HIC values are in line with the real-world what it should be. namely an effective discriminator 

between those systems that allow hard injury-producing 

head impacts and those that do not. 
Table 1. HIC of different Ioadings current and modified 

calculation 

Head Current Modified Summary and Conclusion 
Loading AT HIC AT HIC 

Hard Impact 10ms 2220 13ms 2250 To ascertain that the improved occupant protection of 

to Steering Whee~ 33ms 1240 27ms 1220 a combined restraint system will also be reflected in the 

or Dashboard 14ms* 940 13ms 940 injury criteria, it is necessary that 
Soft Contact 40ms* 890 16ms 600 . Evaluation of the chest-injury risk be based on 

to Airbag 43ms 600 7ms 150 rib deflections 
44ms 470 0ms 0 
51 ms 1100 8ms 190 

. Pressure-indicating devices be used for monitor- 

No Contact 74ms* 890 6ms 170 ing potential facial damages 

38ms 630 0ms 0 . Calculation of HIC be limited to the specific 

time interval where the head acceleration exceeds 
Refers to Figure 9 the 60g level 

A Modified Steering Wheel To Reduce Facial Injuries and 
an Associated Test Procedure 

S.P.F. Petty and Introduction 
M.A. Fenn 

Transport and Road Research l~aboratory Erontal and oblique-frontal impacts are responsible 

Department of Transport Crowthorne, United for about two-thirds of car occupant injuries. In those 

K ingdom im pacts, the steering assembly has been identified as one 
of the parts most frequently hit by the driver. Inter- 

nationally, ECE Regulation No. 12 and FMVSS Nos. 

Abstract 203 and 204 were introduced to limit the rearward 

intrusion of the hub of the steering wheel into the 

Erontal and oblique-frontal impacts are responsible occupant compartment in a head-on 30mph frontal 

for about tx~o-thirds of car occupant injuries. In those barrier test and also to safely absorb the energy of the 

impacts, the steering assembly has bccn identified as one upper torso of an unbelted occupant, as defined by the 

of the components most frequently hit bv the driver. An SAE J944 body form. from a speed of 15mph. In 

in-depth study of accident injury data for the Marina car recognition ofthecompulsory seatbelt-wearing legislation 

\~as used to identify the mode of injury. Angled barrier introduced in Europe with a resulting change ~n the 

impact tests using an OPAT dummy as driver successfully mechanism and type of driver injury, Regulation No. 12 

reproduced the mode of injury, has been altered to allow the energy-absorbing column 

With a 90 percent plus scatbclt wearing rate in the test to be optionally replaced by an energy-absorbing 

United Kingdom, it is desirable to develop a simple test steering wheel. The energy absorption required has been 

procedure to reduce the aggressiveness of the steering changed from that of an upper torso to that of a 

wheel to the face and possibly to alleviate the deceleration hemispherical headform travelling at a maximum speed 

pulse of the brain. A steering ~hcel ~est, based on the of24.1km~h(15 mph~asdefinedinECERegulationNo. 
standard interior impact tesL has been developed and 21. 

evaluated on seven production car x~hcclsand on a newly At the Ninth ESV Conference. a paper by John B. 

designed safer steering \~ heel. Al! the production x~hcels Morris et al.(1) stated that although the post-standard 
failed the test. but the safety steering \vhcc! passed the steering system reduced the intrusion of the steering 
suggested test le\cl, assembly into the passenger compartment by 68 percent. 
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it was still responsible for 27 percent of all driver serious The most important is: "In a frontal impact, the seat- 

(AIS 3-6) injuries. The key issues for the conunuing belted driver is likely to hit his head on the steering 

injuries were given as-- wheel." 
¯ The test device does not physically simulate the 

driver impacung the steering assembly in actual Unbelted Drivers 
crash situations. 

¯ The test device is not a good human surrogate 
The data given for unbelted drivers relate to all those 

and the performance criteria are not adequate 
drivers w ho could not be identified as wearing belts in the 

indicators of injury severity, 
impact and will possibly include a few belted drivers. 

¯ The test and or performance criteria are not 
Table 1 details a relationship of impact speed change, as 

able to distinguish "’good" from "bad" design calculated using the Crash 2 computer program, to the 
steering assemblies because oftheseinadequacies, 

number of recorded chest contacts with the steering 
This paper gives the background to a project that 

wheel, to the number of car ~mpacts in which the driver 
¯ Selected a popular family-sized European car 

received head injury (face or cranium) from part of the 
¯ Assessed the United Kingdom’s accident data to 

car above the steering wheel, and to the total number of 
determine the injury mechanism for belted and 

frontal impacts in that speed change group. 
unbelted drivers 

¯ Compared the accident data with barrier tests 
using dummies Table 1. Unbelted driver’s impact data 

¯ Developed a test to evaluate the aggressiveness 

of steering wheels to the face and produced a Chest Contact Head Injury    Number 
safer steenng wheel for immediate use ~v with of 

The car chosen for the evaluation was a British Leyland 

(BE) Marina. This car was nearing the end of its mile/h Steering Wheel AIS 1 >AIS 1 Impacts 

production so there were a sufficient number being 
0-5 0 1 0 1 

driven in the United Kingdom to generate enough 6-10 5 4 2 14 
accidents to give a sample that could be studied. 11 - 15 12 10 1 19 

16-20 11 6 9 17 

21-25 5 3 1 6 

Accident Data 26-30 5 1 5 6 

31-35 1 1 2 4 

>35 5 0 5 5 
To increase the sample size. the studies from the three Total 45 26 25 72 

United Kingdom in-depth accident teams were added 

together. It must be recognised that doing this gives a 

sample skewed to the higher energy impacts, but it is 

these impacts that are more likely to generate occupant It should be noted that in seven cases, the driver’s head 

injuries. One team based its sample on hospital admit- was also identified as hitting the steering wheel. Themean 

tances and the other two teams used accidents to which impact speed for the Marina frontal impacts is within 

the police were called with an additional sample of lmi hofthemeanfrontalimpactspeedofl4mi hforall 

accidents from which a vehicle had to be towed away. makes of car as given by Hobbs(2). Thus the Marina can 

The available sample for the Marina car was then beconsideredtoberepresentativeofatypicalcaratleast 

selected for frontal and angled frontal impacts with in some aspects. 

subsets for drivers usingseatbelts and those not recorded Analysis of the mode of injury shows differences 

as using belts, between belted and unbelted drivers. For the belted 

driver, it is the head that hits the steering wheel giving 

cranium and or facial injuries. For the unbelted driver. 

Belted Drivers there is chest contact with the steering wheel but the head 

hits the A post. header rail. or top of the windscreen 

In the Marina. a lap and diagonal belt is a standard generating a more serious injury. With the introduction 

fitting. As there has been no comment on the reports, it is in the United Kingdom of compulsory wearing of 

assumed that all the belted drivers were wearing a lap and seatbelts by front-seat occupants, the wearing rate rose 

diagonal belt. from under 40 percent to over 90 percent If the different 

Out of a total sample number of 33, 17 had recorded inj ury mechanisms are true. there should be a significant 

injurious head contact with the steering wheel. Because of increase in injury to the face from the steering wheel. The 

the small numbers, the method of sampling, and varying Rutherford Report(3) on the introduction of compulsory 

levels of speed and injury, only trends can be considered, seatbelt wearing confirms this. 
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Base|ine Tests Table 2. Table of impact results 

I wo standard Marinas ~cre barrier-impacted to see if Driver Unbelted Belted 
the belted and unbelted modes of accident injur~ could be 

reproduced, lhe impacts were head-on into a ~ood- Impact Speed km/h39.1 57.4 

laced barrier angled at 30 ~o ai~c maximum intrusion on mi/h 24.3 35.7 
Head 

the driver’s side. Ihe drivers ~ere rcpresented by an HIC 437 1308 
{)PAl dmnmx. Peak g 148 218 

3ms exceedance g 80 96 
Chest 

Seat-BeLted Driver Sl 148 287 
Peak g 36 52 

lhc dummy x~as restrained usin~ a lap and diagonal 3ms exceedance g 33 44 

incr~larcclbelt. /hcm~pactspeedx~as57km h(36mi h). Femurs 
Left 8kN exceedance ms 0 0 

t-he laphctt held the dummv’~ pclvis in position, allowing Right 8kN exceedance ms 0 0 
its torso to jackkni(c ~orward and its head 1o hit the Car Deceleration 
s~ccrin~ ~ hecl rim. as sho~ n on l ilm and by paint witness 1 ms exceedance g 20 36 
m~rks. Farl~ in the impact, the stccrin~ wheel rotated 

z~xialIx through approximatcl~ 9(F. the left side of the 

dummv’s chest hi~ the steering wheel rim at its s~rongest 

prom where i~ .iotas the spoke, giving a high chest passed to the side of the wheel, twice contacted the rim. 

deceleration lhc angled barrier gave some lateral and and twice went between the rim and the centre. In all 

ro[ationaI motion 1o the car so that duIi[lg the main cases, the relative motion of the head was perpendicular 

imoac[, the dummv’s torso moved toward the door. As a to the plane of the steering wheel. This is due ~o a 

result, i~s head missed the stcerin# whee!’s boss and hit the combination of the upper torso of the dummy rotating 

~cakest part o~ me rim downward about its hips and the intruding steering wheel 

rotating upward about a line along the bottom of the 

[ nbelted Driver                                       windscreen. Making the wheel rotate upward is a simple 

design solution to overcome the regulation’s requirement 

of limited rearward intrusion in the barrier test. Thus. 
t-he ~mpac~ speed for the unbchcd driver ~as set at 

there is an immediate need to protect seat-belted drivers 
3~km h ~24mi h~. lhc accidcm data ~ug~cstcd th~s was 

in high-energy im pacts, when their heads are likely to hit 
~bovethecri[ical~pecd ~or head injury, ktimpact, the 

the steering wheel. 
d~mmx driver slid for~ ard on its seat until its kn~c hit the 

lascm. 1-he chest hit the risina bottom edge of the steering 

~ heel rim. and ~ts torso started t~ rotate upward. The top ~eSd Injuries 
ol its head hi~ the header tad and A pos~ bcIore breakin# 

~hc ~indscrccn. and its chin touched the top of the The injuries to the head can be divided into two broad 

steering ~ heel. but separable types: those to the cranium and brain, and 

lhc~ baseline data ~or both tests arc given in Fable 2. those to the face. The brain injuries normally relate to 

lhe t~o ~cs~ demonstrate it s possible ~o reproduce head acceleration time history; the facial injuries to the 

the accident it!}ur~ modes using a barrier ~es~ and a concentrated loading on specific bones. As the facial 

dumm~ ~o rcprcscm lhc driver. It should bc noted that at injuries are not normally life-threatening, they are given a 

~,lmost 40kin h. the 3ms cxccedancc for the unbelted lower AIS rating and have been less researched. It is 

drixcr ~ N0g although the tt tC ~ alue is low. likely that the low AI S rating does not adequately reflect 

the severe social and psychological impact of facial 

injuries. Nahum(5) has listed the impulse loads acting 
Facial Impact Into Steering Wheel over lin2 (645mm2) required to break different facial 

bones. The lowest value given ~s 225 lb (1KN) for the 

zygomatic bones. Swearingern(6) has demonstrated that 
Mechanism of Impact with the load evenly distributed over the head. it is 

possible to produce a deceleration of 300g with no bone 
It was necessary [o insure that the behaviour of the fracture. 

seat-belted dummy in the Marina basehne barrier test Thus. apart from lacerations, the head must be pro- 
was typical. The angle barrier tests of six small cars at tected from concentrated loads and high decelerations 
60kin h (37mi h) as r~ported by Penoyre(4) were ( there ~s insufficient data to incl ude the rotational injury 
examined. In these impacts, the dummy’s head twine mechanisms). 
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Steering Wheel Test !45g to reduce noise. For some rigid hubs, the peak level 

saturated giving an unrealistically low HtC value. For 

It is desirable that to protect unbelted drivers, the simplicity in Test House recording, it is recommended 

present regulations for energy-absorbing steering as- that the cumulative80g for 3ms should be used. Only the 

semblies should continue despite their problems. In Volvo padded centre spreads the load over the hexacell to 

addition, the steering wheel should offer protection when give a zero crush reading. An additional 15° angled 

it ~s hit by the head of a belted driver. Also, after, market impact on this hub also gave similar results. This was due 

wheels should be tested to the original fitment standard, to the self-alignment of the wheel and impactor about the 

Legislation "Concerning the Approva! of Vehicles with Z axis. However, the wheel failed in the exccedance 

Regard to their Interior Fittings" uses a head mass of mode. 

6.8kg (15 lb)and its energy is that of a mass travelling at None of the production wheels passed the proposed 

24.1km h(15mi h). For the proposed steering wheel test, facial injury test at the suggested levels. Although the 

the same mass and energy are retained. The hemispherical ideal standard should be that of zero crush of the 

headform is replaced bv a cylinder. The impacting and impactor face, it is considered that a maximum crush of 

face of the cylinder is a disc of aluminum honeycomb 2mm may have to be accepted, 

with a crushing force of 200 lb/in2. The cylinder is The MIRA Free-Flight Headform lmpactortcsttends 

impacted axially square onto the plane of the wheel. The to give lower g results. Allowance must be made for one 

wheel is rigidly mounted or fixed on the rigidly mounted test being with a rigidly mounted wheel and a fiat-faced 

end of the steering column complete with its trim and impactor and the other with a rigid hemispherical 

ancillary controls. The diameter of the cylinder is 150mm aluminum headform hitting the steering wheel as it is 

!6in} and to avoid edge effects the depth of crush of the fitted in the car for normal use. 

honevcomb is measured over a central area of t00mm The safety wheel passed all the axial impact tests with 

(4in) diameter. It is proposed that the test is passed by no deformation of the aluminum honeycomb and with a 

meeting two criteria. One is that the indentations of the peak deceleration of 69g on the hub impact. Even when 

honeycomb do not exceed 2mm. The other is that the the wheel was angled at 30°, so that the main impulse was 

maximum deceleration does not exceed 80g during the through the rim and down one of the most supported 

impact for a cumulative period of 3ms. It should be noted spokes, the crush of the honeycomb was only lmm. Thus 

this exceedance requirement may produce higher figures it seems to be possible to produce a steering ~heet to 

than that of the Interior Fittings Regulation, which production standards that protects the head from both 

specifies a continuous period of exceedance, brain and facial injuries. Eventual evidence might 

that brain deceleration might still be high because for a 

belted occupant it is the resultant of the facial impact 

Wheel Test Results deceleration and head nodding deceleration, which 

corresponds to the restraint of the head by the neck. 

Eight wheel designs were c hosen to use in the test to Although brain injuries do not seem to occur in cars from 

evaluate their aggressiveness and ability to protect the this latter deceleration, it is possible that when combined 

head; the six from the impact tests as reported by with some facial impact it can be injurious. 

Penoyre,{4) an Austin Metro wheel, and a safety steering 
wheel being developed by Sheller-Clifford in a joint Alternative Test 
development contract with TRRL to fit the Austin 

Metro. Each wheel design was impacted on its hub, at the 
As an alternative to the new test, a load-measuring mat 

join ofthe spoke and rim. on the mid-point ofthe longest 
that fits over a dummy’s face is being evaluated. This 

unsupported part of the rim. and on the mid-point of the 

shortest unsupported part of the rim that did not include 
would have the benefit of giving a load-time history’ at 
256 points over the face. Each point is sampled once a 

a join of a spoke to the rim. The results are given in Table 
millisecond. Such a device need not be restricted to use on 

3. The facial injury potential of the wheels is estimated by 

measuring the maximum depth of the indentation into 
a pendulum but could be developed as a standard tool for 

use on dummies in car crash testing. 
the aluminum honeycomb in 2mm steps, using a cylin- 

drical probe 6mm in diameter. For the impacts at the join 

of the spokes to the rim. the level of crush is tabulated for COFIOUSiOI1 

both the spoke and rim. Where possible, the results of"in 

car"tests usingthe Motor Industry Research Association 1. Frontal and oblique-fromal impacts are responsible 

t M1RA) Mk 11 Free-Flight Headform lmpactor has been for about two-thirds of car occupant injuries. In 

given for comparison, these impacts, the steering assemblies have been 

It is only on the hub impacts that the peak acceleration identified as one of the car components most 

is greater than 80g. The channel amplitude class was set at frequently struck by drivers. 

345 



Experimental Safety Vehicles 

Table 3. Wheel test results 

New Wheel Test MIRA Headform 

Wheel        Impact               Exceedance 
Faceform            3ms 

Type Point Peak 3ms 80g HIC Penetration Peak Exceed- HtC 
G g ms mm g ance g 

Austin Hub 145" 116 4.0 713" >6 226 62 612 
Maestro Spoke/Rim 62 50 0 167 2-4/2-4 110 51 198 

Unsupported 
Rim 39 23 0 67 2-4 

Supporte~ 
Rim 47 38 0 126 4-6 -- 

Renault 9 Hub 98 85 3.9 391 >6 239 19    443 
Spoke/Rim 59 49 0 148 >6/0-2 111 41 167 
Unsupported 

R m 30 18 0 35 0-2 -- 
Supported 

Rim 55 41 0 146 0-2 -- 
Toyota H ub # # # # # 134 102    602 
Tercel Spoke/Rim 67 40 0 111 0/4-6 62 37 180 

Unsupported 
Rim 47 23 0 63 0-2 -- 

Supported 
Rim 35 32 0 117 4-6 -- 

Ford Hub 146" 114 4.0 751" 2-4 223 53 606 
Escort Spoke/Rim 74 62 0 274 2-4/2-4 80 40 198 

Unsupported 
Rim 50 23 0 64 2-4 -- 

Supported 
Rim 57 50 0 162 4-6 -- -- 

Opel Hub 145" 112 5.0 789* 2-4 112 80 338 
Cadet Spoke/Rim 61 51 0 207 0-2/>6 43 37 151 

Unsupported 
Vauxhall Rim 44 26 0 79 4-6 -- -- 
Astra Supported 
(MIRA) Rim 42 37 0 139 4-6 -- = 
Volvo Hub 116 106 5.9 706 0 75 71     443 
340 Spoke/Rim 54 47 0 130 0/>6 58 34    143 

Unsupported 
Rim 41 28 0 70 2-4 -- -- 

Supported 
Rim 42 37 0 139 4-6 -- -- 

Amgled Hub 106 97 5.9 596 0 -- 
Austin Hub 144" 144 3.4 760* >6 126 92 541 
Metro Spoke/Rim 59 53 0 219 >6/0-2 42 35 98 

Unsupported 
Rim 49 31 0 102 2-4 -- 

Supported 
Rim 44 36 0 122 2-4 -- 

Safety Hub 69 64 0 357 0 -- 
Wheel Spoke/Rim 40 33 0 45 0/0 -- 

Unsupported 
Rim 26 23 0 65 0 -- 

Supported 
Rim 44 34 0 89 0 -- 

30° Spoke/Rim 59 41 0 119 0-2 -- 

#Trim not available in UK for testing 

"Low values tsee text} 
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2. An in-depth study identified that the heads ofdrivers The authors wish to thank Mr. Stan Edge of Sheller- 

wearing seatbelts hit their steering wheels with Clifford Ltd for his help in designing and manufacturing 

injuries to the face and possibly to the brain in a practical safety steering wheel. 

moderate-to-severe impacts. The chests of unbelted 
drivers hit the steering wheels, but their heads were References 
injured by hitting either header rails. A posts, or the 
tops of windscreens. 1. Morris. John B. et al.. "Occupant protecuon from 

3. It is possible to reproduce these two different modes impact with the steering assembly," Proceedings 
of injury using an OPAT dummy driver and an Ninth International Technical Conference on 
angled barrier test. Experimental Safer y Vehicles. Kyoto. National High- 

4. With a 90 percent plus front seatbelt-wearing rate in way Transportation Safety Administration. U.S, 
the United Kingdom, it is therefore desirable to Department of Transportation, 1982. 
discover whether the aggressiveness ofsteering wheels 

2. Hobbs, C.A,,and Paula,l. Mitls.°’Injuryprobability 
for facial injuries can be reduced, for car occupants in frontal and side tmpacts.’" 

5, A simple impact test procedure for steering wheels TRRL Laboratory Report 1124. Transport and 
has been developed, and test levels for it have been Road Research Laboratory, Crowthorne. Berkshire, 
suggested. It is based on the standard interior impact United Kingdom. 1984. 
test but replaces the solid hemispherical head by a 3. Rutherford. W.H., Personal communication on 
fiat circular face of aluminum honeycomb whose hospital-based accident study. 
crush resistance is matched to that for the weak facial 4. Penovre. S.. "An impact test programme using six 
bones. The test has been evaluated on seven prod- models of lower-medium sized cars." Proceedings 
uction car wheels and on an especially designed safer Tenth International Technical Conference on Ex per- 
steering wheel. All the production wheels failed to imental Safety Vehicles. Oxford. 1985. 
pass at the suggested level, but the safer wheel did so 5. Nahum. A.M. et al.. "Impact tolerance of skull and 
and showed distinct im provements in several respects, face." Proceedings 12th Sta pp Car C rash Conference. 

Detroit. Michigan. 1968. 
Acknowledgments 6. Swearmgen. John J.. ’qolerances of the human face 

to crash impact." Federal Aviation Agency. Civil 
The work described in this paper forms part of the Aeromedical Research Institute. Oklahoma City. 

programme of the Transport and Road Research Oklahoma. 1965. 

Laboratory and the paper is published by permission of 
the Director. 

Improved Crashworthiness Independent of Belts or Airbags 

Richard A. Wilson might be realized through component improvements. 

General Motors Environmental Activities Staff While such improvements are related primarily to un- 
belted occupants, their benefits should be considered 
complementary to those of safety belts and airbags since 

Abstract ¢ I } some degree of nonuse of belts likely wil! remain even 
with the growing adoption of belt-use laws in the United 

Impacts to the vehicle interior are the most frequent States. and (2) belted occupants still can contact the 

source of occupant injury in highway accidents and vehicle interior in more severe crashes, as can occupants 

generate the largest segment of the resulting total harm as of airbag-equipped cars involved in crashes below the 

calculated by the National Highway Traffic Safety deployment threshold or in side impacts and rotlovers. 

Administration. Accordingly, improving the injury- 
mitigating properties of interior components along with 
the structural integrity of vehicles has significant potential Introduction 
for providing important safety benefits to occupants of 
eras h-involved vehicles. This paper reviews the relative September 9 of next year will mark the 20th anniversary 

contribution of various occupant-vehicle contacts to of the U.S. adoption of the National Traffic and Motor 

total harm and offers some insight into the benefits that Vehicle Safety Act and establishment of the regulatory 
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agency no,a known as the National Highway Traffic within the National Crash Severity Study (NCSS) data 
Safety Administration (N HTSA). Although a number of was rated using the Abbreviated Injury Scale (A1S/. The 
crashworthiness improvements were well underway prior various injury levels ranging from minor through non- 
to 1966, the enactment of the safety act prompted a survivable(AIS I-6) were assigned appropriate weighting 
considerable increase in the attention given to vehicle factors that applied to each injury, and the weighted sum 
safety by go\crnment~ vehicle manufacturers, and the was identified as total harm. The paper provided tables 
public, Important gains have come from this increased that breakdowntotalharmaccordingtoanumberofkey 
~-oc~s oa reducing the number of deaths and injuries variables, including crash configuration and severity, 
caused b) highway crashes, ttowever, the direction in location of interior contacts, body regions injured, and 

ahich to ad\ance vehicle crashworthiness further has injury severity. 
beenasu~iect ofon-goingdebatefornearlytwodecades. More recently, in February of 1985. Malliaris. 

Much of this debate has been centered on automatic Hitchcock, and Hansen of NHTSA published an update 
restraints as co\ered by Federal Motor Vehicle Safety and extension of the earlier work as "Harm Causation 

Standard (VMVSS) 208, first issued as a Notice of and Ranking in Car Crashes." This latter paper{2)used 

Proposed Rulemaking in 1970. Although FMVSS 208 is National Accident Sampling System (NASSI data to 
<~ften thought of as "the airbag standard," it actually study what changes tn casualty and risk patterns may 
carries the broader title of "’Occupant Crash Protection" have occurred from the late 1970’s tothe early 1980’s. The 
and its requirements for future vehicles likely will be met newer study also employed a revised weighting schedule 
by three candidate approaches. Two ofthese~ airbags and for calculating total harm from the A1S values in the 
at~omatic bel~s, are well known and already have been data. However, in light of the conclusions of the authors 
offered as options on certain models of car. The third that (1) no significant changes are noted between the 
ahernative~ ho>ever, has not received as much recognition NCSS and NASS results, and (2) no significant change in 
within the safety community. This approach relies on harm distribution is produced by the revised injury 
improved energy absorption and structural integrity, weighting schedule, the assessment of potential that 

which are built into the vehicle. It would not use add-on follows will use information from the earlier work 
systems, such as airbags or automatic belts, to meet the because of the more detailed breakdowns of harm 
test performance required by the standard, distribution it provides. 

The purpose of this paper is to examine the potential 

for increased, built--in safety to reduce the harm to vehicle 
Distribution of Total Harm 

occupants caused by highway crashes. Specific safety 

hnpro’, ements to the steering system and side impact will 

be discussed as wel!, 
A review of information from the former NHTSA 

study provides a background for considering the potential 

for safety improvements. In particular, one of the tables 

Assessment of Potential from their paper presented a distribution of human harm 

according to broad categories of persons involved in 

highway accidents. Of course, each category of human 
An essential ingredient for any assessment of the harm is important in itself and safety improvements are 

potential for built-in safety to improve vehicle crash- 
desirable for all. However. as indicated by the general 

~orthiness is some understanding of which parts of the 
distribution shown in "Fable 1. about three-quarters of 

~.ehicle are invo!\ed with the various body regions of the 
total harm relates to occupants of passenger cars. light 

occupant and \~hat degree of injury was produced by 
trucks, andvans, and most ofthat is associated with cars. 

those occupant-to-x chicle interactions. This understand- 

ing tp, ust co~ne from analyses of accident data. the quality 

and quantit3 of which have been improving steadily over 
Table 1. Distribution of harm from highway accidents 

the past decade. In February 1982, a detailed analysis of (excluding property damage) 
national accident data was published by NHTSA as part 

of the International Congress of the Society of Automotive 
Category Percent 

Fngineers. lhis significant study(l), "A Search for Total Harm 
Priorities in Crash Protection" b3 A.C. Malliaris, Ralph 

tiitchcock, and James Hedlund, has provided a wealth of Passenger Car Occupants 60.9 
information Io help guide the deve!opment and imple- Light Truck & Van Occupants 16.3 

men!at!on of improved crash protection. Heavy Vehicle Occupants 2.2 
Motorcyclists 9.9 

The N Ht’SA paper advanced the concept of total harm Pedestrians & Other Nonoccupants 1 1.8 
as a wa3 to quantify’ the consequences of various Total 100.1 
occupant-to-vehicle contacts by including both the 

frequency and severity o! the injuries. Injury severity (From Malliaris, et al., Table 3, SAE Paper 80242) 
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It is particularly instructive to study in more detail rows from Table 11 of Malliaris judged to be related 

those occupant-to-vehicle interactions involved in more primarily to vehicle interior components contacted b3 

than 60 percent of total harm to all road users. The fourth unbelted occupants in a frontal crash configuration. It is 

table in the NHTSA paper took the 60.9 percent total recognized that some portion of the values in the column 

harm associated with passenger-car occupants and gave a labeled "Harm Pct of Total" might be associated with 

further breakdown with respect to (1) which components damage other than front (see Table 5 of Malliaris). 

of the vehicle were contacted by the various occupant However, since the focus of this analysis is on front 

body regions. (2) how much harm is related to noncontact interior components and component improvements likely 

injuries, and (3~ how much harm is related to exterior would affect other damage directions as well, no adjust- 

contacts. That information has been condensed (see ment has been made to the line items selected except for 

Table 2) to generate four basic categories in which to head/face contacts with A-pillars and roof edges, which 

consider built-in safety improvements, exhibit a more even distribution between front and side 
involvements. 

For convenience, Table 3 reproduces from Table l I of 
Potential for Frontal Improvements Malliaris only the 20- and 30-mph columns of cumulative 

percent of harm. The percent of total harm for each line 
The first observation to be made from the distribution item is multiplied by the appropriate crash severity 

shown in Table 2 is that over half (54 percent) of total cumulative percentage, and the products are shown in the 
harm to car occupants is associated with contact to two columns to the right labeled "Added Calculation." 
frontal interior components of the vehicle. This priority The sum of these products represents the percent of the 
on frontals is not a new finding, as evidenced by the early total harm associated with front interior component 
attention g~ven to passenger car frontal collisions by contacts below the indicated crash severity’. 
FM VSS 208. However. the ability to break down interior 

In other words, if vehicle improvements could be 
contact data by body region and crash severity is more 

devised that assured all harm would be eliminated from 
recent, providing a means to make general estimates of 

contact with front interior components in accidents up to 
the potential for reducing harm through improvements 

20 or 30mph, Table 3 indicates a total potential of about 
to vehicle interior components. In particular, Table 11 of 

14 or 27 percent, respectively, exists for making reductions 
the Malliaris report gives a cumulative distribution of 

in overall total harm. These percentages, when compared 
harm as a function of crash severity. That information 

to the 47.80 base percentageI for front component 
can be viewed as upper limits on the total harm available 

involvements only, represent front contact harm reduction 
for mitigation within various body-region: vehicle-interior 
contact areas and be!ow various impact speeds, 

potentials of about 29 or 57 percent, respectively. 

To estimate upper bounds on the potential for built-in ~- !he 47.8 percent ,otM harm {or hont interior componcmt contact,>h ....... ~ 

safety to miugate total harm within the basic category of the bottom oi lablcs 3.4, and 5 i, somc~ hat lo\\cr than the 54.0 pc~cc~* 
gi\cn in labtc 2 ~or the major catcgor5 ol hoist bccatI~c a nombc~ ol 

"front 2’ the analysis used for "Fable 3 includes only those ,~,i~.~,li~mcou~, small-harm value items \,crc not cncomp~%cd b5 the 
analyses. 

Table 2. Percent distribution of car occupant total harm 

From Malliaris, Table 4 Basic Category 

All Frontal Interior Contacts 49.37 

A-Pillars (assume 1/2 "front") 2.23 

Roof Edges (assume 2/3 "front") 2.40 54.0 Front 

All Side Interior Contacts 15.85 

A-Pillars (assume 1/2 "side") 2.24 19.3 Side 

Roof Edges (assume 1/3 "side") 1.20 

Roof 2.35 

All Other Interior Contacts 4.64 14.9 Other 

Noncontact 7.91 

All Exterior Contacts 11.83 11.8 Exterior 

Total 100.2% 100.0% Total 

* "Exterior’" should not be equal to "ejection.’" As seen in Table 8 of Malliaris, only 7.4 of the I 1.4 

percentage points are related to occupants who were ejected. 
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Table 3, Potential for harm reduction in percent as a function of crash severity in 
miles per hour (front component contacts only) 

From Malliaris, Table 11 Added Calculation 

Vehicle Body Harm Pct Crash Harm % up to 
Item Contact Region of Total Severity Crash Severity 

20 30 20 30 

1 SteeringAssy~ Chest 11.90 x.21 .40 = Z50 4.76 
2 SteeringAssy. Abdomen 9.41 x.20 .50 = 1.88 4~71 
4 Windshield Head/Face 4.68 x .46 .66 -- Z15 3.09 
5 A-Pillars Head/Face 2.00* x.17 .54 = 0.34 1.08 

6 Inst. Panel Lower Extr. 3.43 x.44 ~73 = 1~51 2.50 
7 SteeringAssy. Head/Face &13 x.50 .76 = .1.57 2.38 
8 Roof Edges Head/Face 1.98" x~19 ~56 - 0.38 1.1! 

10 Inst, Panel Chest 2~06 x.23 .54 = 0.47 1.11 
11 Inst. Panel Abdomen 185 x~17 .61 = 0.3t 1.13 
13 Inst. Panel Head/Face 1.65 x.61 .84 = 1.01 1.39 
14 Inst. Panel Upper Extr. 1.40 x.32 .69 = 0.45 0.97 
16 Glove Comp. Abdomen 1.23 x .02 .48 = 0.02 0,59 
17 SteeringAssy, Upper Extr, 1.16 x.46 .84 = 0.54 0~97 
18 Mirrors Head/Face 1.08 x.76 ~88 = 0.82 0.95 
t9 Glove Comp, Chest 0.84 x .08 .55 = 0.07 0.46 

Totals 47.80% 14 02% 27.20% 

*(Related to frontals only see Malliaris, Table 5) 

Since it is unlikely that all harm could be prevented by be successful in reducing each A1S 2 to 6 injury (occurring 

practicable improvements in occupant protection, some up to the indicated ,~peed) by one A1S level. 

additional considerations tk)r estimating a more realistic The estimated potentials for reduction in overall total 

harm reduction are indicated. One assumption could be harm from improvements to frontal components are seen 

that no injuries at the minor, or AIS 1. injury levelwould to beabout 9, 13, or 17 percent forspeeds up to20.25, or 

be eliminated. For example, abrasions, contusions, and 30mph, respectively. Again, using only frontal component 

superficial lacerations are assumed still to occur. The contacts for a baseline, these percentages represent front 

fractions of total harm related only to AIS levels 2 contact harm reduction potentials of about 19.27. or 37 

through 6 can be found on Table 12 of Matliaris. Table 4 percent, respectively. 

adds this assumption to the information on Table 3 and 

shows the harm reduction potential that remains after Potential for Side Improvements 
AI$ ! injuries are dropped from consideration. 

If front interior component improvements could be Side interior contacts represent the second largest 

devised that assured al~ harm having injury levels of AIS basic category of car occupam harm. accounting for 

2 or greater x~ere eliminated in accidents up to 20 or about 19 percent of overall total harm. Corresponding 

30mph, total harm reductions of about 11 or 23 percent, potentials for harm reduction from side intermr corn- 

respectively, might be realized. Using only front con> ponent improvements are estimated by Tables 6.7. and 8. 

ponent involxements as the base, these estimated per- which were constructed in a manner similar to that 

centages represent front contact harm reduction potentials described above for frontal corn ponents. 

of about 24 or 48 percent, respectively. The nine specific side component contacts selected for 

Additional information from Table 13 of Malliaris was -Fables 6, 7, and 8 encom pass nearly 14 percent of total 

used in fable 5 to evaluate a further assumption related harm. This is somewhat less than the 19 percent figure 

to estimating the harm reduction potential of changes to noted earlier, because the more general distribution of 

front interior components. For each injury beyond the "Fable 2 includes a number of miscellaneous body region 

AIS l’s already dropped from consideration, a mitigation contacts not separately identified in the N ItTSA tables 

of only one texet in the AIS rating was assumed to be used for the analyses in this paper. 

achievable by improvements. Accordingly, the totals 

shown at the bottom right represent the percent of total Summary of Potential for Harm Reduction 
harm that might be eliminated through crashworthiness 

improvements for unbelted occupant contact to front Tables 3 through 8 have developed general estimates of 

interior components, assuming those improvements would the potential available for reducing car occupant total 
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Table 4. Potential for harm reduction in percent as a function of crash severity in miles per 
hour (front component contacts, AIS 2-6 only) 

From Malliaris. Table 11 Added Calculation 

Crash Harm Pct up to 

Vehicle Body Harm Pct Severity to drop Crash Severity 

Item Contact Region of Total 20 30 AIS l’s** 20 30 

1 Steering Assy. Chest 11.90 x .21 .40 x .96 = 2.40 4.57 
2 Steering Assy. Abdomen 9.41 x .20 ,50 x .99 = 1.86 4.66 
4 Windshield Head/Face 4.68 x .46 .66 x .67 = 1.44 2.07 
5 A-Pillars Head/Face 2.00* x .17 .54 x 97 = 0.33 1.05 
6 Inst. Panel Lower Extr. 3.43 x .44 .73 x .66 = 1.00 1.65 

7 Steering Assy. Head/Face 3.13 x .50 ,76 x .69 = 1.08 1.64 
8 Roof Edges Head/Face 1.98" x .19 .56 x ,92 = 0.35 1.02 

10 Inst. Panel Chest 2.06 x .23 .54 x .95 = 0.45 1.06 
1! Inst. Panel Abdomen 1.85 x.17 .61 x.99 = 0.31 1.12 

13 Inst. Panel Head/Face 1.65 x .61 .84 x .76 = 0.76 1.05 

14 Inst. Panel Upper Extr, 1.40 x.32 .69 x.76 = 0.34 0.73 

16 Glove Comp. Abdomen 1.23 x .02 .48 x .99 = 0.02 0.58 

17 Steering Assy, Upper Extr. 1.16 x .46 .84 x .68 = 0.36 0.66 
18 Mirrors Head/Face 1.08 x ,76 .88 x .72 = 0.59 0.68 
19 Glove Comp. Chest 0.84 x .08 .55 x ,96 = 0.06 0.44 

Totals 47.80% 11.35% 22.98% 

*(Related to frontals only see Malliaris, table 5) 

**(Fraction for AIS 2-6 see Malliaris, Table 12) 

Table 5. Potential for harm reduction in percent as a function of crash severity in miles per hour (front component 
contacts, AIS 2 to 6 only, each AIS 2 to 6 lowered one level), 

From Malliaris, Table 13 Added Calculation 

Crash Harm Reduc. up to 

Body Harm Pct Severity to drop Crash Severity 
Item Contact Reg=on of Total 20 25 30    AIS l’s** 20 25 30 

1 SteeringAssy. Chest 11.90 x.15 .20 .29 x.96 = 1.71 2.28 3.31 
2 SteeringAssy. Abdomen 9.41 x.15 .23 .36 x.99 = 1.40 2.14 
4 Windshield Head/Face 4.68 x.42 .54 ,58 x.67 = 1,32 1.69 ! 82 
5 A-Pillars Head/Face 2.00* x.09 .15 .31 x 97 : 0.17 0.29 0.60 
6 Inst. Panel Lower Ext 3.43 x.41 .57 .66 x 66 - 0.93 1.29 1,49 
7 Steering Assy. Head/Face 3.13 x .43 .48 .61 x .69 = 0.93 1.04 1.32 
8 Roof Edges Head/Face 1.98" x.17 .36 .39 x.92 - 0.31 0.66 0.71 

10 Inst. Panel Chest 2.06 x.18 .24 .39 x.95 - 0,35 0.47 0,76 
11 Inst. Panel Abdomen 1.85 x.13 .20 .41 x 99 = 0.24 0.37 0.75 
13 Inst. Panel Head!Face 1.65 x.51 .61 .69 x 76 : 0.64 0.76 0.87 
t4 Inst. Panel Upper Ext. 1.40 x.29 .39 .62 x.76 : 0.31 0.41 066 
16 GIoveComp. Abdomen 1.23 x,01 .09 .32 x 99 = 0.01 0.t! 0,39 
17 SteeringAssy. Upper Ext. 1.16 x.40 .58 .75 x.68 : 0.32 0.46 0,59 
18 Mirrors Head/Face 1.08 x.7! .76 .81 x.72 = 0.55 0.59 0.63 
19 Glove Comp. Chest 0.84 x .05 .21 ,29 x .96 = 0.04 0.17 0,23 

Totals 47.80% (%’s) 9.23 t 2.73 t 7,48 

qRelated to frontals only -- see Malliaris. Table 5) 

-*(Fraction for AIS 2-6 see Malliaris, Table 12) 
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Table 6, Potential for harm reduction in percent as a function of crash severity in 

miles per hour (side component contacts on~y). 

From Malliaris, Table 11 Added Calculation 

Crash Harm % up to 
Vehicle Body Harm Pct Severity Crash Severity 

Item Contact Region of Total 20 30 20 30 

3 Side Interior Chest 4.94 x.52 .93 = 2.57 4.59 
5 A-Pillars Head/Face 1.66" x.17 .54 = 0.28 0.90 
8 Roof Edges Head/Face 0.78* x.19 .56 = 0.15 0.44 
9 Side Interior Abdomen 2.36 x.37 .79 = 0.87 1.86 

15 Armrests Abdomen 1.25 x.36 .83 = 0.45 1.04 
20 Window Glass Head/Face .079 x.46 .96 = 0.36 0.76 
21 Window Frames Head/Face 0.77 x.90 1.00 = 0.69 0.77 
23 Side Interior Lower Ext. 0.71 x.58 .94 = 0.41 0.67 
25 Roof Edges Neck 0.57 x.01 .04 = 0.01 0.02 

Totals 13.83% 5.79% 11.05% 

*(Related to left and right only see Malliaris, Table 5) 

Table 7. Potential for harm reduction in percent as a function of crash severity in miles per hour 
(side component contacts, AIS 2 - 6 only). 

From Malliaris, Table 11 Added Calculation 

Crash Harm Pct up to 
Vehicle Body Harm Pct Severity to drop Crash Severity 

Item Contact Region of Total 20 30 AIS l’s** 20 30 

3 Side Interior Chest 4,94 x.52 ,93 x .99 -- 2.54 4.55 
5 A-Pillars Head/Face 1,66" x.17 .54 x .97 = 0,27 0.87 
8 Roof Edges Head/Face 0,78* x,19 .56 x ,92 = 0.14 0.40 
9 Side Interior Abdomen 2.36 x,37 ,79 x .99 = 0.86 t.85 

15 Armrests Abdomen 1.25 x.36 .83 x .99 = 0.45 1.03 
20 Window Glass Head/Face 0,79 x.46 .96 x .52 = 0.19 0.39 
21 Window Frames Head/Face 0.77 x.90 1.00 x .96 = 0.67 0.74 
23 Side Interior Lower Ext. 0.71 x.58 ,94 x .77 = 0.32 0.51 
25 Roof Edges Neck 0.57 x.01 ~04 xl.00 = 0.01 0.02 

Totals 13.83% 5.45% 10.36% 

*(Related to left and right only - see Maltiaris, Table 5) 
**(Fraction for AIS 2 thru 6 - see Malliaris, Table 12) 

harm associated with contact to front and side interior reduction potential for front-plus-side interior component 
components of vehicles, and the listing in |able 9 is a improvements if they could lower all AIS 2 to 6 injuries 
summary of those general estimates. The vehicle corn- each by one AIS level. 

ponents included in the analyses are the ones most likely The values shown for the potential to reduce harm by 
to be involved in nearly two-thirds of the total harm lowering AIS 2 to 6 injuries up to certain speeds may be 
experienced by car occupants in all modes of crashes, conservative estimates. This is because the benefits of 

As mentioned previously, these potentials for harm improved designs are not likely to be present at 29.9mph 
reduction are expressed as a percentage of all the total and absent at 30.1 mph. There can be some additional 
harm to car occupants experienced for all crash modes, potential for harm reduction manifested as some injury 
the values in the table would be correspondingly higher reduction in higher speed crashes even for the higher level .... 

ifthebaseforimprovementisviewedasbeingthatrelated injuries. As Table A-1 of reference (2) reveals, the 
only to front, side, or front-plus-side total harm, as opportunity for this effect is appreciable, since nearly half 
appropriate. For example, the 24.3 percent value at the of A1S 5’s and about nine-tenths ofAIS 4’s are survivable. 
lower right of the table represents about a 40 percent Of course, the actual degree to which given improvements 
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Table 8, Potential for harm reduction in percent as a function of crash severity in miles per hour (side 
component contacts, AIS 2 to 6 only, each AIS 2 to 6 lowered one level) 

........ From Malliaris, Table 13 Added Calculation 

Crash Harm Reduc. up to 
Body Harm Pct Severity to drop Crash Severity 

Item Contact Region of Total 20 25 30 AIS 1 ’s** 20 25 30 

3 Side Inter. Chest 4.94 x .33 ,44 .57 x ,99 = 1.61 2.15 2.79 

......... 5 A-Pillars Head/Face 1.66" x .09 .15 .31 x .97 = 0.14 0.24 0,50 

8 Roof Edges Head/Face 0.78* x .17 .36 .39 x .92 = 0.12 0.26 0,28 

9 Side Inter. Abdomen 2.36 x .28 .38 .56 x .99 = 0.65 0.89 1.31 

15 Armrests Abdomen 1.25 x .25 .47 .57 x .99 = 0.31 0.58 0.71 

20 Wind. Glass Head/Face 0.79 x .43 .65 .74 x .52 = 0.18 0.27 0.30 

21 Wind. Frames Head/Face 0.77 x .53 ,53 .62 x ,96 = 0.39 0.39 0.46 

23 Side Inter, Lower Ext. 0,71 x .43 .72 ,83 x .77 = 0.24 0.39 0.45 

......... 25 Roof Edges Neck 0.57 x .02 .04 ,04 xl,00 = 0.01 0.02 0.02 

Totals 13.83% (%’s) 3.65 5.19 6.82 

*(Related to left and right only - see Malliaris, Table 5) 
**(Fraction for AIS 2-6 - see Malliaris, Table 12) 

Table 9. Potential available for harm reduction (in percent of total harm) 

Total Potential AIS2+ Potential Assume AIS 2-6 injuries 

Contact Harm Available up to Available up to lowered one level up to 

Area Pct 20mph 30mph 20mph 30mph 20mph 25mph 30mph 

Front Int. 47.8 14.0 27,2 11.4 23.0 9.2 12.7 17.5 

Side Int. 13.8 5.8 11,1 5.5 10.4 3.7 5.2 6~8 

Totals 61.6% 19.8% 38.3% 16.9% 33.4% 12~9% 17.9% 24.3% 

achieve these potentials will have to be observed from Improvements to the Steering System 
accident data acquired in the future. 

As seen earlier in Table 2, the basic category of front 

Specific Safety Improvements accounts for over half (54 percent) of car occupant total 

harm, and a summation of items 1, 2, 7, and 17 of Table 3 

The general estimates developed above have assumed 
indicates that occupant contact with the steering system 

that certain reductions in injury levels actually would be 
is associated with nearly, half of that (25.6 percent). In 

accomplished within the various interior contact situa- 
other words, about one-quarter of all harm to al! car 

occupants in all crash modes is related to a single group of 
tions.2 Such a hypothetical approach is useful for an 

vehicle components--the steering system. This should 
overall consideration of the potential for built-in safety to ~ 

provide safety benefits. However, assessing the harm 
not be surprising since most crashes are frontal and each 

has a driver seated directly behind a steering system. The 
reduction that might result from implementation of 

relative importance of the steering system within the 
specific and practicable improvements to individual 

distribution of total harm prompted a more detailed 
components of the vehicle entails estimating how much 

the individual crash injuries might be reduced overall 
study of the potential for making crashworthiness ira- 

through modification of particular design characteristics 
provements in this area. 

of the components involved. 
Extensive experience has been gained by General 

Motors during the past 20 3ears regarding the design, 
2 lhe assumption that given sali:ty improvements might yield reductions of one development, testing, and field evaluation of steering 

AIS level seems particularl} reasonable for the case of head impacts which 
generate about 30 percent (the largest fraction) of total harm frmn interior wheels and energy-absorbing steering columns. This 
contact (see Table 4 of reference t), rhis judgment is supported by the basic experience has generated an increased understanding of 
nature of the Head l njury Criterion (H IC) used to scale the severity of head-to, 
vehicle contacts. Since calculation of the H IC begins with raising the measured the occupant’s interaction with the steering system and is 
head accelerations to the 2.5 power, even modest reductions in those impact providing important guidance for the implementation of 
accelerations should produce significant reductions in H tC values, along with 

the expectation of reduced AIS levels, improved crash performance as new vehicles are de- 
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vcloped. In particular, a number of design and per- proper selection of steering wheel parameters such as 

formance considerations for the steering system are being wheel dish, hub contact areas, and force deflection 

identified, properties of the rim and spokes should, in some crashes. 

The first relates to the tk~rce-versus-deflection properties improve the distribution of load between the chest and 

of the steering column. Traditional designs have specified shoulders of the driver and should mitigate head impacts 

a morc or less constant force /evel to compress the energy- to the rim. More crush space in the steering wheel hub 

absorption mechanism within the column. Our more should reduce the severity of potential head impacts of 

recent studies suggest that a compression force that the belted driver. 

increases with increasing column stroke better recognizes 

the dynamic nature of the interaction ot rite occupant 

~vith the steering system. During the early portion of Potential Benefits From Steering 

column compression, inertial forces are imposed on the System Improvements 
torso of the occupant as the mass of the upper column 

and the steering wheel is accelerated toward the instrument The Malliaris papers on total harm distribution do not 

panel. Therefore, a compounding of forces can be include information on the specific type ~i.e.. fracture. 

mitigated if the column compression force is designed to concussion, laceration, etc.) of the individual injuries that 

be lo\~er at the start of the column stroke. Further, a were entered into their analyses using the A1S coding 

design that provides a higher column force level toward system. An assessment of the potential benefit from 

the end of the stroke can help extend the energy- specific design changes and performance improvements 

absorbing capability of the system to higher speed such as those described above requires this more detailed 

crashes, knowledge, and such injury details are included in the 

Another important element in the energy-absorbing accident data acquired through GM’s Motors Insurance 

steering column system is the manner in which the Corporation (M1C). 

stroking portion of the column is attached to the The SafetyandCrashworthinessSystemsgroupwithin 

instrument panel. While this attachment must be secure GM’s Current Product Engineering analyzed steering 

enough to meet the demands of norma! vehicle usage, it system improvement potential by separating the steering 

must also disengage readily (from a range oftorso impact system total harm seen in the M1C data into cells 

directions) so the column can compress in a crash. Sucha according to specific injury type, AIS level, and body 

quick-release attachment to the instrument panel should region. Injury weights used to generate the MIC total 

improve the performance of the column system over a harm were identical to those used by N H TSA in its earlier 

wider range of accident configurations, study of the NCSS data. Estimates were made for how 

The overall interaction of the driver with the steering much of the harm in each cell might be mitigated by the 

system can be enhanced through several other consider- steering system improvements under consideration, l-he 

ations. Ihe first is maintaining control of vertical and data for drivers were analyzed separately for both the 

horizontal displacement of the steering system during belted and unbelted conditions, and Table 10 gives the 

vehicle crush, Another is designing the knee impact area results. 

of the lower instrument panel to provide improved l~he potential reductions shown in Table 10 used only 

control of driver kinematics, ~ hich should promote both steering system contact harm as the 100 percent baseline. 
loading the column more in line with the stroking lfthesesteering-system-onlyimprovementsof28.6percent 

direction and reduced abdominal loads. Additionally, and 34.9 percent for the belted and unbelted cases are 

Table 10. Potential driver harm reduction from steering system 
improvements (using MIC data). 

Body Current Percent of Portion Estimated 
Region Steering System Harm to be Reduced 

belted unbelted belted unbelted 

Head 13.4 14.9 4,2 5.4 
Neck 0.4 1.5 0.0 0.0 
Torso 52.4 56.4 19.8 23.6 
Abdomen 16.9 15.8 4.6 4.5 
Upper Ext. 7.3 4.2 0.0 0.0 
Lower Ext. 2.4 2.6 0.0 0.0 
Whole Body 7.2 4.6 0.0 1.4 

Totals 100.0% 100.0% 28.6% 34.9% 
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multiplied by the 25.6 percent of total harm noted earlier Concerning a more specific benefit projection, the 

for only steering system contact, a reduction in overall Field Accident Review group within GM’s Current 

total harm of from 7 to 9 percent is indicated to be Product Engineering analyzed side impact data from the 
potentially available from steering system improvements 1980-84 M IC accident files to determine what the potential 

such as were described above, reduction in total harm might be from increasing the 

energy absorption of the side interior. ’l-his study of M IC 

data, however, was limited to chest and abdomen contacts 
Improvements for Side Impact                       only. Specifically, the included injuries were to the chest 

region, the liver, the spleen, and the kidneys. The 
Referring again to the broad distribution shown in assumed modification to the side interior consisted of 

Table 2, the basic category of side represents the second providing improved energy-absorbing construction in 
highest portion of total harm to car occupants, accounting the area of occupant impact, including contoured armrests 
for about 20 percent. If more specific occupant-to-vehicle of limited protrusion. Based on earlier testing using 
contacts are examined (as in Table 6), nearly 14 percent dummies in car-to-car side impacts, an initial assumption 
of all harm to all car occupants in all crash modes is was made that such interior changes might reduce AIS 2, 

........... indicated. 3, and 4 chest and abdomen injuries, each by one A1S 
........ In October 1980, a paper was published by Mehta, level. 

Pearson, and Wilson entitled "Side Impact lnsights When the above assumptions and limitations were 
From General Motors Field Accident Data Base." This applied, a preliminary, computer-only data analysis 
study(3) provided overview statistics and in-depth, case- indicated a potential for reduced, overal! total harm of 
by-case analyses of side impacts involving fatal and life- about 4,7 percentage points (a change from 9.5 to 4.8 

.... threatening injuries. The in-depth studies focused on how percent): To verify the validity of the initial iviury- 
injuries were produced in side impacts and in what areas reduction assumption, an in-depth study of those cases 
countermeasures might help mitigate those injuries. In likely to have the greatest influence on harm reduction 
general, two primary categories for countermeasures estimates was performed. As a result of the case-by-case 
\~ere suggested: hnproved energy absorption for side review, the injury-reduction assumption was changed. 
interiors and improved side structural integrity. Side The "one AIS level" reduction would still apply to all AIS 
interior improvement might allocate more space for 2 and 3 injuries; however, the probability of reducing AtS 
energy-absorbing materials and/or structures in the 4 injuries was limited to about 4 chances in 10. Also, since 
areas of torso-to-door and head-to-roof-rail impact, there is some harm reduction potential for injuries above 
Improved integrity of the side structure might include the severity range of the first assumption, the 0.4 
further strengthening of door hinges and latch strikers, 

probability was assumed to apply also to AIS 5 injuries. 
improved attachmentofbody piltars, bodyjointredesign, When the data were analyzed again but with the 

....... and improved welding, revised injury-reduction assumptions, the estimated 

potential for reduction in total harm from the improved 

Potential Benefits From Side Interior energy absorption as outlined abo\e ~as seen to be 2.9 

Improvements percent overall. Using the original 9.5 percent value as a 

base, this potentia! reduction would represent a 30 

General estimates of the potential for mitigating life- percent improxcmcnt. As mentioned previously, only 

threatening and fatal (AIS 4 to 6) injuries were made chest and abdomen contacts x~’crc included in this 

during the Mehta analysis of 216 occupants in non- particular study. Any impro\ ement for head impact from 

rollover, nonejection side impacts. Injuries to the head, other modifications would represent additional potential 

torso, and lower extremities were included in the study, for reduced harm. 

For 23 percent of the fatalities and 41 percent of the A1S 4 

to 5 occupants, potential for injury reduction from 

practicable changes to the vehicle was judged present. In Summary of Steering System and Side Interior 
particular, improved interior energy absorption was Potential Benefits 
estimated to have mitigation potential for 11 percent of 

the fatally injured and 20 percent of the AIS 4 to 5 lable 11 is a summary of the estimates of potential 

occupants. Side structural integrity improvements ~;ere reductions in total harm that might be realized from 

.judged to have the potential to help 2 percent of the improvements to two areas of the vehicle interior 

fatally injured occupants and 1 percent of those with AIS associated with injury to car occupants. Referring back 

4 to 5 injuries. Again, these judgments were very’ general to Tables 3 and 6, the percentages of all occupant harm 

(no specific countermeasures were identified)and injuries produced by contact with front and side interior corn- 

to all body regions were included to formulate the ponents in crashes belo~ 30mph are about 27 percent and 

estimates. I I percent, respectively, for a total of 38 percent. If 
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Table 11, Estimated harm reduction potential from interior component 

improvements. 

Vehicle Body Regions Harm Reduction for Overall Beduction 
Component Considered Contacts Considered in Total Harm 

Steering 
System All 35 percent 9 percent 

Side Chest and 
Interior Abdomen 30 percent 3 percent 

specific improvements to just two component s2,stems Changes to the components involved in the various 
x~ere successful in tccomplishing the ~arious AIS safety improvement areas likely can be developed as part 
reductions that werejudged potentiall> achiex able, lable of the built-in crashu orthiness of the vehicle’s design. As 
1 ~ would pr(:~ect nearl3 a one-third reduction from fl~at such, they offer potential benefits complementary to 
to~al (12 parts out of ~’ .8). those of add-on safer3 equipment such as manual belts, 

automatic belts, or airbags, lhis is important because (t) 

Summary some degree of nonuse of belts likely will remah~ even 

with the grouing adoption of belt-use laws in the United 

Ibis paper has reviewed car occnpant harm distri- States, and (2) belted occupants still can contact the 

butions as original!3 de~eloped b> Malliaris et al., o~ 
vehicle interior in more severe crashes, as can airbag- 

restrained occupants in crashes below the deployment NHTSA and. by selection of appropriate line items from 
d~reshold or in side impacts and rollovers. those distributions, has generated overall estimates o1" 

potential reductions in total harm that might be realized 

through vehicle crasbworthiness impro~emems. The References 
oxerall potentiM for harm reduction from front- and 

side-interior improvements alone was seen to be as much 1. Malliaris, A.C., R. Hitchcock, and J. H. Hedlund, "A 
as 24 percent if those improvements were able to reduce search for priorities in crash protection," SAE Paper 
AIS 2 to 6 injuries each b> one AIS Iexel c,p to crash 820242. Februar> 1982. 
speeds of 30mph. A general xiex~ o~ which occupa~t.- 2. Malliaris, A.C.. R. Hitchcock, and M. Hansen, 
h~terior interactions present the primar3 opportu~ities "tlarm causation and ranking in car crashes," NAE 
for improxement isJmplicit in the harm distribufio~s Paper 850090. February !985. 
themselves. In additi(m, specific safety improveme~tsto 3. Mebta, R., J.l_ Pearson, and R.A. Wilson, "Side 
the steering s>stem and the side interior v, ere outlined impact insights from General Motors Vield Accide~at 
~nd their potential benefits discussed. About a 12 perce,?t Data Base." Proceedings Eighth International Tech- 
reduction in total harm was estimated to be potentialtx nical Conference on Experimental Safety Vehicles, 
a~ailable ~rom the particular countermeasures co~sidered. October 1980. 
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An Impact Test Programme Using Six Models of 
Lower-Med um-gized Care 

S. Penoyre intended to identify an5’ particular strengths or weaknesses 

Transport and Road Research Laboratory, 
in the individual models and to suggest practicable and 

Department of i-ransport, Crowthorne, 
cheap ways in which they could be made safer. Sincethe 
tests were more demanding than those used in current 

Berkshire, United Kingdom safety egislation, it was hoped their results would also 
sho~. whether recently designed cars are providing better 

occupant protection than the basic minimum required by 
Abstract law. 

’[his paper describes a test programme in which 

examples of six models of popular t983 lower-medium- 

size four-door cars were subjected to front, side, and 
Test Procedures 

interior headform impacts to assess occupant protection. 
The frontal test was a 3()~ angled impact into a \~ood- The impact test procedures used in this programme 

faced barrier at 60kin h using restrained OPAT dummies, 
were based on those TRRL has been advocating for 

ghe side test was a 90~’ impactfromaCCMCdeformable many years(l,3); a 30° angled 60kin h frontal barrier 

mobile barrier at 50kin h, using a prototype Eurosid 
impact" a 90~, side impact m°bile barrier test representing 

with a ..... durum3 to represent the driver. The interior headform a 50km h collision, and a set of interior tests 

tests used a 6.Skg free-i]ight headform launched from an 
free-flight headform of 6.Skg at 24kin h. 

The frontal angled barrier test used OPAT dummies 
air gtln at 24kin h to impact 21 points that occupants are 

likely to strike ira an accident, 
wearing seatbelts in both front seats of each car, the same 

The results of these tests are summarised and used to 
dummies being used for each of the six tests. These tests 

compare the occupant protection offered by the different 
were assessed on the same criteria as before(1,3), 

femur Iorces. 
..... car models and also to see whether the average level has 

dummy head and chest accelerations and 

changed since a previous set of similar TRRL tests on 
and passenger compartment survival space measurements 

1976 cars. The more recent cars appear to provide 
from ECE Regulation 33 (instrument panel to R point, 

considerably better protection in frontal impacts, mainly 
front of passenger compartment to R point, and width ot 

because of reduced intrusion and lower occupant head 
footwell through the brake pedal). OPAT dummies were 

accelerations, but little progress has been made on 
used because it is felt their chest and shoulder design gives 

...... a more human-like response than the Part 572 dummy. In 
improving side impact protection. 

It is suggested the current levels of occupant protection 
future fronta! tests, it is likely that H}brid II1 dummies 

could be further improved by simple, cheap design 
wilt be used. However, for the reasons given in (l), it is 

changes, e.g., fitting energy-absorbing door trims in place 
unlikely a change from the angled barrier test to a 

of standard armrests and using less aggressive steering 
perpendicular one will be made. 

wheels with better padding over the end of the steering 
The side impact test ~as an updated version of the 

column. Improvements to standard lap diagonal seatbetts, 
procedure previously used at TR RL(2) with a CC MC 

for example by fitting pretensioners, would also be 
deformable barrier(4)of mass 950kg mo~ing at 50kmh 

worthwhile for cars sold in countries like the United 
instead of the I~RRL rigid barrier of mass t,100kg 

Kingdom that have a high belt-wearing rate. 
moving at 35kin h. The test was a 90° impact into the 

driver’s side of the stationary car, with the barrier face 

centered on the R point. The TRRI side impact dummy 

Introduction previousl5 used to represent the driver was replaced with 

an lnterim Eurosid, a protot5 pe version of the European 

This paper describes an impact test programme recently side impact durum5 now being developed b3 EEVC(5). 

carried out on six models of European and Japanese Thetestwasmainlyassessedonthedummymeasurements 

lower-medium-size four-door cars bought new in 1983: of rib deflection and petxis load, although the battler’s 

the Renault 9, Vauxhall (G M) Astra, Volvo 340, Toyota peak deceleration was also measured to give an indication 

Tercel, Austin Rover Maestro. and I:ord Escort. The of the stiffness of the struck side of the car. The Eurosid 

tests were carried out by MIRA under" contract to IRRI~. dumm} is designed to give a better representation oi the 

The purpose of the programme was to assess and 
stiffness of the human chest than the TRRl. sideimpact 

compare how well these cars protect their occupants in dumms, while keeping the earlier dummy’s ability to 

crashes and to some degree compare the results with measure pelvis force. The new dummy predicts chest 

those from tests on 1976 cars. ~lhe tests were also injury from rib deftection measurements, ln future tests, 
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it is planned to use the final Eurosid dumm3 rather than usual, because the dummy, was an interim version and 
this interim \ersion and to change to the EEVC de- had not been thoroughly, tested to correlate its measured 
formable mobile barrier(6) rather than the CCMC design, outputs with other side impact dummies or cadavers. A 

The interior headform impact test was also slight!3 direct translation from TRRI, S1D to this dummy is not 
updated from that previously used(t,3) since the MIRA possible becausethe former has four toad-measuring ribs 
Mark 2 Free-Flight Headform kauncher was a~ailable in while the latter has only two transducers measuring rib 
place of the more awk~ard and bulky’ Mark 1 air gun. deflection. However, an approximate translation can be 
the ne~ launcher is described in (7). The number of made, which suggests a tolerance value of 20ram for 
interior impact points in each car was also reduced from allowable rib deflection. For the pelvis, the position is 
25 to 21. The impacts are of the same severity as now used even less satisfactory. Eimited drop testing onto surfaces 
in ECE Regulation 21, i.e., a 6.Skg headform impacting representing car doors has suggested that although the 
at24km h and ha\ ing a rigid face that is a segment of a pelvis stiffness of theTRRk S1Dand this Eurosid are 
sphere of diameter 165ram, similar, the Eurosid appears to give higher measured 

pelvis forces than the TR RI SID. Also, work done since 

Frontal Impact Test Results the pelvis tolerance load of 6kN for TRRI, SID was 
derived(9) has suggested that this 6kN is perhaps too low; 

lable t summarises the results of the 60kin h frontal for example, cadaver tests on Onset(10) indicate a figure 
of 10kN for 50 percentile male subjects, and perhaps 30 impact barrier tests and also gives proposed critical or 

tolerance ~ alues for the \ arious parameters: figures from percent less for females. For these six tests, a provisional 
critical value for pelvic load of 9kN in this Interim current or proposed legislation haxe been used where 

applicable. For head injury, the simple criterion of peak Eurosid dummy has been chosen. 

deceleration (3ms cumulative) has been used rather than Another difficulty arising from the use of this prototype 

H IC because it is easier to understand ~hile (in the view dummy. was that in one of the tests (Car A), the rib 
deflection measuring instrumentation failed, while in of some authorities(8) being quite as good a predictor of 

brain injuries. A femur load tolerance value of 4kN has another (Car D) the ribs jammed mechanically. Chest 
acceleration resultant measurements can be used as a been used as previously: since then higher levels have 

been suggested but for the sake of continuit3 these have backup in such cases, although this is felt to be a worse 

not been used here. predictor of chest injury than rib del]ection. Then there is 

ttisclearfromgablelthatCarCperformedbestofthe a question as to whether 3ms exceedence or (}add 

six cars in this frontal impact test, with none of its Severity Index should be used. Iable2gives values of all 
these quantities for all the cars. measured parameters exceeding the critical values. Car F 

The mobile barrier peak decelerations measured in also did x~ell, but had a passenger head acceleration of 
i02g, apparently due to a combination of excessive these tests were very similar (15 to l6.Tg, after filtering to 

180Hz and then digitally to 60Hz). These values col seatbelt stretch, spoolout, and tot) stitfa facia. Car B also 
had a similar though less se;ere (90g) passenger head to respond to forces of 140 to 155kN on the 950kg barrier. 

facia impact, and Cars B. D. and E al! had drixer’s head to They, are significantly less than the force of 220kN 

steering wheel rim impacts giving 87 to 95g head acceler- required to deform the CCMC barrier (intended to 

ations. Cars A, B, and D also had driver left femur loads represent the front of a typical European car) by 

abo\e the 4kN level, probably from contact with the 200mm(6). The sides ofthese cars, therefore, appeartobe 

steering column or its supporting structure, too weak to make the front of a car hitting them deform 

lhe performance of all these cars would ha~e been enough to absorb much of the energy in a front to side 
crash. Car F was the only car of the six fitted with door improved b} reducing spoolout and possibly by reducing 

seatbelt stretch. This might be done by using stiffer beams, and these do not seem to have been very effective 

x~ebbing, and either a web locker at the upper belt in stiffeningitsside;itspeakbarrierdecelerationofl6.Tg 

anchorage or a seatbelt pretensioner. Further improve- was the same as that of Car C without beams, and 
measurements of intrusion in these two cars were similar. ments could be made by providing better energy- 

The Car F figures for pelvis force and acceleration were absorption capabilit5 in the areas that the occupants hit 
~hen the belt does allow such contact, satisfactorily tow, better than all the other cars except 

Car I) (where the jamming ribs probably,’ increased the 
toad carried by the chest while reducing the pelvis load) 

Side Impact Test Results Car F is the only one of these cars fitted with energy- 
absorbing door trim at pelvis level, as an armrest, and this 

Table 2 summarises tt~e results of the 50km h side suggests that such trim can be effective in reducing pelvis 
impact mobile barrier tests, with proposed critical values forces. However, the Car F rib deflections and chest 
for the lnterim Eurosid dummy used to represent the acceleration are not particularly low, which confirms that 
driver. These critical ~alues are even mare uncertain than door beanas do not necessarily reduce chest injury. This 
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agrees with previous TRR1. work(2), which indicated figure produced. It should also insure that a headform 
that door beams produce hard areas in the door that can impact with a very rigid surface (e.g., the unpadded top of 
cause injuries, and also with more recent American a steering column) cannot give an apparently safe result 
work(ll), which suggested that the space door beams because thevery high acceleration peak does not last for 
occup3 would be better used as energy-absorbing crush 3ms. 
depth. An interesting possibility would be to use a door All the cars produced good results in the impacts with 
beam low down in the door just below the level of the the facia top and the lower facia. The steering wheel rim 
driver’s pelvis, where it would provide an increased side impacts also gave fairly low decelerations (37 to 55g). As 
stillness without raking up useful crush distance. Such a explained in(12), this present test with a rigid headform is 
!o~ beam (running back from the lower door hinge rather not a good measure of the potential of a steering wheel for 
than the upper one) could also perhaps be supported in a causing fracture of the facial bones. For example, a 
side impact by a stronger seat frame and mounting to decelerationofonly40gonthe6.Skg(151b)headformisa 
p~ovide a worthwhile increase in occupant protection at force of 2.7kN (600 lb), which, if applied to a face by a 
acceptable weight and cost. narrow wheel rim over a contact area of perhaps 

Table 2 shows that none ofthe cars did welt in this side 75x12mm (3x½in), produces a local pressure that is 
impact test; each car exceeded several of the proposed about twice what the facial bones can withstand(13). A 
ir@~ry criteria, and Car E exceeded all these criteria. The test using a deformable or frangible face form (e.g., a 
consensus is that radical design changes are needed to piece of aluminum honeycomb of the correct crush 
solve this problem. These would include strengthening strength) would therefore be preferable for measuring the 
the side structure to resist impact, but this alone is safety of a steering wheel rim. The test could insure that 
unlikely to be effecti,~e, and it is desirable that car front the wheel centre, steering column end, and rim are 
structures should be softer than at present for car front to padded to reduce face bone fractures. 
car side impacts. Finall3, however, extensive energy- The other five areas tested (header rail, cantrail, A 
absorbing padding is needed to attenuate side impact post, B post, and steering wheel hub) all gave poor results 
loadings, with high headform decelerations, although there are 

wide variations between car models. For example, the 
Interior Impact Results header rail on Car A gave a mean value over five impact 

points of 63g, while Car E gave nearly double this at 121g. 
Table 3 summarises the results of the interior free- Simitarly, the A post results vary from 66g (Car F) to 99g 

flight headform tests. The figures given are the peak (Car E), and the steering wheel hub from 75g (Car F) to 
headform resultant accelerations after filtering to Channel 111 g (Car E). These high values for steering wheel hubs 
Class 60 (i.e., 60Hz). This was chosen after a trial in which are important because these may be struck by the faces of 
headform test results were filtered to different channel drivers wearing seatbelts. 
classes and their peak accelerations compared with the On all six cars, the B posts and cantrails (over the 
3ms exceedence level. Class 60 ~as the frequency whose doors) gave very high levels of headform acceleration, 
maxima corresponded most closely to the 3ms figures, and design changes to improve energy absorption in these 
[se of this 60Hz peak level is intended to overcome the areas would be very desirable. The seatbelt anchorage 
~ael!-known problem of applying the 3ms exceedence point on the B post might possibly be protected by using 
criterion (whether continuous or cumulative) to an foam-filled plastic or deformable metal trims clipped to 
oscillatory or spikey signal, where tiny differences in the the anchorage. It may be more difficult to protect the 
shape of the signal can make large differences in the cantrait area without unacceptable reduction of the space 

Table 3. 

Interior Headform Impact Test Results: Peak Resultant Acceleration, 60Hz Filter, g 
: Proposed Critical Value 80g: Exceedences Underlined. 

Header rail Facia top: A post: mean of Steering wheel Steering wheel Lower facia: 8 post: Cant rail: mean 
Car mean of mean of 2 points hub rim, on spoke mean of 4 points mean of 2 of 2 points 

5 points 4 points points 

Car A 63 45 9_~1 9~4 55 61 t 24 141 
Car 8 78 47 8.~8 9~4 48 31 9~-~" ~ 
Car C 8--5 35 8--8 9_~1 40 31 108 ~ 
Car D 79 45 76 10--7 50 51 12-"~ 9__"~" 
Car E 12--I 48 9--9 111 45 29 t 3"--d 119 
Car F 9--9 58 66 7-~ 37 55 117 12--6 
Average ~ 46 85 .~ 46 43 11--’~ ~ Average of 1976 76 61 80 ~ 62 71 114 97 
cars {3) -- ~ 
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beside theheadsofoccupants. Sideways headspacedoes front, side, and interior impacts: the Renault 9~ 

not usually seem to be a critical design area. Grab handles Vauxhatl (G M) Astra, Volvo 340, Toyota Tercel, 

are often fitted there in the up-market versions of small Austin Rover Maestro, and Ford Escort. 

cars, and several luxury saloons offer very limited head 2. The results of the frontal impact tests were on 

space in this direction, average considerably better than those of similar 

tests carried out on 1976 cars. The most important 

improvements in the 1983 cars were reduced intrusion 
Comparison With Results on Previous Cars into the passenger compartment and lower occupant 

head decelerations. However, little progress appears 
Although exact comparisons cannot be made with the to have been made in improving side impact pro- 

similar tests(1,2,3) on cars produced in 1976, some trends tection. 
are apparent. 3. A comparison of the results for the six models of car 

In the frontal impact test, Table 1 shows the 1983 cars suggests that five are very similar in overall per- 
gave no infringements of the ECE Regulation 33 survival formance while the other appears to be designed to 
space requirements and lower values for dummy head slightly less demanding standards. It is noteworthy 
accelerations (an average of 81g rather than 105g). that no one design has the best performance in many 
Dummy passenger head impact levels were similar. of the different aspects of safety for its occupants. In 
Deceleration levels for headforms on facias have improved fact, a new car built with the best features from these 
and so has the softness of the rims of steering wheels. six models would be a distinct advance on the six° 
However, the rigidity of the other likely head impact Further improvements in safety can therefore be 
areas is little different, gained by attention to detail design. 

....... Overall, the results of Table 1 show a fairly good level 4. The good average performance of these 1983 cars in 
of occupant protection at 60km/h angled impact. This this 60kmih frontal barrier impact suggests that 
suggests that the 30° angled barrier test proposal at current legislation based on 50kmih impacts is no 
50kmih has been largely overtaken by events, longer having a major influence on the designs 

An alternative is the U.S. New Car Assessment Program produced by competent teams, who are providing 
test head-on into a barrier at 35mi/h (56kmi h)(14), but more occupant protection than the minimum standard 

...... this does less to improve resistance to corner impact and required. Since the number of car occupants being 
subsequent intrusion, killed is still unacceptably high, there is a clear need 

For side impact protection, the introduction of for a more demanding and realistic frontal impact 
European legislation is long overdue, and this may partly legislative test. The long overdue introduction of 
account for the lack of energy-absorbing door trims and European side impact legislation, and the more 

other measures for protection, realistic testing of likely interior head impact areas, 
Although car manufacturers can be justifiably proud are also needed if legislation is to make a further 

of the improvements achieved in frontal barrier test contribution to car occupant safety. 
results between 1976 and 1983, the fact that large 5. The main safety problems for belted occupants in 
numbers of car occupants are still being killed or nearly all the six cars are-- 
seriously injured even when wearing seatbelts in modern ¯ In the frontal impact test, driver head injury 
designs of cars should remove any grounds for com- from the steering wheel and passenger head 
placency. There is a wide range between the best and injury from the facia 
worst results in many of the tests, so a very significant ,~ In the side impact test, high chest and pelvis 
improvement in occupant protection would result if all loads 
cars approached the levels that the best are already ¯ In the interior impact tests, excessive stiffness 
achieving in the various tests. It should also be possible to and lack of padding on the steering wheel hub~ 
achieve a further improvement by using safety ideas that the header rail, and cantrails (i.e., above the 
have not yet been introduced widely into production cars windscreen and doors), and on the windscreen A 
but whose value and feasibility have previously been post and central side pillars 
demonstrated on experimental safety vehicles, e.g., safer 6. Simple ways of reducing these safety problems would 
steering wheels, energy-absorbing armrests and door be to---- 
trim, and head impact area padding. Seatbelt pretension- ¯ Improve the steering wheel design 
ers are a more recent innovation of great promise. ,, Use energy-absorbing armrests and trim on the 

doors 

Conclusion ¯ Improve padding in the head impact areas 

A more expensive safety improvement would be to use 

1. Six models of European and Japanese 1983 lower- seatbelt pretensioners. However, side impact appears to 

medium,size four-door cars have been tested in be the least tractable occupant protection problem, and a 
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A Free-Flight Headform impact Device for Evaluating the Energy-Absorption 
Characteristics of Vehicle Interiors 

Noao Dale and impacts to be conducted on almost any part ofthevehicle 

R.Co C~emo interior. 

Motor Industry Research Association Currently, energy-absorbing characteristics of the 
interior of passenger cars are assessed using drop rigs or 
pendulums, which necessitate the dismantling of the 

Abstract vehicle body. This has implications for representativeness 
in terms of the validity of the stiffness characteristics of 

This paper reports on thedesign, development, and use the section of the vehicle being tested. 
of a test rig that enables the analysis of the aggressivity of The results of testing standard spemmens, using all 
vehicle interiors to the heads of occupants. The equipment three test devices, are presented and discussed. 
comprises a pneumatically controlled free-flight headform 
device. It can be positioned inside the passenger compart- 
ment of any passenger car via any normal window or Introduction 
door aperture. The device fires a simulated headform 
prescribed in SAE J984 at speeds from 10 to 30mph. The In vehicle crashes, injuries to occupants are frequently 
enormous degree of t?exibility in positioning enables sustained by the head striking the interior surfaces of the 
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passenger compartment. The design of the passenger degree of flexibility provided in positioning enables 

compartment has a significant effect on the injuries that impacts to be conducted on almost any part of the vehicle 

result from a given impact. In particular, the injury level interior. 

.......... is reduced where the impact acceleration of the head is One important factor in the establishment of a new 

limited by provision of resilience or energy absorption in piece of equipment is its correlation in performance with 

the impact area. equipment already accepted as suitable for compliance 

A number of test methods exist to compare the ability testing to legislation requirements by the regulatory 

of different vehicles to limit head injury. One method of authorities. 

simulating a real impact is given by a full-scale crash test MIRA has conducted tests using two more common 

........ using anthropomorphic dummies, such as the U.S. rigs and the Free-Flight Headform Impact Device to 

FMVSS 208 regulation. This comprises a variety of access the correlation of headform deceleration charac- 

impact conditions, including frontal barrier, angle barrier, teristics between the different devices. 

side impact, etc., with restrained 50th percentile male 

dummies in the vehicle, the dummies being fitted with The MIRA Free-Flight Headform Impact 
accelerometers in various locations, including the head, 

........ Rig 
............. to measure the impact accelerations. 

However, this test can only mimic the behaviour of a 

human subject for-- Description of Equipment 
¯ The trajectory of the dummy head 

¯ The point of impact on the car interior for this The MIRA Free-Flight Headform Impact Rig consists 

accident configuration only of an instrumented headform with its associated launching 

.......... Studies of real accidents, however, show a wide apparatus and signal processing equipment. Theheadform 

variation in impact location(I). Clearly, it is impractical is in the form of a piston and is fired from an open-ended 

to carry out a full crash test at each possible head impact pneumatic cylinder by a charge of low-pressure air. The 

point and, therefore, it is necessary to supplement these rig is illustrated in Figure 1 and the launcher system in 

with a simpler test, which can be repeated at a large Figure 2. 

number of positions on the vehicle interior. 

One such test is laid down in the FMVSS 201(2) and 

ECE 21 regulation(3). These define the parts of a vehicle 

interior that must limit head acceleration during impact. 

They specify a test using a smooth rigid hemisphere 

conforming to SAE J984(4) of 6.Skg mass and 165mm 

diameter, striking the vehicle surface at velocities up to 

24. l kmi h. The impact velocity is related to the angle at 

which a head, connected to an imaginary torso pivoted at 

the H-point, strikes the surface. One established means of 

propelling the hemispherical headform is by mounting it 

on a pendulum rig or alternatively by guided drop weight 
rig. 

The principal disadvantage using these approaches is 

that the vehicle to be tested must be dismantled to enable 

access to the selected impact positions. When dismantled, 
Figure 1. MIRA free-flight headform impact device 

the vehicle components are mounted separately on the rig 

simulating as near as possible the mounting in the vehicle. 

Once the component is prepared in this way, the 

structural integrity of the test sample is compromised, to 

the extent it may have a different stiffness characteristic 

than when it was incorporated into the vehicle body. 

The MIRA Free-Flight Headform Impact Device has 

been designed in an attempt to provide a solution to these 

problems, which have also been addressed by rigs of the 

compressed air nodding hammer type. The device is 

basically a pneumatically controlled launcher of a head- 

form conforming to SAE J984. It can be positioned 

inside the occupant compartment of any passenger car Figure 2. Schematic diagram of h~adform launcher 

via any normal window or door aperture. The enormous s~/stem 
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’Fbe beadform is in three parts, enclosing a central simulate a wide variety of head-impact positions and 
cavity that houses an accelerometer array. The central directions. This is in the form of a trolley carrying an 
part is a steel piston of t58mm diameter, carrying two extension arm on which the cylinder is mounted, thearm 
pneumatic seals. Onto the front face of this is bolted an being adjustable for height, using a hydraulic mechanism. 
aluminum block whose front surface forms a segment of The trolley is wheeled to the vehicle and the arm inserted 

a ! 65ram diameter sphere. This spherical surface subtends through a suitable door, tailgate, or window aperture. A 
an arc of ~40° about the piston axis. pivoting cradle on the end of the arm allows the cylinder 

The rear part of the headform constitutes an aluminum to be aligned with the chosen impact position at a suitable 
ballast plate designed to place the combined centre of firing distance. Clamps on the cradle pivots and trolley 
gra~it> of the headform at the centre of the sphere. An wheels and ballast on the base of the trolley minimise 
array of three accelerometers is bolted to the rear face of movement of the cylinder during firing. The trolley 

the sphericat segment with their axes atigned with the axis carries a 44ft3 cylinder of nitrogen that supplies the 

of the piston and two other mutually perpendicular axes, cylinder during firing, which is capable of providing a 
i~tersecting at the centre of the sphere. The combined supply pressure for over 80 impacts. 

mass of the headform and accelerometers is 6.8kg. The The signals from the three accelerometers are passed to 
signal from the accelerometers is carried by an umbilical a M I RA instrumentation trolley where they are amplified 
multicore cable that passes through a slot in the rear face and recorded on a Hewlett Packard HP 6942A Multi- 

of the headform, programmer incorporating high-speed analogue to digital 
The launcher consists of a cylinder of 158ram diameter converter with the associated l / O circuitry and configured 

and 330ram length, open at both ends. The rear end of the with H P 9816 S microcomputer. 
cylinder is fitted with a sealed plug held in position by The circuits of the three accelerometers incorporate 
quick-release clamps to allow the headform to be loaded fixed resistors inserted during calibration to represent 
from the breech. The accelerometer cable passes through fixed-scale values. These may be switched into the circuit 
a sealed gland in this plug, with approximately 2m of and recorded before the test to enable the scale of the 
cable between this and the headform, the cable being output signal to be determined. The switching and firing 
wound into the space between the headform and plug. of the headform are controlled by the instrumentation 
When correctly installed in the cylinder, the piston is trolley. 
located against a stop on the plug and held by a Thefiringvelocityoftheheadformisgenerallyderived 
permanent magnet, from the accelerometer signal, but may also be determined 

The outside of the cylinder incorporates an annular by means of an extension of the rear ballast plate passing 
pressure chamber connected to the cylinder via a ring of between a light source and photocell mounted on the 
ports in the cylinder wall. When the piston is in the firing front face of the cylinder. The extension incorporates two 
position, the ports lie between the two piston seals, with trailing edges a known distance apart. The output from 
the space behind the piston ventilated to the atmosphere, the photocell is monitored and the time elapsed between 
lhe pressure chamber may therefore be charged to the the passage of these two edges recorded on a digital- 

firing pressure of up to approximately 5 bar without output timer. 
applying a toad to the piston. The arrangement of the 

pressure chambm in this form offers the combination of a 
Test Equipment Operation and Performance 

compact launcher with relatively unrestrained air force 

i]ow from the chamber to the cylinder. The compactness 
The appropriate impact point inside the vehicle is 

of the launcher, in particular, allows impacts to be made 

downward onto the top of the facia panel. The piston is 
selected from the array of positions to be tested. Figure 3 

fired by closing the connection to the atmosphere and 

introducing a pulse of pressurised air onto the rear face of 

the pistorL This moves the piston off its stop, opening the 

ports and allowing the air to flow from the pressure 

chamber into the main cylinder, firing the piston from the 

open end. 

The pressure chamber is charged via a precision 

regulator from a supply of bottled nitrogen, the regulator 

setting being used to control the firing velocity. The air 

used to trigger the firing is taken from the same supply via .... 
a second regulator and an electro-pneumatic solenoid 

valve mounted on the plug. 

The launching cylinder is mounted on an apparatus 

that allowsit to be positioned inside a complete vehicle to Figure 3. Typical positions selected for impact 
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illustrates a variety of positions where impacts can be undergoes during the test. Beginning at the point where 

directed, the solenoid valve operates and air is admitted behind the 

The tesE rig is manoeuvred into the car to give the piston, Phase 1 represents the slow movement of the 

correct impact alignment, with the first contact of the headform as the restricted airflow through the valve 

headform on the impact point. This is checked with a displaces it from its initial position toward the ports. 

small gauge that fits into the end of the cylinder and Phase 2 shows the increasing acceleration as the piston 

carries a two-dimensional template representing the uncovers the ports and air transfers rapidly into the 

headform. The distance of the cylinder from the impact cylinder. After reaching a maximum of approximately 

point is selected to allow the headform to clear the 25g, the acceleration declines as the air charge expands. 

cylinder before impact and prevent damage on recoil, and Finally, at a displacement of 270mm, the hcadform 

is normally in the range of 300 to 400mm. A small emerges from the end of the cylinder and begins Phase 3, 

correction is made to allow for the effect ofgravity on the which represents the free flight of the headform to its 

headform in flight. With the cylinder aligned, the clamps target. The distance travelled in this phase depends on the 

on the support structure are tightened and the angles of test configuration but is generally between 200 and 

the cylinder in relation to the car noted. 500mm. The headform is subject to the effects of gravity 

The cylinder is then lubricated and the headform during this phase, but this may be compensated for in 

loaded to the rear of the cylinder with the axes of the setting up the test. 

accelerometers in vertical and horizontal planes. The Phase 4 begins as the headform first decelerates as it 

plug is then located on the rear of the headform and the strikes the impact point. Up to this point, the alignment 

cable wound into the annular space between them. The of the headform has been maintained by the launcher, but 

,~.hole unit is then slid forward into the end of the during this phase the headform may rotate and cause the 

cylinder, taking care not to trap the cable, and the plug original alignment to be lost. Therefore, we cannot derive 

clamps tightened. The engagement of the headform on any useful information from the fore and aft channel 

the plug (and its correct positioning in relation to the beyond this point and must turn to thegraph of resultant 

ports) is then checked with a small gauge, acceleration, which is not affected by the rotation of the 

Guards are then fitted to the door apertures of the axes. Despite this, however, analysis of high-speed cine 

vehicle, if doors have beeri removed, and the cylinder shows most impacts appear to undergo little, if any, 

charged up to the firing pressure. The firing sequence angular deflection during impact, so that the fore and aft 

(with its safety override) is initiated, putting the calibration trace gives an approximate indication of the penetration 

steps on the computer and firing the headform and of the headform and the recoil velocity. 

recording data. The air supply is automatically discon- After impact, the headform falls back into the interior 

nected and the damage noted. The headform is then fed of the car. In doing this, further impacts occur as it strikes 

back through the cylinder and the procedure repeated for the launcher or the vehicle, and these often fall within the 

the other impact points, timespan of the analysis, These impacts are generally of 

The graph ofheadform fore and aft acceleration shown lower severity than the main impact due to the lower 

in Figure 4 illustrates the phases that the headform velocity and can be readily distinguished. One such 

impact is shown on the graph as Please 5. 

The principal method of measuring headform velocity 
~00- z0, ~.0 - in these tests is the technique of integrating the fore and 

~HEADFORM~"~ F R N6 FREE MAIN aft accelerometcr signal. This is an established method 

~MOVES T0~ PULSE FLIOHT’ ~MPACV used in MIRA for measuring velocity and displacement 
~FIRIN6 ~ ~ /SPIKE 

of vehicles in crash tests. POSITION                      10         "~"                  05 
100 

- PHASE 5 
’ UNRELATED IMPACT However, as a backup, a second technique is employed, 

using a light beam on the front face of the launcher, 

intersecting two surfaces on the rear of the headform, 

o This provides a readout on a digital display from which 

"’,, , ,,’ ~ the speed may be calculated. 
\ ----~ However, this method proved very unpredictable in 

"" .......... ~*<--"/ -"’~ ~ 

~ 

use due to the interaction of the trailing umbilica! cable 
-~oo, -~o b-.._ .--" -os- 

with the beam, and, in approximately 25 percent of the 

ACCELERATION ~ ~ tests, this measure of velocity has been lost due to 
....... VELOCITY ~ ~ interaction of the cable before or during the timing 
--     DISPLACEMENT , 

F interval. 
-200-~ g                            -20 ¯ mls                          -I.0 ~ ra 

In addition to this the velocity calculated by this 

Figure 4. Various phases of headform acceleration method has proved to be generally of the order of 15 

traces percent lower than the value obtained by integration, 
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Examination of high-speed cine films of various impacts The graph also computes the displacement of the 
suggests that this may be due to the displacement of the headform, along the impact axis from the second integral 
launcher due to recoil. This displacement has a maximum of headform acceleration with respect to t. 
amplitude of approximately t 2mm and the launcher is The headform’s velocity may also be determined by the 
beginning to move forward during the timing interval, so time taken for the two trailing edges on the headform and 
the timer speed represents only the relative velocity its extension (a distance of 30mm apart) intersecting the 
between the launcher and headform at this point, timing light beam. 

The aiming of the device is good and not seriously 

affected by the slight distortion of the support upon 

firing. I n a situation representing the worst possible case, Resultant Acceleration (Magnitude of Aeeelera- 
with a flight distance of 430mm and the launcher axis at tion Vector) 
right angles to the arm, the headform struck a point 

l 2ram away from its original target. Given the benefit of This may be expressed by the formula: 
these tests, it is possible now to compensate for this effect 

in aiming the device. Clearly, it would be an advantage to a~ = a2f + aZv1+ a21 

have a mounting that constrains the launcher most 
where: 

effectively. However, this is the first of its type and the 

maneouverabilit3 proved extremely useful. Future models af = acceleration in the direction of impact 

could incorporate a mounting with stiffer supports and av = acceleration at right angles to the direction 

fewer moving parts while retaining accessibility, of impact and in a vertical plane 

a~ = acceleration at right angles to the direction 

Signal Analysis of impact and in a horizontal plane 

This quantity is expressed as a graph against t, over the 
The results are analysed using MIRA’s impact test time scale 0 to 250ms, and, when computed, forms the 

anat3sis computer program. The recorded signals are basis for head injury predictions. 
variously filtered to Channel Frequency Classes (CFC) 

1000 and 60 as defined in SAE Technical Report J211(5). 

The signals are then passed through an analogue to Head Injury Level 
digital converter for analysis at a nominal sampling rate 

of 33 samples/ms of real time record and loaded onto The computer programme conducts analysis on the 
disc. The accelerometer signals are recalled from disc for normally accepted indices of head injury level required by 
theperiodcorrespondingto250msafteractivationofthe current international legislation. These comprise the 
solenoid valve. This period includes the acceleration following: 
from the launcher, the main impact, and, in some cases, a 

further impact as the headform strikes other parts of the 80g for 3ms exceedence 

car interior. Gadd Severity Index 1000 

Head Injury Criterion HIC 1000 

Headform Speed 

This is computed from the integration ofthe headform’s Test Equipment Used To Quantify 
acceleration in the firing direction, starting just before the Correlation 
release mechanism is operated, when the headform is 

known to be stationary. This may be expressed as The most important aspect, in terms of performance, 
follows: of any new device used for testing components is the 

T correlation of the output function with other currently 
v =    af" dt accepted equipment. Headform impact testing has been 

o 
conducted for many years using both pendulums and 

Where: drop weight rigs. 

af : acceleration in the direction of impact The performance comparison of the MIRA Free- 
t = time from a point just before release Flight Headform Impact Device was conducted against 

vis drawnout as a graph against t over the time scale 0 that of the MIRA Head Impact Pendulum Rig and the 
to 250ms. The velocity of the headformjust before impact M I RA Head Impact Drop Weight Rig. All three devices 
may be read from the graph. Note that the graph ceases to incorporate headforms to the legislative requirements, 
be valid during the impact after rotation of the accelero- and all impacts were conducted using a standard test 
meter axes. specimen. 
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Description of the Head Impact Pendulum Rig Description of the Head Impact Drop Weight 
Rig 

l~his rig comprises a hemispherical headform mounted 
on a pendulum arm to simulate occupant head impacts The rig consists of a hemispherical hcadform that falls 

on items such as facias, seats, etc., and is illustrated in onto the test specimen from a given height. The headform 

Figure 5. is guided by two parallel rails and illustrated in Figure 6. 
The headform is a hollow alnminum hemisphere of The headform is a smooth rigid aluminum hemisphere 

165ram diameter and having an effective mass of 6.Skg. of t65mm diameter. [he central cavity of the headform 

This is made in two parts and carries two accelerometers houses an accelerometer, measuring the acceleration in 

mounted symmetrically on either side of the centre-line, the vertical direction. The headform is bolted to a small 

framework supporting the guides that locate the headform 

in its guide rails. The headform, accelerometer, frame~ 

and guides have a total mass of 6.8kg. 

The rails are set paralle! and vertical to insure precise 

guidance of the headform while eliminating any frictional 

resistance on the falling weight. 

The headform is raised to the appropriate height for 

the chosen impact speed. An electromagnetic release 

mechanism is incorporated to allow the weight to be 

released remotely. 

An acccterometer is mounted in the headform to 

measure the impact decelerations. rest specimens are 

positioned bei~eath the rig, 

Figure 5. Rt~IFIA bead impact pendulum 

measuring the tangential acceleration of the headform 

about the arm pivot. The radius of the centre of the 

headform fYom this pivot is ].2lm. 

The pendulum beam is of rectangular section and 

designed witb counterweights below the headform and 

above the pivot axis to place the centre of percussion 

exactly at the centre of the headform. 

The beam is hung from a welded steel framework via a 

ball bearing pivot, l’he frame incorporates an extension 

for mounting specimens and also a pivoting arm carrying 

an electrical release mechanism. By altering the position 

of the arm, the position of the pendulum and thus the 
Figure ~. ~[NA head impact drop r[g 

drop height can be varied, allowing the impact speed to 

be controlled up to a maximum of approximately 

24.1km h (15miih). 
The specimen to be tested is mounted on a support Description of the Calibration Specimen and 

frame and positioned on the rig so as to just touch the Fixture 
head form when hanging free. The frame is bolted to two 

rails projecting from. the rig to prevent movement of the The specimens are designed to collapse as the result ol’ 

specimen on impact a~d incorporates adjustment whereby impact by a standard hcadform to enable impact accel- 

the specimen may be raised, !owered, and tilted in the eration signals to be compared. 

plane of the pendulum. The specimens arc pressed from a sheet of cold- 

The speed of the pendulum immediately prior to reduced steel sheet of0.76mmtbicknessand f;ormedinto 

impact is measured by a slotted blade mounted on the a half-cylinder section. On removal from the press tool, 

beam. passing between a light source and photocell the elasticity in the material causes the specimen to open 

fastened to the rig frame. The spacing of the leading edges s!ightly, and this elasticity is used to locate the specimen 

is known accurately, a~d the signal from the photocell is in ~he test fixture. 

amplified and fed to a timer and one channel of the The fixture consists of a steel plate with a shallo~ 

instrumentation, longitudinal cax, ity to accept the specimen. The specimen 
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is constrained within the fixture by the two outer edges of Xi = a digitised point of one data set 

the flanges pressing against the vertical walls of the Yi = a digitised point of a second data set 

cavity. Clamping plates held by four bolts secure the N = number of digitised points in each data set 

specimen to the fixture surface at each side. The fixture is The portion of the NISE due to a phase shift between 

mounted so the impact axis is perpendicular to the base at the two data sets is: 
the centre of the specimen for the impact to be conducted, 

The arrangement is illustrated in Figure 7, 2xy ( t ) max 2xy ( o ) 
NISE (Phase) = 

Rxx(O) + Ryy(o) Rxx(O) + Ryy(O) 

where t = a time lag 

1 N-a 
Rxy (t) = Z Xi)(Yl+a) 

N-a izl 

t 
a = 

~ 

At 

Rxy(t)max = maximum Rxy(t) for any (t) 

The portion of the N1SE due to a difference in 

amplitude only, after the phase shift has been eliminated, 

is: 

2 Rxy (t) max 
NISE(0) = Pxy(t) - 

Figure 7. Calibration specimen and fixture Rxx (o) + Ryy (o) 

where Pxy (t) = correlation coefficient 

Test Results Analysis Rxy ( t ) max 

Rxx (o) ¯ Ryy (o) 

Assessment of Specimen Impact Acceleration 
Response Correlation The portion of NISE due to a difference in shape after 

phase shift has been eliminated is: 

NISE (Shape) = 1 - Pxy(t) 

Measure of Comparison The sum of the three apportioned NISE’s is then total 
NISE. 

An analytical approach is required to describe the This approach was judged to be suitable because it is 

extent of repeatability and reproducibility of the test based on the principle of cumulative variance and treats 

equipment. The measure used is known as the Normalised each data set as a continuous whole and quantifies the 

Integral Square Error (NISE). NISE is a measure of the difference between the two data sets over their duration. 

d fference between two time histories and is able to divide 

total NISE into phase shift, amplitude differences, and Acceptance Criteria 

shape difference. 

The equations by Donnelly et el.,(6) for NISE are: Donnelly et al., reviewed the previous work on this 

topic and determined that a coefficient of variation of 6 
2Rxy (o) percent or less was generally considered good. Using 

NISE = 1 - simple cases as examples, they de~rived allowable NISE 
Rxx (o) + Ryy (o) 

limits of acceptability for phase, amplitude, and shape; 

1 N 
The results of these calculations are shown in Table 1. 

whereRxy (o) = Y    (Xi)(Yi) 
N i=l 

Table 1. Allowable NISE 

where Rxx (o) = 5"    ( Xi )( Xi ) 
Limit of Acceptability (6%) 

N i=l 

Phase 0.0300 
1 N Amplitude 0.0017 

where Ryy (o) = -- Y    ( Yi )( Yi ) Shape 0.029t 
N i=l 
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For the Free-Flight Headform Impact Rig, limits of 

acceptability of 6 percent were adopted for both repeat- 

ability and reproducibility. 

Test Result Comparison o 

Repeatability 

The recordings of five example impacts were selected 

at random from a range of tests on the specimens using 

the Free-Flight Headform Impact Device. The accel- 

eration data were recorded over a lOOms sample period at 

33kHz sampling rate and filtered to CFC 1000. The 

output from three tests, for clarity, was plotted on a 
Figure 8. Curves illustrating the repeatability of the 

free-flight headform impact device 
reduced common time base and is shown in Figure 5. The 

mean curve was calculated from the set of randomly To enable the comparison of the different test devices, 
selected impacts and then, to calculate the NISE, each 

a mean curve was calculated from a set of five tests for the 
impact was compared with the mean. The NISE was 

pendulum and drop weight rigs. The accelerations were 
calculated for phase shift, amplitude, and shape, and the 

recorded over the same sampling period and sampling 
results, from these comparisons, are shown in Table 2. 

rate, and filtered to the same channel class as for the 

Free-Flight Headform Impacts. 
Table 2. NISE comparisons for free-flight headform The NISE calculation was then conducted, comparing 

the mean acceleration time histories for each test device. 
Free-Flight Headform Limit of The calculations for NISE (amp) and NISE (shape) 

tmpactTests Acceptability 
were conducted both with and without phase shift 

NISE Sample 1 Sample 2 Sample 3 (6%) adjustments, and the results were wel! within the accept- 

ability limit and are shown in Table 3. The curves plottcd 

Phase 0.00011 0.00024 0.0019 0.0300 in Figure 9 are of phase shift adjusted time histories. 
Amplitute 0.00002 0.00021 0.00012 0.0017 

Shape 0.00035 0.00011 0.00127 0.0291 

The calculations [’or NISE (amp) and NISE (shape) 

were conducted without phase shift adjustment but are 

still well within the acceptability limits adopted. A visual 

comparison of the time history curves in Figure 8 shows 

good repeatability. ~ / 

Reproducibility 

. _ 
The results of specimen impact tests from the MIRA 

Free-Flight Impact Device were compared with tests on 

identical specimens using the MIRA Head Impact Pen- 

dulum Rig and the MIRA Head Impact Drop Weight Figure 9, Curves illustrating the reproducibility of the 
free-flight headform against both pendulum Rig. 
and drop rig headforms 

Table 3. NISE comparisons between different rigs 

Phase Amplitude Shape 

Acceptability Limit (6%) 0.0300 0.0017 0.0291 

Free-flight Headform vs, Pendulum 0,00015 0.00035 0,00151 
Free-Flight Headform vs. Drop Weight 0.00075 0.00005 0.00288 

Pendulum vs. Drop Weight 0.00087 0.00066 0.001 
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Therefore, the MIRA Free-Flight Headform Impact dismantling, conduct a series of tests to evaluate the 

[)evice gives repeatable and reproducible acceleration aggressiveness of the surfaces. The characteristics of the 

time histories v~ithin the rigorous acceptability criteria acceleration time histories generated from these impacts 

chosen, were to show a close relationship to equipment currently 

An additional successful aspect of the headform used for the same purpose. 

pertormance can be seen in the shape of the accelerometer On completion of the commissioning trials of the 

traces. In designing a headform impactor of this type, it is device, it was used successfully in testing six saloon cars 

essential that the structure be sufficiently rigid to place at more than 20 impact positions on their passenger 

the natural frequenc5 of all possible modes of vibration compartment interiors(7). The device demonstrated its 

well above the attenuation level of the filters (i.e., flexibility in positioning during these tests, being free to 

1,000Hz). Failure to achieve this causes ringing in the rotate up to 360° in the vertical plane and 245° in the 

form of a regular ripple on the acceleration signal, horizontal plane. 

Examination of the traces shows the accelerometer Using the standard specimens, the tests gave extremely 

signals are entirely free from this effect, good correlation with the alternative test rigs used for 

head impacts. The repeatability and reproducibility of 

Impact Velocity Variations                     the deceleration pulse in terms of phase shift, amplitude, 
and shape were well within the coefficient of variation of 

the 6 percent chosen as an indication of good correlation. 
The Free-Flight Headform Impact Device was used 

The results of the work conducted to date are very 
when conducting a research programme in relation to 

encouraging, and the main objectives of the design were 
head impact. The device was fired on over 100 occasions 

achieved successfully. There is, however, room for minor 
at nominall5 identical impact velocities, i.e., 7.2m/s. The 

improvement in the repeatability of firing velocity. 
annulus pressure required to provide this impact speed 

Design modifications have been identified, and analysis 
was 1.2 bar. 

of the benefits of the proposed changes are underway. 
The pendulum and drop weight rigs have been used at 

MIP, A for man5’ }ears and, b5 virtue of their gravity 

power, have adjustable impact velocities on the basis of Concllls~on 

the release height of the headform. A series of 20 tests was 

conducted to verify impact speed repeatability on both The results of the tests using the MIRA Free-Flight 

the pendulum and drop weight rigs. Headform Impact Device on the interiors of a range of 

Table 4 shows the means and standard deviations of current vehicles(7) has illustrated the flexibility of the 

the tests conducted on all three rigs. subsystem approach. In the area of developing improved 

energy-absorption characteristics of these structures, this 

Table 4. Variations in impact velocities is a tool around which test procedures could be developed, 

based on the analysis of accident data, and which may 

Nominal Standard 
yield useful benefits. 

m/s Mean Deviation 

Free-Flight Headform 7.2 7.289 0.25 
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New Car Assessment Program Results and the Risk of Injury in Actual Accidents __ 

Ian S. Jones, size class. The program uses the results of full frontal 

R.A. Whitfield, and barrier crash tests at 35mph with restrained anthro- 

Diane M. Carroll pometric dummies in the driver and right-front passenger 

seat position(l). Although the program is designed to 
measure vehicle crashworthiness, the relevance of the Abstract 
single crash test and the applicability of the results to 
real-world crashes have been repeatedly questioned. 

The risk of injury for particular car makes and models Previous studies have attempted to assess the relevance 
was examined in relation to their corresponding crash 

of the NCAP test results to real-world crashes with 
performance in the 35mph New Car Assessment Program’s 

different degrees of success(2,3.4,5). These studies have 
(NCAP) frontal barrier tests. Texas State accident data all been criticized because they have not restricted their 
for the years1980 to1982 were used to determine the risk 

analyses to impacts comparable to the NCAP test 
of driver injury in single-vehicle, fixed-object car col- 

configuration, and they have not been controlled sug 
lisions. [’he risk of fatal or incapacitating injury was ficiently for other confounding variables. 
modeled using logistic regression techniques so the effect The frequency and severity of inj uries to occupants i,~ 
of confounding factors such as car mass, age of driver, crashes are influenced by many factors; the strongest 
crash seventy, and restraint use could be effectively effects include crash speed and configuration, car size or 
controlled. The NCAP test results were entered in the 

mass, and restraint use. Differences in vehicle crash- 
model by using the values of Head Injury Criterion worthiness are likely to have less eft~ct on the probability 
(H1C), chest deceleration {CD}. and femur load as ofoccupant injuries than some o~-these factors. The~.e~)re, 
independent variables~ Separate results are presented for 

to assess the relevance of the NCAP crashworthiness 
restrained and unrestrained drivers. After controlling for ratings to actual crash injuries, it is necessary to separate 
the confounding effects, for restrained drivers the risk of 

differences in injury outcomes due to factors such as 
driver in3ury was reduced by between 80 and 87 percent crash speed and configuration from differences due to 
for cars with the best NCAP test results compared to cars crashworthiness. One way to do this is to identii~’ a 
with the worst results. The corresponding reduction for relatively homogeneous set of real-world crashes with 
unrestrained drivers was between 21 and 36 percent. To characteristics similar to the 35mph t~ontal barrier 
examine the possible biomechanical causes of these 

NCAP tests and to examine whilecontrollingforother 
statistical results, the 16mm films from the NCAP crash confounding factors -xvhether the various anthropo- 
tests were analyzed to determine whether there were metric dummy responses measured in the tests are related 
discernible differences in the trajectories of drivers for to the likelihood of crash injuries. 
cars with good NCAP test results compared to cars with Selecting a sample of accidents that are similar to the 
poor results. This analysis showed an obvious pattern of NCAP tests makes it more likely that a relationship 
increasing interaction with the steering assembly with between crashx~orthiness ratings and the risk of h~jury 
increasing HIC and CD values, will be found. At the same time, if the ratings are to be 

useful to consumers, it is important to establish relation- 
Introduction ships between the NCAP crashworthiness ratings and as 

wide a range of actual crashes as possible, Because the 
The NCA P of the National Highway Traffic Sai~ty NCAP tests use a full frontal barrier crash configuration, 

Administration {NHTSA~ was established in 1979 to it is logical to compare the test results with real-world 
provide consumers with com parisons of the crash pro- crashes with frontal damage. An earlier analysis examined 
tection offered by new production vehicles of the same the relationship between anthropometric dummy per- 
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fo~mance in the NCAP tests and risk of fatality in driver, or restraint use, and the author concluded that the 

collisions between passenger cars(6). In the present study, effects of these variables were overwhelming any possible 

these results are summarized together with other relevant relationships with the NCA P results. 

literature, and the range of applicable real,world crashes A similar study was reported by Grush et al.(4), who 

is extended by examinit~g relationships with single- used the FARS data sets for 1979-198t and R.L. Polk 

vehicle, fixed~object crashes. This analysis looks at the vehicle registration data to compute fatalities per reg- 

relationship between each of the dummy response istered car year. HIC values, the Gillis index (a safety 

parameters measured in the NCAP tests, Head Injury rating based on HIC, CD, and femur loads for both 

(riterion (HIC), chest deceleration (CD), and femur driver and passenger dummies), and the Consumers 

toad, and the odds of incapacitating injury or death for Union rating were each regressed against fatality rates for 

dtix ers in a sample of single-vehicle impacts of passenger the total sample and then for restrained drivers only. The 

cars into fixed objects, authors claimed there was no substantial relationship 

In addition~ to better understand some of the reasons between fatality rate and HIC value or either of the 

for these results, a frame-by-frame analysis of driver crashworthiness ratings. However, theirTable 1(4) shows 

trajectories from films of the NCAP tests was performed, that the fatality rate for cars with H IC’s of less than 1,000 

The trajectory of the drivers in cars with high H1C and was 5 percent lower for unrestrained drivers and t7 

CD values were compared to those in cars with low percent lower for restrained drivers than for drivers of 

val~es~ cars with HIC’s greater than 1,000. The authors attempted 

to control for car size by analyzing small cars (<104in 

wheelbase) separately from large cars and to control for 

Literature Review impact type by looking only at frontal collisions. Neither 

control was reported to substantially improve the strength 

Campbell(2) examined serious and fatal injuries as a of the relationship. However, this finding was not 

proportion of all injury for five groups of cars rated from surprising because the effects of mass ratio and age 

best to worst in terms of the crashworthiness ratings distribution of driver, which are important and large 

published by Consumer ReDorts, which are based on the effects, were not controlled. 

NCAP tests. Car sizes were aggregated to insure adequate In another study, Thomas et al.(5) reported no statistic- 

sample sizes; the data base consisted of 32,602 drivers and ally significant association between various crashworthi- 

front-seat passengers involved in crashes in North nessratingsbasedonresultsofNCAPtestsforl4French 

Carolina. Separate analyses were presented for drivers car models and the fatality rates among their occupants 

and front-seat passengers and for belted and unbelted in frontal crashes. The fatality rates in this study were 

occupants. No discernible relationship was detected computed for crash-involved front-seat occupants aged 

between the crashworthiness rating based on the NCAP 20 to 50 only, as the ratio of the number killed divided by 

tests and the proportion of serious injury in highway the number present. The relationship between crash- 

c ~ashes for unbelted occupants. There was a suggestion worthiness ratings and fatality rates was assessed using 

of a possible upx~ard i~iury trend associated with the nonparametric statistical methods within groups oflight, 

poorer crashworthiness ratings for belted occupants, but medium, and heavy model cars. The major weakness of 

the results were not significant. However, as the authors this study was that these size groupings contained fewer 

point out, the data were not limited to frontal collisions, than five models on average. With such small sample 

and major confounding factors such as crash severity, car sizes, only a perfect correspondence of fatality rates and 

mass, or driver age were not taken into account, crashworthiness measures would have achieved statistical 

Jones(3) used the Fatal Accident Reporting System significance in most comparisons. It is worth noting that 

(t:ARS) data sets for 1979 through 1980 and R.l,. Polk !2 of the 15 comparisons relatingto fatality rates showed 

vehicle registration data to examine the fatality rates for positive rank correlations between the index used and the 

indi,,idual car models. In that study, fatal injuries to fatality rates [(5)"Fable 1]. Failure to take into account 

dri’,ers and front-seat passengers per vehicle years reg- explicitly the driver age and vehicle weight could have 

istered were correlated with HIC’s and chest decelerations, further blurred the results. Finally, no distinction was 

Ihe effects of car size were controlled by analyzing made between single- and multiple-vehicle crashes. The 

subcompact, compact, and intermediate size cars sepa- severity of the outcomes in collisions between two 

tardy. Correlations bordering on statistical significance vehicles depends strongly on their relative weights, 

were found for subcompact cars. but the relationship indicating a need to adjust the results for the weight of 

disappeared with increasing car size. Similar results were both cars in a multiple-vehicle collision. 

found using the Highway Loss Data InStitute (HI~DI) A more comprehensive analysis of the North Carolina 

relative i~ajury claim frequencies for injury claims in data, initially analyzed by Campbell(2), covering the 

excess of $500. Unfortunately, it was not possible to years 1979 through 1982, was reported recently(7). Only 

control for type of impact~ size of car struck, age of data involving the specific make, model, and model-year 
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cars in the NCAP tests were included in the analyses. The entered as rank variables to overcome problems of 

effect of HIC test scores on the proportion of drivers outlying values. The HIC and CD rankings were also 

involved in an accident who were killed or seriously summed to give a single figure of merit, SUM, to 
injured was analyzed for belted and unbelted drivers in all represent the overall crashworthiness of the vehicle. 
types of crashes and for belted drivers in frontal crashes. The S U M parameter performed better than either H IC 

The authors concluded that there was no association or CD, although all three parameters gave similar results. 

between the HIC parameter and injury risk. Because The combined HIC and CD parameter was significantly 

sample sizes for belted drivers were small, the data base correlated such that vehicles with lower H1C and CD 

was expanded to include vehicle model years other than values in the NCAP crash tests had lower fatality rates 

the specific model year tested for those years where the than those with higher values. For all drivers, irrespective 

base model had not changed. The Consumer Union ofrestraintuse, the risk offatality was reduced 36 percent 

Driver Protection Rating (CUDPR) was also added to from 0.39 to 0.25 for cars with good crashworthiness 

the file. Statistically significant associations between ratings compared to those with poor ratings. 

C U D P R and the proportion of drivers killed or seriously Because the number of restrained drivers in the sample 

injured were found for belted drivers in all types of was small, it was not possible to estimate a separate 

crashes and in frontal crashes. In all other situations, the model for restrained drivers. Instead, the combined 

relationships were either not significant or negative, effects of the NCAP results and restraint use were 

Multivariable linear and nonlinear models were used to modeled using an interaction term. In this data set, the 

investigate the effects of various predictor variables, riskoffatalityforrestraineddriversrangedfromcloseto 

including driver sex, crash type (single vehicle or multiple zero for cars with the lowest crashworthiness ratings to 

vehicle), car size (four categories), and crash speed (two 0.58 for cars with the highest crashworthiness rating; the 

....... categories). A significant effect was not found in any of corresponding range for unrestrained drivers was 0.27 to 

the models for driver HIC; however, these models had 0.40. 

serious limitations. Retaining nonfrontal crash configur- 

ations including side and rear impacts and rollover 

crashes made the models less likely to show significance Correlation of NCAP Test Results to 
for the NCAP test parameters. Modeling crash severity Risk of Injury 
using two categories of crash speed (less than or greater 

than 50mph) may have been ineffective because the For the current analysis, a sample of 6,405 single-car 

transition point was too high. Also, although four crashes was obtained from the Motor Vehicle Traffic 

categories of car size were accommodated, no provision Accident File of the Texas Department of Highways and 

was made to model the mass ratio effect in multiple- Public Transportation and matched with the correspond- 

vehicle crashes. Mass ratio and crash severity are two of ing NCAP test results for each individual make and 

......... the strongest factors in predicting injury risk; these model of car. In addition to the HIC and CD parameters, 

variables were not adequately specified and their effects femur load was included in this analysis. When a test 

could mask relationships with crash test variables, result was not available for a particular model but an 

A recent study(6) used a sample of 695 crashes from equivalent model had been tested, the results for the 

FARStodeterminetheeffectoftheNCAPtestresultson equivalent model were assigned. The data from the 

the risk of fatality to drivers in frontal collisions between accident file and the dummy responses were used to 

passenger cars. FA RS data is outcome dependent because, estimate the odds of an incapacitating itEiur5 or death to a 
for inclusion in the file, there must be a fatality in at least driver of a passenger car as a function of H IC, CI), and 

one vehicle. In this study, the analysis was limited to cases femur load of the tested car. The estimates were derived 
where there was a fatality in the other vehicle, thus the through multiple logistic regression(8) controlling for the 

outcome of the collision in the case vehicle was not simultaneous effects of driver age, vehicle mass, and 

related to its inclusion in FARS. In addition, the sample crash severity. Results for restrai~ed and unrestrained 

was restricted to collisions involving two passenger cars drivers were analyzed separately. 

of approximately equal weight, which eliminated the The Texas Motor Vehicle Traffic Accident trile is a 

problem of mass differences between the vehicles, computerized file ofal! motor vehicle accidents that have 

M ultiple logistic regression procedures were used to been reported to the police. This analysis covers accidents 

predict the odds of driver fatality. The independent or occurring during the years 1980 to 1982. Only single- 

predictor variables included were the speed limit, the vehicle frontal collisions with fixed objects producing 

ratio of the two curb weights to indicate relative mass and vehicle damage in the front center, front letk, or front 

their sum to differentiate vehicle size, driver age for the right were analyzed, so the study sample contained actual 

case vehicle driver and the other vehicle driver, and driver crashes with configurations comparable to the NCAP 

restraint use in both vehicles. The NCAP test results were test crashes. Complete data were available for 3t4 

modeled using the HIC and CD parameters, which were restrained drivers and 6,09! unrestrained drivers, Drivers 
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were characterized as restrained if they were reported to Regression equations were first derived with all three 

be using the 3-point lapbclt and shoulder belt at the time crash test parameters (H IC, CD, and femur load I included. 

of the accident. I)rivers whose belt usage was unknown while controlling for crash severity, driver age, and 

are not included in these analyses, vehicle mass. For restrained drivers, the CD parameter 

To fit the regression models, the logistic regression proved to have a strong relationship with likelihood of 

procedure from the SAS Users Group International injury, and neither HIC nor femur load added significantly 

(St GI} Supplementa! Library of the Statistical Analysis to the model once the CD parameter was included. A 

System was used(9). The dependent variable in each similar pattern emerged for unrestraineddrivers, although 

observation is the presence or absence of an incapacitating the femur load parameter was also significant. 

injury or death to the driver of a passenger car in an Separate regression equations were derived for re- 

accident that has been reported to the police. In the Texas strained and unrestrained drivers in which the only crash 

data, an incapacitating injury is defined as an injury that test parameter included was H1C. Using this model, the 

leaves the driver unable to walk or drive. HIC parameter was statistically significant for unre- 

The regression equations were used to predict the log strained drivers, which suggests that it explains much the 

odds of an incapacitating driver i~iury or death, These same variation as that explained by CD. However. it did 

odds are predicted as a function of driver age, vehicle not have as strong a relationship with crashworthiness in 

mass, and crash severity as well as the HIC score, CD~ the sample as the CD parameter. The final regression 

ai~d femur load derived from the NCAP tests for the coefficients were derived by dropping the nonsrgnificant 

particular make and model of car involved i~ the variables: HIC and femur load in thecase of restrained 

accident. Driver age was recoded as the years of age past drivers and H IC for unrestrained drivers. 

age 35: for drivers 35 years of age or younger, age was For restrained drivers, the parameter estimates given 

recoded as zero, Fhis fnnction reflects the decreasing in Table 1 are based on 314 observations with 18 resulting 

ability of older drivers to sustain a collision of a given in incapacitating injury or death. Crash severity had the 

severity without serious injury, strongest relationship with injury outcome followed by 

Vehicle mass was recoded as the difference between the driver age and the CD parameter. Figure 1. which is 

mean mass of cars in the sample and the accident- based on these coefficients, shows the odds of an 

revolved car (2,960 lb for cars driven by restrained drivers incapacitating injury or death to a hypothetical 35-year- 

and 3,119 lb for cars driven by unrestrained drivers), old driver of a 3,420 lb car in crashes of differing severity 

Similarly, the HIC, CD, and femur load values were at increasing levels of CD. The figure shows that for 

transformed by subtracting the mean values found in the restrained drivers in very severe impacts ~TADfs= 7~ the 

,ample. These values for accidents involving restrained riskofinjurydecreasessubstantiallywithdecreasingCD: 

drivers ~ere t,000 for H1C, 50 for CD~ and 912 for femur it drops from 0.55 for a high CD of 75g to 0.11 for the 

load; the corresponding figures for unrestrained drivers lowest CD value of 36g, which is an 80 percent reduction 

were 1,0t3 for HIC, 50 for CI), and 894 for femur load. in risk. This reduction in injury risk is also present in the 

These transformations have the effect of centering the tess severe impacts; for impacts of TAD severity 4. the 

estimates at zero for vehicles of average weight and risk drops from 0.15 to 0.02, a reduction of 87 percent. 

crashx~orthiness. Crash severity was modeled using the The regression equation parameters for unrestrained 

TAD index, a variable in the Texas Motor Vehicle drivers are shown in Table 2.1n this much targer data set. 

Accident File that denotes the severity of the damage there were 6~091 observations and 865 cases in which the 

sustained by each vehicle in an accident on an increasing driver was killed or sustained an incapacitating injury. 

sca~eofi to 7(10), Crash severity and driver age, followed by the CD 

Table 1. Regression equation for injury odds for restrained drivers in a crash (chest deceleration 
only) 

Independent 
Variable Beta Std. Error Chi-square p-value 

Intercept -5.7277 0.9128 39.37 .001 
CD 0.0579 0.0258 5.03 .025 
Crash severity 0.6360 O, 1796 12.54 .001 
Driver age 0.0484 0.0212 5.19 .023 
Vehicle mass 3.11 xl 0.5 4.07xl 0.4 0.01 .939 

Mode~chi-square = 20.32 with4d.f. 
Fraction of concordant pairs of predicted probabilities and responses; 0.74. 
Rank correlation between predicted probability and response: 0,53. 
N = 314 (18 severely injured or killed), 
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Figure 1. Probability of incapacitating injury or death Figure 2. Probability of incapacitating injury or death 
for restrained drivers by NeAP chest deceler- for unrestrained dr~vers by NCAP chest 
ation at four levels of crash severity deceleration at four leve~s of crash severity 

parameter, had the strongest relationships with likelihood restrained drivers. Figure 2 shows a monotonically 
of injury. The parameter estimate for femur load has a decreasing risk of injury with decreasing chest decelera- 
negative sign, indicating that car models that had higher tion. For a crash of TAD severity 7, the risk of injury 
femur load in the NCAP tests tended to be associated decreases from 0.61 for a CD of75g to 0.48 for a CD of 
with lower injury risks. 36g a reduction of 21 percent. This same trend is 

The influence of the CD measure on injury outcome is reflected in the !ower crash severity levels; for impacts of 
illustrated in Figure 2 using the regression coefficients "FAD severity 4, the risk drops from 0.18 to 
from Table 2. For comparison purposes, the femur load reduction of 36 percent, 
for unrestrained drivers is set at the mean value for 

Table 2, R egression eq uation for injury odds for unrestrained drivers in 
a crash (chest deceleration and femur ~oad only) 

Independent 

Variable Beta               Std, Error Chi-square p-value 

Intercept -4,5809 O. 1336 1175.00 ,001 
CD 1,32x10-2 4.1 lx10-3 10.29 ,001 
Femur load -2.48xl 04 1.03xl 0-3 5~80 .016 
Crash severity 0.6566 0.0277 561 ~96 ~001 
Driver age 0~0264 0~0045 34~24 .001 
Vehicle mass -1.40x10-4 6.67x10-5 4.42 ~036 

Model chi-square = 684.05 with 5 d.f. 
Fraction of concordant pairs of predicted probabilities and responses: 

0,75. 
Rank correlation between predicted probability and response: 0,52. 

N = 6,091 (865 severely injured or killed), 
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Analysis of Driver Trajectories From trajectories of drivers for cars with good test results (low 

NCAP Test Films HIC’s and CD’s) were compared to thise in cars with poor 

test results. By ranking the test results according to the 

The analyses of the Texas data described above and the driver H IC and CD values and comparing the character- 

earlier F’AR S data(6) show that there are relationships istics of head and chest contact, it was possible to analyze 

between the NCAP test results and the risk of injury or the different trajectories that occurred from high to low 

death in frontal collisions. Both studies conclude that H1C and CD values. Table 3 gives the NCAP crash tests 

HIC, CD, or a combination thereof are related to the for recent model years (1980-!984) ranked in descending 
likelihood ofinjur} in real-world crashes. To examine the order of a combined HIC and CD parameter 

possible biomechanical causes of these statistical results, (H IC’ + CD’). This was computed giving equal weight to 

the 16mm films from the NCAP tests were analyzed. The the head and chest parameters, by dividing each parameter 

Table 3. Effect of driver trajectory on HIC and CD values for recent model year cars 

Driver 

Year/Make/Model HIC CD HIC’+CD’ * Driver Contact Points 

1982 Renault Fuego 3768 50 4.77 Head hit steering wheel hub; chest hit lower rim 

1984 Ford Tempo 2955 63 4.22 Head hit steering wheel hub 

1980 Honda Prelude 2904 52 3.94 Face hit steering wheel hub 

1980 Honda Civic 2626 54 3.71 Face hit steering wheel hub 

1980 Renault LeCar 1938 85 3.63 Face hit steering wheel hub; lower rim hit chest 

1980 Mazda 626 1435 101 3.45 Mouth hit upper rim; chest hit wheel 

1982 Chrysler LeBaron 2644 39 3.42 Head hit steering wheel hub 

1981 Toyota Starlet 1836 64 3.14 Face hit steering wheel hub; also wheel hit chest 

1981 Toyota Cressida 1980 55 3.08 Face hit steering wheel hub; lower rim hit chest 

1984 Mitsubishi Tredia 1314 87 3.05 Chin hit upper rim; head hit dash; chest hit wheel 

1984 Colt Vista 1630 71 3.05 Head hit steering wheel; wheel intruded, hit chest 

1984 Renault Sportswagon 2053 43 2.91 Face hit steering wheel hub 

1984 Nissan 200SX 1992 44 2.87 Face hit steering wheel hub 

1980 Chrysler LeBaron 1742 54 2.82 Face hit steering wheel hub 

1984 Pontiac T1000 1886 42 2.73 Face hit steering wheel hub 

1980 Audi 4000 1322 70 2.72 Face hit hub, forehead hit upper rim 

1984 lsuzu Impulse 1769 46 2.69 Face hit steering wheel hub 

1983 Ford EXP 1744 46 2.66 Face hit steering wheel hub 

! 984 Nissan Stanza 1459 58 2.62 Face hit steering wheel hub 

1981 VW Jetta 1210 68 2.57 Head hit upper rim 

1980 Oldsmobile Cutlass 1334 62 2,57 Forehead hit upper rim; face hit hub; chest hit 

lower rim 

!980 Subaru GLF 1087 72 2.53 Face hit upper rim; chest hit lower rim 

1982 VW Quantum 1353 53 2.41 Face hit steering wheel hub 

1982 Dodge Colt 932 72 2,37 Mouth hit upper rim; top of 
head hit dash 

1980 Mercedes 240D 1262 54 2.34 Face hit hub; forehead hit upper rim; chest hit 
lower rim 

I980 Datsun 2OOSX 1091 62 2.33 Mouth hit upper rim; forehead hit dash 

1980 VW Rabbit 1328 48 2.29 Face hit steering wheel hub 

!984 Plymouth Conquest 11 !8 57 2.26 Face hit upper rim; head hit dash; chest hit wheel 

1984 Mercury Marquis 1094 58 2.25 Forehead hit upper rim; chest hit wheel 

1983 Nissan Pulsar 1139 54 2.22 Face hit steering wheel hub 

t 980 Toyota Corolla 838 69 2.22 Forehead hit upper rim; chest hit steering wheel 

t980 Toyota Tercel 1218 48 2.18 Forehead hit upper rim; chin hit wheel 

1984 Mercedes 300 SL 890 63 2.15 Airbag - no direct contact 

1983 Toyota Corolla 767 67 2,11 Face hit upper rim 

1983 Mazda 626 1196 45 2.10 Face hit steering wheel hub 

1981 Renault 18i 1150 45 2.09 Face hit steering wheel hub; chest hit lower rim 

1982 Nissan Stanza 974 55 2.07 Forehead hit upper rim; lower rim hit chest 

1981 Honda Civic 985 53 2.05 Head hit upper rim and hub; chest hit lower rim 

1983 Ford T-bird 626 70 2,03 Face hit upper rim; chest hit lower rim 

1982 Toyota Corona 842 59 2.02 Mouth hit upper rim; chest hit steering wheel hub 

1980 Ford T-bird 988 50 2.00 Bridge of nose hit upper rim; chest hit wheel 
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Table 3. (continued) 

Driver 
Year!Make/Model HIC CD (HIC’+CD’)* Driver Contact Points 

1984 Ford Mustang 894 55 1.99 Under nose hit upper rim; chest hit steering wheel 
1984 Renault Encore 912 53 1.97 Head hit wheel; chest hit lower rim 
1982 Ford Escort 950 47 1.89 Forehead hit upper rim; chin hit hub; chest hit 

lower rim 
1983 Peugeot 505 819 52 1.86 Under nose hit upper rim; head hit dash 
1983 Dodge 600 947 44 1.83 Forehead hit upper rim; face hit hub; chest hit 

lower rim 
1980 Dodge Mirada 948 43 1.81 Forehead hit upper rim; chest hit wheel 
1984 Ford LTD 646 58 1.81 Chin hit upper rim; top of head hit dash; 

wheel hit chest 
1982 Dodge Omni 639 58 1.80 Under nose hit upper rim; chest hit wheel 
1984 Mercury Cougar 652 55 1.75 Forehead hit upper rim 

........... 198t Ford EXP 745 49 1.73 Forehead hit upper rim; chin hit hub 
1983 Plymouth Reliant 656 52 1.70 Face hit upper rim; chest hit wheel 
1984 Nissan 300 SX 789 45 1.69 Bridge of nose hit upper rim; forehead hit dash 
1981 Plymouth Reliant 605 52 1.65 Face hit upper rim 
1983 Volvo 760 719 45 1,62 Face hit upper rim; chin hit top of hub 

1980 Fiat Strada 790 41 1.61 Chin hit lower rim; then forehead hit hub 
........... 1980 Chevrolet Chevette 668 45 1.57 Forehead hit upper rim 

1982 Chevrolet Cavalier 708 42 1.55 Forehead hit upper rim 
1982 Saab 900 734 39 1,51 Face grazed hub 

1980 Cadillac Seville 623 43 1.48 Face hit upper rim 
1981 Honda Civic 607 41 1.43 Top of head hit dash; no chest contact 
1982 Honda Accord 500 43 1.36 Face hit upper rim; no chest contact 

....... 1982 Chevrolet Camaro 563 39 1.34 Forehead hit rim 
1984 Dodge Daytona 507 37 1.25 Side of head grazed hub; no chest contact 
1984 Toyota Corolla 432 41 1.25 No contact 
1982 Chevrolet Celebrity 478 33 1.14 Bridge of nose grazed upper rim 
1984 Pontiac Fiero 309 31 0.93 Forehead grazed upper rim 

*HIC/IOOO + CD/50. 

by an appropriate tolerance value, i.e., HICi1000 and strikes the steering wheel hub, producing high HIC 

CD/50. The table gives the make, model, and model year values. For the tests with somewhat lower H IC’s [2.0 <_ 

of each car and the combined driver HIC and CD values (HIC’ + CD’) < 2.5; Figures 3-D and 3-El; the forward 

together with a brief description of the contact points, movement of the driver is further controlled by allowing 

Figure 3 gives still frames from eight of the crash tests higher chest loads. This, in turn, modifies the head 
documenting the point at which driver contact with the trajectory reducing downward movement so that facia! 
vehicle interior surface occurred. The pattern of contact contact occurs with the steering wheel rim rather than 
emerges quite clearly: For tests with high HIC and CD head contact with the hub. 
values [(HIC’ + CD’) _> 3.0; Figure 3-A], excessive In the tests with even lower HIC and CD values [1.5_< 
forward movement ofthedriver occurs generally involving (H1C’ + CD’) < 2.0; Figures 3-F and 3-G], the forward 

head and chest contact with the steering assembly. The movement of the dummy is optimized to minimize chest 

head either strikes the steering wheel hub or travels over deceleration while preventing significant contact of the 

the steering wheel such that it hits the dashboard (either head with the steering wheel. Finally, in those tests with 

produces high HIC’s). High values of CD are associated the lowest HIC and CD values [(HIC’ + CD’) < 1.5; 
with this type of trajectory because there is significant Figure 3-H], the driver trajectory is optimized toproduce 
chest contact with the steering assembly, extremely low chest loads and to allow only minima! or 

The next group of tests[2.5 <_ (HIC’ + CD’) < 3.0; no contact between the head and steering wheel. 
Figures 3-B and 3-C] differ in that the chest load has been 

reduced by using the seatbelt to limit the forward Dist~llSSiOIl 
movement of the dummy and prevent chest contact with 

the steering assembly, although this also modifies the The analysis of the data from the Texas study shows 

head trajectory so that the head moves downward and significant relationships between the risk of serious injury 
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{3-A) (3-E) 

980 Honda Civic 1983 Toyota Corolla 

H!C ~ 2~26t CD ~ 54g; Combined = 3.7t HIC ~ 767: CD ~ 67g; Combined z 2.10 

(a-F) 

984 Renault Sportswagon 1984 Mercury Cougar 

HtC ~ 2053: CD ~ 43g; Combined ~ 291 HIC ~ 852: CD -- 55g; Combined ~ 1.75 

~ °’- ~ (3-G) 

~984 Nisaan Stanza t 980 Chevrolet Chevette 

HIC ~ t459: CD ~ Sag; Combined = 2.62 H{C ~ 868: CD ~ 45g; Combined ~ 1.57 

(3-H) 

1984 Plymouth Conquest 1984 Dodge Daytona 
HIC = 1118: CD ~ 57g; Combined = 2.26 HIC = 507: CD = 37g; Combined -- ~ 25 

Figure 3. Driver trajectory at most forward #o~t i~ NCAP crash tests as a functio~ of H~C arid CD 
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or death for restrained drivers in frontal impacts and the moves forward until the chest contacts the steering wheel 

results from the NCAP tests. The statistical results and the knees strike the lower fascia panel. High femur 

indicate that the CD parameter has a stronger relationship loads could indicate early knee contact with the fascia 
with injury risk than does H IC. The CD parameter can be panel, which would reduce the level of chest deceleration 

expected to be the slightly better predictor of overall and hence the overall risk of serious injury or death. (This 

injury risk because it reflects both the way the front end of presupposes that the risk of serious injury or death due to 

the car crushes and the performance characteristics of the high chest loads is greater than the risk due to high femur 

seatbelt, whereas the HIC characterizes the head excur- loads.) 
sion. An earlier study based on FARS data showed The results presented here showa substantially stronger 

......... similar trends, although the results were based on a very relationship between the NCAP results and occupant 

small sample of restrained occupants and cannot be fatalities than has been reported previously(2,3,4,5,7). 

considered as indicating a definitive result. The statistical The main reasons for this are that in the present study 

results suggest that either the CD or HIC parameter only frontal collisions approximating the NCAP tests 

measure driver injury risk in many frontal crash situations, were used, and other confounding factors that could 

but the film analysis shows that there are certain driver influence the risk of fatality or incapacitating injury in 

trajectories where a low HIC can be associated with a these collisions were controlled. 

high CD and vice versa. Thus, for the closest relationships 

with overall injury risk, the anthropometric dummy 

parameters of HIC and CD should be used in some Conclusion 
combination. Obviously, to relate injury to specific body 

regions, HIC would be the preferred parameter for head The results obtained from the New Car Assessment 

injury and CD for chest injury. Program (NCAP) showed statistically significant rela- 

Although unrestrained drivers do not derive the same tionships with the risk of serious injury or death in single- 

benefits from improved crashworthiness as restrained vehicle, fixed-object frontal impacts. Drivers of cars with 

drivers, both the Texas and the earlier FARS analysis better NCAP results had lower injury risk. 

show the benefits are still considerable. It is also The NCAPtestsmeasurecrashworthinessperformance 

encouraging that both analyses show similar reductions with the three anthropometric dummy response 

in injury risk. The FARS analysis suggests a 32 percent parameters--HIC, CD, and femur load. Generally, CD 

reduction in risk of fatality for cars with good NCAP test had a stronger relationship with overall injury risk than 

results compared to those with poor results, and the HIC for both restrained and unrestrained drivers, 

Texas data suggest a corresponding reduction of21to 36 although the film analysis of the driver trajectories 

percent. Thus, differences in crashworthiness that produce suggests that a combination parameter of H 1C and CD is 

superior performance for the restrained dummy in the desirable to avoid situations where low chest decelerations 

35mph NCAP tests also appear to provide improved occur as a consequence ofhigh head loads and vice versa. 

protection (via efficient energy-absorbing steering as- Femur load provided a significant negative contribution 

semblies and fascia panels) for unrestrained drivers, to predicting risk of injury for unrestrained drivers but 

Although in the FARS analysis the combined HIC and not for restrained drivers. 

CD parameter was marginally the stronger parameter for For restrained drivers, the risk of injury decreased by 

relationships with risk of fatality, the considerably larger between 80 and 87 percent, depending on crash severity, 

Texas data set showed that CD was the better parameter for cars with good NCAP test results compared to those 

for estimating the risk of serious injury or death and that with poor results. Unrestrained drivers did not derive as 

femur load was negatively associated with risk of injury, large a benefit from better crashworthiness measures as 

The significance of the CD parameter suggests that the restrained drivers. For unrestrained drivers, there was a 

benefit for unrestrained drivers comes from the steering reduction in injury risk of between 21 and 36 percent, 

assembly performance. This is further indicated by the depending on crash severity, for cars with good test 

film analysis, which shows that the positioning of the results compared to those with poor results, 

dummy chest is relatively close to the steering wheel and 

interaction between the two often occurs in the NCAP 
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front-to-front car collisions and the results of 35mph 

A Review of the Effects of Belt Systems, Steering Assemblies, 
and Structural Design on the Safety Performance of Vehicles in the 
New Car Assessment Program 

James Hackney specific vehicle design changes, will be tabulated and 

U.S. Department of Transportation, National examined in an attempt to determine their effects on the 

Highway "rraffic Safety Administration dummy responses. 

Carlin Ellyson Three of the major vehicle attributes that affect the 

Automated Sciences Group, Inc. 
safety of restrained occupants in frontal crash events are 

the performances of the safety belts, steering assembly, 

and frontal structure. The following sections will explore 

Introduction these three elements. 

Parameters of the safety belt systems are tabulated to 

Since 1979, the National Highway Traffic Safety allow examination of the effects of bett spoolouti stretch 

Administration (NHTSA) has conducted crash tests of and belt loading on occupant performance. 

159 different vehicle makes and models in the New Car The performance of the steering assembly appears to 

Assessment Program (NCAP). Each of these vehicles was be a major factor to good or poor results of the dummy in 
crashed into a rigid barrier at a test speed of 35mph. This these tests. The contribution of this component relative 

is 5mph faster than the prescribed speed for compliance to driver H1C is reviewed. 
with Federal motor vehicle safety standards. The crash The energy management capability of the frontal 

tests are designed to indicate, for vehicles within the same structure of the tested vehicles is examined, it has often 

size class, the relative levels of occupant protection and been debated that to perform well in the 35mph barrier 
vehicle safety performance. The data from the anthro- crash test, the frontal structure of the vehicle must be 
pomorphic devices (Part 572 dummies) contained inthe stiffer and will therefore provide an unduly harsh 

driver and passenger positions in these vehicles are environment for the occupants in other real-world crash 

regularly released as part of NHTSA’s Consumer modes(2). This aspect is examined by using parameters of 
Information Program(l). Trends in these data since 1979 the crash pulse. 

indicate the manufacturers have responded by incorpor- The analyses are performed exclusively with electronic 

ation of changes in their vehicle designs to lower the data collected during each vehicle test. These data include 

measures recorded on the dummies. In this paper, the accelerations measured on the dummy’s head, the 

different ~ehicle parameters, along with some of these accelerations measured in the occupant compartment 
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(the crash pulses), and the loads measured on the torso loo 
belts. The NHTSA Crash Test Data Base is the repository ~.s. iso Dol~g~lo~,~ R ...... 

of all these data and provides the analyst an opportunity 
for extensive comparative studies of the vehicle param- 

~ 
8o 

eters. 
"2 

Update of Dummy Responses 60 

To allow easy comparison of all test results, the Head 

......... ........ Injury Criterion (HIC) and the resultant acceleration on 
~ ] 

Levell ] LeveJ~2 ] 
Level 

the chest (chest g’s) as recorded on the restrained driver 

and passenger dummies are grouped into six categories as ~ ~o 
I 

shown in Tables 1 and 2(3). 
1 I I. 

In Figure 1, the six HIC levels are compared to the 

recommended life-threatening injury versus HIC relation- 

ship recently developed by the U.S. Delegation to the 0 ~00 ~o00 l~oo ~o0o ~00 

1SO(4). In the following sections, these six levels will be 

applied to individual vehicles to simplify comparative 
Figure ~. H~C levels shown wi~h U.S. ~SO delegation 

recommended curve 
analyses. 

Table 3. Hie Levels 

HIC 135-519 520-899    900- 1254 1255- 1574 1575-1859 >!860 

Level 1 2 3 4 5 6 

Table 2. Chest G Levels 

Chest GS 17- 37 38 - 54 55- 68 69 - 79 80- 90 >90 

Level 1 2 3 4 5 6 

In Tables 3 through 9, the NCAP results for model Mode! year trends of the NCAP data are shown in 

years (MY) 1979 through 1985 are given. (Note: "Fable 9 Figures 2 and 3. The distribution of the six teve~s are 

contains only those data collected and disseminated on shown in Figure 2. The distribution of dummies whose 

1985 vehicles through May 1985.) In these tables, the responses place them in the upper three levels are shown 

HIC’s, chest g’s, and levels are presented, in Figure 3. As seen in Figure 2, there have been general 

Figure 2. HIC and chest G level distribution by model     Figure 3. Percent of occupants with ~evels 3 by model 
year for NCAP vehicles                                     year for NCAP vehicles 
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Table 3. NCAP results for 1979 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 

Make/Body Sty!e Level Level Level Level 

Toyota Corolla 

2dr 
Mercury Capri 770 44 

2 dr hb 2 2 

Oldsmobile Cutlass S 695 42 501 40 

2 dr 2 2 1 2 
Ford Mustang 819 41 567 33 

2dr 2 2 2 1 

Buick Riviera 541 42 782 39 

2 dr 2 2 2 2 

Plymouth Horizon 653 52 780 38 

2dr hb 2 2 2 2 

Dodge Magnum 646 39 731 44 

2 dr 2 2 2 2 

Chevrolet Chevette 871 47 859 45 

4 dr hb 2 2 2 2 

Lincoln Continental 521 45 919 53 

4 dr 2 2 3 2 
Volkswagen Rabbit 1024 67 429 33 

2 dr hb 3 3 1 1 

Oldsmobile Cutlass S 997 58 799 37 

2 dr 3 3 2 1 

Mercury Marquis 1204 61 868 42 

2dr 3 3 2 2 

Ford LTD II 1088 61 781 40 

2dr 3 3 2 2 

Chevrolet Monza 1108 42 1033 41 

2 dr 3 2 3 2 

Ford LTD 1452 38 6t 6 34 

2dr 4 2 2 1 

Pontiac Firebird 965 42 1297 47 

2dr 3 2 4 2 
Chevrolet Impala 1277 62 1254 51 

4 dr 4 3 3 2 

AMC Concord 1078 61 1457 69 

2 dr 3 3 4 4 

Ford Granada 1442 61 1279 56 

4 dr 4 3 4 3 

Plymouth Volare 724 40 1677 40 

2dr 2 2 5 2 

Oldsmobile 98 910 59 1734 54 

4 dr 3 3 5 ........ 2 ................ 

Datsun 210 1358 69 1745 59 

2 dr 4 4 5 3 

Ford Fairmont 939 54 1583 85 

4 dr 3 2 5 5 

Dodge St Regis 1909 67 50 

4 dr 6 3 2 
Toyota Celica 849 61 1862 59 

2 dr hb 2 3 6 3 

Chrysler LeBaron 2402 45 1071 39 

2dr 6 2 3 2 
Mercury Bobcat 723 64 1878 51 

2 dr hb 2 3 6 2 

Plymouth Champ 1270 72 1918 66 

2 dr hb 4 4 6 3 

Volvo 244 DE 1782 52 1889 61 

4 dr 5 2 6 3 

Ford Fiesta 1656 70 1932 48 

2 dr 5 4 6 2 

Honda Civic 2030 93 2093 46 

2dr 6 6 6 2 

Peugeot 504 4513 63 2498 43 

4 dr 6 3 6 2 ...... 
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Table 4, NCAP results for 1980 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 
Make/Body Style Level Level Level Level 

Chevrolet Citation 845 48 623 35 

4 dr hb 2 2 2 1 

Cadillac Seville 623 43 523 35 

4dr 2 2 2 1 

Chevrolet Chevette 668 45 699 40 

2 dr hb 2 2 2 2 

Fiat Strada 790 41 962 43 

.... 4 dr hb 2 2 3 2 

Dodge Mirada 948 43 959 37 

2 dr 3 2 3 1 

Toyota Tercel 1218 48 1179 53 

2dr 3 2 3 2 

Ford T-B~rd It 988 50 994 52 

2dr 3 2 3 2 

Datsun 200SX 1091 62 1032 44 

2 dr hb 3 3 3 2 
..... Volkswagen Rabbit CO 1328 48 829 54 

2 dr 4 2 2 2 

Oldsmobile Cutlass 1334 62 1125 47 

4dr 4 3 3 2 

Mercedes 240D 1262 54 1369 44 

4dr 4 2 4 2 

Audi 4000 t 322 70 1428 45 

4dr 4 4 4 2 

Chryler LeBaron 1742 54 1252 45 

2 dr 5 2 3 2 

Datsun 310 GX t059 68 2019 108 

2 dr hb 3 3 6 6 

Toyota Corolla 838 69 1162 92 

2 dr 2 4 3 6 

Honda C~vic 2626 54 1506 47 

2 dr hb 6 2 4 2 

....... :                                         Subaru GLF 1087 72 2837 94 

.... 4. dr 3 4 6 6 

Honda Prelude 2904 52 1759 45 

2 dr hb 6 2 5 2 

Renault LeCar 1938 85 1844 53 

2 dr hb 6 5 5 2 

Mazda 626 1435 101 2206 54 

2 dr 4 6 6 2 

Table 5. NCAP results for 1 981 MY vehicles. 

Driver                       Passenger 
Vehicle HIC Chest G HIC Chest G 

Make/Body Style Level Level Level Level 

Audi 5000 43 52 
4 dr 2 2 

.... Ford EXP 745 49 53 
2 dr hb 2 2 2 

Honda Civic 607 41 492 35 
2 dr hb 2 2 1 1 

AMC Spirit 702 43 652 33 
2dr 2 2 2 t 

Chrysler Imperial 976 47 590 32 
2 dr 3 2 2 1 

Ford Escort 618 50 1011 40 

2 dr hb 2 2 3 2 
Honda Civic 985 53 1391 43 

4 dr hb 3 2 4 2 
Volkswagen Jetta 1210 68 1272 52 

4 dr 3 3 4 2 
Renault 181 1150 47 1659 36 

4 dr 3 2 5 1 
Plymouth Reliant 605 52 1731 59 

2dr 2 2 5 3 
Toyota Starlet 1836 65 1351 48 

2 dr hb 5 3 4 2 
Toyota Cressida 1980 55 771 50 

4 dr 6 3 2 2 
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Table 6. NCAP results for 1982 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 

Make/Body Style Level Level Level Level 

Chevrolet Celebrity 478 33 395 21 

4 dr 1 1 1 1 

Honda Accord 500 43 403 29 

4 dr 1 2 1 1 

Volvo DL 550 45 381 35 

2 dr 2 2 1 1 

Chevrolet Camaro 563 39 577 32 

2 dr 2 2 2 1 

Toyota Cetica 702 36 530 45 

2dr 2 1 2 2 

Chevrolet Cavalier 708 42 821 37 

2 dr hb 2 2 2 1 

Lincoln Continental 757 46 728 37 

4 dr 2 2 2 1 

Dodge 400 520 44 756 41 

2 dr 2 2 2 2 

Datsun Sentra 549 43 865 46 

4 dr 2 2 2 2 

Saab 900 734 39 1166 35 

4 dr 2 2 3 1 

Chevrolet Impala 1170 40 41 

4 dr 3 2 2 
Ford Granada 860 1050 52 

4 dr 2 3 2 

Ford LTD 960 50 808 40 

4dr 3 2 2 2 
Toyota Corona 842 59 828 40 

4dr 2 3 2 2 

Chevrolet Chevette 1020 48 715 40 

4 dr hb 3 2 2 2 

Datsun Stanza 974 55 879 39 

4 dr hb 3 3 2 2 

Ford Escort 950 47 1070 39 

4 dr hb 3 2 3 2 
Volkswagen Scirocco 1482 54 683 37 

2dr 4 2 2 1 

Volkswagen Quantum 1353 53 1194 41 

4 dr 4 2 3 2 
Dodge Omni 639 58 1703 43 

4 dr hb 2 3 5 2 

Mazda 626 969 47 1693 50 

4dr 3 2 5 2 

Dodge Colt 932 72 1730 44 

4 dr hb 3 4 5 2 

Chrysler LB Conv 2644 39 697 43 

2 dr 6 2 2 2 

Renault Fuego 3768 50 2484 35 

2dr 6 2 6 1 
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Table 7. NCAP results for 1983 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 
.... Make/Body Style Level Level Level Level 

Pontiac Firebird 408 34 376 32 
2dr 1 1 1 1 

Toyota Camry 809 48 495 40 
4 dr 2 2 1 2 

Volvo 760 GLE 791 45 778 41 

4 dr 2 2 2 2 

Toyota Tercel 4X 839 43 535 42 

4 dr sw 2 2 2 2 

Chevrolet Caprice 882 42 1084 47 

4 dr 2 2 3 2 

Ford Bronco 4X 789 49 1038 50 

mpv 2 2 3 2 

..... Peugeot 505S 819 52 1157 49 

4 dr 2 2 3 2 

Plymouth Reliant 656 52 1221 52 

4 dr sw 2 2 3 2 

Dodge 600 947 46 1010 48 

4 dr 3 2 3 2 

Datsun Pulsar 1139 54 1134 39 

4 dr hb 3 2 3 2 

Mazda 626 1196 45 1087 56 

4dr 3 2 3 3 

Ford T-Bird 626 70 795 43 

2 dr 2 4 2 2 

Toyota Corolla 767 67 1367 43 

4 dr sw 2 3 4 2 

Ford LTD 609 69 957 54 

4dr 2 4 3 2 

Ford EXP 1744 46 796 41 

2dr 5 2 2 2 

Mitsubishi Montero 4 1641 54 1415 48 

mpv 5 2 4 2 

Mitsubishi Mighty MA 1475 68 1934 71 

pu 4 3 6 4 

trends of increases in the percentages of lower level values Vehicle Performance by Weight Class 
(levels 1 and 2) with a concurrent decrease in the 

percentages of levels 4, 5, and 6. Figure 3, which is 
In the above tables and figures, the NCAP data are 

considered an even better graphic presentation of the 
grouped only by MY. No distinction is made for vehicle 

vehicle performance trend since MY1979, shows the 
mass. It is well known that the lighter vehicles within the 

percentage ofoccupants, i.e., drivers and passengers, that 
traffic mix in the United States are potentially less 

received HI C’s greater than !,274 and / or chest g’s greater safe(6). This is, in part, due to the higher velocity changes 
than 68. A study of the data, which are used to develop 

that the lighter vehicles experience in collisions with 
this figure, provides safety engineers and manufacturers 

heavier vehicles on the roadway. 
with information on outliers (poor-performing vehicles) The Passenger Car Classification Subcommittee of the 
tested during the 7-year period. Transportation Research Board has completed a final 

Table 10 contains the average and median values of the 
report on car size definitions(7). The weight classes as 

HIC’s and chest g’s of the driver and passenger dummies 
recommended from the report will be used to group the 

for the seven MY’s. As seen in the level distributions and 
NCAP vehicles. The four weight classes are 

these averages and medians, most comparisons show that 

later MY vehicles have improved performance. It should Small Curb Weight below 2,450 lb 

be noted that the median (50th percentile) values of the Compact Curb Weight 2,451 to 2,950 lb 

HIC’s are often significantly lower than the average Intermediate Curb Weight 2,95I to 3,450 lb 

values. Large Curb Weight above 3,451 tb 
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Table 8, NCAP results for 1984 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 

Make/Body Style Levet Level Level Level 

Pontiac Fiero 309 31 356 30 

2 dr 1 1 1 1 

Chevrolet Celebrity 518 31 440 28 

4 dr sw 1 1 1 1 

Chevrolet Cav Conv 884 43 401 29 

2 dr 2 2 1 1 

Toyota Corolla 432 37 602 47 

2 dr 1 1 2 2 

Honda Prelude 659 43 475 31 

2 dr 2 2 1 1 

AMC Jeep C J-7 460 46 440 49 

mpv t 2 1 2 

Chevrolet C- 10 534 37 514 39 

pu 2 1 1 2 

Chevrolet Corvette 784 40 525 32 

2 dr 2 2 2 1 

Dodge Daytona 507 47 566 40 

2 dr hb 1 2 2 2 

Honda Civic 563 37 846 43 

2 dr hb 2 1 2 2 

Honda Civic 586 43 544 32 

4 dr sw 2 2 2 1 

Toyota Tercel 658 43 492 41 

4 dr hb 2 2 1 2 

Toyota Corolla 630 41 611 42 

4dr 2 2 2 2 

Honda Civic CRX 571 34 959 34 

2 dr 2 1 3 1 

Oldsmobile Cutlass 781 40 1074 35 

2dr 2 2 3 1 

Pontiac Parisienne 52 1055 48 

4dr 2 3 2 

Mercury Cougar 652 55 577 37 

2 dr 2 3 2 1 

Nissan 300 ZX 789 45 1038 39 

2 dr 2 2 3 2 

Toyota Van Wagon 984 50 748 54 

4 dr 3 2 2 2 

Mercedes 300SD 890 63 734 44 

4dr 2 3 2 2 

Renault Alliance 940 55 42 

4 dr 3 3 2 

Ford LTD 646 58 647 67 

4 dr sw 2 3 2 3 
Dodge Caravan 973 44 1200 42 

3 dr 3 2 3 2 

Ford Mustang 894 55 1112 38 

2dr 2 3 3 2 

Plymouth Conquest 1118 57 1035 43 

2 dr hb 3 3 3 2 

Mercury Marquis 1094 58 10t9 39 

4dr 3 3 3 2 

Renault Encore 912 63 1045 -67 

4 dr hb 3 3 3 3 

Buick Park Ave 1550 50 662 37 

4dr 4 2 2 1 

AMC Jeep Cher 850 44 1548 43 

mpv 2 2 4 2 

Plymouth Colt Vist 1530 71 1004 4,6 

4 dr sw 4 4 3 2 
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Table 8. continued 

Driver Passenger 
Vehicle HIC Chest G HIC Chest G 

Make/Body Style Level Level Level Level 

Ford F-150 1362 48 1443 51 
2 dr 4 2 4 2 

Mitsubishi Tredia 1314 87 1521 57 
4 dr 4 5 4 3 

Nissan 200SX 1992 44 582 32 
2 dr 6 2 2 1 

Ford Tempo 2955 63 1104 45 
4dr 6 3 3 2 

Pontiac 1000 1886 42 1306 57 
4 dr hb 6 2 4 3 

Datsun Stanza 1459 58 2216 53 
4 dr 4 3 6 2 

Isuzu Impulse 1769 46 2454 49 

2 dr hb 5 2 6 2 

Renault Sportwagon 2053 43 2721 52 

4 dr sw 6 2 6 2 

Table 9. NCAP results for 1985 MY vehicles 

Driver Passenger 

Vehicle HIC Chest G HIC Chest G 

Make/Body Style Level Level Level Level 

Volvo DL 621 33 262 31 

4 dr sw 2 1 1 1 

Volvo DL 652 36 310 27 

4 dr 2 1 1 1 

Dodge Colt 787 42 741 32 

4 dr hb 2 2 2 1 

Plymouth Caravetle 685 51 760 35 

4 dr 2 2 2 1 

Plymouth Reliant 832 54 843 44 

4 dr 2 2 2 2 

Buick Somerset 1140 34 595 35 

2dr 3 1 2 1 

M~tsub~sh~ Gatan[ 52 986 42 

4dr 2 3 2 

Volkswagen Jetta 898 50 1008 51 

2 dr 2 2 3 2 

Mazda RX 921 40 1345 42 

2 dr 3 2 4 2 
Cqevrolet Blazer 1036 62 1321 43 

mpv 3 3 4 2 

Chevrolet Spectrum 1559 51 960 56 

2 dr ~D 4 2 3 3 

Datsun Maxima 1014 63 1500 38 

4 dr sw 3 3 4 2 

Subaru DL 1361 57 792 39 

4 dr 4 3 2 2 

Dodge Lancer 2187 38 445 30 
4 dr qb 6 2 1 1 

Renault Alhanc’e 1519 62 2678 47 

2 dr conv 4 3 6 2 

GMC Astro 2202 70 1597 61 

van 6 4 5 3 
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Table 10 Average and median values of HIC and chest GS for1979 through 1985 NCAP vehicles 

Driver Passenger 

Model Average Median Average Median Average Median Average Median 

Year HtC HtC Chest GS Chest GS HIC HIC Chest GS Chest GS 

!979 1248 1051 56 59 1253 1163 48 46 

!980 1302 t155 58 54 1315 117t 53 46 

198! I038 976 51 50 1092 1142 44 46 

1982 1026 851 47 46 957 815 39 40 

1983 949 819 52 49 1011 1038 47 47 

1984 10t3 884 49 46 963 846 43 42 

1985 1161 1014 50 51 1009 902 41 41 

The vehicles in the NCAP are reported by test weight, 

which includes 328 lb for two dummies and a cargo 

ueight of 100 lb for vehicles under 2,500 lb, 150 lb for 

vehicles between 2,500 and 3,500 lb, and 170 lb for 

vehicles over 3,500 lb. 

The NCAP vehicles and the relevant dummy responses 

are grouped into these weight classifications in Tables l 1 

through 14. The dummy H IC’s and chest g’s are given for 

each vehicle. It should be noted that in these tables the 

vehicles within each weight class have been sorted. This 

sorting places all vehicles whose driver and passenger 

dummy received an HIC less than 1255 and a chest g less 

than 69 first in the tables. Conversely, the vehicles whose 

dummies recorded H1C’s greater than 1254 and/or chest 

g’s greater than 68 are last in the tables. These two groups 

wilt be referred to, relatively, as the low-risk group and 

the high-risk group. All subsequent tables of the four Figure 5. Percent of occupants with levels 3 by 
vehicle weight for NCAP vehicles 

~eight classes wilt he arranged in the same manner. 

Discussion will relate the safety parameters between the 

low- and high-risk groups. 
From Figures 4 and 5, the small vehicles that have been 

tested since 1979 show a tendency toward poorer 
Simitar to Figures 2 and 3, the distributions for the performance than the other three weight classes. In 

four weight classes are shown in Figures 4 and 5. The 
Figure 5, the percentages of drivers and passengers for 

average and median values of the HIC’s and chest g’s are 
the small vehicles receiving HIC’s greater than 1254 

given in Table 15. 
and/or chest g’s greater than 68 are 38 percent and 43 

- percent. For the large vehicle weight class, these per- 

centages are 30 percent and t 8 percent. From Table 15, it 

is again noted that the median values are often significantly 

lower than the average values. 

The remainder of this paper will present discussions of 

"1 vehicle safety parameters within these selected weight 

groups and comparisons of the parameters between the 

different weight groups. 

Belt Performance Parameters 

The NCAP has provided the first large-scale dynamic 

evaluation of safety belts in today’s vehicles. The 

experience in this program has been encouraging. 

,,.d~ ,.~ ~ ~d~ ,�~ ~’~ Complete failures ofbelt systems have occurred in only 

.... , ......... three vehicles. In each case, latching mechanisms or 

Figure 4. HIC and chest G level distribution by vehicle rings were the cause of the failures. Manufacturers’ 

weight for NCAP vehicles recalls were done on these vehicles to correct the problem. 
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Table 15. Average and median values of HIC and chest GS for four NCAP vehicle weight classes 

Weig ht Driver Passenger 
....... Class Average Median Average Median Average Median Average Median 

HIC HtC Chest GS Chest GS HIC HIC Chest GS Chest GS 

Small 1102 962 55 52 1185 1028 47 44 
Compact 1152 867 49 47 1060 915 44 43 
Intermediate 1059 860 51 51 1044 1050 44 43 
Large 1121 976 51 47 959 894 44 42 

Other design features contributing to high driver and 

passenger dummy measurements include excessive re- 
| 

tractor spoolout, excessive belt stretch, and improper 

......... 
belt anchorage locations, moo.m- 

......... With continued emphasis on MUL’s and with several - 

States (and many foreign countries) having enacted such 
1600.0 iaws, it becomes increasingly important that the safety - 

belt systems be designed to provide optimum protection 

for the vehicle occupants. The primary functions of the 

belt svstems, in providing this protection are to prevent or . ~ooo 

minimize occupant contact with interior surfaces and to 

maintain the occupant in the vehicle during a crash event. 

The belt system parameters in the crash involvement that 

are measures of these functions include the time-to.onset 
200 

load on the occupant and the rate of belt loading. From 

the collected NCAP electronic data, these two parameters 

can be examined for the torso belts of the drivers and 

right front seat occupants. These parameters and the .4oo.0 

peak belt loads are given along with the occupant 

response in Tables 11 through 14 for the four selected 

weight classes. In these tables, theonset time is the time at Figure 6. Illustration of belt system parameters 
which the torso belt load reaches 200 lb. The rate is the 

increase in load for each millisecond from 200 lb to 
mechanisms should decreasetheamountofspooloutand 

nominally t,000 lb. A typical illustration of these 
lead to an earlier belt load onset time. Comparisons of 

parameters is shown in Figure 6. 
vehicle test results before and after the addition of web- 

The average of the combined driver and passenger 
locking mechanisms are given in Table 18. (Note: It is 

onset times and loading rates are given in Table 16 for the 
possible and probable that other design changes occurred 

four weight classes. The ranges (minimum and maximum) 
to vehicles that may also affect the belt system and vehicle 

of the values are also given. There appears to be a trend 
safety performance.) In this table, the belt load onset 

toward later onset times and lower load rates with 
times, load rates, and peak forces for the drivers and 

increasing weight. The average values for the low- and 
passengers are given. Where the data are available, the 

high-risk groups are also given in this table. For all 
addition of the web-locking mechanisms shows a decrease 

weight groups except the large, the onset times for the 
on the average of 20 to 30 percent in the onset time. The 

low-risk groups are slightly less than those of the high- 
HIC’s and chest g’s are also compared in this table. 

risk groups. 
Substantial decreases are noted in the driver and passenger 

The elements of the belt system that affect these two responses. The effects of the web-locking mechanism 
parameters include belt slack, belt length (the amount of 

decrease the potential for severe occupant contacts to 
belt contained on the retractor spool), how tightly the interior vehicle compartment surfaces. All vehicles tested 
belt is wound on the spool, D-ring location (angle of belt 

with web,locking mechanisms are in the low-risk group. 
relative to occupant torso), belt material (belt stretch), 

and belt web-locking mechanisms. In Table 17, the 

vehicles are listed that are known to have added belt Steering Assembly Effects 
web-locking mechanisms since the beginning of the 

NCAP (no locking mechanisms were known to have been The contact of the unrestrained driver with the steering 

installed in vehicles prior to the NCAP.) The web-!ocking assembly is a major contributor to injury(8). In high- 
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Table 16, Onset times and load rates of belt systems, 

Weight Class 
Small       Comp       Int        Large 

Average 33 35 36 40 

Minimum 20 21 17 28 

Onset Maximum 47 50 59 68 

Time 
Msec Avg (LR) 31 34 35 42 

Avg (HR) 35 35 38 39 

Average 47 41 45 38 
Minimum 22 19 22 21 

Load Maximum 73 73 78 74 
Rate 
Lbs ~Msec Avg (LR) 48 41 44 37 

Avg (HR) 47 41 47 43 

LR = Low risk group (HIC < 1255 and chest GS ~ 69) 
HR = High risk group (HIC > 1254 and/or chest GS > 68) 

Ta;Me 17. List of vehicles known to have belt 
speed crash events, this will also be true of the restrained 

webqocking mechanisms driver unless significant improvements are made to 

. 
steering assembly performance. The NCAP data show 

Model Vehicle 
significant contact will occur between the driver and the 

Yrs steering assembly. More than 29 percent (44 of 151) of the 

driver dummies in the NCAP tests had HIC measures 

82,8&84,85 Honda Accord 4 dr that placed the vehicle performance in the high-risk 
82,8384,85 Honda Prelude group. In the small vehicle class, 18 of 56 (31 percent) 

84,85 Honda Civic 2 dr were in the high-risk group, for the compacts 13 of 42 (32 
84,85 Honda Civic 4 dr 
84,85 Honda Civic sw percent), for the intermediates 6 of 30 (20 percent), and 

84,85 Honda Civic CRX for the large vehicles 7 of 23 (30 percent). 

84,85 Mazda 626 4 dr The severity of these steering assembly impacts is 
85 Dodge Colt 2 dr dependent on several vehicle performance parameters 
85 Dodge Colt 4 dr including-- 
85 Mitsubishi Sigma 
85 Mitsubishi Starian 

¯ The intrusion of the steering assembly into the 

85 Mitsubishi Cordia occupant compartment 

85 Mitsubishi Montero ¯ The area of the head contact on the steering 
85 Mitsubishi Forte assembly and the force-deflection characteristics 

of the contact surface 

Table 18. Test results of vehicles with and without web-locking mechanisms 

Belt System Parameters 
Driver Passenger Driver Passenger 

Vehicle HIC Chest G HtC Chest G Onset T Force Loading Onset T Force Loading 
MY Make/Body/Year Level Level Level Level Msec Lbs Lbs/Msec Msec Lbs Lbs/Msec 

82 Dodge Colt 932 72 1730 44 42 1085 38 42 1433 41 
4 dr hb 3 4 5 2 

"85 Dodge Colt 787 42 741 32 31 1492 49 34 1647 60 
4 dr hb 2 2 2 1 

80 Honda Prelude 2904 52 1759 45 42 1541 47 38 1669 39 
2 dr hb 6 2 5 2 

*84 Honda Pretude 659 43 475 3I 29 1223 47 25 1336 42 
2 dr 2 2 1 1 

81 Honda Civic 985 53 1391 43 32 1595 52 32 1993 54 
4 dr hb 3 2 4 2 

*84 Honda Civic 586 43 544 32 25 1239 58 20 2110 67 
4 dr sw 2 2 2 1 

~With web-locking mechanisms 
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® The amount that the belt system reduces the            ~o.o 

velocity of the occupant before contact occurs 

Effects of the structural performance that also 

may lead to differences in head contact velocities 

The data used in this study are restricted to the 

electronic information available in the NHTSA Crash c 
Test Data Base. These data do not contain steering 

assembly intrusion information or force-deflection char- 
t= ~.o 
R Crosshatched area represents 

......... acteristics of the impacted surfaces. Film analyses and A .p .... i ate change in velocitS{ 
T 

of head due to steering 

component tests are planned to collect these important ~o ~.0 ..... bly contact 

data. Until these data are available, a definitive assessment 

of the steering assembly performance cannot be complet- s 
ed. Therefore, in the following paragraphs, the review 

does not differentiate between the attributes of the 

steering assemblies, belt systems, and structural per- 

formance. However, other sections of this paper do 

present belt system and structural attributes on the o.o m~    ~a.9 ~.a ~,7 ~o7.~ ~ 

vehicles that can be examined in conjunction with these 
T,~ 

steering assembly impact data. 

In addition to the HIC values, a measure of the 
Figure 7. Overlayed resultant acceleration curves O~ 

driver passenger heads--showing parameters 
.... significance of the head-to-steering-assembly impact that of steering assembly contact 

can be examined from the electronic data of the NCAP is 

the change in velocity of the head during interaction with 

the steering wheel rim and/or hub. This change in 
doubling in the value of the G parameter between the 

low- and high-risk groups are observed. 
velocity can be determined approximately by calculating 

the difference between the head acceleration resultants of 
Additional information of interest and possible ira- 

the driver and front seat-passenger (see Figure 7). In this 
portance is the location of the dummy driver in relation 
to the steering assembly. From Eigure 8, the distances 

approach, it is assumed that the kinematics of the front- from the driver to the vehicle interior are defined. Values 
seat passenger are the same as those of the driver until the 

driver head contacts the steering assembly. It is also 
for these distances are given in Tables 19 through 22. The 
average values of these measurements are given in Table 

assumed that insignificant passenger head contacts occur 24. It is interesting to note the very slight differences of 
during the time that the driver head is in contact with the 

steering assembly. The change in driver head velocity for 
the average values for the small vehicle weight class as 

each vehicle, as calculated by this method, is given in 
compared to the large vehicle weight class. 

Tables 19 through 22. If the dummy head response data 

do not meet the above assumptions, the velocity change 

parameters are omitted from the tables. For comparison, 

the driver HIC’s and chest g’s are again shown in these 

tables. Also in the tables, the approximate time of 

contact, TS, and the assumed times of disengagement of 

head to steering assembly, TF, are given. Estimated 

average g levels of the head during contact with the 

steering assembly are calculated from these parameters 

and are given as DR HD GS. 

In Table 23, the average values for these steering 

assembly parameters are given for the total fleet and for 

the low- and high-risk groups. For the total fleet, these 

data show a decreasing trend in the change in velocity of 

the head and in the magnitude of the g’s with increasing 

vehicle weight. A 15 percent lower change in velocity and 

a 24 percent lower DR HD GS are seen for the large 

vehicle weight class as compared to the small vehicle 

class. 
In comparing the low-risk group to the high-risk 

group, the expected results are found. An increase of 

almost 50 percent in the velocity parameter and a Figure 8. Driver location relative ~o vehicle interior 
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Table 23, Average values for steering assembly parameters 

Average Values 
Group Weight Class Delta Vel TS TF DR HD GS 

Miles/Hr Msec Msec 

Smatt 15,43 67.12 87.61 38.38 

Tota~ Compact 14.29 72.50 93,29 34.31 

Fleet intermediate 13.18 72.35 94.81 30.97 

Large 13.05 74.78 97.45 29.23 

Small 12.99 69.02 90,71 29.08 

Low Risk Compact 13.88 72.20 96.73 26.55 

Group Intermediate 11.42 71,63 96.39 22.66 

Large 11.52 74,71 98.93 23.39 

Small 19.46 64.00 82.51 53.70 

High Risk Compact 18.39 69.79 87.35 52.81 

Group Intermediate 17,96 74,29 90.50 53,54 

Large 17,66 75,00 93.00 46,72 

Table 24, Average dimensions for driver location 

Driver Location 
Head to       Head to      Chest to      Knee to 

Weight Class Header Windshield Wheel Dash 

Inches Inches Inches Inches 

Small 14.44 1 926 14,84 6.06 

Compact 1386 19.68 14.49 5.87 

Intermediate 13.91 19.56 13,48 6.51 

Large 15,17 20.59 13.69 7.07 

In addition, Tables 19 through 22 also provide data is expected tu supply include a reasonable occupant 

relative to the part of the steering assembly that the driver compartment acceleration signature (crash pulse) and a 

head contacted. If the contact is shown as steering wheel collapse mode that does not cause excessive compartment 

in the tables, the dummy head actually impacted both the intrusion. As in most safety design considerations, these 

rim and hub. In almost all tests, the steering wheel rim, elements require a compromise. The safety designer 

hub, or both the rim and hub were struck. The severity of desires as much dynamic crush as possible, yet the crush 

these head impacts is indicated by the resulting HIC and must not lead to intrusion that violates the occupant 

somewhat by the parameters as given in Tables 19 space. 

through 22. The crash pulse of the NCAP vehicles, as measured by 

Good performances of the restraint system and the accelerometers in the occupant compartment, can be 

steering assembly are both important in reducing or analyzed to provide state-of-the-art information to the 

eliminating these impacts. The belt parameters discussed vehicle designer. Several methods can be used to examine 

i~ the previous section need careful review to improve these crash pulses. In the following paragraphs, two 

safety performance. The steering assembly must be methods will be explored. The first method will use the 

designed to minimize intrusion and to provide a friendly simplified characteristics of the tipped equivalent square 

environment when the head or other body part contacts wave (TESW) as developed in (8). The second method 

occur for the restrained (and unrestrained) driver, uses the actual acceleration data highly filtered with an 

SAE J211B Class 30 filter. 

An example of the TESW is shown in Figure 9. It is 

Structural Performance Parameters overlaid with the actual occupant compartment accelera- 

tion. The parameters from the automated process of the 

A third vehicle attribute that can be examined from the TESW that are preserved from the actual data arc the 

NCAP data is the performance of the frontal structure maximum dynamic crush, the time to maximum dynamic 

during the crash. Safety elements that the frontal structure crush (TMAX), and the time to centroid of the crash 
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Future Studies 

.... 20.0 X Crash Pulse - Accel .... ion 
The preceding discussions and analyses are considered 

.... Data preliminary and only a cursory examination of the data 

from NCAP. Much of these data have never been 

A ~o.o extracted from the NHTSA Crash Test Data Base and 

~c presented for review to automobile manufacturers and 

E o. ...,’-..~ safety organizations in this consolidated format. It is 
: ~ hoped the manufacturers of the specific vehicles (along 

.... ~ ~o. Go 
~ 

with others) will assist in a study of the tabulated 

¯ Cent roid Square Wave 

G 

ljl/~/ 

correct, and improve these data. 
s -20.0 Future detailed studies of vehicle safety performance 

from the NCAP data planned by NHTSA Research and 

-ao Development include-- 
~.,~,x 1. Safety belt geometric assessments and webbing 

-~o material (belt stretch) analysis. The present 

TIME (MiLLISECOt~)S) study was limited to data readily available in the 

NHTSA Crash rest Data Base. The belt 

Figure 9. Tipped equivalent square wave overlayed anchoragelocations and belt stretch information 

with actual accleration data will be assembled for a large number of the 

NCAP vehicles. Analyses will be performed to 

determine the significance of these parameters. 

pulse (TC). These values are given in Tables 25 through 2. Extensive film analyses of the steering assemblies. 

28 for the four weight classes. In addition, g levels at the Digitized displacement-time histories of the 

beginning of the pulse (GO) and at time of maximum steering assemblies are being generated from the 

crush (G 1) are calculated and presented, high-speed films of the NCAP tests. These data 

A further examination of the crash pulse utilizes high will provide information on the relative impor- 

filtering of the actual accelerometer traces. The filtered tance of steering assembly motion and intrusion 

trace is multiplied by the test weight of the vehicle and during the crash event. Tear-down studies will be 

plotted against the vehicle’s dynamic crush. This generates performed on selected vehicles to determine the 

an approximate force-crush curve. From this curve, the structural aspects that lead to excessive steering 

peak force and an estimated linear stiffness of each assembly intrusion into the occupant compart- 

vehicle are determined. The crush at the peak force is ment. Component tests to measure the force- 

determined. The maximum dynamic crush is again crush characteristics of rims, hubs, and columns 

obtained and can be compared to the equivalent value will be conducted on a limited set of the NCAP 

from the TESW. These parameters are also given in vehicles. From these analyses and data it is 

Tables 25 through 28 for the four weight classes, believed definitive information on the perfor- 

The average values from the TESW and filtered force- mance parameters of the steering assemblies that 

crush curve for each weight class and for the low- and provide improved protection for the restrained 

high-risk groups of each weight class are given in Table occupant can be established. 

29. From the average values of the crash pulse parameters 3. Further evaluation of the crash energy manage- 

for the total fleet, it is observed that, nominally, values ment ofthevehicle frontal structure. The present 

are increasing with increasing weight (except for GO and analysis used only the occupant compartment 

G1 of the TESW). In comparing the parameters of the accelerations. Many of the NCAP tests have 

low-risk group to the high-risk group within each weight additional frontal structures data from multiple 

class, it is seen that TMAX and maximum crush are the load cells mounted to the fixed rigid barrier. 

factors that show the most consistent trend. These values These load cell data provide a force-time distri- 

are larger for the low-risk groups. Except for the butionacrossthefaceofthevehicles. Thesedata 

intermediate weight class, a similar trend of increasing will be used along with some limited car-to-car 

peak force and increasing stiffness is also apparent from and car-to-narrow-object test data to provide a 

the low- to high-risk groups. From the average values of better understanding of the structural perform- 

TC, GO, and G1 (which can be considered crash pulse anceienergy management systems of the vehictes. 

shape functions) of the two risk groups, there appears to Again, limited tear-down studies will be con- 

be a general trend toward a lower average g level and a ducted to identify vehicle design parameters that 

slightly more square wave pulse shape, provide improved occupant protectiom 
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Table 29. Average values of crash pulse parameters 

TESW Parameters                     Filtered Crash Pulse Parameters 
Group Weight Tmax TC GO G1 Crush Peak Force Crush at Max Crush "Stiffness" 

Class Msec Msec Inches Lbs Peak Force (in) Inches Lbs/In 

Small 82~7 45.6 -13,2 -25,9 28.1 77906.1 23.4 28~6 3483.5 

Tota! Compact 869 49.4 -10.9 -26,1 30.4 97607.8 27.5 30.9 3737.1 

F~eet intermediate 87.0 49,2 -11.9 -25.3 30.3 121931.3 26.2 30.7 5403.2 

Large 93.3 52.1 -11,2 -23.7 32.4 121830,6 30.3 33,6 4185.3 

Smait 85.8 46,2 -14.2 -23,3 28.4 76011,0 23.2 29,2 3449.0 

Low Risk Compact 90,6 51.5 -10,5 -24.9 31.7 94031,7 28,5 32,1 3524.5 

Group Intermediate 87.3 48.9 -12,6 -24.5 30.1 122847.3 26.1 31.2 5900.8 

Large 96.6 54.5 -10.3 -22.9 33,8 119993,5 31.6 34,8 3860.1 

Small 79.3 44.9 -12.2 -28.6 27,7 79880,2 23,7 28.0 3519,5 

High Risk Compact 81,6 46.4 -11.5 -27,8 28.6 103077,1 25,9 29.1 4062.2 

Group Intermediate 86,7 49,5 -11,1 -26.3 30,6 120874,4 26.4 30.1 4829.1 

Large 85.7 47.3 -12.6 -25.5 29.1 134532.2 26,1 30.3 5375.6 

Conclusion 4. Examination of driver head impacts into the 

steering assembly show that almost 30 percent of 

NCAP has provided the most comprehensive data on the restrained drivel- dummies in the NCAP tests 

¯ ,,ehicle crash performance ever collected. These data are had H1C values that placed the vehicle per- 

resident in the NHISA Crash Test Data Base on a VAX formance in the high-risk group (ttlC greater 

1 ! 780 computer. In the preceding sections of this paper, than 1,254). On average, the head-to-steering- 

a preliminary rexiex~ and tabulation of these data have assembly impacts in the small vehicle weight 

been conducted, ’lhe following conclusions can be drawn class appear to be more severe than those of thd 

from this review, other weight classes. It should be noted the 

severity of these impacts are dependent not only 
t~ For M Y \ehicles 1979 through 1984, a significant on the steering assembly parameters but also on 

improvement in restrained dummy performance the belt systems and structural performance of 
is noted for recent MY vehicles (see Figure 3). the vehicles (see Table 23). Studies are ongoing 
(~\lthough data are presented for some of the to assess the design characteristics of steering 
M Y1985 vehicles, tests on all vehicles were not assemblies (intrusion and force-crush properties) 
completed in time to be included in this paper.) that contribute to the excessive danger. 

2. When the tested vehicles are separated into four 

weight classes, the performance of the small 5. From the review of the structural performance 
vehicle weight class is significantly poorer than parameters, some not unexpected conclusions 
that of the large vehicle weight class (see Figure are that the length of time of the crash pulse and 
5). It is well known that in the accident thetotalcrushofthevehicleduringthecrashare 
environment the probability of serious injury or important. Trends indicate that the possibility 
fatality is higher for the small vehicle. These data for good safety performance is improved with 
indicate that this higher probability, which tong crash pulse duration and large dynamic 
definitely is associated with the higher severity crush. In comparing a linear stiffness parameter, 
exposure of the small vehicles, may also be a slight trend of improved performance for lower 
related to the small vehicle safety design features, stiffness is observed (see Table 29). The data as 

3. In studying the safety belt performance param- analyzed do not indicate a significantly stiffer 
eters, the addition of a web-locking mechanism vehicle is required to obtain good performance 
is seen to decrease significantly the time-to-belt in the 35mph crash tests. 
onset loading (see Table 18). For specific vehicles, 

this decrease contributes to a dramatic reduction 6. Belts, steering assemblies, and frontal structures 

in dummy responses. With the rapidly increasing must perform effectively as a system. A pre- 

number of States and countries mandating the dominant outcome of this review is that the 

use of safet? belts, it is important that the most safety performance of the vehicle is dependent 

efficient belt systems be made available to on the system. With the variety of vehicle makes 

consumers. The web-locking mechanism or and models, interior occupant compartments, 

similar design to decrease the belt load onset and exterior structuraldesigns, the configuratiot~ 

time appears to provide the vehicle driver and of this system presently spans very wide per- 

occupant t~ith improved protection, formance corridors. Several studies have been 
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outlined to better locate the elements in the ment!Industry Meeting andExposition, Washington, 

corridors that will improve occupant protection. D.C., May 20-23, 1985. 
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Accident Research and Frontal Testing 

Dr.-Ing. M. Danner 3. The comparison of accidents with crash tests is 

HUK-Verband, Munich additionally impeded by the fact that crash tests 
are usually driven with only one moving vehicle 

and with an idealized distribution of forces, 
Frontal collisions are still the primary reason for fatal quite different from a real accident. 

...... injuries of car occupants, although the relative importance 4. The international available accident materials 
of side collisions has increased because of the protective show substantial differences. Because of the 
effect of the safety belt. In classifying accidents, more rapid car-safety development, a comparison 
attention must be given to the different sequences in between real accidents and corresponding crash 
car-to-car and single-car accidents and to their damage tests is sensible only on the basis of recent 
and strain criteria. However, there are problems in accident material no older than 5 years and of 
classifying real accidents into collision types and assessing accidents with belted occupants only. 
the share that can be reproduced by standardized crash There are about 3,000 single-car accidents with 1,200 
tests, belted passengers and about 1,000 car-to-car accidents 

1. Each categorization of real accidents into with safety belts recorded in the HUK-accident material, 
collision types has to summarize and generalize which can be used as a basis for the questions mentioned 
the typical influences of each case, such as above. In car-to-car accidents, with passenger injuries 
relative car masses, structure rigidity, relative from AIS 3 in spite of fastened belts, the two collision 
speeds, direction of impact, and the movement types, "crash in longitudinal direction, centered" and 
before and after the collision. Which types of "angled collision, offset less than 50 percent," dominate 
strain criteria can be combined and which have each with a frequency of 40 percent, which can in 
to be absolutely separated has not yet been principle be reproduced by the 0° and 30° frontal fixed 
adequately analyzed, barrier test. The remaining 20 percent are accidents with 

2. Thewayofdividingthecollisiontypes intoafew high offset (offset about two,thirds) and longitudinal or 
Or more (according to offset and crash angle) angled impact direction. 
influences the priorities of collision types and the Seventy percent of the frontal collisions are below a 

role of a corresponding crash test. This question comparable barrier test speed of 50km! h; the 80 percent 

has not yet been adequately resolved, point is at 60km/h. In former accident material with 
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passengers predominantly unbelted, 90 ~ercent of the majority of accidents, but it can be seen from 

accidents with injuries were below 60km h. Because of studies with 100 percent belted occupants that it 

the protective effect of the belt, the injury borderline has is not altogether unjustified to increase the 

been moved to higher speeds, collision speed because of higher injury border- 

In single-car accidents, however the of[~et frontal lines caused by the protective effect of the safety 

impact dominates with about 60 percent, followed by the belt. 
two collision types, "centered frontal fixed barrier test in 3. In addition to this test, an angled crash or an 
longitudinal direction" and "centered, limited object offset test is necessary, which has to be carried 
impact," with 15 percent each, The rest of the accidents out in such a way that it can simulate the large 
(about l0 percent) can be characterized as angled, problem of one-sided intrusion of thepassenger 
distributed fixed barrier impacts. The 90 percent point of compartment. This can be achieved by a 30° 
the collision speeds in single-car accidents is about barrier test, but at a higher speed than 50kmih. 
60kmi h. An offset test in car-longitudinal direction with 

If an overall statement is made for the accident scene in frontal contact area about one-third and a speed 
keeping with the real-life proportions of’car-to-car and of 50kmih seems even more frequent in real 
single-car accidents-- accidents. 

¯ Offset accidents with clearly tess than than ½ 4. In a third test configuration, it should be con- 

direct contact area (angted and not angled) can sidered that to reduce the injury risk in both cars 

be estimated to account for about 40 percent of involved there has to be a balance between self- 
the accidents with belted injured occupants from and partner protection. A supplementary car-to- 
AIS 3, followed by movable-barrier test, for example, with 50 percent 

o Collisions corresponding to the centered 0° offset or fully distributed, would be desirable. 
frontal fixed barrier test, with almost 30 percent The test should be carried out in such a way that 
frequency, a movable reference-weight barrier with a specific 

¯ Angled frontal collisions corresponding to the deformation structure would show satisfying 
30° crash, which account for about 25 percent of safety criteria even when it crashes against the 
all serious injuries from AIS 3. tested car with a reference speed--according to 

¯ The rest are other collisions, present knowledge, about 100km/h relative speed 
E~rorn the accident researcher’s point of view, the of thetwomovingvehicles. This test should give 

{ol~owing recommendations for safety tests are made: indications on partner protection. We know it is 

I. It is not sufficient to describe the real-life frontal difficult to realize this suggestion and to define 

accident by one standardized test only. ~Fhree the corresponding reference vehicle, but it should 

tests should be taken as a basis, be the aim of future research to develop supple- 

2. The frontal fixed barrier test should still be used mentary tests for partner protection beyond the 

as the main reference test. It covers about one- test procedures for self-protection. 

third of the real accidents with serious or fatal Together with the two tests mentioned before, there 

injuries even with fastened belts. In additiom the would thus exist basic test procedures that correspond to 

test can verb well be reproduced and compared, the real-life accident scene to a greater extent than the 

A crash speed of 50kmih corresponds to the frontal fixed barrier test does today. 
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Results of Crash Tests According to the ECE/GRCS Regulation Proposal 
Concerning 50km/h Frontal Impact Against the Rigid 30° Barrier 

E.Faerber and tested in a full-scale test. The initial drafts for this 

K.P. Glaeser regulation have already been critically discussed in (2). 

Federal Highway Research Institute (BASt) 
Federal Republic of Germany Summary of the Regulation Content 

Abstract                                         Test Conditions 

The Federal Highway Research Institute (BASt) has 
Head-on collision, 30° barrier, initial contact on 

advised the Federal Minister for Transport on drawing 
steering wheel side 

up a draft regulation for the protection of vehicle 
Impact speed: 48 to 50kmih 

occupants in a frontal collision. This draft regulation ¯ Vehicle weight = kerb weight 
provides for a collision between a vehicle and the rigid ¯ Tank 90 percent filled with nonflammable liquid 
30° barrier at 50km/h. (density: 0.7 to lgicm3) 

In determining the test criteria, a numberofquestions ¯ One dummy (Hybrid II) on each of the front 
had to be answered: Which calculatory and influencing 

seats, seatbelts fastened 
possibilities are there in the application of the head ¯ One dummy (Hybrid 11) on the rear seat behind 
protection criterion? How can the head contact be clearly 

the driver’s seat unless outer rear seats fitted with 
determined’? What spreads do the measured values for the 3-point belts 
dummy demonstrate under the same test con ditions, and ¯ All seatbelts and belt anchorages in vehicle in 
must these be included in the draft regulation? How 

accordance with ECE Regulations 16 and 14. 
frequently does submarining occur and how can sub- ¯ Height-adjustable steering wheel in normal 
marining be measured? What other regulations can be 

position or, if no normal position specified by 
covered by the global test proposed by this draft 

manufacturers, in middle position 
regulation? Do small passenger cars currently on the ¯ Windows closed wherever possible; open only if 
market already fulfill these test conditions? required for measurement purposes; window 

Results of the following studies by the BAS t concerning 
winder or other devices in position as for closed 

these aspects are introduced in this paper: 
window 

¯ Theoretical studies in the "Application of the ¯ Doors closed but not locked 
Head Protection Criterion" ¯ Longitudinal seat position: H-point 50mm ahead 

¯ Practical applications (eight crash testsl on the 
of R-point 

topic "Variance of the Measured Values" ¯ Seat height adjustment: middle position 
¯ Accident data analysis on the topic"Frequency ¯ Seat backrests in normal position or, if no 

of Submarining" 
normal position specified by manufacturers. 

¯ Trolley tests on the topic "Determination of 
inclined at 25° to the vertical 

Submarining by Measurement" ¯ Dummy position: dummy symmetry plane = seat 
¯ 10 crash tests using subcompact passenger cars 

symmetry plane 
¯ Inclusion of other ECE regulations in the global 

-~-- Driver: 
test 

-- Distance to the knee: 37cm (overall) 
The draft regulation is introduced and critically 

-- Distance from the left knee to dummy 
assessed. 

symmetry plane 15cm (overall) 

Right foot on undepressed accelerator 

pedal or as near as possible in front of it, 

Introduction heel on the floor 

- Left foot on floor alongside clutch pedal, 
In Europe, a large number of ECE regulations have left leg as straight as possible 

been approved for use in testing the passive vehicle safety -- Hands on steering wheel in "quarter to 
of vehicle components. With the ECE regulation proposed three" position 
by the Group of Experts on the Construction of -- Passenger: 
Vehicles(l), a regulation is planned with which the Legs stretched out as straight and parallel 
interrelationship between all the components can be as possible 
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-- Feet on floor or at right angles to thighs, however, is the fact that in vehicle safety crash tests with 

heels on the floor dummies, translatory accelerations are now almost 

-- Elbows against backrest, hands on thighs exclusively measured and taken as the basis for protection 

criteria. Translatory head accelerations will also be 

evaluated in the ECE/GRCS draft regulation, since the 

Measured Values uniform measurement and evaluation of rotatory accel- 

erations does not at present appear to be sufficiently 

¯ HPC (Head Performance Criterion); criterion: reliable. 

-- No head-vehicle contact or Since the load limit for the head according to the WSU 

-- <1000 (calculation as for HIC, from start of curve was evaluated using skull crash tests against steel 

head-vehicle contact to end of recording plates, an HPC derived from the WSU curve should be 

time, tolerance +250) applied only in the event of head contact. Head contact 

¯ Resulting acceleration of the chest; criterion: can, for example, be determined by measurement if 

a3ms 60g electrically conducting contact zones on the head of the 

¯ Upper thigh longitudinal forces;criterion: Fmax dummy and on the vehicle close a circuit during contact. 

< 10kN and F20ms < 8kN Electrically conducting paints or foils applied to the head 

¯ Behavior of the lapbelt (if fitted); criterion: no of the dummy have only an insignificant effect on the 

submarining calibration values specified in U.S. Part 572. Despite the 

often noncontinuous contact circuiting, it is nevertheless 

normally possible to determine the start of contact with 

Further Requirements 
sufficient accuracy. Due to the frequent damage to the 

contact surfaces, however, the end of contact can usually 

not be determined satisfactorily. In comparative tests, it 
Door opening (as ECE-R32 and ECE-R33) 

was discovered that the required contact times could not 
Fuel leakage (as ECE-R34) 

be determined with a sufficient degree of accuracy using 

high-speed film recordings. 

The requirements for measured data recording are 

specified in 1SO and SAE standards. The level of the 
Special Problems in the Application of requirements sets a limit to the increase in the number of 

the Draft Regulation channels. During the tests carried out by the BASt into 

this subject(4), it was discovered that large reductions in 

the requirements had only an insignificant influence on 
During the discussions into the drawing up ofthedraft the HIC value. For example, the limit frequency of the 

regulation, attention was paid to the following problem low-pass filters for the head accelerations could be 
areas: determination of a Head Protection Criterion reduced from 1,000Hz to 300Hz, and, for certain filter 
(HPC), the spread of the test results in full, scale tests, and types, even down to 100Hz. A reduction in the scanning 
detection of submarining. Results of the tests performed rate during digitization of the measured data from the 
by the BASt will be discussed, standard 8,000Hz to approximately 1,000Hz also had 

only a slight effect on the HIC value. 

On the one hand, the HIC can be calculated from all 
Head Protection Criterion                          the possible pairs of times of the measurement interval. 

The maximum value is then the desired H1C value. 

Various head protection criteria are based on the However, this method requires high computation times, 

Wayne State Cerebral Concussion Tolerance Curve, even from powerful computers. For this reason, it is 

which represents a borderline between translatory head necessary to find suitable iterative approximation 

loads that are dangerous to life and those not dangerous methods. When comparing the various methods, it was 

to life. discovered that all the methods produced results with the 

In recent studies(3), serious head and brain injuries required accuracy. The various methods for performing 

resulting in death are divided into subdural haematoma the integration required by the HIC formula affected the 

(SDH) and diffuse axonal injuries (DAI). According to HIC value only insignificantly. 

(3), both types of injury occur under the same mechanical Because the cutoff frequency of analog and digital 

loads, namely rotatory accelerations that differ only in filters, digitization rate, and iterative calculation pro- 

their severity, cedures have only minor effects on the HICi HPC values, 

If one considers the results of this study, then the the cutoff frequency proposed in the ECE/GRCS draft 

translatory acceleration of the head is, at least for severe regulation was reduced from 1,000Hz to 600Hz, and a 

head injuries, of minor significance. In contrast to this, defined calculation procedure was not demanded. 
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Spread of the Measured Values in Full-Scale small number of experiments. In Tables 1 and 2, spreads 

Tests have been drawn up for selected parameters. The following 

dimensions are used in the tables for describing the 

Varied statements are made from various quarters distribution of the individual parameters: 

regarding the reproducibility of the measured data from 
¯ Arithmetic mean (x) 

standardized crash tests. 
¯ Standard deviation (sv) 
¯ Coefficient of variation (cv) The collision between vehicle and a rigid wall represents 

a more simplified type of crash than the vehicle-vehicle 
¯ Minimum and maximum values (min., max.) 

collision. 

To be in a posinon to make statistically significant 

statements from the expected spread of the test results, it Vehicle-Related Measurements 

appeared necessary to perform at least eight crash tests. 

The vehicle used for the tests was the Opel Kadett D. built The deformation of the front of the vehicle was 

between 1979 and 1984. Used vehicles between 1 and 2 measured using a measuring frame according to the 

years were used. A comprehensive summary of the results displacement of 13 measuring points. The coefficients of 

has been published in (5). variation of the vehicle deformation on the driver’s side 

In technical s pheres, the normal distribution is generally lay between 2 and 10 percent and, for the points with the 

used to describe the frequency distributions. Atestofthe greatest displacement, between 2 and 4 percent. The 

measured results for normal distribution, e.g., using the vehicle accelerations also varied by the same magnitude 

chi-squared fit test. could not be carried out due to the (see Table 1). 

Table 1. Dispersion of car measurement values 

Maximum Car Maximum Car Mean Car Car Velocity 
Deformation . Acceleration Acceleration Change 
Driver Side Av 

mm g g km/h 

mm 561 31.1 11.0 114.3 

max. 533 36.7 11.7 14.9 

~ 576 35.3 11.3 14.6 

sv 10 2.3 0.24 0.2 

cv % 2 6 2 2 

Table 2. Dispersion of dummy measurement values 

Head Driver Head Passenger Chest Chest Femur Driver Femur Passenger 
Driver Pass. Left Right Left Right 

0 0 0 0 ~: r" e- 

0 0 0           0 
- ~ ~ ~ ~< ~ ~< ~ 

~ Z ~ Z ~ Z" ~ Z 

= >= >= >= E ~ E ~ E ~ ,~ ~ 

min, 45 545 38 422 34 38 0,5 1.0 0,8 4,8 

max. 62 940 51 589 71 43 4.4 6.1 3.6 9,2 

~" 51 682 43 509 41 40 1.5 3,8 1.5 6.0 

sv 7 152 4 68 12 2 1.4 2,4 1.1 1,7 

cv % 13 22 10 13 29 4 94 63 74 28 
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Dummy-Measured Values reason, an abdominal protection criterion has been 

integrated into the draft ECEiGRCS guidelines for the 
Selected spreads are listed in Table 2. In two tests, 30° head-on collision. 

slight head steering wheel contacts--in one test also a Since the draft regulation proposes only a measuring 

chest steering wheel contacb- were suspected but could method for detecting the submarining effect, although 

not be proved definitely. For this reason, the HPC was other methods are also accepted in principle, a compara- 
not calculated according to the ECE/GRCS draft tire study of the measuring methods described in the 
regulation (i.e., only for the duration of the contact) but draft regulation with another method used until now was 
was specified as an HtC as proposed in the FMVSS 208 carried out. 
for the entire duration of the resulting acceleration. The Six trolley tests were performed at 50kin h under 

mean head accelerations, the HIC values, and their simulated head-on collision conditions on the crash test 
spreads are higher for the driver than for the front-seat facility of the BASt. The standard seatbelt systems of a 
passenger. This may, on the one hand, be due to the fact Ford Capri II and a Citroen GS Club were fitted to the 
that in certain cases slight head/steering wheel contacts frame of a trolley so that in each case. two different 
may be suspected, and, on the other hand, the movements measuring methods could be tested in parallel to provide 

of the two front-seat dummies differ due to the vehicle a total of !2 individual results at the end of the series of 
rotation, tests. Steering wheel and instrument panel were not 

The same effects can be observed for the chest loads, installed. 
Due to the movement of the vehicle, the two dummies The position of the seatbelt anchorages in both vehicles 

moved to the left relative to the movement of the vehicle, lay within the limits specified in ECE Regulation 14. Film 
so they moved forward in the vehicle with the right knee recordings were made, in which the bones of the crest of 
leading. A knee contact with higher longitudinal femur the ilium of the dummy were marked with target points. 
forces was therefore observed primarily for the right leg. so that the sliding of the pelvis under the seatbelt during 

Regarding the forces in the left femur of the driver and submarining could be clearly detected. 
front-seat passenger, the wide spread of 94 and 74 Each dummy was fitted with one of the special 
percent, respectively, can be explained by the fact that a submarining measuring devices described below. 
knee contact occurred in only one and two tests, respect- The one measuring method is based on a development 
ively. In cases where such knee contacts occurred in every by the Association-Peugeot-Renault (APR), in which 
test, the variances (28 percent) are considerably smaller, two hook-shaped force transducers fitted with strain 
Due to the large forward displacement of the front-seat gauges are screwed onto the crest of the ilium of a Hybrid 
passenger dummy, the femur forces in this dummy were lI dummy pelvis (Figure 1). If the lapbelt rides up over the 
higher than in the driver dummy, iliac crest under submarining conditions, the transducers 

are subjected to a bending force, i.e., indicating abdominal 

loading, provided the lapbelt loads are a pplied vertically 

Methods for the De~ection of Submarining to the APR transducers. This measuring method conforms 

to that described in the ECE/GRCS draft regulation. 

Submarining is defined as the sliding of the pelvis which specifies a load limit of 800N. 

under the lapbelt loop or the riding up of the lapbelt over The second method of detecting submarining is based 

the crest of the ilium of vehicle occupants wearing on the use of a submarining indicator pelvis (SIP). Three 

seatbetts under frontal collision conditions. Submarining force transducers are fitted, one above the other, into the 
is promoted by sotk seat upholstery and or an unfavorable 

seatbelt geometry (small lapbelt angle) as well as misuse ’ 

of the seatbelt system (belt too loose or relaxed seat 

position)(6). \ 

The importance of submarining as a result of direct 

effects of the belt in an accident is due less to the 

frequency of the injury than to the seriousness of the 

abdominal injuries. For example, the number of cases of 

submarining relative to the number of injured front-seat 

occupants wearing seatbelts in head-on collisions in the 

accident material collected by the Accident Research 

Department in Hanover (259 cases) represented 4.6 
Normal / 

percent; in the accident research material of Peugeot- 
~o~ 

Renault (!,073 cases), 5.8 percent. It is estimated that 

approximately 2 percent of all injuries with AIS > 3 are 

abdominal injuries caused by submarining(7). For this Figure 1. Dummy pelvis APR transducers 

418 



Section 4. Technical Sessions 

left- and right-hand ala of the ilium of the dummy pelvis, of the abdominal loads on the basis of the measured 

over which the lapbelt slips on collision, allowing the pressure forces presupposes, however, that the lapbelt 

relative movement between pelvis and lapbelt to be forces are applied vertically to the surface of the APR 
deduced from the temporal relationship between the transducer. Since such conditions cannot always be 

force transducer signals. This test method is only able, fulfilled, an incorrect indication of uncritical abdominal 

however, to prove whether or not submarining has taken loads can be produced, although the belt forces acting on 

place (Figure 2). In the event of submarining, it does not the abdomen exceed the biomechanical tolerance limits. 

allow any statement to be made as to the size of the The measuring curves ofthe lapbelt forces with two clear 

abdominal load. maxima under submarining conditions can also be used 

here, as already described above, as an additional 

criterion for determining submarining. 
Force t rc~nsducer Upper 

]Middle 
The results can be summarized as follows. The known 

/] r-L .... 
F .... .oo~d .... measuring methods are not conclusive when applied 

~~ 
alone. With the introduction of the 30° global tests by the 

ECE, the installation of belt force transducers should be 

..... permitted, if not even demanded, for reliable proof of the 

........... 

//~~--~ 

submarining-free restraint of the dummy by the safety 

~ 
belt. A method of interpreting a combination of measuring 

///\~"~ values from the force transducers and the belt force 
Normol/ k transducers must be worked out. The ECE Regulation 14 
Iap belt position 

(Position of the Seat Belt Anchorage Points) is insufficient 

to prove that submarining is prevented. 

Figure 2. Submarining indicator pelvis (SIP) 

Results of 10 Standardized Tests With 
As mentioned above, the decision as to wheter Subcompact Cars 

submarining had taken place during the test or not was 

.... based on films of the dummy movements. 
..... To investigate the applicability of the test methodology 

This film analysis represents a suitable method of 
of the EC E/G R CS draft regulation and to determine to 

detecting submarining but is unsuitable for use in vehicle 
what extent subcompact cars already on the road satisfy 

approval tests, since the test regulations make high 
the proposed safety requirements, a series of 10 crash 

demands on the integrity of the normal condition of the 
tests was carried out. On the basis of the test results, an 

vehicle, thus forbidding the removal of the doors for 
attempt should also be made to determine which existing 

filming the movement of the dummy pelvis. 
ECE regulations are covered by the new draft regulation. 

Analysis of the test data has shown that the SIP 
In the first three tests, no head contact measurement 

method permits uncertainties in determining the sequences 
could be carried out, since an earlier version of the draft 

of movement during submarining, since the only factor 
proposal did not permit the use of electrically conducting 

for evaluation after a critical upward movement of the 
materials. In addition to the contact measurements, it 

belt loop along the ala of the ilium is the sudden drop in was also possible to use the SIP from the fourth test 
the signal of the upper force transducer. From the test 

onward. For the VW Golf, the results from one 30° and 
results, the question must certainly be posed whether, on 

two 0° collisions were available for comparison with the 
the basis of a numerical evaluation of the signal drop, a 

results of the 0° and 30° barrier tests, 
submarining criterion such as "drop in signal in At" can 

be defined, from which submarining can be proved where 

the criterion is exceeded and excluded where the criterion Vehicle-Measured Values 
is not exceeded. It appeared that an analysis of the 

temporal pattern of the lapbelt forces, which can be The vehicle types and certain of their technical data are 

characterized under submarining conditions by two clear shown in Table 3. The vehicles were bought second-hand 

maxima with a minimum at the point when the lapbelt and were between 1 and 1,5 years old at the time of the 

passes the upper force transducer of the iliac wing, in test. Table 4 shows the maximum vehicle deformations. 

conjunction with the analysis of the temporal pattern of In each of the tests, the front of the vehicle on the 

the upper pelvis force transducer can considerably increase passenger side was only slightly deformed. The de- 

the detection probability of whether or not submarining formation in the longitudinal direction of the vehicle was 

has taken place. 10 to 30mm. Due to the one-sided loading with the 30° 

The APR measuring method also appears suitable for configuration, it is reasonable to assume that the max- 

determining critical lapbelt movements~ An assessment imum deformation would be slighter with the 0° barrier~ 
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Table 3. Technical data of test cars 

VW Ford VW Peugeot Citroen Toyota Renault 5 
Car Type             Polo Fiesta Golf 104 2CV6 Starlet 

Test Nr. 01,02 03,06 04 05,07 08 09 10 
Unladen Kerb 
Weight kg           685 730 750 740 600 765 785 
Length mm 3,605 3,565 3,815 3,366 3,830 3,725 3,515 
Wheelbase mm 2,330 2,286 2,400 2,230 2,400 2,300 2,419 

Table 4, Maximum car deformation on driver side 

~ VW Ford VW Peugeot Citroen Toyota Renault 5 

Car Type Polo Fiesta Golf 104 2CV6 Starlet 

L 
Deformation mm 582/583 645/643 599 594/587 550 658 508 

Table 5. Deceleration characteristics of the 10 ECE/GRCS regulation tests 

Car Type VW Ford VW Peugeot Citroen Toyota Renault 5 

Polo Fiesta Golf 104 2CV6 Starlet 

o_ Max, AcceL a max g 23.7 23.9 31.4 26 28.5 38.3 38.2 48.6 61.7 

~ Duration of Accel. ms 142 120 107 148 118 118 103 117 102 82 

~ 
AverageAccel, ag 9.5 11.2 13.4 9.9 12.1 12.3 14.2 12.5 14.1 17.5 

~ v    mis 13,3 13.2 14,1 14,4 14.0 14.2 14.3 14.3 14.1 14.1 

~ Max, Accel. am~× g 16,8 19,0 20.1 11~8 17.9 13.8 19.7 15.1 26.5 28.2 

~ v m/s 6.1 6,3 3.7 2.5 4.1 3.1 3.0 2.7 3,8 3,6 

Table 5 shows selected parameters to describe the Dummy-Measured Values 
deceleration of the vehicle. As already stated, comparisons 

between the 0° and the 30° positions of the barrier can be 
The measured values are summarized in Table 7. In 

made only for the VW Golf~ Surprisingly, however, as 
tests 2 and 9, the limit for the chest protection criterion 

shown in Table 6, there are no major differences between 

the two configurations, Contrary to this, however, a 
was slightly exceeded as the driver collided with the 

major research project carried out by the CCMC(9) with 
steering wheel. In test !0, an excessive longitudinal force 

was measured in the right femur of the driver due to a 
71 tests and 20 different types of vehicles shows that if all 

collision with the steering column and the instrument 
models are taken into consideration, the vehicle accel- 

erations and the velocity changes are on average noticeably 
panel (see also, section "Detection of Submarining"). As 

far as the other criteria were concerned, the subcompact 
higher in the 0° tests than in the 30° tests. 

cars available on the market in 198G4 satisfied the safety 

requirements. 

The results for one test with the 0° barrier position and Table 6~ Comparison 0:-30~" barrier position; vehicle 
decelerations of VW Golf one test with the 30° barrier position were available for 

......... comparison of the dummy loads. The measured values 

for the dummy are shown in Table 8. In the 0° collision, 

Barrier Position 30° 0° the head accelerations are noticeably higher than in the 

30° collision. This difference is considerably greater for 
Max. Accel. amax- g 26.0 38.9 26.9 all dummy-measured values in the CCMC study already Duration of Acce!. ms 118 122 125 
,’kv m/s 14.8 14.6 14.6 mentioned(g). 

AverageAccel. a g 12.1 12.2 11.9 The values for the HPC and abdomen protection 

~ criterion are discussed in greater detail below. 
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Table 7. Summary of measured protection criteria 

Car type VW Polo VW Polo Ford Fiesta VW G0if Peu~e0t t04 Ford Fiesta Peugeot 104 Citroen 2CV Toyota Renault 5 

Starlet 

9 10 
Test Nr. 1 2 3 4 5 6 7 8 

Dummy 

Position 

F BF F 8F F BF F BF F BF F BF F BF F BF F BF F BF 

Protection 

Criterion 

HPC ** *** ** 0 ** 0 246 0 521 O 285 0 457 O 620 0 781 0 374 0 

ChPC g 48 29 38 29 52 34 36 36 42 37 52 37 41 41 36 30 71 39 56 39 

..... ....... FPC****Ief~ 6,0 def. 0.9 6.8 2.3 3.8 2,0 2.0 2.t 0.7 1.7 1.0 2.0 0.9 1,5 1.9 2.6 2.1 4.0 5.1 

kN right 1.3 def. 4.8 0.1 2.1 7.6 4.7 1.7 6.4 1.8 3.1 1,2 3.7 1.9 9.5 1.3 8.5 1.7 15.4 7,2 

F = driver; 8F = front seat passenger 
** not measured; no contect measuring Due to its major effect on the HPC value, the 
*** =no head contact 

..... oo~ max~,~umve~ues measurement of head contact must be carried out with 

great care and accuracy. The reason for the considerable 

Table8. ComparisonO°- 30° barrier position, measuring       differences between HIe and HPC in test 10, for 

values of driver dummy (one test with VW Golf example, is that in these standardized tests, the head of 

each) the driver dummies moved between the A-pillar on the 
" barrier side (here the left-hand A-pillar) and the rim of 

Barrier 
Position 

the steering wheel due to the angled position of the 
0° 30° barrier. These movements generally result in simply 

..... Dummy glancing contacts and thus to contacts that are barely 

Parameter noticeable in the head acceleration sequence. 
By analyzing acceleration traces from crash tests 

HIe 678* 447 
carried out previously in this respect, it can be stated that 

t1 ms 52 74 
the difference between HIe and HPC is not as marked if 

t2 ms 102 149 a clearer and harder head collision against vehicle 
ChPC 9 38 36 

components occurs. 
FPC Right kN 0.9 2.0 

Left kN 4.9 4.7 
Abdomen Protection Criterion 

Head Protection Criterion (HPC) From test 4 on, a dummy fitted with an SIP was used to 

record any occurrence of submarining. With the exception 

As already mentioned several times, the HPC must be of one test that was performed twice, the dummy was 

calculated only in the event of a head collision, and then positioned in each case on the driver’s seat. 

from the beginning of the contact. For the head protection For test 3, Ford Fiesta, the occurrence of submarining 

criteria HIe most widely used to date, this temporal was indicated by the final position of the dummy. 

restriction does not apply. The passenger dummies The recording of submarining using measurements 

suffered no head contact during the 10 standardized tests, performed in the subsequent tests, taking into consid- 

so the HPC was satisfied for all the tests: The HIe values eration the seatbelt force patterns and femur forces, 

calculated for the entire period of measurement are listed produced an indication of submarining in only one case 

in Table 9. If one compares the H PC and HIe values for (test 10, Renault R5). The reason for the slipping of the 

the driver dummies summarized in Table 10, it becomes dummy under the lapbelt included the tearing of the seat 

apparent that certain H PC values are considerably lower out of the seat rail and thus the change, i.e~, reduction, in 

than the HIe values. This effect occurs whenever the the lapbelt angle. 

head contact takes place in the period t ~ to t2 for which the The belt slipped over the right-hand ala of the ilium. 

HIe is calculated. This is an indication that even in the event of a 30° 

Table 9. Hie-values of passenger dummy and calculated tI and t2 values 

Car type VW Polo Ford Fiesta VW Golf Peugeot 104 2 CV Starlet Renault 

Test Nr. 01 02 03 06 04 05 07 08 09 10 

HIC 255 255 377 570 277 606 358 470 697 657 

tl ms 73 70 83 89 69 77 69 72 78 78 

t2 ms 162 156 154 156 164 153 156 155 163 !27 
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Table!O. HPC and HlCvaluesofdriverdummiesandcalculatedinstantsforbeg~nningandendofintegration 

Cartype VWPolo Ford F~esta VWGolf Peugeot 2 CV Starlet Renault 

Test Nr. 01 02 03 06 04 05 07 08 09 10 
HIC 843 775 578 489 447 591 576 620 
t~ ms 94 90 82 69 74 81 75 96 89 85 
t2ms 137 130 139 125 149 125 120 133 ~27 122 

~ begm*ms ......... 104 110 94 88 94 83 109 
~ endms ......... 128 --- 146 133 158 144 118 

HPC ......... 285 246 521 457 620 781 374 
t~’~’ms ......... 104 110 94 88 96 89 109 
t2"*ms ........ 120 149 124 120 t33 127 120 

* HPC ca~culationfrom contactstartuntilend ofrecording(3OOmsaftercrash begins} 

*~tl’t2’" New timeinstantsforthe begin and end ofintegration at HPC calculation 

collision, ECE Regulation !4 (Position of the Seat Belt vehicle after the crash could not be performed. On the 
Anchorages} alone does not guarantee that submarining vehicle mentioned above, a fuel pipe was damaged during 
x~ill not occur, the crash. The leak rate was greater than 30g min. 

In tests carried out on subcompact cars. the seat 
mountings frequently left something to be desired. We Inclusion of Other ECE Regulations in 
chose a criterion ofa permanent seat forward displacement 

the Global Test of lcm. In 5 of the l0 vehicles tested, this forward 
displacement of the driver’s seat was exceeded, in some 

It is planned that the 30° global test wilt also cover a cases by up to I lcm. The same applies to the passenger 
number of other ECE regulations. Annex 8 lists those seat. In one case (Peugeot 1041. both dummy and seat 
regulations that will be regarded as having been satisfied were held by the safety belt. If the seat is torn out of its 
if the global test is satisfactorily completed: mountings, the seatbelt geometry (lapbelt angle) is altered 

,~ FCE I 1, "Door latches and hinges," complete and the tendency to submarining increased. Submarining 
¯ ECE 12, "Steering mechanism," complete for this reason occurred in the Renault R5 test. 
® ECE 14, "Safety belt anchorages" for front seats In standardized tests with subcompact cars. the survival 
~ ECE !7, "Seats and headrests" for front seats area in accordance w~th ECE Regulation 33 was 

and head-on collisions determined for the driver’s side. i.e.. the more severely 
~ ECE 21. "Interior fittings" for front seats and deformed side. Since the required minimum distances 

vehicle interior were always measured relative to a fixed seat plane in the 
¯ ECE 33~ "Head-on collisions," complete vehicle (R-point plane) and the distances quoted are 
~, ECE 34, "Fire risks" during head-on co!lisions really minimum distances, the permitted deformation of 

The fulfillment of these regulations is somewhat the foot well was exceeded on only one vehicle, a Peugeot 
controversial. Comments on this subject have been 104. The majority of vehicles, however, exhibited severe 
forx~ arded from Great Britain and West Germany(10,11). deformations of the foot well bulkhead and instrument 

tn tests with subcompact cars, no problems were panel (up to 20cml. Due to the displacement of the seat 
encountered regardingthestrengthofthesafety belts and caused by the collision Iwhich was not. however, taken 
the belt anchorage points. All the seatbelts could be into consideration in the required method of measure- 
opened x~ithout the use of tools, and the dummies could ment), the space for the vehicle occupants was in some 
be removed undamaged, cases considerably restricted. If. however, one considers 

During the crash tests, the doors of all the test vehicles the distances contrary to ECE Regulation 33. but in the 
remained closed. After the crash, at least one door, sense of survival area--not relative to the vehicle-related 
normally the passenger door, could be opened. One R-point plane but relative to the seat-related H-point 
exception to this was the Toyota Starlet on which the plane, the vehicles Renault R5. Toyota Starlet. and 
!ocking mcchanismlocked thepassengerdoorduringthe Peugeot 104 would not have satisfied the requirements. 
crash. The driver’s door was also so severely damaged In the crash tests against the 30° barrier-the vehicles 
that it could not be opened without the use of tools, were fitted with dummies-.-.the intrusion of the steering 

With the exception of one vehicle, the Citroen 2 CV. wheel into the passenger compartment could not be 
the fuel tank and fuel pipes remained undamaged during measured. Either the dummy collided with the steering 
and after the crash. A quasi-static rollover test on the wheel, thus preventing further intrusion of the steering 
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column, or, as was normally the case, the head of the with a sufficient degree of accuracy. The HPC 

dummy struck the rim of the steering wheel to the left of determination of the duration of head contact 

.... the steering column, thus obstructing the view to the produces, in some cases, considerably lower 

........ center of the steering wheel. In some cases, however, it values than the H IC determination of the com- 

was nevertheless possible to deduce considerable in- plete head acceleration pattern. The spread of 

trusions from the film recordings. On severalvehicles, the the HPC values is known and has been in- 

steering column was forced up sharply (e.g., on the corporated into the draft regulation (tolerance 

Citroen 2 CV by 7° to the vertical). This produced a +250). 

greater hazard to the occupants by the then horizontal ¯ The measurement of chest loads and femur loads 

rim of the steering wheel, creates no problems. 
The occurrence of submarining can be detected 

Conclusion and Discussion of the Results            using several methods. The two methods most 
frequently used to date are suitable only in 

combination with the interpretation of belt and, 
The content, limitation, and application of the ECE in some cases, femur forces. 

...... draft regulation for the 30° head-on collision were 
investigated in a range of studies. The tested subcompact The inclusion of certain other existing ECE regulations 

cars from model years 1982/’83 satisfied, with few or parts thereof in the globaltest must be considered very 

exceptions, the requirements of the proposed ECE global carefully. Although it is correct to say that the inter- 

test for head-on collisions. It is therefore not possible to relationships of the safety systems in the vehicle should be 

differentiate between safe and less safe vehicles using this tested in full-scale tests, it should nevertheless not be 

test configuration alone. Proof of satisfaction of the forgotten that in real collisions, a wide range of collision 

requirements of the proposed global test would not situations occur that can and should be tested more 

automatically increase the safety of the tested vehicles, simply and at lesser expense in component tests. The 

Furthermore, it is difficult to assess the safety of a vehicle inclusion of existing regulations in the proposed global 

with a single test. test must not cause the safety of the vehicles to deteriorate~ 

Compared with the 0° collision, the average vehicle The requirements made on the survival area, which 

deceleration is less in the 30° collision(9); on the other must be regarded as not very high in ECE Regulation 33, 

hand, the 30° collision makes greater demands on the can be satisfied even if the seat is torn out of its 

vehicle as far as survival area and steering column mountings. The seat attachment, anchorages of the 

intrusion are concerned. Due to the angled collision, the seatbelts, the strength of the safety belts and door locks, 

dummy moves forward at an angle corresponding to the and the energy-absorption capability of the instrument 

position of the barrier. As a result, no central collision panel and the steering wheel should continue to be tested 

with the steering wheel occurs. The dummy normally in component tests, independently of the measured 

only glances the rim of the steering wheel, and the dummy values. 

measured values for the head remain low. The more The inclusion of minimum requirements for the door- 

demanding test condition is presented in the 0° collision opening behaviour and leak resistance of the fuel tank in 

in which the possibility of a central collision with the the draft regulation is planned and considered to be 

steering wheel and steering column and correspondingly correct. 

higher head and chest accelerations of the dummy exists. 

In the 0° collision specified in ECE Regulations 12 and 

33, no dummy is used, although the loads for the References 
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The Characteristics of Frontal Impacts in Real-World Accidents 

F. Hartemann, The Characteristics of Frontal Impacts 
JoY. Foret-Bruno, in Real-World Accidents 
C. Henry, and 
G. Faverjon In the field of secondary safety, car manufacturers and 

LaboratoiredePhysiologieetdeBiom~canique, governments aim at a common objective--that of 

Peugeot SAi Renault Nanterre, France achieving a set of solutions from among the various 

technical options and rulemaking procedures that can be 

C. Got,                                              envisaged, which will make it possible to guarantee car 
passengers a level of protection that covers the largest 

Ao Patel, and possible range of accident impact types. 
JoC. Coltat Such solutions are, in principle, extremely numerous. 

Orthopaedics Research Institute, Hospital But the energy-reducing constraints that weigh down on 

Raymond Poincarb car manufacture have become so stringent that great 

attention must be given to the ultimate cost-benefit 

balance that can be predicted for each of the possible 

Abstract 
options. 

As a means of evaluating the safety of a vehicle, the 

frontal impact global test is the only one that enables 

From a file of real-world accidents analyzed by the manufacturers to combine intelligently the whole range 
Peugeot SAiRenautt accident investigation team, 572 of factors that govern occupant protection: structure, 
frontal impacts with a AV of more than 35kmih were linking features, restraint systems, seats, etc. In this 
extracted. These were described and classified on the respect, the global test procedure militates in favor of an 
basis of a large number of criteria that make it possible to optimum use of the materials consumed in the process of 
compare the degree of representativeness of an oblique vehicle manufacture. With this objective in view, two 
test and of a perpendicular test. types of problem remain to be solved, the biomechanical 

This exhaustive descriptive method makes it possible and the accidentological-- 
to provide an objective basis for discussions concerned ¯ Biomechanical Problems--That of replicating, 
with the procedures of a homologation test. by using a dummy on board, the kinematics of a 
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living occupant, and that of the interpretation of certain number of indications that make it possible to 

the measurements taken from this dummy, which compare aspects of the sample described and of struck, 

must provide a reliable prognosis of the injury accident location, collision type, etc. 

.......... consequences the same impact would have The accidentological justifications of such a test are 
produced upon a real accident victim, rooted in a detailed description such as that proposed 

¯ Accidentological Problems--That of the repre- below and cannot be based on the usual short-cut, which 

sentativeness of the test procedure. To what type consists of describing accident data by indicating solely 

of frontalimpactshouldthevehiclebesubjected, how real-world impacts are broken down into some 

bearing in mind that the solutions adopted by categories of equivalent test procedures. This direct 

the manufacturer to guarantee protection in the relating of one thing to another is likely to be strongly 

test configuration used must also be effective in influenced by preferences for a particular procedure due 

the maximum of other frontal configurations to to criteria that are not linked to real occupant safety 

which car passengers are exposed when out on considerations. It has thus been recently suggested(l) 

the road? that a perpendicular test was preferable to an oblique 
Dummies are improved constantly, and the injury impact as a type of test procedure since the latter 

predictions, based on parameters that can be measured in represents an obstacle to the production of airbags. This 

tests, are increasingly reliable. Biomechanical problems kind of argument is of the same nature as those that 

today constitute, therefore, themes for research to would have us forget that a global test should be 

comprehend more deeply, and no longer are they obstacles preferred to another not because it shows up better a 

to the integrated test option. This is due to the fact that particular means of occupant protection but because it 

biomechanics is making advances through a rigorous reveals more clearly the level of safety that the model 

........ methodology; this is an essential factor that enables being tested will make available to those traveling in it in 

exchanges between laboratories and data collected to be the real world of accidents. 

accumulated. The same cannot be said of accidentological 

work. But the representativeness of a test procedure 
cannot, by definition, be judged other than by reference Description of Frontal ]Impacts in the 
to real-world accident data. S u r v e y O r g a n i z e d b y P e L! g e o t 

it is necessary that the knowledge gathered on the SA/Renault 
subject of accidents be expressed in a language common 
to all teams gathering and analyzing accidentological 
data, and that no important parameter be neglected 
among those that differentiate between various types of Selection Criteria 
impact and that are correlated with injury severity. 

In the absence of a strict standardization of the method Starting in 1970, 3,580 frontal impacts have been 

descriptive of real impacts, accident data collected in analyzed by the Peugeot SA!Renault accident investi- 

various countries that are intensely motorized will always gation team. The following description concerns a sub- 

show up divergent patterns, which will make it easy to sample of cases selected on the basis of these criteria: 

reach a wide range of interpretations so far as the 1. Cars equipped with 3-point seatbelts 
practical meaning of a particular test procedure is 2. Vertical location of damage of types E in the 
concerned. VDI (see above) system; that is, the whole of the 

These divergent patterns appear not only because of lower part of the belt line 
the specificity of the methods of classification used but to 3. Direction of the principal force: t 1, 12, 01 
a considerable extent because of the different sampling 4. Impact violence estimated by the parameters ~_V 
criteria of the cases studied to the peculiarities of the and ~ 
vehicle mix, the road network, and its environment. 5. AV equal to or lower than 35km/h 

The international VDI (Vehicle Deformation Index) 
code is a useful methodological tool for standardizing Criterion 2, eliminates all cases of running-under into 

descriptions, but it is far from satisfactory for dif- heavy trucks--an impact type that results in most 

ferentiating impacts in all the ways that must be considered instances in deformations based upon which any estimate 

when what is involved is the problem of matching them to of the violence involved is very imprecise. It is considered 

a particular test mode. The accidentologicaljustification that the protection of car passengers in collisions with 

for the latter must be based on a description of the heavytrucksraisestheissueofmodificationstotheheavy 

maximum number of parameters that determine exactly trucks and not to the cars themselves. 

the kinematics of occupants and the seriousness of their Criterion 5, AV equal to or greater than 35km/h, 

injuries. It is important to attribute to the impact enables us to use a sample of accidents in which the 

categories distinguished with the help of these criteria a probability of injury is not inconsiderable. In this way, 
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one avoids the skew that the presence of impacts without Category B2 includes overlap of between one-third and 
risk for occupants can introduce into the description of one-half with oblique deformation. The side member on 
impacts, which the test procedure must represent as well the side opposite the impact is not solicited. This is a 
as possible. Such impacts without risk are the harmless frequent configuration in frontal-frontal collisions. The 
ones that can, indeed, skew the description in cases where average decelerations for values of A V between 45 and 
they show peculiarities of impact angle, of the degree of 55km/h are of the order of 10g. 
overlap, etc. We show in Table I the breakdown of cases Category C includes deformation of the entire width of 
of impact in which AV was equal to or lower than the front face--an asymmetrical characteristic of head, 
35km h, shown by direction of impact and the horizontal on collisions with little degree of offset between the two 
extent of deformation, vehicles. The two side members are solicited. 

Table 1. Direction of principal force and horizontal location of damage for frontal impacts 
with AV < 35km/h. 

11 12 01 

Y L Y L Y L TOTAL 
D      or or D or or D or or 

Z R Z R Z R 

2.1 4.7 4.7 20.7 33.7    22.8 3.3 5.1 2.8 100 

The classificatioh in this table concerns 1,057 cases, 

of the Five Categories of Category D includes deformation observed in less than 

Frontal Impact 20 percent of frontal impacts. Deformations of the 

passenger compartment are rare for AV values of less 

than 60kmih. Impacts of this category are fairly well 
The directions of impact, the geometry of deformations, reproduced by using the barrier at 0°. 

arid the kinematics of the vehicle and of occupants The graphical representation of illustrating these cat- 
between the beginning and the end of the period of egories is a less than ideal manner of doing so. Other 
contact between the vehicle and the struck obstacle are of variants exist for each category. In particular, the depth 
such wide variety in frontal impacts that any attempt at of penetration is arbitrarily shown since it can be less than 
categorizing them necessarily involves an element of the appears or, on the contrary, greater. But constants 
arbitrary. What is important is to reduce this as much as remain and they are very precise: 
possible by the use of technical criteria. 1. The general appearance of deformation, which is 

The five categories proposed here take account of the rather rectangular or rather triangular (B2, etc.) 
front-end configurations of European cars. The dif- 2. Overlap of one-quarter to one-third of the front 
ferences essentially have to do with the way in which the end, overlap of one-half to two-thirds of the 
side members and the engine transmission units are front end, or overlap that is total, the above 
solicited . a solicitation that depends on the degree of applying whatever is the depth of crush 
overlap at the interface with the front end of the other 3. Angle of deformation less than 15° in categories 
vehicle and on the impact violence. B1 and D; between 15° and 45° in categories B2 

Category A (Figure 1) includes impacts with overlap of and C 
between one-quarter and one-third of the front end. A 

single side member is solicited in one-third overlaps. This 
Principal Characteristics of the Categories type of rectangular deformation is characteristic of 

collisions that are offset against another vehicle or Of Frontal Impacts 
against a fixed obstacle. The car body side is often 

solicited to a considerable extent. 

Category B I includes rectangular deformation that Impacts by Type of Collision 
can be reproduced by impact against a barrier at 0° with 

overlap of between one-third and one-hal£ The relative Deformations that are evenly spread across the front 
rarity of this type of deformation justifies its allocation to end (category D) are relatively rare in head-on collisions 
category B2 now described. (Figure 2). In 85 percent of cases, deformations are 
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A 1 64 cases 

B1    23 cases 

B2 218 cases 

C 61 cases 

D 106 cases 

Figure 1. The five categories of frontal impact 
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Rear Side Object A    164 cases 

B~ 23 

218 cases 

218 cases 

61c~ses ~z ~ } 16 ~ 5 ~ ~ % 

Figure 4. Proportion o~ cases with passenger compBrt- 
2. Frontal im~aets distdbution bg t~ ~ ~llision merit intrusion ~x~edin~ 

~V 

&¥ &V BELTED UNBELTED 

36 tO ~5 km/h 46 tO 55 km/h 
No Injury Severe NO Injury Severe 

A 164cases ÷ Minor + + Minor + TOTAL 
÷ Moderate Fate| ~ Moderate Fatal 

A 164 cases 

~ BI 23 cases 

B~ 2~8 cases 

B2 218 

C 61 

’ C 61 cases 

D i06 cases 

~ 

11 9 17 24 61 

Figure 3. Average of mean deceleration values by type ~oo ~oo ~oo ~j ~oo t ~oo 
of frontal impacts                                            * Severe ÷ f~tal ,cans M.AIS ) 3 

Figure 5. Restrained and unrestrained drivers--severity 
by type of frontal impact 
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36 46 56 66 HEAD J THORAX ABDOMEN and       TOTAL 

A 164cases BB ~ 29 ~ 2B t D ~ 29 ~ A 164cases ~ 

B= 2~8c,ses 

49 %                   33 %                  II %                7        %                100 %                                                                                                                                    I 
C    61 cases 

C     61 cases 6 % Io % 19 % 79 t 11% 

I--- ~/,-’ 

29 %i         29 %          25 %       16    %         100 % 
D 106 cases 

D !06cases 19 % i 16 % 22 % 21% 18 % 

TO0 % 100 % I00 % I00 % I00 
T 0 T A L 16.9 19.6 15.3 48.1 100.0 

T 0 T A k 285 174 79 34 572 

Figure 6. Change of velocity (AV) by type of frontal Figure 8. Percent distribution of AIS--> 3 for unrestrained 
=mpact                                                   drivers (1 1 2 severely injured and 1 5 killed) 

BODY REGION                                                                                                HEAD CONTACT LOCATION 

PELVIS 
HEAD THORAX ABDOMEN and ) TOTAL STeering Location TOTAL 

LEGS Wheel    I A P~llar      Other Unknown 

A 164 cases A 164 cases 

~ 

~.7 o o ,.4 -I u.l 7.5 0 3.B 9.4 20,7 

...... 
46,5 

’ 

B; 23 c,ses B~ 23 cases 

B~ 2tSetses B~ 218cases 

D 1 o6 cas,s D 106 cases 

Figure 7, pet~entdistributionofAIS~3forunrestrained Figure 9. Head ~onta~t lo~ation-restrained drivers 

drivers 
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only a fraction (about 75 percent) of all the impacts with with deformations spread across the whole of the front 
o~erlap of between one-quarter and one-third of front end (category D). The consequences of intrusion for 
ends. Bearing in mind that this distribution of impacts by restrained occupants are extremely serious (Table 2). 
type of collision is observed, one cannot say that the Intrusion provides the main explanation of the dis- 

pe~ pendicular test is representative of head-on collisions, tribution of drivers who are killed or seriously injured in 
The high level of representation of impacts of the 0° the various categories of frontal impact. These are as 

t:,pe in collisions against the side of another vehicle numerous in the impact categories with very little overlap 

(front-to-side) should also be noted. Such collisions, (category A) as in those related to the 0° test (Figure 
however, are rarely severe for the occupants of the 5) theimpacts related to the impact test contributing 55 
as3 mmetrical; even this proportion is under estimated. In percent of the total of the serious or fatal cases (restrained 
point of fact, our analysis has concerned only those cases drivers). 
ia the sample where it has been possible to calculate the 

~alue of AV. In a large proportion of the collisions that 

resulted in category A deformation, with much offset Tabl~ 2. $~wr~ injury and ~atality rat~ ~or 

contact, impact was followed by immediate separation of restrained drivers 

the t\~o vehicles. In such cases, it is impossible to 

calculate A V, or it is at least rash to do so. In all of the 164 AV (krn/h) 
cases, the value of AV is known. These cases represent 

striking vehicle; the average level of deceleration is Intrusion 

relativel? low dueto the considerable penetration into the 46 - 55 56 - 65 66 - 75 

sde of the struck car, 
< 150ram .13 .31 .50 
_> 150mm .37 .83 .94 

The Average Value of Deceleration 

"lhis value increases logically with the horizontal 

extent of deformations. It reaches 14g between 46 and 

55km h for irnpacts akin to those against the barrier at 0o The Breakdown of Serious Injury by Body 
(}:igure 3). The overestimation of average levels of Segment 
deceleration by perpendicular impact has been pointed 

ou~ in earlier publications(2,3,4), which have brought out This breakdown, being the subject of measures in tests, 
the fact that the oblique impact produces decelerations of shows the importance of injuries of the bony pelvis, 
the same order of magnitude as in the majority of frontal fractures of the acetabulum in general, and of the lower 
impacts occurring in real-world accidents. But this limbs (Figure 7). 
difference in severity is not a relevant justification of the if one takes the figure of 100 to represent the serious 
oblique impact. It could even, on the contrary, justify the injuries recorded in impacts that relate to the oblique test 

choice of a0° test for thevery reason that thisgives higher (categories BI, B2, etc.) and if one proceeds in the same 
values to the parameters used as head and thorax injury manner for the serious category D injuries (impacts 
criteria. This is, by the way, the reason given by a certain related to the 0° test), one observes that an oblique test .......... 
number of manufacturers for abandoning their oblique replicates more faithfully the exposure to risk of the 
impact test. various body segments considered (including the ab- 

Ihe defect in this manner of reasoning is that of domen) than would a perpendicular test (Table 3). 
neglecting the fact that the major cause of serious injuries The same calculation made with respect to drivers that 
for restrained occupants is intrusion and that the were not restrained gives a different breakdown (Figure 8 
structure’s resistance to intrusion cannot be verified by and Table 4). 
means of a perpendicular impact---unless, that is, the Because the seatbelt limits occupant displacement, the 
operation is undertaken at very high speed and obliges head!steering wheel contact is by far the most frequent 
manufacturers to adopt solutions of which the cost- among restrained drivers (Figure 9). 
benefit analysis would be catastrophic. As witness, the The above data seen as a whole do justify one of the 
first ESV models, criticisms leveled at the oblique test: this does not verify 

The intrusion measured at the level of the A-pillar the effectiveness of head protection in an entirely sat- 
exceeds 150mm in 71 percent of cases of the very offset isfactory fashion. 
impacts (category A, Figure 4) in which AV lies between It would only be necessary to improve it in an 
45 and 55kmi h. On the other hand, in this same spread of appropriate way for this test to become undeniably useful 
speeds, intrusion is only observed in 4 percent of impacts as a procedure. 
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Table 3. Breakdown of serious injuries by body segment in impacts 
related to the oblique test, to the 0° test, and in all impacts. Drivers 
restrained (retractor belts) 

Body Segment 

Impact 
Head Thorax Abdomen Pelvis & Total 

Lower Limbs 

Impacts related: 

- to 30° test 25.0 6.2 12.5 56.2 100.0 

- to 0° test 25.0 12.5 25.0 37.5 100.0 

All im oacts 25.9 7,4 14.8 51.9 !00.0 

Tab le 4. Breakdown of serious injuries by body segment. Drivers unrestrained. 

Body Segment 

impact 
Head Thorax Abdomen Pelvis & Total 

Lower Limbs 

Impacts related: 

- to 30° test 14.5 20.4 14.7 50.7 100.0 

- to 0° test 21.0 21.0 18.4 39.5 100.0 

All impacts 1 6.9 19.6 15.3 48.1 100.0 

objective basis for the decisions that must be taken b3 the 

Conclusion appropriate governmental and intergovernmental bodies 

concerning homologation procedures. 
The integrated test is the optimum procedure for 

verifying t he level of safety of a vehicle to the extent that 

this procedure brings in the greatest number of potential References 

risk factors for the occupant. 
For a given procedure, the fact that it produces high 1. National Highway Traffic Safety Administration. 

values for the parameters used as injury criteria is not an FMVSS 208. Docket 74.14 Notice 38, April 1985. 

adequate proof of relevance. The procedure must also 2. Ventre. Ph.."Proposal methodolog5 fordrawing-up 

oblige vehicle manufacturers to adopt effective counter- efficient regulations," 4th International Congress on 

measures in the greatest number of real-world accident Automotive Safety, 1975 

configurations: this is the function of a "’representative" 3. Ventre. Ph.. and J. Provensal. "Proposition d’une 

test. methode d’analyse et de classification des sbvbrit bs en 

A description of 572 frontal impacts with a A V greater accidents r~els.’" International Conference on the 

than 35km h shows that the oblique test is the most Biokinetics of Impacts. June 1973. 

representative of the sample. 4. Tarriere. C.. A. Fayon. and F. Ha rtemann. ~q-he 

It is highly desirable that accident data available to a contribution of physical analysis of accidents towards 

large number of accident analysis teams should be interpretation of severetraffictrauma-’" Proceedings 

described in the same way with a view to providing an 19th Stapp Car Crash Conference. 1975. 
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Testhouse Experiences With the Draft ECE Regulation for 

Head-On Collisions 

C.G. Huijskens, Group 1 ofISOiTC22iSC12and now specifies a standard 

J. Maltha, and angle of 15° for mounting the vehicle body on the sled as 

A. Dyche the best representation of the 30° angled barrier test. 

Research Institute for Road Vehicles, TNO, However, this group recognizes that this standard 15° 

Delft, The Netherlands 
angle is not sufficiently representative for all types of 

vehicles and hopes to define in the future a method of 

calculating an equivalent angle of body mounting based 

on results of the 30° barrier test and more specific for the 

type of vehicle, 

TNO performed a series of well-controlled full-scale 

30° angled barrier tests with Volvo 343 vehicles. In 

addition, a series ofsimplified sled tests with a Votvo 343 

bod~ mounted at angles of 15° and 19° (i.e., the angle                              ~,~ 

between the longitudinal axes of the car body and sled) 

v, ere conducted. The sled tests were carried out with a ............................................ 
AV-time history obtained from the full-scale barrier 

tests~ Test conditions and evaluation of the dummy 

results for driver and passenger were based on the new 

draft ECE regulation for head-on collisions and on the 

proposed ISO DIS 7862E for the simplified sled simula- 

tions of barrier crashes. 

It ~as found that the ECE sled test procedure in itself is 

~ell defined and feasible with minor modifications. It 

should be noted that alt the dummy results were low in 

comparison with the performance criteria in the reguta- - - 
tion, and so, considering the dummy as a measuring Figure 1. Test procedures of draft ECE regulation on 

ir~strumenL the results are at the lower end of its head-on collisions 

operating range. For vehicles with different AV-time 

histories for the left and right sides during the full-scale 

test, it is not possible to reproduce dummy kinematics At the TNO crash facility, two full-scale 30° barrier 

and at the same time all major injury parameters with a tests, two 15° simplified sled tests, and two 19° simplified 

sled tests were conducted. single mounting angle of the body on the sled and one 

A V-time history. The paper presents more details about The vehicles and bodies in the tests were all Volvo 343, 

the mounting angle and AV-time history problems, which is considered to be a good representative of a 

standard mid-sized European car. All tests were carried 

out with two Part 572 dummies and standard 3-point 

retractor restraint systems. The impact velocity of the 

full-scale tests was 50km!h, and for the sled tests the 

The new draft ECE regulation for occupant protection impact velocity was calculated to be 45kmih to obtain 

ia head-on colIisions specifies a 50kmih full-scale crash the same final AV-time history as measured in the full- 

test against a 30° angled fiat rigid barrier(1). If a vek :~qe scale tests. 

type meets the requirements of this new draft regulation, The objectives of the test program were-- 

it wilt be considered to satisfy ECE Regulations 11, 12, *, To investigate the practicalities of the full-scale 
14, 17, 21, 33, and 34. In case of modifications of a and sled test procedures 
standard vehicle type with respect to interior fittings, a ¯ To find out how closely the full-scale tests could 
simplified equivalent impact test with a car body on a sled be reproduced by the simplified sled tests at the 
can be carried out (see Figure 1). standard angle of 15° 

The regulation refers for the simplified Sled test to an *, To find a calculation technique for a car-specific 
annex "test procedure with trolley," which is based on the angle in the sled test and check if this resulted in a 
ISO Draft International Standard 7862E(2). This standard better representation of the full-scale test 
is currently under modificatian hy the ex,,o~*,’ ~ru~v: ~ .... v ............. ns ¯ To investigate the repeatability of the test results 
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here as a fixed angle that is the result of the ratio of the 
Test Procedures average (left and right sides) longitudinal and lateral 

AV-time histories. However, the ratio between AV 
...... Barrier Tests longitudinal and AV lateral is a function of time. The 

method used to obtain the Equivalent Angle was to 

The full-scale 30° angled barrier tests are the baseline define the times of the most important dummy-related 

tests for the simplified sled test procedure. The sled tests criteria and calculate the instantaneous translation angle 

were to be carried out with a velocity change-time history 
at these times and then simply average it (see Table 1). 

....... reproducing the AV-time curve from the barrier tests. 

........... .... The A V-time history that was to be used for the 30 
franslahon 

simplified sled test was established from the integration angle (deg) Z~ v doorsill left 

of the longitudinal accelerations of the sills. The regulation 
~ 

d v doorsJl( right" 

states that the impact (driver) side integrated acceleration | 
a verage 

should be reproduced within_0.5m! s, but, due to a large 
20 

difference between the left and right side A V-time 

histories (e.g., 2.2mis at 140ms) in these full-scale tests, 

an average A V-time history of both sides was used for the 10 

velocity-time history of the sled test (see Figure 2). The 

accelerations were filtered at CFC 180 before integration. ~ hme, se c 

0.08 012 016 0 20 

Figure 3. Calculated translation angle as function of 

t2                                                               time 

10 
average Z~V-- I3.7-1,0= 12 7 ms-1 

velocity 121 
8 

change, m/s 

a verage zlV= 13. 7-1.0= 12.7 ms -1 
6 

8 veloclfy 
a verage change, m/s 

4 
leff     -1                        6     ~          2.8 ms-1 

2.2 ms 

\ average Z 
4 \ leff 

\ 2.2 ms-1 

0 2 :--~[mulafed 
0 O0 005 010 0 ZO 

~ hme, sec r,tghf ... 

0 
Figure 2. V-time curves of the full-scale 30°angled 000 005 

barrier test ~ hme, sec 

Figure 4. Simulated and fulPscale V-time histories 

Calculation of Equivalent Angle of Mounting 
for the Simplified Sled Test 

Table 1. Optimal car body to sled mounting angles for 
the different criteria 

It is recognized that the standardized 15° angle of the 

vehicle body mounting for the simplified sled test might 
Criteria Time Translation Angle 

not give the best possible reproduction of the full-scale 
(ms) (degrees) 

barrier tests for all types of vehicles. Current discussion in max. belt loads 97 1 6.3 

the ISO Working Group led to a resolution that asked f°r max. res. chest accn. 105 14.9 

calculation methods of a so-called Equivalent Angle, max. res. pelvis accn. 107 14.6 

which is specific for a certain type of vehicle, 
max. res. head accn. 135 14.3 

The translation angle resulting from a combined 
max. head excursion 140 14.5 

Average !4.9 

forward and sideward translation of the vehicle is defined 
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For the Volvo 343 vehicle, this resulted in an Equivalent Results of 30° Angled Barrier 
4,ngle of" ~49°. 

Ihe criteria chosen were based on the final objective of Impact Test 
the test procedure, which is to obtain identical injury- 

The two tests carried out on a concrete laboratory floor ~eia~ed measurements as in the barrier test (a problem is 
covering had similar vehicle movements and dummy that the injury-related measurements are dependent on 
results. For the first part of the impact phase, the vehicle the type of the vehicle and restraint used). The criteria 
continued to move in the same direction as its initial elected were the time that maximum head, chest, and 
velocity. After 60ms, the vehicle rotated clockwise (viewed peivis accelerations, the maximum belt loads, and the 

maximum head excursion occurred, 
from above) with a rotational velocity (yaw velocity) of 

"[he transtatio~ angle is calculated from: 1 5tad / s at 140ms, and it also continued to move forward 

with a velocity of 1.0mis at 140ms (see Figure 5). 
Franslation Angle (t) = arctan (AV lateral (t)/AV 

In this 30° collision, the occupant trajectory with Iongi~udinal (t))(1) 
relation to the laboratory reference frame was in the 

it v, as also observed that in the full,scale test, the 
direction ofthe initial movement ofthe car before impact ’, chicle rotated clockwise (viewed from above) during the 
for most of the time during the impact phase. The lateral 

selected time-inter~al (97 to 140ms) and this rotation was 
displacement of the occupant relative to the vehicle was also a function of time (see F’igure 5). The effect of the 
due mainly to the lateral movement of the vehicle. No ~,eh cle rotation on the kinematics of the dummy relative 
contact occurred between the dummies and the vehicle, {o the vehicle compartment combines with the lateral 

m(vement of the vehicle. This complicated kinematics except the knees (but the femur load cells indicated no 

significant loads acted to the knees) and the driver’s left ca,a obxiousl} not be exactly duplicated by one fixed 

at@e, but a mean angle of 4° was selected to be added to arm. 

the 15~; Equivalent Angle. The total angle of 19° is similar 

to the angle of movement of the dummy relative to the Comparison of Sled and 
~ehicle. measured from high-speed film. Full-Scale Results 

General 

In general, when the peak values and corresponding 
times of the dummy results are considered, the variation 

between the three different test modes (30° barrier, 15° 

and 19° sled tests) is within the variation between the two 

tests in the same test mode. This implies that both the 15° 

and 19° tests were reasonable representations of the 30° 

barrier tests as far as the overall injury parameters are 

concerned. It should be noted, however, that only two 

tests were carried out for each test mode. It should also be 

....... </ noted that the dummy results were low in comparison 

with the injury levels of the regulation, and no contact F~gure 5. Top view of vehicle movement in the full-scale 
30° angled barrier impact test occurred between the dummies and the vehicle structure 

except for the knees and the driver’s left arm. When the 

individual time histories of the dummy results and the 

S~mplified Sled Tests dummy kinematics are studied in detail, differences 

between the test modes can be seen, which are discussed 

Vor the simplified sled tests, a Volvo 343 body was in the following sections. 

mortared on a subframe attached to the suspension 

m<:~ nts and chassis. Then the body was reinforced in Driver 
these critical areas by welding additional supports from 

these areas to the subframe. The subframe with body was The t 5° sled test results were generally more like the 
boiled on the rigid sled at an angle of 159 or 19°. The full-scale results than the 19° sled test results. The chest 
ce ~ter of gravity of the car body was on the longitudinal acceleration and belt loads in the full-scale and 15° sled 
ce~terline of the sled. The sled was decelerated by a tests had slightly longer duration signals. The head 
p~ogrammed arra3 of steel-crumpling tubes, resulting in accelerations in the 15° sled tests were slightly higher 
a A V-curve similar to the average A V-time history of the than in the full-scale tests, and they had more peaks and 
left ~r~d right sills in the full-scale tests (see Figure 4). troughs in the vertical and longitudinal directions during 
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the arm-to-door contact period. The arm contacted the compared with a sled test with the same ~V(3). These 

door earlier and further rearward than in the full-scale effects will combine with differences caused by the 

tests and 15° sled tests. Generally, the 15° sled test results, "inexact" simulation of the lateral vehicle movement in 

apart from the differences during the arm and knees the sled test simulation. All of the dummy results were 

contact times, were similar to the full-scale results except low compared with the injury criteria according to the 

that they indicated that the sled A V was slightly higher by regulation, and no head or chest contact occurred. When 

having longer signals, the dummy is considered as a measuring instrument, the 

variation between tests, as a percentage of the measuring 

range of the dummy, is low, so differences between tests 
Passenger                                              are masked by random errors, The differences in dummy 

results in terms of mean accelerations were low but could 
The lateral movement of the dummy during the full- be expected to be much higher if head and chest contact 

scale tests and the sled tests appeared to be critical as to 
had occurred due to difference in contact areas and times, 

the way the dummy rotated out of the shoulder seatbelt. 
which could not be duplicated exactly. 

It could be analyzed from the high-speed film of the 15° 

sled tests that the dummy did not move as far laterally as 

......... in the full-scale tests and the rotation of the shoulders was Conclusion 
different. The dummy tended to move in the direction of 

its initial velocity. 1. The test procedures for testing to the draft ECE 

The 19° sled tests, although closer to the full-scale than regulation are well defined and were feasible from the 

the 15° tests, still did not duplicate the full-scale results practical point of view. 

.... exactly. The dummy accelerations and the shoulder belt 2. The standard body mounting angle of 15° for the 

loads were both lower and longer in duration in the !9° simplified sled tests gives overall peak and average 

tests compared with the full-scale results. These results dummy results similar to the 30° barrier tests. This 

suggest that the overall sled velocity change was too low may be specific for the test vehicle chosen. 

and also rotation of the vehicle compartment in the full- 3. A method used to calculate an Equivalent Angle for 

scale tests may have caused the dummy to rotate the Volvo 343 results in an angle of t4.9° for the 

differently out of the shoulder belt. relationship between the lateral and longitudinal 

~V. 

4. It would appear that one fixed mounting angle and 

Discussion of the Results 
velocity time history cannot exactly reproduce both 

the passenger and driver results where a large 

difference in A V-time histories between the left and 
It can be seen from previous sections that due to the right sides occurs. A better method would be to 

different A V-time histories for both vehicle sides, one define a velocity time history and calculate a mounting 
AV reference curve (obtained by integration of the 

angle for each dummy position, then carry out a 
longitudinal acceleration of the vehicle) cannot be used to 

~ 

exactly duplicate both the driver and passenger side 
separate test for each dummy. 

dummy results in the simplified sled test. 

The vehicle rotation may also affect the position of the References 
dummy relative to the seatbelt anchorages and hence the 

reaction of the restraint system on the dummy. The 1. Draft ECE Regulation, TRANS SCI,WP29i 

increased angle of 19° did not appear to improve the R.237/Rev. 1, "Uniform provisions concerning the 

results or the seatbelt performance dummy passenger, approval of private (passenger) cars with regard to 

The 19° mounting angle also produced different contact the protection of the occupants in the event of a 

areas between the driver dummy and the vehicle, which head-on collision." 

were better at 15°, A better solution would be to carry out 2. ISO Draft International Standard 7862E,"Simplified 

two separate tests for the driver and passenger with equivalent sled test procedure for evaluating adult 

different AV-time histories and mounting angles, restraint systems in simulated head-on collisions." 

In the sled tests, there was no attempt to simulate the 3. Berge, S., B. Lundell, and M. Nilsson, "Simulation 

movement of the vehicle other than laterally. It is known of vehicle pitch in sled testing, SAE Paper 850098. 

that for a perpendicular full-scale frontal impact, such 4. Lundell, B., "Dynamic response of a belted dummy- 

effects as vehicle pitch and body distortions affect the a computer analysis of crash pulse variation, S 

dummy kinematics and produce different results when Paper 840401. 
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Comparison of 0° and Oblique Tests 

J. Hackney dummies) in the two test conditions. The test speed was 

U.S. Department of Transportation, National 35mph. These responses are in terms of percent of 

Highway Traffic Safety Administration FM VSS 208 requirements. From these data, it is quite 

obvious that a 30° test is essentially no requirement. For 

the National Highway Traffic Safety Administration or 
The accident experience in the United States as taken the vehicle manufacturer to use this oblique test to 

from the national crash severity study indicates that more evaluate safety performance of present production vehicles 
than 60 percent of AIS 3 and greater injuries occur in would represent a very significant step toward reducing 
fromal collisions that have a principal direction of force safety levels that exist in today’s vehicle fleet. 
of 12 o’c!ock. Almost 60 percent of all frontal crash 

occurrences are in this clock direction. Additionally, the 

NCSS data show that the most prominent frontal crash 
mode has distributed frontal damage more than 30 ¢~PARISONOF 0 

percent of" AIS 3 and greater injuries occur in this crash 

mode. The risks associated with these 12 o’clock DOF 

and distributed damage crashes are higher than any other 

frontal collision. 

Also, a predominant amount of societal harm. AIS 2 

and greater (using Dr. Ma!liaris’ definition of harm), in 
Ill 

fronta! events has a 12 o’clock PDOF. Again, the largest 

single contributor to harm is the distributed damage 

crash mode. Offset crash modes with 12 o’clock PDOF 

are the next largest contributors to harm. The first 

oblique PDOF (11 o’clock) is ranked sixth in contributing 

to harm. These U.S. accident data all indicate the 

appropriateness and support the use of the 0° barrier test. 

From controlled crash tests, we can compare the ~~,~m , 

relative dummy responses of 30° and 0° barrier tests. Figure 1. Comparison of 0o and oblique test dummy 
Figure 1 shows the average response for six vehicles ~ 12 responses 

Applying Computer Techniques in the Design and Development of an 
Occupant Restraint System 

N. D. Grew ¯ Body design 

Austin Rover Group Limited, BL Cars PLC. ¯ Seat design 

Cowtey, Oxford, United Kingdom 
¯ Interior trim and hardware 
¯ Steering System 

and must be considered against all these as well as the 

structural crashworthiness of the vehicle. 

Abstract At the concept stage, computer methods outline the 

xmplications of the functional specification so it can be 

Computer techniques are applied in all areas ofvehi cle modified if found to be unreasonable or inconsistent. As 
design having an influence over the speed of the design the vehicle design progresses, the reqmrements of the 
process and the efficiency and coherence of the design restraint system are broadly defined using programs to 
itself. The deployment of analytical methods removes the assess comfort and dynamic performance. 
need for some test work and changes the role of much of Initial sled test work is based on the realistic possibilities 
the rest. as determined from the dynamic simulations, and the 

A restraint system design has implications for several results of these tests serve to refine the model and 
vehicle areas: improve background data. These tests are deliberately 
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kept simple, and the computer model is used to study the The following discussion centres on the design and 

effects of different impact conditions and component development of a system to protect the occupant in a 

designs. This information is led to design areas. This frontal collision, but the principles and approach can be 

seq uence of test and simulation is repeated in conjunction applied to other crash conditions. 

with prototype vehicle tests. The process means that sled 

tests have been effectively used and their combination 
Tht~ l~onct~l~lt 

with computer simulations gives a better understanding 

of. and confidence level in. the restraint system per- 
Once the decision has been taken to design a new 

formance in the full vehicle test. 
model, the nature of the vehicle is defined in terms of its 

dimensions, levels of specification, and intended markets. 

Introduction The laws governing sales into those markets, corn petitor 

vehicles, and in-house policies will determine the safety 

The design of an occupant restraint system involves the performance the vehicle must meet. At this stage, there- 

~ntegration of vehicle components from a variety of fore. it is important to insure that the nature of the vehicle 

design areas. Each area considers the safety of the concept in terms of its dimensions, etc.. is compatible 

occupant as a part of its design brief, and the nature of with the necessary safety performance and to provide 

each component affects the time required from design to some idea. to the various design areas, of the specific 

tooling to manufacture, responsibilities that implies for them. 

Computer-aided design techniques can be applied in Once this feasibility study is completed, these respons- 

thedesign process, both to the specific areas of component ibilities can be defined more precisely, taking into 

design and to the overall restraint concept. Thus. simula- account their interaction as components of the occupant 

tion techniques can define the performance required of restraint svstem (see Figure 1). 

each component, and computer analysis can be used in Two types of computer simulation model will be 

the design of each corn portent to meet the specification, developed: one of the structure in which the occupant is 

Practical testing ofcomponents and restraint system is merely another constrained mass: the other of the 

both necessary and a legal requirement. The integration occupant and basic interior in which the structural 

of this testing with the computer techniques is important collapse is seen only in its effect on overall vehicle kinetics 

if the strengths of the analysis methods are to be used and ~ntrus~ons ~nto the passenger compartment. The first 

efficiently, gives important data that enables the second to be 

Prevlo~ Vehicle/Component Test D~ta 
+ 

Proposed Vehicle Concept Dimensions 

(6) Interior Trim 

Figure 1. Application of computer simulation techniques at the vehicle concept stage 
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configured in a realistic manner. The results of the determined. These can then be used to give guidelines as 
occupant simulations will throw light on the consequences to the limitations that should be set upon steering wheel 
of the structural performance and may force some movement so that the head should not strike the wheel 

changes to be made. hub. 
The structural modelling techniques involve discrete Also. some indication of kinetic energy to be absorbed 

masses with appropriate constraints and stiffness elements by the steering system can be gained from the impact 

and use CSMP (Continous System Modelling Program) speeds of chest and head. Typically, a trajectory using a 

and ADAMS computer programs(l), medium webbing rate will be used as the basis of the 

The occupant modelling uses a version of the decision so there is flexibility to alter the trajectory, if 
CALSPAN CVS program, which has been significantly required, as the details of the restraint system become 

modified by Austin Rover over a period of several clearer and the computer model more accurate. 

years(2). Figure 2 shows a schematic combination of A similar method can be used to determine facia 

these two techniques, impact requirements for the passenger side although, 
generally, the headform pendulum test upon the com- 

Seatbeit Comfort 
ponent will be more stringent than the needs of an 
occupant wearing his seatbelt. 

From the computer simulations carried out up to this 
At this stage, the packaging hardpoints will become 

point, the viability of the vehicle concept will have been 
clear, and it is important to establish the seatbelt 

established and critical areas identified. Some design 
anchorage locations with these. For this purpose, a 

areas will be evolving analytical component models and 
computer program BEI, TFH" is applied(3}, 

applying the basic guidelines from the occupant slmula- 
This program was written by M I R A (Motor Industry 

tions in appraising their designs: for example, the facia is 
Research Association) to enable a user to create a seatbelt usually a large plastic moulding requiring a complex 
system that meets the geometric constraints of legal 

forming tool for which the design lead time is long. The 
comfort zones and the comfort requirements of the 

application of finite element techniques is crucial at this 
expected range of vehicle users. The anchorages can be 

stage to establish the impact, beam strength, and vibration 
appraised against the selected requirements of the 

properties (Figure 5L 
appropriate markets and positioned accordingly. Like- 

From the point of view of the whole vehicle and 
~ise, any necessary features such as anchorage attachment 

restraint simulation models, this is the stage to carry out 
to the seat or height adjustment can be decided on by 

practical benchmark tests using modified existing com- 
considering the variety of potential occupant sizes and 

ponents and parts that might be needed to improve the 
postures. The program warns of certain sources of 

crash performance. 
discomfort, and the pictorial representation gives the 
t~ser the option to add his own experience and judgement 
(see Figure 3), Thus, anchorage locations, the part of the Sled Testing 
xehicle to which they are attached, and any’ ranges of 
motion can be specified and available for the design areas 

A representation of the restraint system is set up on a 
concerned to begin working with, 

sled mounted on a Hyge test rig. ghe deceleration pulses 
Such an anchorage arrangement gives a good basis for 

are taken from current structural simulation models, and 
a seatbelt system that will perform well under accident 
conditions. However, other design areas need to know 

approprmte controlling pin profiles are chosen or 
constructed to give approximations to these. In the first 

the parameters within which they should be operaung. At 
sexes of tests, the hardware will be corn posed of current 

the earliest stages, the simulation techniques can help to 
define these, 

vehicle components set in the most likely positions. This 
corresponds to the initial computer simulation model 
and will help to verify or improve ~t. 

Occupant Dynamics Using information from the computer model, some 
tests will differ from the standard to explore changes that 

Figure 4 shows a simple simulation carried out at the the model has indicated would lead to improved 
early stages of a design concept. A restraint sy stem from a performance. 
current vehicle has been appropriately modified with a The computer model can present data from areas in 
series of planes included to represent potential positions which ~t is impractical to measure, and. to help in its 
for the steering wheel during a barrier impact of the development, the data collected from the sled tests will be 
proposed vehicle. These planes are given no stiffness, but much more comprehensive than would be needed to 
they each register the time. point, and speed of impact of verify standard injury criteria. Figure 6 summarises the 
~he head. By carrying out a series of simulations with sort of records that are made and the types of data 
different webbing stiffnesses, impact trajectories are construed from them. 
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Figure 2. Schematic combination of occupant and structural simulation models 
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EEC 

POYNT 

Tall Thin Man 

EEC 

ALTERNAT~ 

Small Woman 

Figure 3, BELTFIT displays for assessments of seatbelt comfort 
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SIMULATION MOOEL 

CRASH UICTIM ANO IMPACT PLANES 

--POSITIDH OF UHDEFORMED 
STEERIH6 6~EEL 

LIMITS OF STEERING COLUMN MOUEMENT 
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head impact load / 

/ 

--knee impact loads 

Figure 5. Fascia model for structural analysis with typical loading conditions 

Developing the Computer Model A Development Example 

The computer modeloftherestraxnt systemis modified This sequence of events is best illustrated by an 

in the light of the practical test data and by the same example. A concept restraint system was tested as 

token helps to interpret the tests. The validated model previously described, the components consisting of an 

and the enhanced understanding of the restraint system inert ia reel seatbelt, floor and toeboard, and current seat. 

are now put to good use. Any undesirable features of the In a simulated 35mph impact, a dominant and undesirable 

system can be ironed out in principle by changes to the feature of the results was very high head accelerations. 

model and component design areas kept informed of the These were even excessive at lower speeds. The computer 

results. By working in conjuncuon with t hese areas, the model had not predicted these accelerations to be as high 

principles, verified on the simulation model, can be as was found. It became evident that the lieofthelapbelt 

turned into features of the design. Specific loading differed sufficiently from the vehicle for which the seat 

conditions are passed from the simulation data for model had been developed to render the seat model 

application on computer models of the component inadequate. Alterations to the seat model brought about 

structure, significant changes to the simulation results until they 

In parallel with this, the computer simulations of the were similar to the test results. From this. it became 

structure will be continuing, and more definitive infor- evident that the dominant feature of the restraint system 

marion will be forthcoming about the deceleration pulses was a problem with the pelvis submarining. Figure ? A 

and intrusion levels. These are built into the computer illustrates this and shows the test and computer simulation 

simulation of the occupant, results. It was argued that the lack of any facia in either 

The computer model will now have changed consid- model was the cause of the submarining, and so a facia 

erably from the one that existed prior to the first sled test. was built into the corn purer model. This caused some 

To verify the model and check prototype hardware, a improvement, but submarining was still evident. Some 

further series of tests is embarked upon. form of pelvic restraint was then built into the simulation 
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DATA SOURCES 

DER1-TED AFD MEASURA-~ DATA 
TRAINS- FI-LM 

~ DUCERS ANALYSIS 

Tri-Axial Accelerations X 
Linear Velocities X X 

HEAD        Angular Velocities                                          X 
Linear Displacements X 
Angular Displa~ements X 
Trajectory X 

Tri-Axial Accelerations X 
~T ~houlder Displacement X 

Shoulder Trajectory X 

! 

Tri-Axial Accelerations X 
PELVIS Linear Displacements X 

Trajectory X 

Axial Loads X 

KNEES Degree of Facia Penetration X 

FEET Contact Events X 

Retractor Reelout X 
Pillar Loop/Shoulder Belt Feed-Through X 

BELT ~aoulder Belt/Lap Belt Feed-Through X 
SYST~ All Belt Loads X 

Belt Load Against Feed-Thro~&~h X and X 

HIC - Head Injury Criteria X 
~JURY HSI - Head Severity Index X 
CRITERIA CSI - Chest Severity Index X 

~ SYSTEM ~ 
~ Pulse    - Deceleration/Time X ~ 
I VER_IFI- ~ Velocity - Velocity Change X ~ 
~ CATION 

Figure 6. List of data typically obtained from sled testfor use with computersimulation 
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Resultant Head Acceleration 

120- 

Accel. (g) 
i~ 

80- ,’ I ’~ 

40. 

o       ,                   8?           do 
0                 40 Time Ires) 

Practical Test 

Simulation -- -- -- 

120q 

AcceL 

804 

404 

o 4-- 
0 ~.0 Time (ms) 

A- Initial Design 

B-Design After Development 

Figure 7, Example of restraint system development 

seat model. The submarining was controlled (see Figure 
7BL By working with the seat design area a prototype seat 
was evolved that would be expected to perform in 
practice as the computer simulation showed was needed. 

A second practical sled test was carried out with this rear impact torso 
seat, other prototype hardware, and a simple foam- load 

covered buffer representing the facia. The practical test 
bore om the computer simulation. The restraint system 
was by no means satisfactory yet, but the computer 
mode! was shown to be accurate and other changes, such 
as a revised deceleration pulse, could be introduced with 
confidence, l.oading data was a!so passed to the seat 
design area so they coutd use it on their finite element Outline of F, E. Seat Model 

model of the seat structure (see Figure 8). 

front impact torso    -~.~ ~ / 

,oo0 
The Interior 

As has already been indicated, component areas will be 
using analytical methods in their designs and adopting 
criteria that includes data from early computer simulations Figure 8. Seat model for structural analysis with typical 
and updated as the simulation model is ~efined. loading conditions 
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The structural simulation of the vehicle body provides by changes to the computer model. This may mean, also, 

basic deceleration data to the occupant simulation, but changes to the stiffness of the seatbelt webbing or even 

the movements of interi0r features are determined by the retractor to give an acceptable head trajectory for the 

collapse of the structure. The combination of these facia movement. The computer technique is capable of 

movements and those of the dummy and the design of including web-lock and pretensioner devices (see Figure 

these interior features are very important. Early concept 9). 

simulations have given some design criteria, but the At the same time, teg-to-facia contacts are considered, 

tuning of trajectories and the stiffness characteristics of and the design requirements of peak load and absorbed 

the components are crucial, energy are transmitted to facia design. 

Passenger Side Driver Side 

For simplicity, the sled tests and corresponding com- In a similar way, the interaction of driver and steering 

puter simulations represent a passenger in an undeformed wheel can be modelled as an extension of the passenger 

interior. The consequences of intrusions can be indicated model. The steering system model must include the 

Pre-loader[ 

reduction in head 

I’~---- forward movement 

Figure 9. Simulation including Web-lock and pretensioner devices 
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facilities for the upper and lower rims to deform, the two can be successfully combined to give movement in 
wheel to flex on the column, and the column to collapse orthogonal planes. The computer model can be verified 

(see Figure I0). against those views that are available and the direct 

T. sually the movement of the steering wheel has come measurements of contact, force, and acceleration. The 
to an end before the possibility of any chest or head effects and significance of events during impact can be 
contact and is, therefore, modelled in its final position appraised to give a more complete picture of the test. 
prior to driver impact. However, the computer technique The full vehicle crash test helps in the validation and 

includes the facility to allow the trajectory ofthewheelto improvement of all the analytical models applied to the 

be introduced if necessary, vehicle and its components. Obviously the sequence of 

At this stage, it is usually a case of tuning the restraint computer simulation, sled test, component analysis, and 

ssstem to give a dummy movement compatible with the crash test will be repeated during the design process to the 
trajectory of the wheel. However, should the design of mutual benefit of each. 
steering system or its movement prove difficult to match, The computer simulation models can be used to assess 

then the need for and magnitude of any changes can be the likely vehicle performance in impact environments 

assessed using the computer model and the information either beyond the current specification or ahead of the 

fed back into the design process, completion of all prototype testing. For example, the 

angled barrier impact is less severe for the occupant in 

terms of vehicle deceleration levels but more severe in 

terms of impacted side intrusion levels and more uncertain 
in terms of head trajectories. The passenger (normally the 

nonimpacted side) will tend to move toward the centre of 

,~ "~ the vehicle with the risk of his head contacting the 

.............. ~ switchgear binnacle in front of the driver (see Figure 11). 

"-\. The driver will experience greater loading from the lower 
...x 

facia and the possibility of glancing off the wheel toward 

......./ side glass or A-pillar. These features can be investigated 

* using the occupant simulation model validated from 
~ initial vehicle 90° barrier impacts with modifications 

"" .... 
, derived from similarly validated structural models. 

Conclusion 

Figure 10. Simulation of steering wheel impact Computer simulation techniques are an important part 

of the vehicle design process---at the outset, helping in the 

formulation of the concept and then assisting the actual 

design by analysis of systems and components. As with 
Vehicle Testing all analytical approaches, the need for good problem 

definition and specific data helps highlight design 
I’he first full prototype vehicle crash tests will take requirements and draw design areas together. 

place with a reasonable confidence in the qualities of the Computer simulations of the occupants in an impact 
restraint system and an awareness of the critical areas, situation yield data with sufficient accuracy to satisfy the 
~1 hus, measuring devices uill be set up to give data that analytical methods used in component design. 
can be correlated ~vith sled test and computer simulation It is essential to integrate the test programme with the 
~ith particular attention to the identified critical areas. In computer simulations. The practical tests establish and 
particular, the movements of parts of the interior and the validate the models, and the models help interpret the 
interaction of the dummies with them are the subject of tests and insure that unnecessary testing is avoided. The 
instrumentation as these are the least predictable features, design process is not a simple logical progression .-.a 

The results from the vehicle crash tests will be used to motor car is more than just a machine, and marketing, 
validate and modify the computer model with particular styling, etc., are rarely constant points of reference, 
attention to the interior impacts and vehicle deceleration However, computer techniques are flexible, and such 
pulse. It ma3 well be necessary to introduce vehicle pitch analytical models can adapt to changes as well as giving 
into the computer model input, information on the implications of modifications. As 

The computer simulation model is important, also, as such, these techniques help the length of the design 
an interpretive tool. The camera views of the occupants in process to be shortened or at least maintained in the face 
a vehicle are limited and rarely such that data from any of more stringent design requirements. 
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÷                                                                    ÷ 

Figure 11. Angled barrier impact showing full vehicle motion 
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The Use of the DRACR Airbag Simulation Model as a Design Tool 

Lars-Gunnar Sk6tte, to describe the inflator mass flow characteristics. In 1983 ...... 

Hugo Mellander, and Volvo and Fitzpatrick Engineering developed a seatbelt 

David J. Biss routine and updated the DRACR model, which was then 

to become the Volvo DRACR model (VDRACR) Volvo Car Corporation 
described in this paper. 

The VDRACR Project 
The airbag simulation program DRACR has been 

revised to include belt routines. The amended program is The project included- 
used to indicate optimal choice of parameters for a driver ¯ Updating the DRACR model 

supplementary airbag system. As a validation, results ¯ Installation, input data preparation, and debug- 
from sled tests are given and compared with the computer ging 

runs. A good agreement is found for the values of the ¯ Parameter sensitivity analysis 
most essential protection criteria such as chest g’s and ¯ Design of different airbag systems for testing 
HIC’s. The model has proven to be useful in the 

engineering process of an airbag restraint system. The 

interrelationship between important input variables is Updating the DRACR Model 
easily studied. Further validation of the model by other 

teams is encouraged. As the existing DRACR model did not include all 

capabilities required by Volvo, the model had to be 

Introduction improved. For example, a belt routine was added for 

simulation of an airbag in combination with belts. The 

The use of computers as design tools in high-tech H-point was allowed to move also in the vertical plane, 

companies is today a matter of course. Mathematical and the model was changed to allow chest contact with 

simulations of complex systems give many possibilities to the steering wheel through the airbag. 

study important parameters at early design stages and 

avoid extensive development tests, which in many cases 

take the form of a trial-and-error testing. VDRACR Model Description 

The engineering of an airbag system is a good example 

of where such an approach is suitable. Such a system To understand the nature of the model and the results 

consists of a large number of parameters, and an efficient from the computer simulations, a short description of the 

model and its capability is presented below. ~ay to handle these variables is to use a mathematical 
VDRACR is an acronym for Volvo DRiver Air model An early system analysis of bagsi inflators, and 

Cushion Rotation. The model is a two-dimensional, steering system will shorten the time of development and 

make the process more efficient, 
lumped-mass computer model of a vehicle driver inter- 

With this in mind. Volvo decided to start a project acting with an airbag with or without a belt restraint 

system. The airbag is mounted in the steering wheel. The directed at the development and installation of a new 

computer model for the simulation of a driver airbag rotation suffix in the title means that the model simulates 

system. The model should be able to simulate the airbag 
the rotation of the steering wheel with respect to the 

ir~flation phase, different bag parameters, belts, different steering column as well as the rotation of the steering 

column with respect to the compartment. Different occupant sizes, etc. The DRACR model was chosen 

among available models to form a platform for the work. compartment geometries and occupant sizes and positions 

can be modeled easily. A schematic of the VDRACR This report describes briefly the model and, more deeply, 
model is depicted in Figure 1. the parameter sensitivity studies and validations that 

have been made. The driver is modeled by four masses: the head, the 

main torso, the sternal, and the lower body (pelvis and 

legs). The H-point is free to move in the vertical plane as 

well as the horizontal plane. The model simulates the 

pelvic girdle and torso compliance for belt interaction 

Volvo has been using computerized mathematical and sternal and chest compliance for airbag interaction. 
simulation models for airbag systems since 1975. The first The abdomen compliance for steering wheel rim inter- 
model used a preinflated bag and in 1979 was improved action is computed. 
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Installation 

- ~oo~ ~,~o~ The installation of the VDRACR model required-°--- 

........ s~oor~o~ co~ ¯ Changing the Fortran code to fit the mainframe 

~ computer at Volvo 

,.~.~ ~-7}l]{W-?d ~°° 
¯ Creating an input file consisting of over 150 

~;~~/~" 
~" "~N_~-~_-’"~/tf]r..’ 

different parameters 

~ ~d, 
¯ Building up knowledge inside Volvo of how the 

--~--×, ~ ~ ~" 
model was structured and how the program 

! ~ .~.._~. ~.oo 

parameter interaction adds up to an overall 

....... ’-~" ,:~i~~ system performance. It is the interaction of the 

major parameters affecting the driver airbag, as 

~ 
- "c 

~ 
they vary over the range of interest, that many 

times has a greater effect on the results than the 

variation of any single parameter: 

..... Figure 1. Schematic of VDRACR model 

Parameter Sensitivity Analysis 

The program input file consists of many different 

The airbag is modeled as an ellipsoid (actually an parameters. Some ofthesearemoresuitableforparameter 
oblate spheroid), which is the most realistic shape of the studies and are used to optimize the airbag system, e.g., 
driver airbag. The bag transmits forces from the driver bag parameters as volume, ratio of axis, and ventilation 
head!chest to the steering wheel/column. The program area. Other parameters are more or less fixed because 
uses a tabular input for the inflator gas mass fl~w-time they depend on what can be delivered or developed by 
properties, suppliers--for example, inflators-or are related to the 

The belt system in VDRACR can be used in combina- vehicle. To form a basis for the sensitivity analysis, the 
tion with an airbag or as a stand-alone restraint system. A vehicle-dependent parameters were decided and plugged 
2-point or 3-point belt can be simulated, into the model. The parameter sensitivity analysis was 

The system is described by the force-deflection prop- made for the overall system, and interesting parameters 
erties of the webbing, the coefficient of friction between were varied. 
belt and latch plate, initial slack, and the amount of For example, the interaction between chestg’s, steering 
webbing that may stretch in each of the torso and whee! plus steering column stroke, bag geometry and 
lapbelts, ventilation, occupant size, and inflators were varied. This 

VDRACR models the steering wheel/column crush is shown in Figures 2 to 4. 
and rotation. An accurate simulation of this is important Figure 2 shows a plot of chest g’s along with total 
to achieve an overall simulation realism. The program stroke (steering wheel plus column) versus vent area for a 
calculates in each time integration interval the airbag 

forces and pressure before it proceeds with the steering 

wheel/column calculations, and in each time step the 

program uses a minimum energy method to determine 

which crush mode (steering wheel/column-rotation/crush) ..... -- 

will occur. VDRACR models the column in a way that ...... ’~’~°~ 

can be representative of most current car designs. 

The model also has the capability to-- 

, Simulate the out-of-position driver 

¯ Compute all the conventional protection criteria 

such as HIC’s, chest g’s, head g’s, femur load, "’-.. .. ~.o 

peak chest g’s with 3ms clip 
As a design tool, the program is oriented toward the 

hardware actually encountered in most design situations. 

In addition, the program modules describing the 

performance of the various hardware components are ~ i ; ~ ....... 

designed to be complementary to one another. VDRACR 

is structured to provide balanced treatment of all the 

various restraint components that make up the total Figure 2. Chest g’s and steering wheel plus column 

model, stroke versus bag vent area 
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67 iiter bag with 280mm straps (internal straps to 

maintain the shape of the airbag) restraining a 50th 

percentile man in a 30mph barrier crash. Of interest is 

that chest g’s and the total stroke are good mirror images 

of each other. Dips in the chest g’s curve are matched with 

maxima in the total stroke and vice versa. 

This appears to be the result of the program using a ~a.0 
minimum energy approach to determine the collapse 

load during the program iterations. The chest g’s and ~6.0 ... 
total stroke decrease for larger vent areas, which means 

~..~~ 

80 GRAM 

that the bag dissipates energy. If the vent area is increased ~,o "\ ""--. 
more than is shown in the plot, a point is reached where "\... ""-. 
the chest g’s raise again because there is not enough gas in ~.0 ""-... "’-... 
the bag to prevent the occupant from bottoming out \... \\. 
against the steering wheel. "--.... 

This is actually shown in Figure 3: A 95th percentile ~ ~R~M ~N~L~0R ~ 
male restrained by a 64 liter bag with 270mm straps, ~n a , , 
30mph barrier test. 0.~ .0 ~.~ 

Figure 4. Chest g’s versus bag vent area for a 50th 
percentile driver restrained by a 67-liter bag 
and 3-point belt in a 35mph barrier crash 

~,.~: .~~ In this configuration the driver receives higher chest g’s 

with the 80g inflator as he will be more restrained. The 

simulations show that when a belt and an airbag are used 
together, the total forces on the chest are higher than ira 

separate system, either airbag or belt. was used. However. 

HIC values are decreased in tests with airbags combined 

with belts compared to belt-only systems due to the 

favorable ride down of the head. 

Figures 2 to 4 demonstrate how the model gives the 

user the opportunity to optimize the sytem for best 
~. ~o~ restraint performance. 

~" ’.° ’,, ~.o Design of Different Airbag Systems for Testing 

Figure 3. Chest g’s versus bag vent area for a 95th, fi0th, A number of candidate airbag systems were investigated 

and 5th percentile driver restrained by a using the optimizing procedure described above. It is 
64-liter airbag in a 30mph barrier crash important to have in mind that the objective of this work 

was to develop an airbag that would give protection for a 

5th as well as a 95th percentile occupant and at the same 
If the vent size is less than 0.Sin2, the bag is too stiff for time perform satisfactorily for the 50th percentile with 

the 95th percentile which results in high chest g’s. Around and without a belt. 
t in~ the vent area is an optimum to get low chest g’s, and It will sometimes be easy to o ptimize the chest g’s and 
above !.5in2 the driver bottoms out against the steering HIC’s for the belted 50th percentile male driver, but an 
~heeI and the chest g’s raise again. The 50th percentile unbelted 95th percentile driver may bottom out against 
male and the 5th percentile female are also shown in the steering wheel with such a configuration. Also the 5th 
Figure 3. In these cases, the smaller driver does not percentile female driver with belt can be overrestrained 
bottom out as the 95th, because there is a sufficient with high chest g’s as a consequence. A suitable combina- 
amount of gas in the bag to protect the driver, non that meets all desirable requirements has to be 

Figure 4 shows the chest g’s versus bag vent area for a found. 
35mph barrier crash with the driver, a 50th percentile Over 1.000 computer analys~s runs have been done¯ 
male, restrained by a 67 liter bag with 280ram straps and a and some of the most promising combinations, depending 
3-point belt. Two sizes of inflator are used, 75 and 80g. on the availability of components and materials, were 
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chosen for testing and served as a basis for validation of There is a difference between simulated and experi- 

the model, mental knee forces. This may be a result of a too stiff knee 
pad characteristics in the program data input. 

Validation                                         It is important to point out that it is difficult to have an 

exact correlation between model input parameters and 
testing conditions. Some of the input parameters are 

A series of HYGE sled tests with driver airbag systems results from static component tests. Dummy-related 
was conducted to validate the VDRACR model against parameters such as neck and chest parameters are also 
experimental data. Four different test series were 
conducted. 

HIC 

General Test Conditions [] 
700 " [] SLED TEST 

50th percentile dummy, 75g inflator, bag vent area 
600 

2.65in2. 

400 

Test Matrix 300 

A: 35mph. 64 liter bag 280mm straps, 3-point belt 
zoo 

B: 35mph. 52 liter bag 220mm straps, 3-point belt 100 

C: 30mph. 64 liter bag 280mm straps, no belt 
A              B              C               D 

D: 30mph. 52 liter bag 220mm straps, no belt 

CHEST G’S 

Results [] 
] SLED TEST 

HIC’s. chest g’s, head g~s belt forces, chest displace- 
ments, and femur forces resulting from simulation and 

sled tests are compared below. Table 1 shows an overwew 40 

of the results. 
Figure 5 compares chest g’s and H1C’s from sled tests 

and simulations.                                              ~0 
Examples of plots of other parameters from the tests 

are shown in Appendix 1. 
The results show a good overall correlation. Important 

parameters such as chest g’s, HIC’s. and belt forces Figure 5, Chest g’s and HIC from sled tests and 

correlate satisfactorily, simulations 

HIC HEAD CHEST FEMUR Lap Belt Torso Belt Chest 

acc. acc. Load Load Load Displ. 

(G) (G) (kN) (kN) (kN) (mm) 

VDRACR    382      55      49      6.5      4./3       7.5      200 
A 

Test 360 47 51 4.0/4.9 4.4 6.5 155 

VDRACR     500        70       50       6.3        4,1         7.5        205 
B 

Test 460 55 51 4.2/3.5 5.1 7.5 170 

VDRACR    235       43       37       9.3                    -        310 
C 

Test 340 59 42 5.6/7.7 305 

VDRACR 258 51 34 8.9 319 
D 

Test 390 64 38 5.5/6.5 320 

Table 1. Representative characteristics of structural components 
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hard to describe precisely. In the film, the bag shows a 2. D. Biss et al.."A systems analysis approach to airbag 
tendency to move up toward the windshield, which is not design and development," ESV, 1980. 
possible to describe in the model. 

The VDRACR model has shown itself to be a good 

tool for design and development of a driver restraint 

airbag system. The model makes it easy to study several 

different airbag system parameters and their inter- Appendix 1 
relationships. 

Further validations should be done with different 

occupant sizes. Our validation is carried out against 

results from sled tests, and, of course, a validation against 

a barrier test is desirable. It is important to continue work 

with the model, refine the input parameters, and find 

methods to get improved input data for different systems -- S~.ED TEST 

guiding the event such as steering column bracket ...... VDRACR 

characteristics, seat cushion friction, etc. 60 

Even if the results from sled tests and mathematical 

simulations are not always comparable in absolute 

figures, the trends suggested by the model are confirmed 

with the sled experiments. 

’The model seems capable of detecting changes in 

restraint system parameters and predicting trends in 

HIC’s and chest g’s, both in airbag-only exposure as well 

as in airbag and belt exposure. 

Recommendations 0 ,00 200 
TIME ~MSZC 

A refinement of the description of the occupant is 
Figure 6. Chest O’S versus time (35mph/50th 0ereen- 

recommended. An improvement of the force balance tile/64/64 liter bag/3-point belt) 
between bag and chest is needed for simulation of a bag 

moving up toward the windshield, which occurred in the 

sled tests. 

Sometimes minor algorithmical errors appear when 

the value of a parameter is changed. A more extensive 

error interrupt routine is needed. The model appears to 

be sensitive to changes of the integration rime step, which a0 - 

perhaps is not relevant. The user of the model must have a ...    SLED TEST 

good understanding of the function and capability of the ...... VDRACa 

model to be able to make ful! use of its possibilities. 
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Figure 8. Torso belt load versus time 135mph/50th Figure 10. Femur force versus time 135mph/50th 

percentile/64 liter bag/3-point belt) 
percentile/64 liter bag/3-point belt) 

10,0,                                                                                      80 

SLED TEST SLED TEST 

VDRACR ...... VDRACR 

8.0                                                                                      60 

6.0                                                                                       ~0 

4.04 

! 

50                           100                        15[                        200 

TIME ’4SEC ) 

o         so       Ioo      1~o      2oo               Figure 11. Chest g’s versus time (35mph/50th percen- 
TIME (MSEC)                                    tile/64 liter bag/no be|t) 

Figure 9. Lap belt load versus time (35mph/50th 
percentile/64 liter ba g/3-point belt) 
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I0.0 

SLED TEST 
~.~ 

SLED TEST 

...... VDRACR ~ ...... VDRACR 

60 A 8.0" 

\ 

0 50 100 150 200 

Figure 12, Head g’s versus time (35mph/5~h percen- 1 I    I I t    I    I    I 
tile/64 liter bag/no belt) o 5o lOO ~5o zoo 

TIM[ (MSEC) 

Figure 13. Femur force versus time (35mph/5~h per- 

centile/64 liter bag/no belt) 

An Analytical Management of Frontal Crash Impact Response 

Koji Kurimoto, Preface 
Shigemiki Takeda, and 

Hisanori Uehara In high-speed frontal collisions, a rotation of passenger 

Mazda M otor Corporation, Japan compartment in a vertical plane, often referred to as nose 
dive, is often observed. The effect of this rotation, 
especially on an occupant behavior restrained by a 
seatbelt, is not very well understood. This rotation may 
give rise to a substantial increase of crash space, or it may 
degrade restraint capability of a seatbelt system, due to 

The rotational behavior of" the vehicle in the vertical an additional forward movement of the seatbelt 
plane at frontal collision against a fiat barrier often plays anchorage points. 
an important role with respect to an evaluation of This paper describes the application of a computer 
passenger compartment integrity and occupant pro- model to simulate both the vehicle dy~namics and its 
tection, interaction with the occupant in the frontal barrier crash. 

An analytical method to examine the degree of influence The vehicle is assumed to be a small passenger car, and its 
of vehicle front end parameters, both on the behavior of occupant is assumed to be restrained by a conventional 
the vehicle and its occupant, is presented; employing a 3-point seatbelt system. Each behavior at collision is 
two-dimensional finite element vehicle model and a two- treated in the vertical, two-dimensional plane. 
dimensional lumped-mass occupant model. The object of this study is to assess a method of 

][he feasibility of the method is discussed by comparing examining the effect of changes in vehicle front end ...... 
the calculated results with the experimented ones, in parameters on the rotation of passenger compartment 
relation to the behavior of passenger compartment and and, further, on its occupant injury measure in terms of 
its occupant injury measure, the deceleration and displacement of the occupant head. 
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Mathematical Modeling internal force vector of the discrete equilibrium equation. 

This equation is solved by a step-by-step explicit finite 

difference method(1,3). 
General Description The vehicle model selected here is a certain front- 

engine and front-wheel-drive passenger vehicle whose 
Mathematical representation of an ordinary passenger mathematical model is shown in Figure 1. 

car, and its occupant restrained by the conventional 3- The front side frame of this model consists of a curved 
point seatbelt, is formed on a vertical plane, assuming box beam in a vertical plane, constituting local plastic 
their kinematics in the horizontal plane have little effect hinges, and tends to undergo bending deformation 

.......... on the respective performance, during crash. 
In this study, the direct kinematic interaction between 

the vehicle and its occupant is neglected due to the -- 

relatively small influence of the occupant dynamics on 

that of the vehicle. Thus, the deceleration, the rotation, 

and the vertical displacement of the passenger compart- 

ment during collision obtained in the mathematical 

simulation of the vehicle model are to be fed into that of 

the occupant model to obtain its response. 

The vehicle is represented by a combination of two- 

dimensional finite element beams and springs of nonlinear front side f ..... heel ho~ .... inf ....... t 

characteristics. A distinctive feature of this model is 

characterized by the consideration of bending momentum, 

compared to a lumped-mass and spring model. 

The conventional anthropomorphic dummy is treated 

as an occupant, represented by a two-dimensional 

lumped-mass model. Here the front-seat passenger is 
engxne 

dealt with for simplicity. The mathematical model is 

provided with seat and both shoulder and lapbelt 
Figure 1. Schematic of vehicle model 

anchorages. These points on the vehicle where the 

dummy receives respective reaction force are assumed to Occupant Model Formation 
change their locations according to the rotation of the 

passenger compartment, resulting in the variation of A two-dimensional, five-mass, and multi-degree of 
restraining forces on the dummy during the vehicle freedom dynamic occupant model is employed, whose 
collision, geometric, inertial, and joint characteristics are deter- 

mined based on the specifications of the Part 572 hybrid 

Vehicle Model Formation dummy and on some measurements(4). 

This mathematical model is provided with a seat and a 

The deformation of a structural component is generally 
conventional 3-point seatbelt system. The surface of the 

dominated either by bending deformation or by axial 
seat is assumed to make interaction with parts of the 

compression, dummy, generating the reaction force, depending on the 

The bending deformation is treated by a two-dimen- load versus deformation of the seat cushion in the vertical 

sional finite element beam model, where each material 
direction. Both the shoulder belt and the Iapbelt are to 

point within a plane is identified by a curvilinear make contact with the occupant model at two points 

coordinate system. The cross-sectional buckling accom- respectively, again generating the reaction force at each 

panying a beam bending is treated, based on the empirical point depending on the load versus relative displacement 

relationship between a curvature change of the reference between the dummy and the respective seatbelt anchorage 

axis and the amount of buckling, point on the vehicle. 

The axial deformation is treated, based on empirical This mathematical occupant model, the schematic of 

equations. In cases where both the bending and axial which is shown in Figure 2, is assumed to be stimulated 

deformation are possibly exhibited in a structural com- by the vehicle deceleration in the longitudinal direction. 

ponent, the condition for occurrence ofaxialdeformation To simulate the effect of passenger compartment 

is determined by comparison of the maximum values of behavior on its occupant, the magnitudes of the decelera- 

bending force and the maximum axial collapse force, tion, the rotation, and vertical movement of its reference 

When any element within a structural component is point as a function of time are used as input to the 

connected to other components, the influence on the 
occupant mode!. Knowing these values, the position of 

element is taken into consideration by including it in an the bottom of the seat cushion and of the seatbelt 
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Y Case Specification 

~ 
~ 

Small Passenger 1. Wheelhouse SPC 1.2t 
,~ Compartment Reinforcement- 

~ ~~ ~~,, 

Rotation 2. Front Side Frame HPC 1.Or 
(Inner) 

Large Passenger 1~ Wheelhouse SPC 1.Or 
" ’ Compartment Reinforcement 

* ~ Rotation 2. Front Side Frame HPC 1 
,~ ~ , 

~ 
(Inner) 

Table 1. Results from sled tests and simulatior~s 

Figure 2. Schematic of occupant model The comparison of tested and calculated results with 

respect to the vehicle deceleration, the rotation, and 

anchorage points are calculated at successive time inter- vertical movement of the passenger compartment is 
shown in Figures 3, 4, and 5. The results of the simulation wds, resulting in the determination of the respective 

reaction force acting on the occupant based on the compare reasonably to the test results. 

predetermined load versus deformation characteristics. 

Occupant Kinematics 
Simulation Fidelities 

The occupant behaviors at the passenger side during 
two full-scale barrier crash tests described above were 

Vehicle Kinematics                                  referenced to improve the simulation fidelity of the 

mathematical occupant model. 
Two full-scale frontat barrier crash tests at 35mph were To this end, several computer runs were made, where 

performed with vehicles of different specifications with 
the occupant models are stimulated by the vehicle 

respect to the deformation characteristics of structural 
deceleration, the rotation, and the vertical movement of 

components, as shown in Table 1, obtaining different 
the passenger compartment, which were actually measured 

rotational behaviors of the passenger compartment, 
during the previously mentioned crash test. 

Taking these test results into account, several computer 
The computed results in terms of the resultant decelera- 

simulations were executed on the vehicle simulation tion of head and the displacement of head relative to 
model in Figure 1. The deformation characteristics of 

reference point of passenger compartment on the hori- 
structural components listed in Table 1 are calculated in 

zontal plane are compared with those by the full-scale 
the mode! based on the dimensional specification and the 

crash tests. 
materia! property. Those of other components are With some adjustment of restraint characteristics for 
estimated and adjusted by empirical methods(5), 

the occupant, including the force versus deformation 

-- test .... test 6( ----- simulation 600 --- simulation 

~ 4{ 80 c: ~ 400 c 80 ~ ~ o 

u 60 ~ 

,                    ~0 ~ ~00 ~0 ; 
20 ~ ~ 20 ~ 

0 
’0 20 40 60 80 i00 

0 0 
20 40 60 80 i00 

T~e (ms)                                                    Time (ms) 

(a) Small Rotation 

Figure 3. Comparison of vehicle decelerations and deformations 
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test test 

! simulation simulation 
6                                             6 

o 

4 

2                                                                          2 

00 20 40 60 80 I00 00 20 40 60 80 100 

Time (ms)                                                     Time (ms) 

(a) small Rotation (b) Large Rotation 

Figure 4. Comparison of passenger compartment rotations 

60 60 

~ 
test test ~ 

v 40 simulation 40 simulation 

o o 

0 0 

20       40       60       80      i00               0       20       40       60       80      i00 
Time (ram)                                                      Time (ram) 

(a) Small Rotation (b) Large Rotation 

Figure 5. Comparison of passenger compartment vertical movements 

characteristics for seat cushion and seatbelts as shown in beams. Among the areas to be examined further is an 

Figure 6, the computation yields results in good agreement improvement of vehicle response in the neighborhood of 

with those by the actual full-scale crash tests. The results the maximum deformation or the rebound period, which 

are shown in Figures 7 and 8. is limited in the present study. An approach to this area 
may lie in a simplification of the model, based on closer 
examination of actual phenomena, by eliminating inef- 

Summary and Discussion fective components. 

It is also observed that the occupant model can be used 
The results in this paper indicate that cases exist where effectively to estimate the responses to frontal crash test 

the rotation of the passenger compartment gives con- in the existence of rotational behavior of the vehicle by 

siderable influence on the performance of restrained considering the displacement of connecting point of 

occupant under specified frontal crash test, and that restraint devices to the vehicle. 

simulations for such cases should take the rotation into Although there is room for improvement, the computer 

account, simulation methods presented here, both for a vehicle 

It is demonstrated that the vehicle model is effectively and its occupant, are considered acceptable for practical 

and conveniently used by inclusion of finite element applications, for example, to various parametric studies. 
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1200{ ~ 1200 !200~- 

0     0~,-    / ,     ,                 o 
0 40 80 120 20 40 60 0 10 20 30 

Deform. (ram) Elongation (%) Elongation (%) 

(a) Seat Cushion (b) Shoulder Belt (c) Lap Belt 

Figure 6, Restraint component characteristics 

--- test ~ test 

80                                      simulation      ~ 80 

o L j m _ 
~ 0 ’--- - - ~    6~0 ~ 1 ~ 0 

~ ’ 
~ 

’ ’ ’0 ~ 0 40 80 120    1 200 ~ 0 40 80 12      160     200 
Time    msec )                                                Time (msec) 

(a) Small Rotation (b) Large Rotation 

Figure 7, Comparison of head resultant decelerations 

Foward displacement Forward displacement (mm)          ~                                       (rmn) 
600 500 400 300 200 i00, ~. ~ 600 500 400"300 200 lO0 /~ 

200 L0 

~test ~o0 ~ -- te t 
"~ 

~" 

. ...... 
simulation ]400 ...... simulation ~ 

(a) Small Rotation (b) Large Rotation 

Figure 8, Comparison of relative head displacements 
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Evaluation of Frontal Occupant Protection Using the Passenger/Driver 
Simulation Model 

Lee Stucki, Introduction 

Dan Cohen, and 

Carl Ragland The frontal crashworthiness research and developmem 
effort at N H’ISA is aimed at assessing the safety problem 

Office of Vehicle Research. associated with occupants of passenger cars involved in 
U.S. Department of Transportation, National frontal impacts and identifying potential remedies for the 
Highway Traffic Safety Administration problem. The approach being implernented during the 

present conceptual phase focuses on an analytical 

Abstract characterization of the in-use vehicle fleet involved in 
frontal crashes. This analytical characterization will be 

This paper presents informauon on analytical pro- used to identify present injury mechanisms, identify 

cedures being developed by the National Highway Traffic alternative countermeasures, and test the effectiveness of 

Safety Administration INHTSA) to assess the safety these countermeasures. 

problem associated with occupants of passenger cars The following major tasks were undertaken to develop 

involved in frontal impacts. This analytical assessment analytical procedures to distinguish the baseline fleet: 

started with the characterization of a baseline vehicle 
fleet consisting of specific make/model passenger car ¯ Characterization of a baseline fleet 

groupings representative of the in-use fleet in the U nited ¯ Identification of analytical models to ~imulate 

States. Newly developed analytical models have been the baseline fleet in a crash environment 

developed and are being run in an automated mode ¯ Collection of input data related to the baseline 

simulating these vehicles in different frontal crash con- fleet 

figurations. The output of these auto mated runs includes ¯ Automation of the analytical process to allow 

measures of injury severity and cause of injury, and is for efficiency in running the analytical models 

being used to identify the effect of different vehicle and analysis of the results 

attributes on mjury causation. Preliminary analytical 
results are presented on the relationship between steering A detailed description of the developmental work 

assembly structural attributes and injury severity, undertaken m each of these areas was presented in a 

Comparisons of the fleet simulation results and accident recent paper at the Society of Automotive Engineers 

data from the National Crash Severity Study INCSS) International Congress and Exposition in Detroit(l~. 

and the National Accident Sampling System t NASS) are The following sections summarize briefly details presented 

also presented, in that paper. 
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Characterization of Baseline Fleet focuses on the unrestrained occupant. PADS is a two- 

dimensional model with a four-mass (head/neck, torso, 
The intent of this program was to select certain lower body, and sternum)description of the occupant. 

make/model passenger cars that represented a large The vehicle interior compartment is described by a 
proportion of vehicles in use at the time the program was detailed steering assembly and seven contact planes: seat 
initiated. The passenger cars selected were also to be back and bottom, lower, middle, and upper instrument 
highly represented in the accident files such as the panel, windshield, and header (Figures 1 and 2). The 
National Crash Severity Study (NCSS), the National model also is capable of modeling intrusion of the 
Accident Sampling System (NASS), and the Fatal steering assembly, toeboard, and all contact planes 
Accident Reporting System (EARS). The model years except the seat back and bottom. Each contact plane is 
selected were from 1975 to 1983. The list of specific defined geometrically by its x,y coordinates, angle, and 
make/model groupings (passenger cars with similar length. Mechanical properties include force-deflection, 
structural and interior characteristics) is presented in loading and unloading, surface friction, and damping. 
Fable 1. The geometric description of the steering assembly 

Table 1, Vehicle list--frontal protection 

Vehicle % Fleet 

t. 76-80 Aspen/Volare 3.4 15. 75-80 Monza/Sunbird/Etc. 1.8 
2~ 77-8t LeBaron/Cordoba/Imperial 0.7 16. 75-79 Nova/Skylark/Etc. 3.6 
3. 75-76 Dart/Valiant 0.9 17. 76-81 Chevette/T1000 3.0 
4 78-81 Omni/Horizon 1.7 18. 75-81 Camaro/Firebird 3.6 
5. 75-80 Pinto/Bobcat 1.7 19. 75-81 Honda Civic 1.5 
6. 78-81 Fairmont/Zephyr 1.9 20. 75-81 Toyota Corolla 2.8 
7. 79-8t Mustang!Capri 1.6 21 75-81 S ubar u 1.1 
8 79-81 Ford/Mercury 1.1 22. 75-8t Datsun 2.7 
9 81 Granada/Monarch 0.2 23. 79-81 VW Rabbit 0.8 

10. 80-81 T-Bird/Cougar 0.4 24. 83 Fuego NA 
~ 1. 78-81 Malibu/Cutlass!Etc. 9.4 25. 83 Concord NA 
12. 77-81 Chevrolet 3.1 26. 83 Celebrity NA 
13. 80-81 Citation/Etc. 3.2 27. 83 Honda Accord NA 
14 77-81 LeSabre!Electra/Etc. 4.7 

Description of Analytical Models includes: x,y coordinates, column and wheel angles, 

column length, wheel radius, hub location relative to rim 

of steering wheel, and location of shear capsule and EA 

Occupant Simulation Model unit (Figure 3). Mechanical properties include force- 

deflection, damping and friction associated with the EA 

Several analytical models are currently available unit, column and wheel torque rotation, normal and 

capable of simulating an occupant in frontal collisions, tangential force-deflection of the wheel for head, shoulder, 

Several models were evaluated, including the MVMA abdomen, and whole body loading, and hub force- 

deflection. A further description of PADS is contained in 2-D, CVS, and PADS (Passenger/Driver Simulation). It 

was decided to use the PADS model for simulating the (2). 

driver, primarily because of the detailed steering assembly 

description and its relatively modest input requirements. Crash Pulse/Intrusion Generator 
(Comparisons of occupant kinematics and responses for 

PA DS and M V M A 2-D are continuing for simulating Crash data matching that of the accident environment .... 
the right front-seat passenger.) The PADS model has the were necessary to effectively run PADS to simulate a 
capability to model unrestrained and restrained drivers variety of crash conditions. A crash mode generator was 
and passengers, although at present the analyticaleffort developed, based on a linear scaling algorithm, to 

460 



Section 4. Technical Sessions 

tBA~ 

Xwh’Ywh 

Xwh, Ywh, -- Coordinates of Wheel Hub 

tSC = Length to Shear Capsule 
..... tBA                                                                                                    = Length to Aft Bushing on EA Unit 

Figure 1. PADS occupant and compartment represen- 
tBF = Length to Forward Bushing on EA Unit 

tation 
tFW = Length From Sheer Capsule to Firewall 

0C = Column Angle 

Figure 3. Steering Assembly Representation 

tests conducted statically, and (3) dynamic column tests. 

The Transportation Systems Center (TSC) conducted 

these test programs as a cooperative effort with the Army 

Test Center for the first two programs and through a 

contractual effort with Batelle Columbus I.,aboratories 

for the third. Additional properties needed for driver 
"~’" ’’= ’’" "== simulation and passenger simulation include the 

~ 
mechanical properties of the instrument panel (lower, 

mid, and upper), windshield, and header. MGA Research, 

under contract with TSC, collected the material properties 

related to windshields and instrument panels. Compart- 

ment geometry data were obtained from a program being 

conducted at TSC(3). Occupant descriptors for the 

PADS model were compiled for the 5th percentile 

Figure 2. PADS dynamic simulation of unrestrained female, 50th percentile male, and 95th percentile male. 

driver All anthropometry data came from NHTSA’s Advanced 

Dummy Program(4). 

generate a series of crash pulses representing different 
Crash testing of the 27 baseline vehicles has been 

velocity conditions (10 to 35mph) and configuration 
conducted over the past 7 years as part of ongoing 

conditions. The configuration conditions included car- 
programs at N HTSA. Test data are stored in the N HTSA 

to-car full frontal, car-to-car offset, and car-to-tree/pole, 
data base system. Twenty-five o{" these tests were con, 

The crash mode scaling consists of amplitude and time 
ducted at 35mph, one at 30mph, and one at 40mph. 

scaling by an empirically derived factor dependent on the 

crash configuration. Algorithms to predict intrusion in Automated Procedure for 
different crash conditions have been developed. Further Fleet 
detail on these procedures are presented in this paper. 

Since the analytical procedure to simulate the accident 

Simulation Input Data environment requires the creation of numerous input 

files for PADS, an automated procedure was required to 

The primary effort in developing input sets for the reduce theeffort involved in theirconstruction. Input sets 

driver simulation involved collecting mechanical proper, required for combinations of the following parameters 

ties for the steering assembly. This consisted of three include: velocity (10to 35mph), occupant sizes(5th, 50th; 

areas of testing: (1) steering column, (2) steering wheel 95th), damage locations (distributed, offset, center); 
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object contact (vehicle or tree/pole), etc. The PADS and 3 occupant sizes. Before performing the scaling 
Control File Generator (PCFG) was developed to routines, all data were carefully screened and conditioned 
at~tomate the procedure for creating and submitting to be consistent with observed physical phenomena. This 
i~put files. The approach developed was based on storing process was accomplished by first performing film analysis 
subfiles of the car characteristics, assembling the subfiles to determine intrusion parameters and dynamic crush 
i~to a complete input set, and inserting the completed and velocity profiles for each of the vehicles. Signals from 
ir~put files into a run stream, which can then be submitted the various longitudinal accelerometers mounted in the 
for computer simulation, occupant compartment, usually two to five, were 

In addition to developing a procedure to handle processed and screened for data anomalies, such as time 
e~tectivel3 the creation of the input data sets, an efficient shift, zero bias, excessive noise, excessive data spikes 
method was necessary to store and analyze the output. (possible system or transducer overload), etc. Any 
An output option was developed specifically for these observed anomalies were then, whenever possible, cor- 
a~tomated runs and consists of outputting one line of rected. The pulses were next compared against film data, 
data for each simulation. The line of data consists of 67 with one pulse chosen to represent compartment response 
~ariables and includes information regarding the descrip- based primarily on best agreement with film-derived 
tion of the simulation, selected simulation outputs (contact dynamic displacement. This chosen pulse was further 
sources, contact velocities, body region involved, predicted conditioned by applying a constant calibration factor 
it~jur} levels, etc.), and run diagnostics. Asa last step, this that assured absolute agreement. For most of the 27 
o~tput file is converted to Statistical Analysis System vehicles, load cell data were collected from a 36- and and 
(SAS) format to allow for the efficient development of a 40-segment load cell barrier. Due to early calibration 
tabular and graphical displays, problems with some of these load cells, data conditioning 

to obtain stiffness properties was essential for this effort. 

Structural Attributes for Crashworthiness Force or load cell data were screened similarly to the 

crash pulse, then conditioned in the following manner 

based on impulse calculations. First, the time range for 

the impulse calculation is defined as the range of time 

Identification of Attributes from zero to the time when load cell response returns to 

zero. Impulse for the compartment pulse, using the entire 

fhe ef~ect of the vehicle’s frontal structure is being mass of the vehicle, is determined over this time range. 

ir~estigated by this program. Included are the effects of This impulse is compared against the force-time history 

both the crash pulse of the compartment and the impulse computed from the sum of the load cells, and a 

intrusion of the interior surfaces during the crash event, ratio of these impulses is determined. This ratio is used as 

]hese are believed to be the major factors (for a given a constant calibration factor to adjust the load cell 

~ehicle velocity change)of crash severity. Contributing to response. This load cell response was used to obtain the 

these primary factors are the collision partner stiffness, maximum or peak force value (filtered at 100Hz cutoff 

subject partner stiffness, and crash mode~ This section frequency). Use of this value for obtaining intrusion wil! 

will discuss the approach to improving structural crash- be explained in the following discussion. 

worthiness, the anticipated safety improvements, and the After conditioning, scaling is accomplished as follows. 

methods used to evaluate the potential for ~mprovement, First, the pulse is scaled to six velocities from 10 to 

while accounting for the complex structural parameters 35mph. This is accomplished by computing a loading, 

co~tributing to crashworthiness, unloading, and damping coefficient for a simple one- 

mass model. Next, crash mode scaling is performed for 

three modes.-full frontal, half offset frontal, and pole 
Data Conditioning and Crash Pulse Scaling        impacts. Direct amplitude and time scaling are applied to 

the velocity-scaled pulse using factor, k, as follows: 
To evaluate potential safety improvements, crash (Crash pulse-time) X 1/k and (Crash pulse-acceleration) 

mode and intrusion were scaled as previously mentioned. 
X k. 

Test data for 27 vehicles tested in barrier crashes (25 at 

30mph and I each at 30 and 40mph) were used for 

obtaining the starting pulse and baseline intrusion data. Factors used ar~: 

Crash pulse scaling was performed to obtain six velocities Crash mode k Factor 

and three different crash modes as previously described. 
Full frontal 1.00 

In addition to these 18 scaled pulses, intrusion was scaled Offset frontal 
for various objects struck (stiff, medium, or soft car or -front wheel drive 0.60 
nonyielding object), which resulted in a total of 54 crash -rear wheel drive 0.80 

Pole 0.75 pulse/intrusion combinations for each of the 27 vehicles 
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An example of velocity scaling alone compared to test 
lZ.0 

data is shown in Figure 4. Velocity scaling combined with × ~CALED 

crash mode scaling is shown (compared to test data) in ,~ C~ASH ~SST DATA 
Figures 5 and 6. 

A        4.0 Intrusion Analysis and Scaling 

Nexl. an algorithm was produced for determining 

dynamic intrusion related to crush. As before, the 

baseline data for intrusion scaling were the barrier crash ~ ~.o 

X SCALED DATA 

A 

R Figure 6. Velocity/crash mode scaling compared to 

~ test data for 1981 AMC Concord car-to-car 
~    ~c half offset crash at 20mph 
N 

s -~.o ~ tests. Film analysis was performed on these data to 

determine the crush-related intrusion parameters. 

-~.0 Basically, these parameters related to the onset and 

completio~ of intrusion in terms of dynamic crush of the 

.. ,~ .... ~,,,,~,,,,! .... ~ .... ~ .... subject vehicle. Figure 7 shows the dynamic crush. 

~ ~ compartment velocity time, and interior intruding surface 

velocity time. Also shown on this plot is the film-derived 

Figure 4. Velocity scaling compared to test data for onset and completion of intrusion, identified as C1 and 

1981 AMC Concord car-to-car full frontal 
crash test at 25mph velocity change 

~MP~TMENT D~IC ~USH (INCHES) 

C & CRAS~ TEST DATA O 
C 

~ 24.0 

E 

0.0    ~D ~,0    240.0 S20,0 ~.0 ~.0 ~.0 
T~E (M~L£~E~S) T1     T2 

Figure 5. Velocity/crash mode scaling compared to Figure 7. Intrusion relationships between compa~- 

test data for 1981 VW Rabbit car-to-car half ment velocity, compa~ment crush, and 
offset crash test at 37mph intruding su~ace velocity 
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C2, and corresponding times T I and’F2. The extrapolation 

of intrusion became relatively straightforward since 

crush is determined directly from the velocity-scaled 

pulses for car-to-barrier, car-to-equivalent car, and car- 

to-poIe type impacts. Not as straightforward, however, 

was intrusion scaling for car-to-car of different effective 

stiffness. That is where both cars do not equally share in 

the energ~ absorption and, thus, do not crush as they _ 
~ould in a nonyielding object-type collision. Therefore, 

to account for this difference, the maximum force level 

recorded by the summed loads from the NHTSA 36 

segment load celt barrier appeared to be the best indicator 

of’ this effective stiffness. To approximate the crush 

sharing, the total mutual crush in a hypothetica! car-to- 

car event is ratioed by FMAXpi(FMAXp+FMAXs), 

where FMAXp and FMAXs are the maximum toad cell 

forces for a collision partner and subject car, respectively. 

Evaluation Approach 
Figure 8. A plot showing contact velocity for a theoretical 

E~aluation of the structure alone required an approach one-mass occupant versus spacing 
that would allow all other parameters to be held constant 

while ~arying the structural parameters. Since other 

phases of this research evaluated interior energy absorp- CHEST CONT,&CT VI~_/IDCITY 

tion, kinematics, etc., it seemed appropriate to ignore 

these factors and~ as a final step, combine structure 
~ 

o ~,,,-~’~ 
evaluation with the compartment interior evaluation. ~’~ 

Origina!tv, PADS was planned for this entire process, 

while using the above described structural input data, but 

the \olume of runs and modeling constraints were not 

feasible within the time constraints. Therefore, a simpler 

approach was chosen, while selectively using PADS as ~.~ 
needed. ]l~e approach chosen used PADS to relate the 

severit> of the crash to the velocity with which a ° 

theoretical one-mass occupant would contact the interior 

ofthe occupant compartment. For purposes ofvisualizing Figure 9. Chest deflection from PADS versus chest 
this parameter, Figure 8 demonstrates the relationship contact velocity from PADS showing a 
between contact velocity and spacing (the distance traveled quadratic fit of data 

before initial contact with the interior surface). Using 

crash pulse scaling and PADS, a relationship of contact CONT~,CT V[~.LOCITY 

velocity to chest deflection and a potential injury scale 

~ere established. This was accomplished by first per- 

forming a regression analysis to derive the relationship 

between chest deflection and contact Velocity, both 
i =~ o°         °~_~° ° ° determined from PADS for 18 crash mode and velocity 

combinations for a large and small car. This relationship, 
~ ~° ~ 

~"" o °=        ° 
as shown in Figure 9, has an R-squared factor of .944 

~ ’~ ~ 
"~" 

with a quadratic fit. Next, a regression analysis between 

contact velocities generated by PADS and the cor- 

responding contact velocities calculated for a one-mass o 
occupant was performed with the resulting linear fit 

shown in Figure 10. Applying this linear factor to contact 

velocity in Figure 9, a new quadratic relationship is Figure 10. Contact Velocity computed from a theoreti- 
cal one-mass occupant versus P/~DS chest 

derived for one-mass occupant contact velocity and chest contact velocity showing a straight line data 
deflection as shown in Figure 1 l. By using a previously fit 
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CHEST CONTACT VELOCITY ~ 

Figure 11. Chest deflection from PADS versus chest 
contact velocity for a theoretical one-mass 
occupant (derived by combining Figures 9 ~ 

and 10) ~ , ~ ~ ~ 

derived relationship o~ chest de~ect[on to ~njury(5), a Figure 12A. Contact velocity comparisons of two cars 
in a weight group for unrestrained case at 

probab~[ffy of ~njury lot contact velocity Junction [s 30mph velocity change 

derived. S~nce th~s ~s not a true probab[hty of ~n~ury 

....... retat~o~sh~p~ due to other variables such as st~r~ 

assembly charact~r[sdcs~ etc., [h~s relationship w[~] be 

r~f~rred to as a Structural Severity Index (SS[). 

retadonsh~p may then be used to d~t~rmine r~ladve 

potential for a vehicle’s ~iven cr~sh pu]se and dynamic 
~ntrus~on. To demonstrate the relationship of [ronta] o 

..... structur~ and contact w]och~¢s~ the [o~ow~n~ 

are shown. F~rsL the effect of crash pu~s~ whbout 
~ntrus~on ~s examined us~n~ contact v~oc~ty. To make the 

comparisons on vehicles wffh s~m~tar potendat [or crash- 

worth~ness~ the selection of 27 v~h~c]~s, shown in Tabl~ 1, 

was d~v~d~d ~nto s~x weight care#odes. A comparison o~ 
contact w]oc~ty versus occupant spac~n~ is shown lot the 

best and worst of a weisht Stoup ~n Fisure 12A for 

crash mode and velocity. Th~s ptot r~prcs~nts the w~ochy 

at the ~nstant o~ impact whh the ~nterior surface for a 

tbeorefic~t onc-~ass occupant vary~n~ whh th~ ~n~t~a~ 

d~stance to the surface. To ~valuat~ crashwortb~ncss 
potential F~ure 12B shows the same two cars compared 

~n terms o£ occupant contact velocffy w~th a constant 

restrain~n~ ~orce appfied after a prescribed slack d~stance 

is traveled by the occupant (represening a theoretical 
Figure 12B. Contact velocity comparisons of same two 

constant force restraint). These plots are shown as 
cars in Figure 12A for restrained case at 

extremes of crash pulse effect within a given weight class 
mph velocity change 

of 2,500 to 3,000 lb. Additional variations can be shown 
for other weight classes, and larger variations exist across 

weight classes (see Figure t3). intrusion characteristics, also in the 2~500 to 3000 lb 

To demonstrate intrusion effects, a similar example weight category. 

showing contact velocities is given. To determine dynamic The final step in the structural evaluation process is to 

intrusion effects, an algorithm was developed, based on determine the combined effect of intrusion and crash 

the previously discussed intrusion scaling, that combined pulse throughout the accident scenario using the pre- 

the crash pulse with the dynamic intrusion effect to viously discussed SSI (structural severity index). This 

predict the theoretical contact velocity of a one-mass will be accomplished in the following manner, First, 

occupant. An example of contact velocity variations is contact velocities will be established as previously 

shown in Figures 14A and !4B for two cars with different cussed for all vehicles and all crash modes. Next, chest 
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/- 
/ 

0 

Figure 13. Contact velocity of best (large car) and worst Figure 14B. Contact velocity comparison of same cars 
(small car) for unrestrained case at 30 mph and crashmode shown in Figure 14A but 
velocity change with occupant restrained 

be computed for each vehicle to determine the best and 
worst performers within each weight group. An example 

of this approach, shown in Figure 15. compares the SSI 

versus change in velocity for the two vehicles compared in 

Figures 14A and 14B. The combined SSI for these two 

cars in the same weight class shows a relative difference of 

40 percent. That is. the driver of car A has a 1.4 times 

/~ 
~ greater potential for injury than the driver of car B based 

/ ..~ on structural attributes alone. Final results of these 

,~ 

analyses are pending completion of ongoing work. which 
includes validation of the intrusion algorithm, completion 

and analysis of ongoing crash tests, and processing of all 

27 vehicles through the described process. 

Once the baseline fleet has been evaluated, changing 

fleet properties may next be assessed, along with various 

sensitivity studies of structural parameters. The primary 

purpose of this task. before proceeding to the PADS 
’ ’ ’ ’ ’ ’ approach, is to evaluate the fleetwide effects of changing 

parameters on the previously identified best and worst 

Fig ure 14A. Contact velocity corn parison of two cars in performers. Parameters included in this study are stiffness 
a weight group with good and bad distribution, weight distribution, and restraint usage 
intrusion properties shown for a 20mphl- rates. ]’he last parameter, restraint usage rates, is least 
half offset crash mod and unrestrained 

effectively analyzed by contact velocity due to large 

dummy kinematic differences caused by the restraints 

themselves. For example, a potential chest impact with 
deflection and the corresponding crashworthiness the steering hub may change to a more lethal head impact 
potential, expressed as SSI. are computed from the with thehub. Once someunderstandingoftheparameters 
previously described relati onship. Then. for the 54 crash ~s established, final analysis will rely on PADS on a more 
pulse/intrusion combinations for each vehicle, a proba- limited basis to reevaluate these best and worst structures. 
bility of occurrence will be computed based on NCSS In addition. PADS will be used to combine the best and 
data for delta v distributions over each crash mode. fleet worst structures with the best and worst interiors to 
weight distributions, and fleet stiffness distributions, determine the overall potential for crashworthiness 
Finally, the overall relative structural attribute SSI will improvement. 
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Countermeasure Assessment for Driver ¯ Introduction of improved properties to lower 

ranked vehicles 
¯ Determination of a group of best properties 

The objective of the countermeasure assessment is to 
based on results of PADS runs. engineering 

determine improvements to the driver compartment. 
evaluation, and biomechanical limits 

which can then be introduced into the 27-vehicle fleet to 
predict iniury reductions over the baseline. The procedure 

¯ Selection of one vehicle with high baseline 
" injuries, applying a best set of properties, and 

consists of the following steps: 
comparing simulation results with baseline 

The goal of a countermeasur.e is to reduce injuries for 
¯ Evaluation of contact surface properties and the following body regions: 

geometry for the 27 vehicles 
¯ Ranking of vehicles by properties and defined ¯ Chest Goal is to get minimum values for chest 

parameters deflection and chest O’s, i.e.. lower the forces 

¯ PADS simulations for comparisons of injury applied to the chest Variables that directtv 

measures between high- and low-ranked vehicles influe nce the force leve! are 

Good Bad 

(a) EA characteristics high EA, relatively low EA 

of the column low force high force 

(b) EA friction low high 

(c) Hub recession fairly deep shallow or none 

(d) Hub padding same as (a) same as {a) 

(e) Wheel ÷ column weight low high 

(f) Column damping low high 
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The deeper the hub is recessed, the more potential energy absorber, but loads should remain below 
for abdomen penetration. The wheel hub 2.500 lb. The location and stiffness of the knee 
geometry should be designed for mitigating both contact also heavily influence the kinematics. 
chest and abdomen injuries, koad distribution 
affects the chest deflection but is not accounted 
for in the model, so, for the initial assessment. 
area will not be considered. Variables that Evaluation of Baseline Contact 

indirectly influence the chest force are parameters Surface Properties 

that lower the impact velocity of the torso 
and, or alter body region contact configuration. Data from PADS input sets were extracted to evaluate 
Geometry and force-deflection properties of the energy-absorption characteristics and force levels for the 
knee restraint and windshield, along with the 27 vehicles. The objective of the evaluation is to assess 
crash pulse and intrusion, willaffect theimpact characteristics that. from an engineering and bio- 
velocity and kinematics, mechanical viewpoint, influence occupant injury. For 

each contact surface, parameters were either extracted 

¯ Abdomen Goal is to lower abdomen deflection 
from the force-deflection tables, computed, or developed. 
These include 

by reducing the applied force. Since the abdomen 
Energy-absoption potential: the area under the is very soft, the force should be as low as possible 
force-deflection curve 

within design limits. Variables that influence ¯ Average force: EA potential divided by the 
abdomen deflection are-- 

maximum stroke 
¯ Maximum force 
¯ Maximum stroke 

Good Bad ¯ EA efficiency: a parameter defined as percent of 
the EA potential that lies below the average force 

(a) Hub recession shallow deep 
level, i.e.. a measure of how near the force- 

(b) Lower rim low force h~gh force 
characteristics long stroke short stroke deflection curve ~s to a square wave response 

A computer program was developed to extract the data 
from the PADS input files, compute parameters, and 
produce data files of these parameters for each contact 
surface of all 27 vehicles The contact surfaces evaluated 

Although a high EA rim would benefit chest were: head upper wheel rim (tangential and radial 

injury by lowering chest impact velocity, pre- direction!, abdomen lower nm (tangential and radial). 

venting abdomen penetration is a more important chest / wheel hub. whole wheel crush, steering column 

role for the lower rim. Again, the same variables energy absorber, knee lower instrument panel, chest mid 

that influence contact velocity and kinematics instrument panel (passenger), head/upper instrument 

for the chest also apply to the abdomen, panel (passenger), head windshield, and head header. 

As discussed above, the injury potential of a surface is 
related to the amount of energy that can be absorbed by ¯ Head Goat is to reduce head G’s and HIC’s by 
the surface and the maximum force that is applied to the 

lowering the force applied to the head. Important 
body region. Obviously, these two parameters tend to 

variables are---- 
contradict each other since a high energy-absorption 
potential is usually accompanied by high forces. A 
characteristic that combines these factors was needed to 

Good Bad discriminate between the 27 vehicles. To accomplish this. 

(a) Windshield Low force High force the files were then read into another program that 
characteristics but some EA calculated a single parameter (which accounts for EA 

{b) Upper rim low force high force potential and efficiency, and maximum force) to better 
(c) Header low force high force 

describe the injury potential of the contacl surface. This 
"-- defined parameter is equal to the ratio of EA potential to 

kin etic energy of the torso at 25mph times a force factor 
(equal to 1 if the maximum force is less than 1.200 lb and 

~ Femur--Femurs can take a fairly high force eq ual to the ratio of l .200 divided by the maximum force 
without injury (about 2,500 lbL The lower if greater than 1.200 lbt times the EA efficiency. In 
instrument panel is the predominant contact, addition, the ratio of the EA potential of the contact 
The main purpose of the knee contact is to be an surface to the kinetic energy of the appropriate body part 
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is calculated for 25 and 30mph impacts. The final step in parameter and EA ratio. The highest and lowest cars 

the evaluation is to combine the EA parameter and EA based on this criteria are 

ratms for each contact surface into single values for the ,, 
complete steering assembly and also for the complete Steerin9 Assembh/ Tota Compartment 

driver compartment (defined as PARAM. EA25. and 
Parameter EA Ratio Parameter EA Ratio 

EA30 in Table 2). For all these parameters, the higher High: Granada Mustan9 Concorcl Ford 

value, theoretically, represents better force-deflection Cow: Valiant Valiant/ Chevette/ Chevette 

properties. 
Fuego Horizon 

Table 2. Summary of properties 

Energy Absorption Properties Steering Assembly Properties 

Total Compartment Steering Assembly Hub 

Model EA25 EA30 Param. EA25 EA30 Param. Weight Frict Damp Recess 

Ford 0.91 0.63 1.24 0.94 0.65 0.31 15.60 0.49 0.00 0,50 
Mustang 0.89 0.62 1.39 1.11 0.77 0.47 15.40 0.16 0.00 2.32 

T-Bird 0.71 0.49 1.20 0.71 0.49 0.27 12.22 0.23 0.00 0.50 
Fairmont 0.79 0.55 1.35 0.88 0.61 0.43 12.02 0.23 0.00 2.32 
LeSabre 0.83 0.58 1.41 0.78 0.54 0.48 12.83 0.00 1 5.50 1.09 

Electra 0.83 0.58 1.41 0.78 0,54 0.48 12.83 0.00 1 5.50 1.09 

Camaro 0.81 0.56 1.22 0.56 0.39 0.31 1 2.86 0.00 9.10 1.03 

Rabbit 0.55 0.38 1.12 0.73 0.50 0.38 5.44 0.36 9.10 0.00 
Datsun 0.57 0.40 1.41 0.50 0.35 0.40 10.95 0.43 9.10 -0.57 

Corolla 0.62 0.43 1.51 0.60 0.42 0.50 5.13 0,20 9.10 1.38 

Subaru 0.62 0.43 1.51 0.60 0.42 0,50 5.13 0.20 9.10 1.38 

Nova 0.76 0.53 1.12 0.46 0.32 0.21 10.55 0.00 9.10 1,03 

Monza 0.77 0.54 1.14 0.46 0.32 0.21 12.00 0.00 9.10 -0.57 

Malibu 0.79 0.55 1.57 0.44 0.30 0.30 13.54 0.34 9.10 -0.57 

Volare 0.83 0.57 1.39 0.51 0.36 0.33 11.83 0.2! 12.40 4.22 

Cordoba 0.83 0.57 1.39 0.51 0.36 0.33 11.83 0.21 12.40 4.22 

Citation 0.78 0.54 1.50 0.41 0.28 0.23 10.75 0.13 9.10 -0.57 

Concord 0.86 0.59 1.67 0.58 0.40 0.40 11.14 0.62 9.10 3.18 

Granada 0.79 0.55 1.48 0.69 0.48 0.56 18.40 0.33 0.00 1.65 

Chevette 0.37 0.26 1.03 0.38 0.26 0.28 12.00 0.40 9,10 -0.57 

Pinto 0.73 0.51 1.30 0.63 0.44 0.50 13.87 0.82 0.00 1.65 
Celebrity 0.80 0.55 1.59 0.45 0.31 0.32 8.88 0.00 9.10 3.18 

Accord 0.51 0.36 1.23 0.37 0,26 0.22 7.94 0.00 12.40 1.63 

Valiant 0.74 0,51 1.23 0.32 0.22 0.17 9.95 0.00 12.40 1.86 

Horizon 0.43 0.30 1.03 0.40 0.28 0.26 10.09 0.00 12.40 3.03 

Civic 0.49 0.34 1.18 0.33 0.23 0.17 8.28 0,00 12.40 t .63 

Fuego 0.49 0.34 1.24 0.32 0.22 0.23 9.39 0.59 9.10 -0.57 

In addition, tables were constructed of geometric Comparison simulationsbetweenhi~h-andlow-valued 

relationships and other driver par, ameters for the 27 cars wereconducted using the PADS model. Comparison 

vehicles. Geometry includes: knee to lower instrument criteria were selected as HIC. chest deflection, and 

panel distance, abdomen to rim distance, chest to hub abdomen deflection. To minimize output data. runs were 

distance, head to windshield distance, vertical distance made with onlv the 50th percentile occupant, distributed 

from head to header, and head to upper rim. Other crash pulse at 10. !5. 20. 25. 30. and 35mph. and no 

properties include: wheel + column weight, friction, intrusion. In comparisons of the total compartment, the 

damping hub recession (also in "Fable 2), and column results are inconclusive. In these cases, the higher ranked 

angle, cars had less chest deflection but generally higher H 1C’s 

and abdomen deflections. Since ~he cars with high EA 

ratio, also. have higher force levels, these results are not 

Simulation Results unexpected. However. in the case of the EA parameter 

for the total compartment ~Concord versus Chevette~, 

]~he 27 vehicles were ranked by steering assembly since force is accounted for. lower measures would be 

parameter and EA ratio and by total compartment expected. It should be noted that the Concord was 
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h~g best ranked in this category predominantly because of ,N JURY RESPONSES B, VELOC~Y 
,uperior knee restraint propertms since it was ninth best 

~or steering assembly alone lat this time only a few 

aindshields had been tested, all with similar force- " 

deflection properties, and therefore the windshield con- 

tribution to the EA parameter was similar for all carsl. 

~he contribution of the knee restraint may not be as 

i~portant as the steering assembly and possibly shouldn®t 

have received equal weighting. 

Comparisons based on steeringassembly EA properties 

~howed better distinction between high- and low-ranked ° , 

cars rhe Mustang showed significantly lower HIC and 

chest del]ections than the Valiant. although abdomen 

deflections were hig her in the M ustang (the Fuego results Fiflure 16. Granada and Valiant responses 

were not valid since the simulations aborted prior to 

significant occupant compartment interactionl. The 

Granada gave the lowest injury measures of all cars that Simulation of Other Properties 

were simulated. In comparisons with the Valiant. the 

HIC’s in all cases were lower and chest deflections lower The Valiant was selected to introduce varianons in 

b\ 2in or more in all but the 10mph case. which only had other steering assembly properties. The same set of 

about lin det-~ection. The results of all simulations are simulations, as discussed previously, was conducted for 

-hown in Table 3. and the comparison of Granada to the following parameter variations: 4 lb wheel + column 

Valiant is shown in Figure 16. To display HIC and chest weight: 0 and 4in hub recessions: 0 friction and damping 

deflectiotn on the same graph, they are presented as A1S ~Valiant has 0 friction as testedl: 0 column and wheel 

level Formulas for chest and abdomen AIS are given in angle: and improved column EA properties (LeSabre 

(SL head \IS based on HIC is given in (6t. columnL Table 4 shows the results for the runs. 

Table 3. Simulation results for high- and low-ranked cars 

Velocity Change (mph) 
10        15        20        25        30        35 

HIC 98 271 405 35* 1270 2469 
Granada: Chest Def. 1 ~0 1.9 2.1 1 ~0" 2~8 3~5 

Abdomen Def. 2.2 2.5 2~5 2.5* 2.5 2.1 

HIC 202 387 1192 1331 7986 2722 
Valiant Chest Def. 0.8 3.2 4,2 4.5 4.9 5.5 

Abdomen Def. 1.6 1.9 2,0 2.0 2.1 2.1 

HIC 44 226 463 468 442 690 
Ford: Chesl Def. 1.6 2.7 3.3 3.1 3.0 3.5 

Abdomen Def 3.9 4.5 4,9 4.8 4.8 5.1 

HIC 120 302 458* 441 ~ 420* 793 
Cnevette: Chest Def. 1.8 2.8 2.7* 2.0* 1.8* 4.3 

Abdomen Def 1.6 2.6 3.0* 3.1 * 3.1 * 3.4 

HIC 73 174 413 712 831 675 
Mustang: Chest Def. 1.1 2.3 3.6 3.9 4,1 4.2 

Abdomen Def. 2,1 3.2 3.6 3.7 3.7 3.6 

HIC 110 277 4330 2863 743 1022 
Concorc Chest Def. 1.0 2.3 2.3 2.7 3.2 3.7 

Abdomen Def. 1.9 2.9 3.4 3.5 3.6 3.6 

HIC 89 243 356 438 556 852 
Horizon: Chest Def. 0.5 2.4 3.6 4.1 4.4 4.5 

Abdomen Def. 1.9 2,1 2.6 2.6 2.6 2.6 

~ Indmates run shutoff before 110ms 
NOTE: The HIC was cut off at 3.000 for graph=cs display 
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Table 4. Simulation results for variation of properties (Valiant as baseline) 

Velocity Change (mph) 
Variation       Response             10       15       20       25       30       35 

HIC 202 387 1192 1331 7986 2722 
Valiant        Chest Def, 0.8 3.2 4.2 4.5 4.9 5.5 

Abdomen Def. 1.6 1.9 2.0 2.0 2,1 2.1 
HIC 222 384 902 1206 1601 9999 

4# Column/ Chest Def, 1.4 3.3 4.2 4.4 4.5 4,9 
Wheel Weight Abdomen Def. 1.6 1.9 2.0 2.0 2~1 2.2 

HIC 133 430 1925 9999 7334 2191 
0 Hub Recess Chest Def. 1.9 3.9 4.3 4.5 4.6 4,7 

Abdomen Def. 1.5 1.9 2.0 2.0 2.2 2.1 
HIC 348 396 897 1416 1698 2091 

4 Inch Hub Chest Def. 0.5 2.1 2.9 3.4 3,7 4.2 
Abdomen Def. 1,5 1.9 2.0 2.0 2.0 2.1 
HIC 145 379 971 1083 t413 9999 

O Damping Chest Def. 0,9 3,2 4.1 4.3 4.4 4.9 
Abdomen Def. 1.6 1,9 2.0 2.0 2.1 2.1 
HIC 211 459 364 ’390 567 1025 

O Column Chest Def. 0.5 0.6 2.0 4.5 4.5 4,8 
Angle Abdomen Def. 0.0 0.O 0.0 0.0 0.0 0.0 

HIC 287 382 1481 1321 9999 2361 
LeSabre Chest Def. 0.9 3,3 4.2 4.5 4.8 4.9 
Column Abdomen Def, 1.6 1.9 2.0 2.0 2,1 2.1 

All of the variations simulated produced lower chest Simulation With Improved Properties 

deflections. The cases of 4 lb wheel column weight. 0 hub 

recess. 0 damping, and addition of the LeSabre column 

did not improve (or worsen) the other injury measures. The final set of simulations involved developing a set of 

The case with the column angle at 0° eliminated abdomen driver compartment properties, which should result in 

deflection and substantially reduced the HIC. The 4in the lowest injury measures for the PADS simulations. 

hub recession had the lowest chest deflections [over I in based on the previous countermeasure evaluation. All the 

reduction in most cases) and somewhat lower HIC improved properties arejudged to be production feasible. 

values. It appears, a~ this point, that 0 column angle and since all improvements were similar to the characteristics 

4in hub recession produced the highest reduction in ofat least one ofthe 27 vehicles. The modifications to the 

injury measures of those evaluated, baseline Valiant data set included the following: 

Lower Rim Lower Rim 

Knee Panel Tangent Radial Hub EA Column 

Force Defl Force Defl Force Deft, Force Dell. Force Deft, 

(Ib) (in) (Ib) (in) (Ib) (in) (Ib) (in) (Ib) (in) 

O. O, O. O, O. O, O. O. O, O, 
200. 0.75 250~ 0.5 250. 1.0 300.0 1.0 800. 2~0. 
500. 3.0 350, 10.0 500, 5.0 500. 5.0 1200, 3.0 

1200. 5.0 2000. 5.5 1250. 8.0 
3000. 12.0 1600. 8.5 

5000. 9.0 
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Other modifications include: 4in hub recession; 0 frontal crashes. This baseline analytical characterization 

column friction and damping; and 4 lb wheel + column is being used to-- 

aeight. Zero column angle was also tried but, due to 1. Identify possible relationships between vehicle 

occupant compartment geometry, problems occurred in attributes (structural, steering assembly, interior 

these runs. This will be resolved in the future, geometry, etc.) in the baseline fleet and injury 

The results of these simulations (shown below and in causation 

}:igure 17) with the best properties showed substantial 2. Test the effectiveness of the best countermeasures 

reductions over the baseline Valiant in the three injury (such as those discussed in the previous sections 

measures evaluated, related to the steering assembly and structure) in 

a fleetwide accident environment, 

,o                    ="           Baseline Simulation Data Base 

, The automated procedure for simulating the baseline 
~ ¯ fleet was implemented using the analytical tools discussed 
~ ~ previously. Each of the 27 make/model vehicle groupings 

~ 
that compose the baseline fleet were simulated under 

= varying crash conditions, including a range of velocities 

~ ...., ..... (10 to 35mph), damage locations (distributed, offset, and 

............. center), and object contacted (vehicle and tree/pole). 

......... pant si es (5th 50th d 95th) ereconside ed ° ~-"~         " =’-"-~          - ~’~"~ ~ "-,~ Threeoccu z , ,an w r . 

While not all combinations of these parameters are 
Figure 17, Comparison of baseline Valiant to Valiant required (i.e., vehicle-to-vehicle center impacts), the 

with improved properties 

Velocity Change (mph) 
Case          Criteria                10       15       20       25       30       35 

Baseline HIC 202 387 1192 1331 7986 2722 
Va~iant Chest Def. 0.8 3,2 4.2 4,5 4.9 5,5 

Abdomen Def, 1.6 1.9 2,0 2.0 2.1 2.1 

Valiant with    HiC 93 314 538 839 1149 925 
improvements Chest Def. 0.5 1.1 1.2 1.3 1.7 1.6 

Abdomen Def. 1.1 1,4 1.4 1,5 1.5 1.5 

These results show minimal injury, based on predicted various combinations resulted in 54 simulations for each 

~AS for deflection, for either the chest or abdomen. The make model vehicle grouping (6 velocity categories, 3 

H1C at 30mph may result in serious injury; however, in crash distribution/object struck categories, and 3 

~:his series of countermeasure evaluations, attention was occupant size categories). Thus, the total simulations 

o~ chest and abdomen ir~jury and no modifications were amounted to 54 X 27 : 1,458 runs. Not all of the indi- 

made to head impact areas, vidual simulations successfully ran to completion. A 

Future countermeasure evaluation wilt be to apply an iudgment was made to reject any simulations that did not 

improved set of countermeasures to the 27 vehicles to run at least 110ms. Out of the 1,458 possible simulations, 

predict injury reduction over the baseline. 1,175 passed this criterion, which was felt to be extremely 

successful considering the wide range of environments in 

which the model was being exercised. Thus, the baseline 
Analysis of Accident and Simulation 

simulation data base is composed of these 1,175 simula- 

Data for Baseline Fleet tions and was used for all the analyses presented in this 

paper. As time permits, the simulations that did not meet 

As mentioned in the introductory sections of this the run time criteria will be examined to determine the 

paper, a primary effort within the frontal crashworthiness cause of the problem and to determine whether not using 
research and development program is the analytical these runs leads to any bias in the data when considering 

characterization of the in-use vehicle fleet involved in the aggregate results. 
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Baseline Fleet Accident Data Table 5. Distribution of body regions injured (AIS 3 +) 
for drivers 

Comparison of the results of the simulation data with 

accident data can provide additiona! support to the 

validity of the analytical modeling process and can 
Body Region 27 Vehicle NASS NCSS 

provide a linking process to help in projecting changes in Chest 22% 27% 31% 

the accident environment from simulation results. This Head 7 13 8 

and the next several sections present results related to Lower Extremities 30 22 20 
Upper Extremities 5 6 6 

performing this comparison. Abdomen 14 14 1 7 
First, analyses were performed comparing NHTSA’s 

complete accident files, including the NCSS and NASS, 

with subfiles consisting of accidents involving the vehicles 

in the 27-vehicle groupings. This was done to insure that Table 6. Distribution of body regions injured (AIS 3+) 
the 27 make/model vehicle groupings selected as.rep- " for drivers 
resentative of t]eetwide vehicle production are also 

representative of the accident environment. The 27- 
Injury Source 27 Vehicle NASS NCSS 

vehicle accident file is being compared to the complete 

files for crash, occupant, and vehicle factors and also as Steering Assembly 42% 44% 54% 

to injury consequences. Windshield 9 5 4 

Figure 18 presents a comparison of the probability of Instrument Panel 22 18 18 
A-Pillar 2 2 2 

receiving an AIS 3 or greater injury for the 27-Vehicle, Header 1 2 2 
Unknown 9 15 6 

4- 5"! 

Figure 18. Probability of receiving an AIS injury of ;3 or 
greater 

o t 
0-~0 11-~20 21230 3,-~ 

NASS, and NCSS files. The 27-vehicle file was constructed 0t~’~, v ~ ~ 

from the NASS file, and thus better agreement can be 

expected between these files. Remaining comparisons Figure 19. Distribution of delta v for seriously injured 
drivers 

focus on the driver seating position since this is the main 

focus of this effort. Table 5 compares the three files for 

bodyregioninjuredforserious(AIS3orgreater)injuries there is excellent agreement between all distributions. 

received by drivers. The distributions are based on a While additional comparisons between these files are 
count of injuries and not occupants (i.e., one occupant continuing, it appears the 27 make model vehicle 
could have received more than one injury at an AIS 3 or groupings are representative of the accident environment. 
greater level). Table 6 compares the files for the source of For the remaining analyses between the simulation 

N 
¯ serious injuries. The distributions in both figures show results and the accident data, the total CSS and NASS 

good agreement, files were utilized rather than the 27-vehicle accident file. 

Figures 19 to 21 compare the delta v, damage location/ Since the files appear to agree with each other on several 

distribution, and object-contacted distributions for the variables, the use of the complete files offers a larger 

three files related to crashes in which a driver received a sample size, which, in turn, will permit more disaggregate 

serious injury (A1S 3 to 6). As seen from these figures, analyses. 
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Comparison of Simulated Baseline With 
Accident Data 

The focus of the comparisons presented in this section .......... 

is on chest, abdominal, and head body regions, which 
account for the greatest harm to drivers in frontal 
crashes. 

Initial comparisons focused on sources of injury 
predicted by the simulation data base and the accident 
files. For the chest and abdomen, as could be expected, 

’~-1                                                  the steering assembly was the primary area of injury. In 

comparing head contacts between the simulation results 

o’~v~:u ~ o~oea and the accident data, the following items must be 
~2-m" c~r~’~ considered: 

1. PADS is limited to simulating contacts only 
Figure 20. Distribution of object contacted for seriously 

with frontal surfaces and cannot consider contacts ......... injured drivers 
with A-pillars, side interiors, etc. 

2. There are a large number of unknown contact 
sources in the accident data that need to be 
distributed. 

1 ~ 3. For the PADS simulations, multiple contact .......... 
~4 I~N ~ sources are indicated for each body region 

impact. Thus, if the head contacts the header and 
windshield, the PADS simulation will indicate 
both sources as a possible injury source, l=or the 
accident data, only one contact source per injury 
is coded. 

Table 7 indicates the source of serious head injuries 

(AIS 3 to 6) for drivers in frontal impacts as indicated by 
NCSS and NASS. Only the most serious head injury is 
considered. That is, ira driver received an AIS 3 and an 

~ t£rl"    ~ ~ AIS 4 head injury, only the source ofthe AIS 4 injury was 
considered. The first column in the table shows the 

Figure 21, Distribution of location of vehicle damage distribution of sources including unknown sources. For 

for seriously injured drivers NASS, this amounts to approximately 25 percent of the 
injuries. The second column presents the distribution of 
sources excluding the unknown category. The third 

Extrapolation of Simulated Runs To Reflect column presents the distribution for only those sources of 
Accident Environment injury for the head that are modeled in the PADS 

simulations--the windshield, header, steering assembly, 
As discussed, the PADS model was run for the 27 and upper instrument panel. Table 8 indicates the source 

vehicles, several occupant sizes, different crash conditions~ of serious injury as predicted by the PA DS simulations. 
and different velocities. Each run represents a specific As discussed above, multiple sources of injury are 
condition in the accident environment. Since each run reported if the head contacts more than one interior 
does not represent equally occurring events in the surface. To compare these results with those of NCSS 
environment, each run must be assigned a weighting or and NASS, the multiple sources had to be distributed 
expansion factor to allow meaningful comparisons with among the steering assembly, windshield, and header, 
accident files, t’he NASS file is being used to develop The second column shown in this table was constructed 
weighting factors associated with each simulation. The by equally distributing the multiple sources to each of the 
overall weighting factor is based on the specific appropriate sources. Table 9 presents the distributions 
make model, the occupant size, the object struck, the developed in the previous tables, which focus on the four ............... 
location of damage, the delta v, and the weight of the contact sources. Considering the high percentage of 
vehicle. Many of these variables are interrelated, and the unknown contact sources in the accident data and the 
weighting Idctors were developed for combinations of the subjective manner of dividing the multiple contact sources 
~actors. in the PADS simulations, the distributions for NCSS, 
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Table 10. Injury severity by delta v indicated by NASS and PADS 

Injury 

Severity Body Region Injured 

Chest Head Abdomen 
PADS NASS PADS NASS PADS NASS 

AIS 0 29% 63% 12% 73% 17% 91% 
AIS 1-6 71% 37% 88% 27% 83% 9% 

Future Analysis of PADS and Accident Data 

examine the probability of a serious injury given a 

contacl occurred. Since the accident files do not indicate Disaggregate Analyses 
contacts unless an injury occurred, this type of analysis 

could not be accomplished. However, a reasonably close The previous sections examined the accident and 

estimate of this can be obtained assuming that, if contact simulation data at an aggregate level. It is planned to also 

is made. at least an A1S 1 injury would have resulted. This examine the results at a disaggregate level (i.e., at a 

would seem to be a reasonable assumption, especially at make/model vehicle group level). 

the higher delta v levels. Thus, the different files were For the accident data, it is not possible to use NASS 

compared on the basis of the probability of a serious and NCSS at this disaggregate level because of limitations 

injury given that an injury occurred (AIS 1 to 6). in sample size. FARS and various State accident files will 

Figure 23 presents the comparisons for the three files be examined for potential use in these analyses. 

for the head, chest, and abdomen. The comparisons are At the time of preparing this paper, these analyses have 

for the probability of receivingan AIS 3 or greater injury, just been initiated, and results are not available. The 

As can be seen, while there still exist fairly large analysesunderwayareusingtheinjuryseveritiespredicted 
differences in specific categories, the three files are in by PADS and accident files for the individual make model 

much closer agreement than in previous comparisons, groups and examining correlations with the vehicle 

Figure 24 presents the results of an additional analysis attributes identified in the previous sections on structures 
related to explaining these differences. The accident files and steering assemblies. The results of these analyses 

were rerun using filters that more closely matched the should help further in the identification of important 

crash conditions being simulated by PADS. The crash attributes to consider in mitigating ix\juries. 

pulses used in PADS tend to overrepresent the severe 

types of crashes (head-on). In addition to the filter of the 
Harm Reduction 

general area of damage equal to front, filters were added 

to limit crash conditions to 12 o’clock direction of force, 
The results presented above relate to the complete head-on car-to-car, and car-to-tree: pole conditions. The 

baseline PADS simulations. It is planned to make a figure only presents the results for one delta v (20 to 
number of complete simulations with a modified fleet 35mph} and only for the NASS file. As can be seen, the 
that includes the best countermeasures as determined probabilities for the chest and abdomen increase by 

approximately 40 percent, while the probability for head 
through the analyses described earlier relating to struc- 

tures and steering assemblies. Total fleetwide harm tnjunes decreases by about 10 percent. In general, the 

addition ofthese filters would further close the differences 
reduction can be estimated by comparing the injury 

between PADS and the accident files, 
consequences of the baseline fleet to the modified llcet. 

Additional analyses are continuing in an attempt to 

understand the differences between PADS, NCSS, and Conclusion 
NASS. Based on the results of the analyses presented, it is 

felt that the PADS automated runs scaled to the accident 

data can be considered a useful tool in developing Structural Improvements 
information for predicting how vehicle modifications can 

affect the consequences of injury in the accident environ- The findings in this research effort are preliminary 

ment. since research is continuing. However, results to date 

show significant overall fleet safety improvements may 
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Figure 22. Probability of driver receiving a serious head, chest, or abdominal injury by delta v 
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Table 7. Sources of serious head injuries to drivers as indicatd by NASS and NCSS 

NASS NCSS 
All Excluding Four All Excluding Four 

Unknown Sources Unknown Sources 
(1) (2) (3) (1) (2) (3) 

Windshield 19% 26% 46% 25% 28% 40% 
Steering Assembly 10 14 25 24 26 38 
Header 9 12 21 10 11 15 

Instrument Panel 3 4 8 5 5 8 

Other Front 20 26 22 24 
Other ! 4 19 6 7 

Unknown 25 8 

(1) All sources as reported in the accident files 

(2) All sources excluding unknown sources 

(3) The four sources modeled in PADS 

Table 8, Sources of serious head injuries to drivers 
as indicated by PADS simulations 

considered included the head, chesL and abdominal 

areas. The comparisons are shown in Figure 22. While 

All Four Sources the probability of being severely injured in crashes with 

Windshield 18% 47% 
high delta v’s is high, the probability of getting a severe 

Steering Assembly 25 40 injury to any one specific body region is much lower, 

Header 0 13 From the figure, it is noted that for all files the probability 

Instrument Panel 0 0 of serious injury increases with increasing delta v in a 
Header/Windshield 26 similar manner; however, the probabilities predicted by 
Steering Assembly/Windshield 31 PADS are much larger than for NASS and NCSS. 

A number of analyses are being undertaken to under- 

stand the differences in probabilities between PADS, 

Table 9. Sources of serious head injuries to drivers as NASS, and NCSS. "Fable 10 presents detailed data 

indicated by PADS, NASS, and NCSS related to injury severity by delta v for the PADS and 

NASS files. The example given is for a delta v range of 26 

to 35mph. As can be seen, NASS has a much higher 

percentage of occupants receiving no injury to a particular 

PADS NASS NCSS body region. 

Windshield 47% 46% 40% These differences could be attributed to differences in 

Steering Assembly 40 25 38 the probability that a certain body region contacts a 

Header 1 3 21 1 5 specific interior component. PADS is atwo-dimensional 

Instrument Panel 0 8 8 model with the occupant seated directly in front of the 

steering assembly, and the kinematics of the occupant 

represent those expected in a 12 o’clock, head-on type 

impact. The simulations almost always produce contact 

NASS. and PADS appear fairly similar. (Differences in with the steering assembly. In the accident data bases, 

these distributions may be attributed to the planar however, conditions exist in which the occupant might 

representation used in PADS as discussed later.) not contact the steering assembly directly. These condi- 

The next series of figures presents comparisons for the tions include---- 

three files related to the probability of receiving serious ¯ Direction of force at 11 or ! o’clock 

injuries. Since PADS does not predict injuries for all ¯ Oil-center impacts 

body regions, the overall probability of receiving a ¯ Occupant protective actions 

serious ~njury to any body region could not be compared = Submarining 

between PADS and the accident files. Thus, the corn- = Out-of-position seating position 

parisons analyzed were for the probability of receiving a Thus, it was felt that a more appropriate comparison 

serious injury to specific body regions. The body regions between PADS and the accident files would be to 
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Figure 23. Probability of driver receiving a serious head° chest, or abdominal injury given a serious injury to that body 
region 
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para meter for the steering assembly, showed signifi- 

cantly lower injury measures for the high- ranked 

car. This parameter was computed from the EA 

characteristics and force levels of potential impact 

surfaces. 

~ ,~. 2. PADS simulations with variations of other steering 

assembly properties Iwheel column weight, column 

angle, column friction and damping, and hub reces- 

sionl produced the lowest injury measures for a 

column angle of 0° and a 4in hub recession. 

,%~,,,,,, 3. Based on results of previous simulations and other 

~ ~ ~ factors, a best set of steering assembly and knee 
~ ~ restraint properties was developed. Simulations of a 

baseline vehicle and the same vehicle with these 
Figure 24. Probability of driver receiving a serious improvements resulted in dramatic reductions m 

injury to the head, chest, or abdomen at a 
delta v of 26 to 35 mph for different crash injury measures. 

conditions Based on computer simulations using PADS. the 

countermeasure evaluation has shown that by applying 

be made by changes in structure. Furthermore. these 
certain exterior structural and/or compartment interior 

potential structural changes arc identified by vehicle 
improvements, injury measures can be reduced signifi- 

properties in the fleet, 
cantly. The next phase of this project is to apply these 

countermeasures to the entire 27-vehicle fleet to estimate 

fleetwide injury reductions. 
Accident and Simulated Data for the 27 Vehicles 
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Comparative Evaluation of the MVMA2D and the MADYMO2D Occupant 

Simulation Models With MADYMO-Test Comparisons 

Priya Prasad the foot or a multi segment neck as in the Hybrid III 

dummy). Also, the MVMA2D model cannot be simplified Ford Motor Company 
to have less than nine rigid bodies. 

In the MADYM0 model, the occupant can be described 

by one to any number of rigid bodies depending on the 

capacity of the computer, as long as the tree structure is 

This paper compares and contrasts the modeling maintained, i.e., no closed loops are allowed (Figure t). 

featurespresentintheMVMA2DandtheMADYM02D Furthermore, in the MADYM0 model, several tree 

occupant simulation models. Simulations of a series of structures interacting with one another can be simulated. 

sled tests with a Hybrid II test dummy restrained with a 

3-point belt system have been conducted using the ’ ’""" 

MADYM02D model. The simulation results agree with CHAINED STRUCTURES 
the test results. 

Introduction 

Several mathematical models have been developed to 

simulate both vehicle occupants in crashes and pedestrian 
"Man" impacts. Over the years, the M V MA2D occupant simula’ 

tion model(1) has been used extensively in the automobile 

industry for two-dimensional simulation of occupants or 

pedestrians involved in crashes. In recent years, a new 

two-dimensional model---the MADYM02D(2)-- has been Tree structure          System with closed choin 
under development at TNO, Holland. Even in its current 

stage, it appears to be a powerful tool for simulation of Figure 1. Pictorial representation of a tree structure 
vehicle occupants or pedestrians involved in crashes, and a closed loop system 
Both these models contain some common features as well 

as some features that are unique. 

This paper compares and contrasts the two models so The importance of this feature in the MADYM0 model is 

further developments in these models may incorporate that collapsible (energy-absorbing) steering columns, 

the features missing in one but present ;in the other, children belted in child seats that in turn are belted in a 
Additionally, simulations with the MADYM0 model of a car, etc.; can be simulated by proper definition of various 

series ofsled tests have been carried out and compared to trees. It should be noted that although the MVMA2D 

test results, does have a collapsible steering column module, this 

module has not produced acceptable simulations and 

General Description and Comparison thus requires considerable debugging. 
Two features used in the MVMA2D to describe the 

occupant are not currently in the MADYM0. The 

Occupant Model M VMA2D has extensible neck and shoulders, which are 

useful features for human and cadaver simulations. 

Both models treat the vehicle occupant as being made Additionally, active muscle tensions in the neck joints 

can be simulated in the MVMA2D(3). Although the 
up of a collection of rigid bodies interacting with one 

MADYM0 manuals state that muscle tensions can be 
another through hinged joints. Basically, the occupant is 

simulated by negative damping, its use has not been 
described as an open chain or tree. In the M VMA2D, the 

demonstrated in the literature. 
occupant is described by nine rigid bodies representing 

the head, neck, upper torso (chest, thoracic spine), mid~ 

torso (abdomen and lumbar spine), lower torso (pelvis), Joint Model 
upper leg (femur), lower leg (tibia and fibula), upper arm 

(humerus), and forearm (ulna and radius). The current Both the models treat the joints between the rigid 
formulation of the M VMA2D model does not permit the bodies in similar ways. In both models, the joints can 

addition of any more rigid bodies to the occupant (e.g., develop elastic, viscous, and frictional torques. The 
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elastic torque model in the M VMA2D is shown in Figure 
UNLOADING WITH ENERGY LOSS A~ 

2. As shown in the figure, the joint torques are described {)EFORMATION FROM DEFLECTION 
by a linear and nonlinear range by means of polynomials. THE ELASTIC LIMIT-- MVMA2D MODEL 

.... Also in the nonlinear range, the joints can dissipate 

energy through hysteresis. The elastic joint torques in the Static ko(xling dmox 
MADYM0 model are described in tabular form. There- 

fore, complex shapes of joint torque versus relative 

angular deflections can be described. However, in the 
Curve 

version available from TNO, there is no mechanism to Force 

dissipate the stored elastic energy as in the MVMA2D I dc =e~stic limit 

model. A simple algorithm to dissipate the elastic energy 

has been incorporated in the model at Ford. A ’~ R-A/(A÷B) 
¯ dmax>dc 

The viscous and frictional torques in the joints are w dc dmax 
handled essentially the same in both models. Both models Deflection 
use ramps to avoid numerical instabilities in the frictional 

models. Figure 3. Description of hysteresis 

LINEAR AND NONLINEAR JOINT TORQUE- MVMA2D MODEL ellipses or hyperellipses to the vehicle interior to simulate 

curved surfaces, and to attach planes (as well as ellipses) 
spring torqueat joint? A 1                      to the occupant. In addition to the linear or nonlinear 

~# R- ~ /l R-conserved 

I (A+B)Z4B energy ratio contact forces, viscous forces also can be developed 

J ~,~"] in thejoint during contact. Hysteresis is simulated by unloading 
l-d +d ~ A[ 

. ""~ .,:" --relative angle 
stiffnesses specified in the contact model. 

~ower s~op / ~ I "+Z~_ ( ot jo nt Frictional forces can be developed in both models. The 
I .,,,~, / ~ ’~ 

-/~= : K ’natural "- upper stop friction model in the M VMA2D is more general than that 
I link angle in the MADYM0. Whereas the coefficient of friction in 

....... Linear Component the MADYM0 can be only a constant value, the coefficient 
Spring Torque = -klinear d- of friction in the M VMA2D can be varied as a function of 

K A2+K I/%31 s~gnA 
( I, nonlinear 2,nonlinear ) ’ penetration. This feature of the M VMA2D has been used 

~ Nonlinear, joint-stop component " by many modelers to simulate the ploughing effect 

between the pelvis and the seat cushion as the pelvis 

Figure 2. Joint torque description                        moves with respect to the seat cushion in a crash. 
The contact planes in the MVMA2D models can be 

moved as a function of time to simulate intrusion of 

Conrad Model 
vehicle components likely to be contacted by the occupant. 

This feature is not currently available in the version of the 

MADY M0 from TNO. However, this feature, along with 
The interaction between the occupant and the vehicle 

the ability to prescribe motion to the contact ellipses, has 
interior is detected by contact ellipses and planes. In the 

been incorporated in the model at Ford. 
MVMA2D model, the vehicle interior is described by 

planes. Ellipses are attached to the occupant to sense and 

develop contact forces. When contact between the ellipses Restraint Systems 
and planes takes place, reaction forces between the 

occupant and the vehicle are generated. These forces can 

be described by polynomials or in tabular form as a Belt Restraint 
function of the depth of penetration of the occupant 

ellipses into the planes. Hysteresis can be simulated by The MVMA2D and the MADYM0 models have 
assigning "R" and "G" factors as shown in Figure 3. advanced belt subroutines that simulate the three- 

There is no provision for rate-dependent reaction forces, dimensional aspect of commonly used 3-point belt 

such as viscous forces. Additionally, ellipse-to-ellipse restraint systems. Inertia-locking retractors can be 
contacts can also take place and reaction forces generated, simulated in both models. H owever, neither can simulate 
This is useful for simulating chin/chest, head/knee, pyrotechnic retractors, which tighten the belt during the 
thigh/chest, etc., contact forces, crash sequence. Both can allow a user to study the effects 

In the MADYM0 model, all the above features are of belt slack or pretension on occupant responses. 

present with the addition of a few other features: Perhaps Both models can simulate continuous loop belt restraint 

the most useful additional feature is the ability to attach systems. The MVMA2D belt system allows for the 
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simulation of the roof-mounted slings found in some cars 

and a bus :le strap on the lower inboard side. The 
HEAD CG.,--[ ~yo~,,__ 

MADYM urrently does not have these features. In the 

MADYMU, the inboard belt buckle is simulated, but the i /’~’~ Belt 
buckle is fixed to the vehicle. The general description of ~,s~P,-- ,, 

the belt systems and the data required for simulating the 

~[ ,/\ belt geometry are shown in Figures 4 and 5. [t should be 
~ ~o~ ~ t~* ..5Chest Attachment 

noted that in both models, the shoulder belt and lapbelt ~q !’for Shoulder Belt 

are prescribed to pass through fixed attachment pmnts ’~,~i/ 

on the chest and pelvis. In both models, the belts can be 

~ 
~.~p Attachment Points attached to other body segments, if required.II [ 

/ for LaD Belt 

’ [ ’ of Neck Steering Wheel ~ \ 

Shoulder ~ I \ 
I I 

nDoara Apchor Ou~DOOrO Anchor 

:I Figure 5. Initial geometry for a 5-segment belt simula- 
....--- Belt tion--front view 

H- Po~n~ Knee 
being developed at TNO. Holland. This model incorpor- 

ates the features of DRACRIS)--an airbag column 

model. 

/ 
/                                MADYMO Simulations 

"\ inboord and Outboard Anchors                           Various studies utilizing the MADYM02D model have 

been reported in the literature{6,7,8). However. none has 

Figure 4. Initial geometry for a 5-segment belt simula- addressed the use of the MADYM0 for simulating the 

tion--side view Hvbrid II (Part 572} dummy in the automotive environ- 

ment during sled or full-scale crash tests. A series of sled 

tests using the Hybrid I1 dummy and a production type 

An important feature of the belt simulation not present 3-point harness system was conducted for comparing 

in the MVMA2D is the incorporation of the film spool MADYM0 simulation results with actual tests. The goal 

effect in the MADYM0 model. This feature is useful for of these tests was to provide restrained dummy responses 

simuiating the effect of various amounts of webbing to three levels of sled accelerations in a highly controlled 

extension from the retractor under loading, laboratory environment. 

The initial velocity of the sled was nominally 56km h 

(35mph}. The sled was brought to rest with a series of 

Airbag essentially trapezoidal acceleration pulses (Figure 6). The 

sled stopping distances were 915.810. and 700mm 136. 32. 

The MVMA2D contains an airbag model originally and 27inL I’he restraint system geometry and the initial 

described by Hammond(4). The airbag model can be seated positron of the Hybrid II dummy are shown ~n 

used for the driver or the passenger, although the bag Figure 7. The lateral dimensions required for the 

cannot be mounted on a collapsiblecolumn. An advanced simulations of the belt system geometry are shown in 

airbag model is being developed for the M VMA2D. Table 1. A horizontal hard seat pan was used in the tests. 

The MADYM0 does not currently have an airbag The nominal elongation of the belt was 7.5 percent (i.e.. 

model. Under contract with Ford, a driver-side airbag 7.5 percent stretch at an applied load of t l.lkN 12.500 

that can be mounted on a collapsible steering column is lb)). 
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Table 1. Lateral belt system dimensions, tion in the model by rigid links with two joints each is a 

simplification of the system. The dummy link lengths and 

...... Lateral Separation From Dummy joint torque characteristics used in the simulations were 

.... Mid-Saggitat Plane (ram) those determined by Catspan(9). 

Retractor 399 Upper Chest Attachment 110 
D-ring 254 Lower Chest Attachment 69 Restraint System 
Inboard Anchor 229 Inboard Pelvis Attach. 140 
Outboard Anchor 305 Outboard Pelvis Attach. 170 The anchor locations for the restraint system were 

simulated exactly as in the tests. However, the inboard 

strap used in the test was not simulated since the 

MADYM0 does not have this feature. As a result, the 

,o0~m s ............... part of the shoulder belt leading from the chest to the 

~o- inboard buckle was assumed in the model to extend from 

~,’o~";,~ ......... the chest to the inboard floor-tunnel anchor point. 
~"~ ’~ ~ Similarly, the inboard portion of the lapbelt also was 

......- ~,opo,o~ assumed to extend from the pelvis to the same inboard 

anchor point. These simplifications of the belt geometry 

are not expected to have a major effect on the model 

results since the inboard strap is made of an 8in piece of 

webbing that can stretch also. 

.... ~ ~ ~ ~ ’ ’ "’~ The webbing stiffness of the shoulder portion of the 

,,~. ~, belt from the retractor to the inboard anchor location 

was assumed to be 10 percent to account for the 

Figure 6. Sled acceleration pulses deflection of the chest. The retractor outlet function 

("film spool effect") was measured in one test with a belt 

load cell and a string potentiometer. This function was 
INITIAL BELT GEOMETRY AND DUMMY POSITION assumed to be the same for all the tests and is shown in 

0 20 40 60 80 

Figure 7. Dummy and restraint system test geomet~                                  p~yout, mm 

Modeling Assumptions 

5.13. 

Dummy Fo~o.. 

To be compatible with the MVMA2D model, a nine 

rigid link representation of the dummy was used for this 

study. Thus, the feet of the dummy were not simulated. 

The inertial and joint torque characterization used for the o 

dummy were those published in the literature(9). It 

should be noted that the neck and lumbar spine of the 

dummy are actually flexible elements. Their representa- Figure 8. Belt system characteristics 
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Since there is considerable compression of the dummy Model Results and Comparison to Tests 
petvic flesh when loaded by the lapbelt, the effective 
lapbelt characteristics were determined by a static test. The results of the simulations and their comparisons 
They are shown in Figure 8. Also. the effective points of with test results are shown in Table 2 and Figures 9 
application of the belt loads were assumed to be in the through 20. It can be seen from the table that the peak 
deformed position of the pelvic flesh, head accelerations predicted by the model are within 5g’s 

New sets of belts and associated hardware I retractor of those measured in the tests. The general shapes of the 
and buckle) were used in all the tests. It is possible that the head acceleration-time histories agree well with the tests. 
webbing stiffnesses and retractor characteristics were not The H 1C’s predicted by the model deviate by a maximum 
identical in all the tests. Also. high-speed movies of the of 67 out of 595 when compared with the test results. The 
testsshoweddeformationofsomeoftheanchorhardware, horizontal movement of the head center of gravity 
However, for the model exercises, the belt system predicted by the model is within 20mm ofthose observed 
characteristics were assumed constant in all the tests and in the tests. However. the vertical movement of the head 
hardware deformation ~vas not simulated. center of gravity predicted by the model appears to be 75 

to 100mm more than those observed in the tests. Three 
Seat main factors appear to explain the differences. Some 

out-of-plane movement of the dummy was observed in 
A hard seat pan without foam was used in the tests, the tests but cannot be simulated with a two-dimensional 

Therefore, ahighstiffnessofT10N:mm(4,0001b in)was model. Chin-chest contact appears to have occurred in 
assumed for the seat material. The exact stiffness of the the tests but has not been simulated by the model due to 
seat-pelvis system is not known, lack of chin-chest stiffness data. Also. the model predicts 

RESTRAINED PART 572 DUMMY HEAD RESPONSE PART 572 DUMMY LAP AND SHOULDER BELT RESPONSE 

915mm Stooping Distance, 56km/h 915mm Stooping Distance. 56km/h 

.... mooo; 

.... mo0~ SHOULDER test 

Figure 9. Model and test comparisons--head accelera-    Figure 11. Model and test comparisons--belt loads-- 
tion--low severity pulse                                   low severity pulse 

RESTRAINED PART 572 DUMMY CHEST RESPONSE RESTRAINED PART 572 DUMMY HEAD DISPLACEMENT 

915mm Stopping Distance, 56kmih 915rnrn Stotoping Distance, 56km/h 

5OO 

Figure 10. Model and test comparisons--chest accel- Figure 12. Model and test comparisons--head 
eration--low severity pulse displacement--low severity pulse 
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RESTRAINED PART 572 DUMMY HEAD RESPONSE RESTRAINED PART 572 DUMMY HEAD DISPLACEMENT 

810mm Stopping Distance. 56km/h 
81Dram StoDping Distance. 5(~km/h 

so                                                                          5OO~ 

.... mode~                          Model HI(; 354 .... mode[ 

.... ;o 2o J° ,;o ,Io ,: 

Figure 13. Modal and test comparisons--head acceler-    Figure 16. Model and test comparisons--head dis- 
ation--medium severity pulse                           placement--medium severity pulse 

RESTRAINED PART 572 DUMMY CHEST RESPONSE RESTRAINED PART 572 DUMMY HEAD RESPONSE 

810rnm Stopping Distance. 56km/h 700mm Stopping Distance, 56km/h 

5o 

.... model                         Mode~ HIC 528 

~o ~o o’o o’o ,’~o ’ ,2o ,’~o 

Figure 14. Model and test comparisons--chest acceler-     Figure 17. Model and test comparisons--head acceler- 
ation-medium severity pulse                           ation--high severity pulse 

PART 572 DUMMY LAP AND SHOULDER BELT RESPONSE                        RESTRAINED PART 572 DUMMY CHEST RESPONSE 

810mm Stopping Distance, 56km/h                                           700ram Stopp~ng 
Distance. 56kmlh 

Figure 15, Model and test comparisons--belt loads-     Figure 18. Model and test comparisons--chest acceler- 
-medium severity pulse                                 ation--high severity pulse 
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PART 572 DUMMY LAP AND SHOULDER BELT RESPONSE approximately 20° greater rearward pelvic rotations than 

700mm Stopping Distance, 56km/h observed in the tests. 

The chest accelerations predicted by the model are 

,o ......... within 0.62g’s in two tests and within 3.3g’s in one test 
..............//.._~..\. ..... (810mm stopping distance). A calibration error might be 

~2~, ~ .... 
, 

/ --~., present in the latter test since the peak test acceleration is 

lg less than that observed in the 915mm stopping 

distance test, a less severe test. The shapes of the chest 

~, ~T ’° acceleration-time histories predicted by the model agree 

~o,~. well with the test results. 

~" As shown in Table 2 and in Figures 11, 15, and 19, the 

.. ~ , difference between the model-predicted and the test 
o ~o ,o 3o ~o ,oo ,~o ,,o ,oo shoulder belt loads increases as the sled stopping distance 

,,~E.m. 
decreases. It is felt that the differences are due to 

deformation in the belt attachment hardware in the tests, 
Figure 19, Model and test comparisons--belt loads-- 

which deformation is not simulated in the model. high severity pulse 
The lapbelt loads predicted by the model agree with the 

..... test results. The maximum variation from the test results 
RESTRAINED PART 572 DUMMY HEAD DISPLACEMENT 

is from only -180N to +785N (-40 to +176 lb) out of peak 
700mm Stopping Distance, 56 km/h 

belt loads in the 6 to 8kN (1,350 to 1,800 lb) range. 
~oo- Based on the above model and test result comparisons, 

*__,o,, ~’--~°~ it is felt that for the belt system geometry and the range of 
a~ /6/-,~"-.,         , stopping distances tested, the model results agree with the 

~°°° ~ .... - , test results. 

;" / ........ Discussion and Recommendations 

The current series of simulations with the MADYM02D 
o 

model have shown that the model can be used for 

simulating dummy responses in frontal sled tests. Further 

modeling exercises and tests are required to determine 
Figure 20. Model and test comparisons--head dis- 

the reasons for greater predicted head excursions in the placement--high severity pulse 
vertical direction and pelvic rotations when compared 

Table 2. Test and model dummy data 

915mmStopping Distance 810mm Stopping Distance 700mm Stopping Distance 
Test        Model        Test        Model        Test        Model 

Peak Head Accei- 37.5 37.5 43.1 44. 54.9 50.0 
eration, G’s 

Peak Chest Accel~ 37.7 37.75 36.7 40. 45.62 44.0 
eration, G’s 

Peak Shoutder Belt 6.4 6.6 7.3 8.0 8.00 9,30 
Load, kN 

Peak Lap Belt 4.2 5.0 5~3 5.5 7.1 6.9 
Load, kN 

Head C~G. Movement, mm 

Horizonal 387 409 409 412 445 442 
Vertical 114 193 158 250 208 310 

HIC 275 218 370 354 595 528 
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with test data. It is the ex perience of the author that both preparation of the manuscript. Speciat thanks are due to 

of the above dummv movements are very sensitive to the M r. Max Koga for his dedicated care in insuring that the 

belt attachment points on the dummy. These attachment sled tests were conducted in a highly controlled manner. 

points are functions of the anchor locations. It should 

also be noted that the belt attachment points on the 

dummy are fixed in the simulations but can move in 

actual tests. Hence, a series of tests with a number of References 
different anchor locations and their mathematical 

simulations is suggested for future studies. 
Enough subtle differences between MADYM02D and 1. Robbins. D.H.. B.M. Bowman. and R.O. Bennet. 

the MVMA2D models exist that. at the time of writing, "The MVMA two-dimensional crash victim simula- 

identical data sets for comparing the responses of the two tion," Proceedings 18th Stapp Car Crash Conference, 

models could not be prepared. Preliminary efforts indicate SAE Paper 741195. Warrendale. Pennsylvania, 

that the two models can yield comparable, but not December 1974. 

identical, results. The differences between the two model 2. Wismans. J.. J. Maltha. J.J. van Wijk, and E.G. 

results are due mainly to the differences in the restraint Janssen. "MADYM0 A crash victim simulation 

system models listed below: computer program for biomechanical research and 

1. No retractor outlet function ("film spool effect") optimization of designs for impact injury prevention." 

is possible in the MVMA2D model. AGARD-meeting, Koln. Germany, April 1982. 

2. No inboard strap simulation is possible in the 3. Schneider, L.W.. and B.M. Bowman."Prediction of 

MADYM0. head-neck dynamic response of selected military 

3. The MVMA2D treats the shoulder harness as subjects to -GX acceleration." Aviation Space and 

one belt extending from the D-ring to the Environmental Medicine, Vol. 49. No. 1. January 

inboard buckle. The MADYM0 treats the 1978. 

shoulder harness as being made up of two 4. Hammond. R.A.,"Digitalsimulationofaninflatable 

belts one between the D-ring and the upper safety restraint." SAE Paper 710019. Automotive 

chest attachment point and the other between Engineering Congress. Detroit. Michigan, January 

the lower chest attachment point and the inboard 197 l. 

buckle. 5. Fitzpatrick. M.. "DRACR computer program." 

4. The inboard buckle can move in the MVMA2D Contract No. DTN22-80-C-07120. U.S. Department 

but is fixed in the MADYM0. of Transportation. National Highway Traffic Safety 

5. The unloading function of the belt is described Administration. Washington. D.C.. 198l. 

by "R" and "G" ratios in the M V MA2D. but it is 6. Wismans. J.. and L.J.J. Wittebrood. "The MADYM0 

described by tabular functions in the M ADY M0. crash victim package and its application in analyzing 

thoraxes of side impact dummies." Seminar on the 

Biomechanics of Impacts in Road Accidents. 
Summary and Conclusion Commission of the European Communities. Brussels. 

March 21-23. 1983, 
The MVMA2D and the MADYM02D occupant 7. Van Wijk, J.. J. Wismans. J. Maltha. and L. 

simulation models have been compared to each other so Wittebrood. "MADYM0 pedestrian simulations." 
that further developments in these models may incor- SAE Paper 830060. Pedestrian Impact Injury and 
porate the features missing in one but present in the Assessment, p. 121. SAE. Warrendale. Pennsylvania. 
other. A series of sled tests with the Hybrid II dummy and 1983. 
3-point belt restraint systems was simulated using the 

Stalnaker. R.L..andJ. Maltha."MADYM0usedl~r 
MADYM02D model. The results of the simulations 

computer aided design of a dynamic acting child 
agree with the test results, 

restraint seat." Proceedings Fifth I RCOBI Conference 

on the Biomechanics of Impacts. Birmingham. 
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The Safe Transportation of Wheelchair Occupants in the United Kingdom 

SoP.F. Petty 660mm and a maximum overall length of 1,065mm. 

Transport and Road Research Laboratory Current anthropometric data are used. The space occupied 
by any wheelchair in its travelling position is defined as 
700mm wide and 1,200mm long. This allows any wheel- 

Abstract chair in a row to enter or leave without disturbing the 
others. In special cases, these dimensions have been 

In 1981, "The Year of Disabled People;" the Depart- changed. Under contract to the Transport and Road 

ment of Transport issued a Code of Practice and Special Research Laboratory (TRRL), Middlesex Polytechnic 

Provisions for the Carriage of Passengers in Wheelchairs evaluated the dimensions using as subjects the wheelchair 

on Public Service Vehicles. The safety aspects of the code occupants who were visiting TRRL for an exhibition of 

are considered in this paper. Research has shown that the Mobility Aids for the Disabled. The two main conclusions 

travelling space required for each wheelchair is 700mm were: "Reducing the length to 1,150mm and 1,100mm did 

wide and 1,200mm tong. not reduce the time to enter but the wheelchair hit those 

Accident data have shown that the priority requirements in front and behind and this was not satisfactory"; "Also 

for a wheelchair restraint are to hold the chair and some certain types of wheelchair restraint were difficult 

occupant in place during normal driving and in 10g to fit within the 1,200mm space and any reduction would 

frontal impacts for full-sized public service coaches. The only increase that difficulty". 

details are given of five different restraint designs and of 
the results from static and dynamic testing. The removal Accident Data 
o~" one restraint design from the market as a result of 
testing to the Code of Practice highlights the need for a The data related to Public Service Vehicle (PSV) 
formal standard, passengers, excluding those injured while they were 

boarding or alighting, were obtained from the police 

Introduction STATS 19 form. This form gives nationwide coverage 
but cannot identify if the injured person was disabled. It 

Year 198I, "The Year of Disabled People," gave an relates the number of injured to the location of the first 

increased incentive to both the transport industries and point of vehicle impact and is a guide to the main 

the organisations helping the handicapped to make direction of deceleration. The breakdown for the year 

transport more accessible to the wheelchair-bound 1981 is typical and is given in Table 1, which highlights 

disabled. British Rail has completed a study of restraint the two most important types of accident that should be 

designs and is evaluating specific restraints for general covered by a code of practice. 

use in trains. The Department of Transport proposed, 
and then contributed toward, the development of a new Table 1. Injuries in 1 98~ to PSV passentjers 

design of taxi, which it is evaluating. The number of 
Community Transport Operators and Local Authorities First point of Severity of injury 
carrying wheelchairs in minibuses (9 to 16 seats) is impact on vehicle Fatal Serious Total 

increasing to form a nationwide network. Approximately 
Front 0 171 171 

3,800 minibuses regularly carry passengers in wheel- Back 1 6 7 
chairs(I), Certain bus and coach operators have intro- Offside 0 ~ 6 16 
duced modified vehicles into their fleets. The Department Nearside 2 7 9 
o~ Fransport has issued a Code of Practice and Special Rollover 2 60 62 

Provisions for the Carriage of Passengers in Wheelchairs MPD* 2 82 84 
No impact               3    186    189 

o~ Public Service ’~ ehicles(2) as an initial guide on access 
and safety, It is the safety aspects of that code that are Total 10 528 538 
cop.sidereal in this paper, 

" The Metropolitan Police Department data cannot be coded for direction of 
impact. 

Access 
The first is an injury happening when no vehicle impact 

The dimensions for the entrance/exit, gangways, and takes place, but emergency braking or sudden manoeuvre~ 
designated positions for wheelchair accommodation are to avoid an accident cause passengers to be thrown 
based on the British Standard BS 5568:1978 for folding against an unpadded part of the bus structure. Unre- 
wheelchairs with principal dimensions of overall width strained wheelchairs would be free to roll and represent a 
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danger not only to their occupants but also to other users Using a rigid trolley is useful for repeatability and is a 
of the PS V. The second is the direct frontal impact. The low-cost test, but it can only test separately the wheelchair 
restraint should be adequate in the frontal mode but still and occupant lapbelts. The trolley cannot be used to test 
function at lower levels in side and rear loading. The combined restraints because it cannot measure the 
restraint should also be designed so that the chair cannot changing load due to movement of the occupant in 

rotate about an axle or revolve, relation to his seat. At present, such restraints are tested 
dynamically by the Department of Transport using a 
50th percentile dummy in a standard Department of 

Restraint Systems and Tests Health and Social Security (DHSS) type 8L wheelchair. 
Static testing with a dummy restrained in a wheelchair 

For a restraint system to be successful, it must not only produces unrealistic modes of chair failure. Reinforcing 
be able to withstand the impact forces but also be easy to the chair still does not overcome the problems. Further 
use. As such it should-- development of a static test is being examined. 

,~ Hold the wheelchair and occupant in place Fourtypesofrestrainthavebeentestedstaticallyusing 
! 

during normal driving the trolley. They are-- 

¯ Be simple to fit by untrained helpers who may ¯ A webbing belt system adapted from a cargo 

not themselves be physically strong restraint design, strapping the wheelchair frame 

¯ Be adaptable for use on different designs of tosteelrailsboltedontothefloorandiorwallsof 

wheelchair the PSV. This is shown schematically in use on a 

¯ Be comfortable to use and wear wheelchair in Figure 1. The webbing is looped 

¯ Be so designed that it cannot be incorrectly round the lower bar of this chair, clamped onto 
assembled the rail, and then pulled tight. 

¯ Be capable of being released quickly in abnorma! 
conditions in a crashed vehicle 

Restraint systems can be subdivided into three groups: 

Wheelchair restraints that are attached to the 
vehicle structure and hold only the wheelchair 
against forward, rearward, and sideway move- 
ments. 

¯ Passenger restraints that are independent of the 
wheelchair and must withstand deceleration 
forces in a forward direction relative to the 
vehicle. 

~Vobb~ng ~n~ ,~ c~, 

¯ Combined restraints that share some components 
for both wheelchair and passenger restraint. 

Figure 1. Type A restraint 

This will result in increased loads through the 
wheelchair restraint. * A system using a clamp on one side of the 

wheelchair and a separate webbing belt on the 
The Code of Practice that has been issued uses a rigid other side, anchored to the opposite corner of 

trolley to statically test the restraint anchorage strengths, the wheelchair frame and mounted in the floor in 
The mass of the wheelchair is taken to be that of an an extruded aluminum alloy rail. This is shown 
electric chair weighing 90kg and the mass of the occupant schematically in Figure 2. 
as a slightly overweight adult also at 90kg. Previous work 
on coach seat safety(3) has shown that a deceleration of 
10g from a speed of 30km/h using a 50th percentile 
dummy was required to reproduce the seat failures found 
in real impacts. Thus, the 10g deceleration level has been 
used acting through the centres of gravity of the two 
masses to give the test loading on the restraint in frontal 
impacts. For side and rear impacts, the level has been 
halved. Allowance has been made for the use of rearward 
facing wheelchairs held firmly against a bulkhead. 
Sideway-facing chairs are not recommended as the arm 
of the chair and any occupant webbing restraint will react � 
on the soft tissues of the human body rather than on its 
skeleton. Figure 2. Type B restraint 
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¯ A system using a vertical clamp on each side of by webbing or by clamps This is shown schematically in 
the wheelchair frame. The clamps could be Eigure 4 with a belt system similar to those used in the 

attached to the floor either in their own special dynamic tests. 

sockets, in the rails used for type A or B The dynamic tests highlighted certain important 
restraints, or in a modified aircraft seat rail aspects: 
extrusion. This is shown in Figure 3 using the 1, Usingalapbeltallowstheuppertorsotojacknife 
special fixings and with one of the belt systems forward with the potential danger of the occupant 

used in the dynamic tests, hitting his head on the seat in front. The total 
forward movement allowed must relate to the 
1,200ram seat spacing given in the Code of 

~ 
Practice. 

2. When the upper torso is restrained by floor- 

mounted belts, care must be taken to insure that 
the lumbar spine ~s not damaged under com- 

pression loading. 

~ 3. Loads transmitted through the wheelchair can 

~’~>l,~-~. 

result in its frame collapsing. This started at a 
level of about 13g. As the frame failed, the loads 

~ 
on the wheelchair restraint changed with the 

~ ~ possibility of sudden failure. Minor modifications 
c~,~o 0~ho~o0~ to the wheelchair structure can del ay the start of 

failure. 
Figure 3. Type C restraint                                     4. The floor structure must be sufficiently strong 

not only to hold the restraint anchorages but 

= A system using type C restraints for the wheel- also to withstand the reaction forces through the 

chair but an independently designed lapbelt and wheelchair wheels. 

anchorage. 5. During an ~mpact. the vehicle structure will 

As a result of the tests used to evaluate the new code, the distort. The design of the anchorages must g~ve a 

type B restraint has been ~ ithdrawn from sale as it failed positive fixingand should not rely on the"peg in 

prematurely, and the other designs have been modified to a hole" concept. 

improve their performance. 6. There is a need for continued quality control. In 

The two designs of restraint were tested dynamically, one test, a buckle made by a well-known car 

The type C restraint used thevarious anchorage rails with seatbelt manufacturer had been incorrectly 

a lapbelt only and with a full harness. To prevent lumbar modified by a third firm before it was presented 

compression fractures, an adaptor was clipped onto the for testing by a restraint manufacturer. It failed 

\~ heelchair handles. This adaptor can also be used to hold catastrophically. 

a headrest. A type E is a system using an adjustable A 
frame (Figure 4) that can be placed at the back of the 
wheelchair in sockets in the floor and roof of the vehicle. Future Progress 
The wheelchair can then be held onto the A frame either 

It is recognised that the present Code of Practice 
requires updating and rewording to remove ambiguities. 
Also a static test method for combined restraints would 
be very convenient. The test levels using the 10g 
deceleration and the heavy electric wheelchair and the 

overweight occupant may be thought to be high for use 
on full-sized coaches but will not be so when applied to 
lighter vehicles with higher decelerations. 

~ The continuing demand on manufacturers to make 
~0~ ~ their restraints more user-friendlv is resulting in a steady 

improvement in design One design being developed for 
rapid wheelchair loading has a headrest and occupant 
restraint prefitted to the wheelchair. The whole assembly 
can be easily clipped to an arm mounted on the wall of the 
vehicle. In cold weather, this is particularly useful if a 

Figure 4, Type E restraint number of wheelchairs have to be loaded at one time. 
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In the longer term. the British Standards Institution ~s Research Laboratory, Crowthorne. Berkshire. United 

working with the Department of Transport. manufac- Kingdom. 1985. 

turers, vehicle operators, and their passengers to make 2. Department of Transport. Code o) Practice and 
use of the ex perience gained from the Code of Practice to Special Pro visionsjbr the Carriage of Passengers in 

produce a formal wheelchair standard. Wheelchairs on Public Service Vehicles. Publication 

VSE 518. Department of Transport. Vehicle Stand- 

ards and Engineering Division. 2 Marsham Street. Acknowledgments                          SWl. May 1982. 

3. Petty, S.P.F.. "Protection for public serwce vehicle 
The work described in this paper forms part of the 

programme of the Transport and Road Research 
occupants in frontal impacts," paper presented at the 

Conference on The Design Construction and Opera- 
Laboratory. and the paper is published by permission of 

tion of Public Service Vehicles. The Cranfield Institute 
the Director. 

of Technology, Bedford. July 1977. I Mech E 

Conference Publications 1977-61SBNO 85298 373 5 
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Abstract campaigns against drunken drivers and seatbelt use 

programs, were initiated and pursued wgorously, rhe 
This paper addresses the risks of occupant casualties in questions we are addressing in this paper are whether or 

highway accidents. Such risks are determined from U.S. not and how all these changes affect occupant casualty 
accident experience in the past l0 years. Risks are 

risks, as determined from the accident experience of 
analyzed as a function of vehicle type, car market class, motor vehicles on U.S. roads in the past 10 years. 
make. nameplate, and model year for crashes of various 

We treat occu pant casualty risks as dependent variables 
impact types and various severities Both absolute risks. 

where the independent variables are: calendar years. 
per unit exposure, and relative risks are addressed. The 

vehicle impact types, and severities: motor vehicle 
influence of many exposure variables is examined and attributes such as vehicle types, market classes, makes_ 
necessary adjustments, to a common set of exposure 

models, and model years: and occupant attributes such as 
conditions, are made. The control variables for this seating position, restraint use. and age. Exposure 
purpose are: calendar year and car age; occupant’s attributes such as time and place of travel, roadway 
seating position, restraint status, and age; time and place characteristics, etc.. are also used in a supplemental 
of travel: and various roadway characteristics. Adj usted 

fashion, especially as proxies for crash severity. A 
risks are reviewed versus major characteristics of cars as companion paper(12) addresses the risks of m otor vehicle 
implied by make. nameplate, and model year. Occupant involvement in accidents as a function of accident type 
ejections and rollovers cecexve special attention due to and severity; driver attributes, such as driver’s age, sex. 
their risk sensitivity to car class, 

and alcohol involvement: and vehicle attributes as 

mentioned above. 
Introduction 

In the past 10 years, the motor vehicle fleet in the Major Changes in the Motor Vehicle 
United States has undergone significant changes in the Fleet and Travel 
m~x of vehicle types on the road. the mix of car cla~ses. 

the design and engineering of cars. and the introduction Two car characteristics weight and wheelbase-are 

of new components and equipment. In addition, strong given special consideration because thev are frequently 
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discussed and analyzed in connection wit h casualty risks, where the subscripts are shorthand for groups of influential 

A summary of changes in these characteristics for new attributes. 
cars retailed in the United States is given in "Fable I by j designates vehicle attributes such as vehicle 

market class. The changes refer to mean values of those type (e.g., car, truck, etc.), market class, 
characteristics between model years introduced in the make, model, model year, etc. 

early 1970’s and model year 1983. k designates travel attributes such as time and 

place, roadway characteristics, etc. 

Table 1. Percent change in mean weight and i designates vehicle impact type (e.g., front, 

mean wheelbase of model year 1 983 side, etc.) and impact severity 
cars by comparison to new cars of the m designates occupant attributes such as seating 
early 1970’s position, restraint status, age, etc. 

n designates occupant casualty attributes such 
Percent Change as overall injury severity (e.g., fatal, major, 

Market Mean Mean 
minor, none) and, whenever the information 

Class Weight Wheelbase 
is available, may designate an occupant’s 

US. Subcompact q 8.0% -2.5% complete set of injuries by severity, body 

Compact -23.5 -8. ] region, etc. Also, the same subscript may be 
Intermediate -22.8 -6.8 used for certain intermediate outcomes such 
Standard -! 1.5 -4.3 as ejection instead of the final outcome, 

European Subcompact +5.9 +1.9 which is an overall injury of certain severity. 

Other +9.9 +2.2 Furthermore, consider the following additional defini- 

tions: 
Japanese Subcompact 0.0 +1.6 

Other +5.8 0.0 
Rijk -- gijki Ejk (1) 

Note in Table 1 that the domestically produced fleet Sijkm = Mijkm/ Vijk (2) 

shows substantial reductions of weight and wheelbase, all 

across the board, while this is not the case for the fleets of 
Tijkmn 

= 
Nijkmni Mijkm (3) 

European or Japanese origin. Apparently, redesign Equation (1) defines an absolute riskof accident in- 
practices and market shifts in the latter fleets, which volvement for motor vehicles. This type of risk is 
consist ofpredominantly subcompact cars; led tomodest discussed extensively in (12). The occupancy, i.e., the 
increases in weight and wheelbase, number of occupants per accident-involved vehicle, is 

As a result of these developments, subcompact cars of defined by Equation (2), according to occupant attributes 
U.S., European, orJapaneseoriginhavebecomevirtually represented by subscript m. Equation (3) defines the 
indistinguishable when viewed in terms of the major 

conditionalriskofanoccupantcasualtywithattributen, 
characteristics discussed above. Moreoveri the standard, given the occupant’s inclusion in an accident-involved 
intermediate, and compact U.S.-produced cars of model 

vehicle. 
year 1983 have essentially assumed the weight and 

An overall occupant casualty risk may be defined by 
wheelbase characteristics of the intermediate, compact, 

the product of Equations (1), (2), and (3), i.e., 
and subcompact cars of the early 1970’s, respectively. 

Because of the prominence of car weight and wheelbase Wijkmn = Rijk * Sijkm * Tijkmn (4) 
in safety reviews, we treat the changes summarized above or 
with more detail and more quantitatively in Appendix A. 

Wijkmn = Nijkmni Ejk (5) 

In the same appendix, we also address changes that took 

place in the travel of motor vehicles and in the various which is expressed in occupant casualties, with attributes 
aspects of exposure to casualty risks, implied by the subscripts, per unit travel exposure. 

Equation (3) is one of the most commonly used 

Occupant Risks and Risk Descriptors descriptors of crashworthiness, and we shall apply it 

extensively in this paper for occupant risk determinations 
Consider the definitions: with as much resolution of subscribed attributes as the 
Eik = Motor Vehicle Exposure (usually available data bases allow. We shalt also apply extensively 

travel) Equation (5) in determinations of overall occupant risk. 
Viik = Accident-involved Vehicles As is evident in Equation (4), the overall occupant risk 
Mijkm = Occupants in Accident-involved reflects in a composite fashion both the occupant casualty 

Vehicles risk, given an accident-involved vehicle, and the accident 
Nijkmn = Occupant Casualties involvement risk of the vehicle. 
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Occupant Fatality Risksby Vehicle Type Table 2. Fatality risk per 1,0@0 vehicle occupants 
involved in police-reported accidents as a 
function of vehicle type 

We address first the conditional risks of occupant 

.......... fatality, i.e., the risks determined with the help of Percent of Risk Per 
Equation (3). Vehicle Type Occupants* Thousand in Flow 

A motor vehicle occupant’s risk of fatality stood at 

about 2.41 _+ .07 per 1,000 occupants involved in all Cars 78.7 +_ .08 2.01 _+ .02 

police-reported accidents on U.S. highways.2 This is the Pickups 12.1 .22 2.92 .06 
Vans 3.29 .05 1.55 .03 

mean and standard error derived from six individual Straight Trucks 1.53 .19 1.37 .11 
values, each obtained from the data for each of the 6 years Combination Trucks 1.46 .10 3.73 .42 
1979 to 1984. It refers to all accident, all vehicle, and all Buses 1.53 .58 .27 .13 

occupant attributes. It varies little within the specified Motorcycles 1.42 .04 21.4 .77 

time period (see Figure 1) in spite of the significant 
Total 100. 2.41 .07 

changes in the fleet and travel patterns discussed earlier. 

In all police-reported accidents 

5.0 -I ’ ’ 

4,0 4 ~ 
risks of pickup truck and especially of combination truck 

| Other occupants are substantially higher than car occupant 
| 

risks. 
~ It may sound ludicrous that occupants of pickups and 
~ ~ All especially occupants of such heavy commercial vehicles 

~ 2.0 ! 
~ -- Car as combination trucks incur substantially higher fatality 

tr risks than car occupants, but there may be good reasons 
1.0 for it. Articulated trucks and pickups are likely to operate 

more on rural land and high-speed roadways. Conse- 

, quently, they are likely to experience higher crash 0.0 
Bb 8’1 8~2 8:3 8:4 severities than cars, vans, or straight trucks. Nevertheless, 

Calendar Year on an aggregated basis, occupants of pickups and 

combination trucks incur higher fatality risks than cars. 

Furthermore, this pattern holds for all types of impacts, 
Figure 1. Risk of occupant fatality per 1,000 occupants 

whether frontal, side, rear, or other. 
involved in police-reported accidents of cars, 
other vehicles, and all vehicles 

Car Occupant Fatality Risks 
The data for the determination of this conditional risk 

are provided by two accident files of national scope, i.e., 
Because of their overwhelming share of the vehicles in 

by FARS and NASS(I,2). Specifically, a total count of 
all police-reported accidents, cars are receiving further 

all occupant fatalities (national census) is obtained from 
attention in this paper in connection with occupant 

FARS, and this is divided by a national estimate of all 
fatality risks. According to Table 2. the fatality risk for 

motor vehicle occupants involved in all police-reported 
car occupants is 2.01 _+ .02 per 1,000 car occupants 

accidents, as recorded in NASS. This process is repeated 
involved in all police-reported accidents. This is the mean 

for each of the calendar years 1979 to 1984. 
and standard error for the 6 years t979 to 1984. The 

When resolved by vehicle type, the risk under consider- 
smallness of the error indicates relatively little variation 

ation varies within a wide range as the data in "Fable 2 
of the risk, whether random or systematic, in this period. 

show. In this table, pickups and vans are vehicles with a 
This is also shown in Figure 1. However, the subject of 

gross vehicle weight rating under 10,000 lb. Straight 
risk variation versus calendar year will receive further 

trucks are nonarticulated trucks and vans over 10,000 lb. 
attention in a later section. 

Bus and motorcycle occupant risks are at the two 
Car occupant fatality risks are influenced by crash 

extremes, lowest and highest, respectively, for obvious 

reasons. Car occupant risks are at about the middle of the 
attributes, as well as by vehicle and occupant attributes. 

Crash severity is one of the most influential variables. 
range. Occupants of vans and straight trucks show 

However, the data we are dealing with do not allow an 
substantially lower risks than car occupants, while the 

explicit and categorical description of this variable. The 

FARS data do not make any reference to crash severity, 
2The risk of fatality for all people, i,e,, motor vehicle occupants, plus pedestrians 

and bicyclists, is higher: 2.93 ~ .07. while the NASS data provide crash severity information 
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ot~ty %r a small portion of the national sample. Accord- Most of the results and trends shown in ]’able 4 are 

ingly, to c!,,aracterize crash severity, we use as a rough intuitively expected, at least qualitatively. Fatality risks 

proxy the fine and location of the crash. It is well known associated with side impacts or with rollover-type impacts 

that rural crashes are more severe than urban crashes and (predominant component of "other") are substantially 

~ight crashes are more severe than daylight crashes, higher than the risk in frontal impacts, as shown in the 

Rural night crashes are the most severe, while urban last row of the table. The risk for rear impacts is much 

da\time crashes are the least severe, lower. This pattern holds for all car occupants regardless 

[~nder these qualifications, we have resolved the of seating position and restraint status, without significant 

o~erall fatality risk for car occupants as shown in Table 3. exceptions. 

~n addition, we have resolved the occupant’s seating The overall fatality risk for the right-front passenger. 

position into that of the driver, right-front passenger, and i.e., the passenger averaged over all restraint conditions 

~I1 other (primarily rear-seat) passengers. The risk values and types of impact, is no different than that of the driver 

shown in this table are mean and standard errors over the under the same aggregauon conditions and within the 

ear!y ~980"s. IX’or each calendar year, Equation (3) has reported error bounds This is also what we concluded 

becr~ applied with numerator data provided by EARS from Table 3. However. Table 4 shows several cases 

aad denominator data provided by NASS. where the two risks might not be equal. For example, the 

Table 3. Car occupant fatality risk per 1,000 involved in police-reported accidents 
resolved by accident attributes and occupant’s seating position 

Accident Car Occupant’s Seating Position 

Attributes Driver Front Passenger Other All 

Urban 
Day .57 +_ .03 .68 ± .05 ,43 -c_ .03 .56 -~ .03 
Night 1.89    .08 1,82    .14 1.42    .17 1.81 .10 

All 1.00 .03 1,10 .07 .78 .06 .99 .04 

Rural 
Day 5.33 ± .40 5.00 ± .36 3.34 -- .54 4.92 -- .33 
Night 9.82 .43 7,85 .87 5.22 .61 8.48 .56 
All 7.13 .18 6.!6 .50 4.05 .38 6.37 .18 

All 
Day 1.32 + .04 1.57 ± .06 1.08 -~ .08 1.35 ~- ,05 
Night 3.59 .14 3.26 .26 2.48 .23 3.33 .18 

All 2.10 .04 2.20 .08 1.59 .06 2.01 .02 

Ihe results in Table 3 show that car drivers run right-front passenger appears to incur higher risks in side 
cssentiMly the same risks as front passengers all across impacts, whether restrained or not. Also. restrained front 
tt~e spectrum of crash severities, or more precisely of passengers appear to incur higher risks than restrained 
exposure severities. This is so for all practical purposes if drivers. However. these differences are not large enough 
the shoxvn error bounds are taken into account. Occupants in view of the reported errors. Furthermore. their signifi- 
in other seating positions, primarily rear-seat occupants, cance and a discussion of their possible origin requires 
incur fatality risks that are substantially Lower: about 30 further control and study beyond the scope of this paper. 
percent lo~er in urban crashes and about 60 percent As noted, the most striking feature of Table 4 is the 
lo,aer in the more severe rural crashes, much lower risk shown for restrained car occupants in 

Risks for any one or all seating positions are very comparison to unrestrained occupants, for any seating 
sensitive to exposure severity, i.e., to the shown accident position and any type of impact. This trend is not only 
attributes. This sensitivity is consistent across the board consistent all across rows and columns of the table but 
and sho~s differences by factors 10 to 20 between the also implies generous values of restrmnt effectiveness. 
least severe crashes, i.e., urban daylight crashes, and the The great majorxty of the restraints under consideration 
most severe, i,e., rural night crashes. Next to impact here are manual seatbelts. Their effectiveness in casualty 
severity, we address the type of impact, i.e., frontal, side, prevention is defined as the relative risk reduction, i.e.. 
rear. or other, as an influencing factor. This is done in (unrestrained-restrainedl unrestrained. According to this 
Table 4, In addition, we resolve two of the most definition, the effectiveness values implied by the data of 
important occupant attributes: seating position and Table 4 range from about 50 percent to over 80 percent. 
restraint status. The entire table refers to car occupants, However. a word of caution ~s appropriate. It has been 
and the results have been obtained by the same procedure recognized in the safety literature113) that restrained car 
used in Table 3. occupants traveling on U.S roads are also occupants 

494 



Section 4. Technical Sessions 

Table 4. Car occupant fatality risk per 1,000 involved in police-reported accidents resolved by type of impact, 
occupant’s seating position, and restraint status 

Car Occupant’s 
Seating Position Car’s Type of Imp)act 

and Restraint Frontal Side Rear Other All 

Driver 
Unrestrained 2.48 m .06 3.08 + .10 .55 ± .03 3.36 ~- .25 2.54 T .06 
Restrained .61 .03 .83 .08 .16 .03 .50 .07 .42 .01 
All 2.24 .07 2.77 .07 .51    .05 2,96 .18 2,10 .04 

Right Front Passenger 

Unrestrained 2.05 :~ .07 3.39 m .07 .54 -~ .05 2.85 _ .16 2.35 -c_ .06 
Restrained 94 .02 1.37 .19 .19 .03 1.03 .21 .63 ,08 
All 1.95 .08 3.11    ,05 .51    .06 2.65 .16 2.20 .08 

All 
Unrestrained 2.24 -r .04 3,13 ~- ,09 .58 :~ .03 3.14 _ .16 2.39 ~ .03 
Restrained 64 .03 .92 .07 .20 .04 .60 .12 ,45 .02 
All 2.05 .06 2.83 ,07 .54 .05 2.81 .14 2.01    02 

experiencing lower crash severities than unrestrained older occupants experience, in general, lower crash 

occupants. Thus. although the risk differentials shown in severities, the risk differentials under identical crash 

Table 4 between restrained and unrestrained occupants severities may be larger than those shown in Table 5 

may be quite factual, part of these differentials may be 

due to lower crash severities, which would lower the risks 

of occupants even in the absence of the restraint. The Restraint Use Rates 
issue under consideration would be clarified if the data of 

Table 4 could be controlled and adjusted for crash This is one of the most timely subjects to address in a 

severer. However. although such control is possible and review of crash protection in the early 1980’s because of 

has been used in NASS data on several occasions, it is the the initiation and vigorous pursuit of seatbelt use programs 

lack of crash severity information in EARS that prevents in the United States during this period. The NASS and 

the adjustment of the results in Table 4. FARS raw data used for the risk determinations reported 

A person’s age has been recognized as an attribute that so far can a!so be used for straightforward determinations 

influences significantly the person’s risk of fatality. Table of restraint use rates for accident-involved car occupants. 

5 resolves the overall fatality risk of car occupants in two Results for the overall restraint use rates are shown m 

major age slots for each of the seating positions and Figure 2 as a function of the calendar year. The upper 

restraint conditions examined so far. Higher risks for the plot s hows the rates observed for car occu pants involved 

older occupants are evident across the board. Giventhat in all police-reported accidents, while the lower plot 

Table 5. Car occupant fatality risk per 1,000 involved in police-reported accidents resolved 
by occupant’s seating position, restraint status, and age 

Car Occupant’s Car Occupant’s Seating Position 
Restraint and Age Driver Front Passenger Other All 

Unrestrained 
Under 45 Yrs. 2.34 _ .05 2.05 ± .07 1.67 ~- .08 2.17 _~ .03 
45 Yrs. or Older 3.14 .11 4.06 ,09 3.35 .11 3,31 .09 
All 2.54 .06 2,35 .06 1.79 .08 2.39 ,03 

Restrained 
Llnder45 Yrs. .36 ~- .01 .45 -~ .06 .46 :~ ~13 .37 -~ .02 
45 Yrs. or Older .59 .05 1.39 .26 1.73 .48 .74 ,06 
All .42    .01 .63    ,08 .49    .13 .45    ~O2 

Under 45 Yrs. 1.97 m .06 1.89 m .10 1.44 ~- .04 1.89 ~- .05 
45 Yrs. or Older 2.53 .03 3.59 .09 2.95 .21 2.73 .03 
All 2.10 .04 2.20 .08 t .59 .06 2.01 ,02 
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To enhance resolution and relate the overall risk to 

30 "1 post-1980 developments, we eliminated the 1979-1980 

data and repeated our analysis for the 1981-!984 period. 
25 4 The elimination of the t979-1980 data does not reduce /         All 
20 4 Accidents much the overall sample of weighted data given that 

NASS in these years was only in partial implementation. 

~ 15 -{ 
A larger slope is obtained for this case, namely: 

E 
-.056 _+ .023, which is still marginally different than zero 

if one desires 95 percent confidence.  1o4 
® z The year-by-year fitted values of the car occupant risk 

c~ / Fatal 
5 4 Accidents (car occupant fatalities per 1,000 involved in all accidents) 

and their standard error are-- 

81 8)    8~    8~ 1981 2.14 ± .05 
1982 2.08 .03 

Calendar Year 1983 2.02 .03 
1984 1.97 .04 

Figure 2. Safety belt use by accident+involved car 
occupants versus calendar year A plot of this risk variation with the 95 percent confidence 

bounds is shown in Figure 3. 

refers to car occupants in fatal accidents. In each case, the The nominal reduction of the risk in this period is 

rate is averaged over all other attributes and shown as the about 8.5 percent, which is appreciable but also rather 

mean by the solid line, together with the 95 percent difficult to assign definitively to any single known 

confidence bounds (dashed corridors), influence, even if we disregard all questions of statistical 

The observed increase of the restraint use rate is both significance. For example, we find this risk reduction 

substantial and statistically significant. However, the entirely consistent with the rate increase of restraint use 

reader should be aware that a potential bias is inherent in shown in Figure 2 for all accidents. However, other 

these data. The determination of restraint status, for the influences, some positive and some negative, were also in 

majorit}ofcaroccupants, is made on the basis ofanswers effect from 1981 to 1984. For example, an overall 

given b5 occupants to investigating officers. Not only indicator of exposure severity (see Table A-7 in Appendix 

might there be an inherent bias in favor ofa"yes" answer, A) was declining during this period. On the other hand, 

but the bias may be increasing in recent years due to travel speeds may have been increasing according to data 

general publicity and awareness that seatbelt use may shown in Table A-6 of Appendix A. A more extensive but 

soon become mandatory. Note also the large difference equally frustrating discussion of crashworthiness and 

bet~ een the upper and lower plots in Figure 2. There are crash severity variations in the early !980’s is presented in 

at least two confounding factors that may contribute to (14). 

this difference. 

One confounding effect may arise from the possibility 2.5 
that restraint users are usually safety conscious and less 

like!3 to be involved in fatal accidents and appear as 

FARS statistics. The second confounding effect is the 

result of restraint effectiveness. Due to this effectiveness, 

restrained car occupants are underrepresented in a file 

~ith a fatat accident threshold, such as the FARS file. 

Fatality Risk Variation in the Early 
1980’s 

1.5- 
In spite of much change in influencing factors during 8’1 8~ 8~ 84 

the past 5 to 10 years, the overall fatality risk of all car Calendar Year 
occupants has not changed substantially. This is sum- 

marized in Figure 1. When the data of Figure 1, 

appropriately weighted for sample size, are fitted by a Figure 3. Risk of occupant fatality per 1,000 occupants 
of all cars involved in police-reported acci- 

least square linear regression, the resulting slope is dents--least-squares pitted mean and 95th 
-.008 +_ .032 per year for cars. This is zero for all practical percentile confidence rounds versus calendar 
purposes, An identical result has been reported(14), year 
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Determination of Absolute Risks Car registrations from (4) are used to quantify the 

denominator in Equation (6) by car descriptor j (name- 

To address the influence of car attributes on car plate and model year) for each of the calendar years 
.... occupant casualty experience, we focus our analysis on included in the analysis. Although car exposure in 

the new cars that traveled on U.S. roads from 1975 to general may not be characterized accurately by car 

1984. This is also the period during which major changes registrations alone, our constraining the analysis to new 

took place in car attributes, as discussed earlier and as cars only introduces a uniformity in the travel per car and 

detailed further in Appendix A. For our analysis, we other attributes sensitive to car age. Furthermore, a set of 

define new cars as those with an age (i.e., with a calendar adjustments is made to the risks (determined for each 

........... year/model year difference) not exceeding 3 years. This is model/calendar year) to bring them all under a common 

a compromise between retaining as much uniformity as reference exposure. 

possible in travel and exposure attributes while dealing The selected reference exposure is that experienced by 

with sufficiently large samples inthe accident experience. 1-year-old cars in calendar year 1980. The adjustments, 

U nder these constraints, we found it difficult to make detailed in the first part of Appendix B, account for travel 

the conditional risk determinations, by a combined and exposure severity variations taking place in the 10 

.......... examination of EARS and NASS data, as applied so far calendar years under consideration for new cars (i.e., 1-, 

in the paper. This is so for several reasons: NASS data for 2-, and 3-year-old cars). Risk adjustment factors are 

car characterization (e.g., by make and model) are not shown in Table B-2 of Appendix B, as a function of" 

available in a form compatible with EARS data until calendar year and car age or model year. l’he most 

about 1981; NASS cell populations become rather small significant adjustment is that shown in column B of Table 

when the accident experience is subdivided by the many B-1. This covers the major decline in exposure severity 

........... combinations of car market classes, makes, nameplates, (serious accidents per 100 million miles of travel) observed 

and other specific attributes, especially when these on U.S. highways in the early 1980’s. There is litttedoubt 

subdivisions are made on new cars only. Furthermore, that meaningful comparisons of car occupant risk for 

there are good reasons to suspect that NASS, as a sample travel over the 1975 to 1983 period should incorporate an 

of the national accident experience, may be biased in adjustment forexposureseverity. Whether the adjustment 

connection with car make/model content. For example, applied here is the most appropriate is a matter that 

.... California and the West Coast in the United States are requires further consideration. 

underrepresented in NASS, while the same regions are To achieve numerator/denominator compatibility in 

overrepresented in imported makes, the application of Equation (6), we disaggregate both the 

The conclusion is we may not apply Equation (3) for occupant fatality car data (numerator) and the car 

the task under consideration here because we have no registration data (denominator)by car nameplate, model 

means of obtaining reliable values for the denominator, year, and calendar year. We found nameplate, i.e., make 

....... This is another reason for using Equation (5), which is and model, disaggregation more suitable than disag- 

appropriate for the determination of absolute risks. In gregation by weight or wheelbase. Disaggregation by 

dealing, however, with the absolute risks of car occupant weight often introduces ambiguities due to weight vari- 

casualties, i.e., risks per car registration or per mile ations on account of optional engine sizes and other 

traveled, we must keep in mind these risks reflect in a optional equipment. Furthermore, when disaggregating 

composite fashion both the risk of casualty, given an by weight, borderline cases may fall in one weight slot for 

accident-involved vehicle, and the accident involvement the numerator data but in a different weight slot for the 

risk ofthe vehicle. We shall apply Equation (5) integrated denominator data. However, the main advantages of 

over all attributes, except i and j. Thus, we write: disaggregation by nameplate are that more information 

Wij = Nij/ Ej (6) is potentially available about the car under consideration, 

where i and j represent impact type and vehicle-related even if this information is not always publicly available, 

attributes, respectively. Later we will examine the and the number of unknowns is very small. 

influence of other attributes. Risk determinations may be made at the nameplate, 

The raw data necessary for theapplicationofEquation model year, and calendar year leve! by straightforward 

(6) for car occupant fatality risks are provided by applicationsofEquation(6),withsubsequentadjustmems 

FARS(I) for the numerator and by (4) for the denom- as discussed earlier. At this level, sample sizes are 

inator. EARS contains records of about 60,000occupant generally adequate for most purposes. Given that our 

fatalities for new cars alone in the 10 years between 1975 analysis is focused on new cars, we calculate risks 

and 1984. Car impact type and car nameplate are known separately for the 1-, 2- and 3-year-old cars, alt adjusted 

for the great majority of these cases. Furthermore, their to the common reference exposure conditions, and form 

total count is generally adequate for analyses that the mean of the three. In the process, we obtain the 

demand disaggregation by several additional attributes standard error of this mean. 

of interest here. In many instances, risks for new cars, whether b3 
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nameplate or by higher levels of aggregation, are available 

for several calendar years within the 1975 to t984 span. In 1.00- Side Impacts 

such cases, we also calculate means and standard errors, - - - 

in addition to reviewing the data for systematic variation 

versus calendar year. Thus, the standard errors we report 0.75- 

are more conservative, given that thev. embrace not only 
~ purely statistical fluctuations but all other variations, ~ 

~hether random or systematic. 
~ 0.50- ""~" 

Results for levels of aggregation above nameplate are .... ;;;; ’ 
obtained as follows. The raw data, whether car occupant 

~ 
¢¢¢~ "" ....... "//’/" i Eoi:~;~ ...     ,- .... ~-%~ """ 
.... .... --- ;~;///. ’~, 

casualties or car registrations, are pooled together and .... 

the procedures described above are repeated. This leads 
0.25 ..... 

///~5~5 --- ~/’/~, ,,, ;.u?,, ..~ 
~o risk determinations for new cars aggregated by make, 

.... "" ;;;;///" "" ~II"~,;;i      ;;~ 
car body family designation, market class, origin of 

,,,, .~,//~, 
make. and the entire fleet of new cars. The market class 0.00- 

designations used are those commonly used in the 

a~tomotive trade literature. Furthermore, all traditional Figure 5. Fatality risk of new car occupants per 10,01~1 
sports car nameplates and other low-volume specialty registrations by market class--side impacts 

cars have been excluded from consideration because of 

possibly singular characteristics and circumstances. 
0.20- Rear Impacts 

Absolute Risks of Fatality for New Car 
0.15-              ’co; 

Results obtained according to the procedures described o .x~, ~ ~     -,-=:/// 
above are presented and discussed here for new cars. The ’~ 0.10- 

absolute risk of fatality for new car occupants per 10,000 ~ ; 

registrations is 2.36_+ .10 when averaged over all car .-~ ’~"" 5E 
market classes and all types of car impacts that occurred ~: ;’;’;" 

O.05- 
in t he period 1975 to 1983, First we shall resolve this risk ... 
by car impact type and by car market class within each 5;; 

impact type. The results of this resolution are shown in 
0.00 

Figures 4 to 8. Each figure refers to a type of impact: 

frontal, side, rear, other, and all types. Within each 

figure, the risk is resolved by market class of new cars. Figure 6. Fatality risk of new car occupants per 10,000 
registrations by market class--rear impacts 

2.5- Frontal Impacts 0.5 Other Impacts 

2.0- ~ 0.44 ;co’ 

Figure 4. Fatality risk of new car occupants per 10,000 Figure 7. Fatality risk of new car occupants per 10,000 
registrations by market class--frontal im- registrations by market class--other impacts 
pacts (primarily rollover) 
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shown in Figures 4 to 8 may be established well beyond 
4 All Impacts the statistical or other fluctuations that may be contained 

in the results. ]~his is evident in the data shown in Table 6. 
which displays the risk values appearing tn these figures 
together with their standard errors. 

c~ ,,~ _,> c~ The data included in the overviews of Figures 4 to 8 

~ ~m,ym;,-,~ and in Table 6 represent the national census of car 
~ - 7_, ~/~ ; ~ c~ ,=, occupant fatalit y experience of over 250 million new-car 

"-c~’5//~ 15~. ..... ,,-, years. This total is subdivided into the market classes 

.... .c~ c~ : 5<’~; as gable 6 for reference convience. "Fable " also presents 
.... 5555 "~’.’~ information about the major characteristics weight and 
~AA ..... 

~ 
;;;;’~" "" wheelbase of new cars in each of the market classes ., ...... ,//.~/// .... ,’~,; ;~, 

.... ~~Y// under consideration. Keep in mind these are weighted 
0        ,h2)’,,’//J           "//1"//"///"             means over the 1975 to 1983 period. 

In addition to the sensitivity of fatality risks to car 
market class, there is a strong sensitivity to nameplates 

Figure 8. Fatality risk of new car occupants per 10,000 
within each market class. This is especially true for the registrations by market class--all impacts 
market classes of smaller new cars. Relevant results are 
given in Table 8. which displays fatality risks of new car 

The last bar ~n each figure refers to all market classes occupants in the first column. These risks are in terms of 
together, occupant fatalities per 10.000 new car registrations. The 

Keeping in mind the differences in the scales of these second column tabulates occupant fatalities per occupant 

illustrations, we see that when all market classes are involved in the car. This descriptor is. ~n general, most 
averaged Ilast bar), the principal contributions to the appropriate for evaluating crashworthiness, basedonthe 

overall ris k are made by frontal and side impacts. S mailer data of any file. except that a distorted scale is introduced 
contributions are made by other impacts and rear when the descriptor is applied to the data of a file that 
impacts Note that in other impacts, the principal corn- records only fatal accidents, such as FARS. 

ponent is rollover. The distortion comes as a result of the requirement that 
Each figure displays the sensitivity of the risk com- at least one fatality must occur ~n a crash before the data 

ponents mentioned above to the car market class. A are entered into FARS. Usually this is an occupant 
general pattern is evident in all figures, namely higher fatality. An example will clarifv further the shortcoming 
risks for lighter cars and lower risks for heavier cars. This of applying the descriptor under consideration to FA R S 
is not surprising; however, superimposed on this general data. Consider the fatal accidents of single vehicles with 
pattern there are other sensitivities as is evident in Figure the driver as the only occupant. This is not a very 
6 and especially in Figure 7. Most of the risk differentials uncommon occurrence. In FARS, these vehicles appear 

Table 6. Risk of occupant fatalities per 1,000 new car registrations by market class and type of 
impact, Shown values are means and std. errors over calendar years 1975 to 1983 

New Car Type of Impact 

Market Class Frontal Side Rear Other" All 

Subcompact 

Domestic 1.68 ~- .06 .93 -c .05 .18 ~- .01 .25 r .03 3.8 ~- .09 
European 1.76 .05 .80 ,04 .1 3 .02 .32 ,03 3.05 .07 

Japanese 2.02 .09 .91 .05 .18 .02 .48 .02 3.63 .13 

Compact 

Domestic 1.28 .08 .76 .06 .08 .01 .20 .02 2.34 .15 
European .91 .08 .49 .03 .06 .01 .26 .04 1.74 .11 

Intermediate 1.14 .05 .53 .03 .06 .01 .14 .02 1.90 .08 

Standard .88 ,07 .43 .03 ,04 .01 .08 .01 1.44 .10 

Entire Fleet 1.34 .06 .69 .03 .09 .01 .22 .36 2.36 .10 

* Primarily Rollover 
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Table 7. Exposure (car-years) and major characteristics of new 
cars by market class for the combined calendar years 
1975 to 1983 

New Car Car Years Mean Weight Mean Wheelbase 

Market Class (millions) (pounds) (inches) 

Subcompact 

Domestic 28.5 2,422 96.3 

European 10.5 2.O14 94.3 

Japanese 29.9 2,193 93.9 

Compact 

Domestic 49 5 3,087 107.4 

European 5,0 2,982 104.5 

Intermediate 54.5 3,640 111.5 

Standard 50.6 4,119 118.6 

Entire Fleet* 250.5 3,208 106.9 

* Includes about 8 percent of the total not classified n the above 

categories for various reasons. 

always with a driver fatality, or else they would not be car collision either with another motor vehicle or with an 

recorded in this file. However, at the same time these object. Thev are distinguished from overturns, which 
vehicles show a value (occupant fatalities per occupant) take place in the absence of a noticeable impact before the 

equal to one, atways and regardless of anv vehicle car overturn. Summary evaluations of these risks are 

characteristic, shown in Figures 9. 10. and 11 for rollovers, ejections. 
The above discussion explains why the data in the and fires, respectively. The results are resolved by car 

second column of Table 8 show a very limited sensitivity market class and refer to new cars. Figures 9 and l 1. or 

to car nameplates. However, in spite of this shortcoming, new car occupants, Figure 10. involved in fatal accidents 
the information is still worth reviewing as it tends to in the 1975 to 1983 period, per 10.000 registrations. 
supplement our evaluation. The third column in Table 8 All three risk descriptors are sensitive to car market 
displays the values of ejected occupants, fatal or not. per class: the risks of rollover and ejections show high 
t0~000 new car registrations. As formulated, this rather sensitivity. The risk offire or explosion shows a lower but 
important descriptor is free of file-imposed biases of the still noticeable sensitivity. As expected, the pattern of 
type discussed above, ejection risk sensitivity is well correlated with the pattern 

To put into perspective the data shown in the first three of rollover sensitivity. This is especially true when. m 
columns of Table 8, dealing with car occupant outcomes, addition to the risk of rollover as a subsequent event, the 
we provide the data in the fourth column showing the risk of overturn is also considered. The data shown m 
corresponding car involvement risks. This last descriptor Table 9 are relevant. 
has been discussed and analyzed in more detail( 12k The This table summarizes the risks of overturn in column 

last three columns ofTable 8 display the exposure and the 1. the risks of postimpact rollover in column 2. and the 
ma~ior car characteristics of new cars for each entry, sum of ( 1~ plus (2) in column 3. 1-he occupant ejection 

risks are shown in column 4. while the ratio of ej ection to 

total rollover risk is shown in column 5. It is evident that. 
Rollovers, Ejections, and Fires although rollover and ejections have risks that show a 

high sensmwty to car market class, the ratio of these two 
These events are some of all possible intermediate risks is virtually invariant. The ratio under consideration 

outcomes between the crash initiation and the final here is not necessarily the number of ejectees per car 
outcomes, which are occupant casualties. They are rollover, because there are car impact types other than 
singled out here for special consideration due to the rollover that contribute to occupant ejections. However. 
traumatic experiences associated with their occurrence in not unexpectedly, the rollover mode appears to be the 

car crashes. Rollovcrsinthccontext ofthisdiscussionare principal contributor to ejections since it accounts for 
postimpact events, i.e., events taking place following a most of the ejection risk variability. 
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Table 8. Casualty risks, exposure, and major characteristics of new cars by nameplate in the 1975 to 
1983 period. (Risks are shown per 10,000 car registrations except in column 2 where they 

are given per FARS-involved occupant) 

New Car Risks Exposure Mean Mean 
Market Class Occupant Occupant Occupant Car Thousands Weight Wheelbase 

and Nameplate Fatality* Fatality** Ejection nvolvement Car-Years Lbs. Inches 

Domestic Subc 
Nameplate 1 3.70 ~ .15 .53 ~- .01 94 ~- .10 4.06 ~- .14 4,683 2,072 95.4 

2 2.88 .09 ,50 .0! .58 .08 3.42 .11 3,607 2,598 97.0 
3 2.51 .17 .45 .02 .78 .09 3.49 .20 1,594 2.782 96.0 
4 4.11 ,14 .55 .02 1.03 .16 4.40 .14 1,422 2,172 98.3 
5 3.59 .22 .48 .01 1.50 .07 4.24 .16 901 2,059 94.0 

European Subc, 
Nameplate1 2.68 ± .18 .51 m .01 .86 T .11 3.21 -- .18 3,075 1,973 94.6 

2 3 27 .12 .53 .02 1.25 .19 3.98 ,18 1,471 2,238 93.2 
3 4.28 .34 .55 .01 1.41 .12 4.67 ,30 814 1,768 90.0 
4 2.04 .22 .50 .05 1.31 .46 2.39 .26 684 1,837 94. t 
5 4.37 .32 .56 .02 1.78 ,26 4.86 .24 359 1,925 95.5 

Japanese Subc. 
Nameplate1 4.35 - .14 .51 _ .01 1.57 :~ .10 4,87 ~- .16 3,456 2,021 92.0 

2 3.62 .22 .46 ,01 1.50 .19 4.77 24 2,800 2,591 98.0 
3 3.72 .44 .50 .01 1.31 .12 4.35 .48 2,426 2,199 93.4 
4 3.92 .19 .50 ,01 1.54 .16 4.55 .17 2,281 2,239 94,3 
5 2.77 .16 .49 .03 .68 .08 3.31 19 2,009 2,152 94.3 

Domestic Compact 
Nameplate 1 4.02 ~- .24 .39 ~_ .01 1.35 m 10 5.96 ~- .26 4,058 3,451 107,6 

2 2.55 .12 .44 ,01 .54 .05 3.33 .19 3,452 2,806 106.0 
3 1.94 .25 .38 ,01 .33 .06 2.87 .31 3,022 3,396 111.8 
4 2.81 .02 .45 .01 .67 .07 3.53 .05 2,500 2,522 105,0 
5 2.46 .10 .47 .01 .50 .32 2.88 ,06 509 2,388 100,0 

European Compact 
Nameplate 1 1.33 ~- .10 .36 ~_ .02 .79 -~ .16 2.13 = .12 1,351 2,980 104.1 

2 1.45 .22 .37 ,02 .45 .10 2.50 .45 1,177 3,606 109.4 
3 1.95 .17 .42 .02 .74 .07 2.67 17 950 2,474 102.2 
4 3.08 .10 .50 .02 1.03 .10 3.93 .10 858 2,590 101.0 
5 3.18 .41 .45 .01 1.61 .14 3,88 .47 696 2,797 101.9 

nterm, and Std. 
Nameplate 1 1,92 ~_ .09 .37 = .02 41 ~- .04 3.15 T~ .06 6,925 3,441 110.1 

2 2.47 29 .34 .03 .65 .10 4.35 .29 3,021 3,999 112.9 

3 1.98 .19 .33 .02 .52 .06 3.81 21 2,006 3,990 114,8 
4 1 .70 25 .31 .01 .32 .03 3.27 51 7,478 4,224 117.7 
5 1.16 16 32 .02 ,25 .03 2.06 .25 3,646 3,852 117.3 

* Occupant fatalities n new cars per 10,000 registrations 
**Occupant fatalities in new cars per occupant involved in a fatal accident 

Risk Changes Versus Model Year Figure 12 displays the variation of the total risk of 
occupant fatality for all types of impact and for all new 

The results discussed so far. especially those shown in cars. regardless of market class. The actual data. available 
Figures 4 to 11 and Tables 6 to 9. are averaged over all by calendar year. have been treated here by a linear 
calendar years 1975 to 1983. In spite of the fact they regression that yields the fit. shown by the solid line. and 
address new cars only, they are essentially averaged over the 95 percent confidence bounds, shown by the dashed 
as many as 10 model years. Given that much change has corridor. The slope is statistically significant and equal to 
taken place in new car design during this period, the .099 ~- .019 per year. In a 10-year period, this amounts to 
question arises whether the risks under consideration are .99 ----_ . 19 occupant fatalities per 10.000 new car rcgistra- 
changing. To address this question, we examine the data tions. This is rather substantial uhen compared to the 

as a function of calendar year and thus as a function of mean of the risk for the same period: 2.36 +_ . 10 shown in 

model year for new cars. the last entry of Table 6. 
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Figure 9, Fatal involvement risk of new cars in Figure 11. Risk of fire or explosion of new cars involved 

post-impact rollover per 10,000 registrations in fatal accidents per 10,000 registrations by 

by market class market class 

Figure 10, Ejection risk of new car occupants involved Figure 12. Fatality risk of new car occupants per 10,000 

in fatal accidents per 10,000 registrations by registrations--least-squares pitted mean and 

market class 95th percentile confidence rounds versus 
calendar year 

In spite of the statistical significance of the above purpose, we repeated the procedure discussed above ~n 

estimates, the reader should keep in mind thal the risks connection with Figure 12. The results are shown ~n 

under consideration, obtained from the raw data for each "Fable 10 as estimates of the risk increase for a 10-year 

of the past 10 calendar years, have been adjusted for period. The units in this table are occupant fatalities per 

~ariations in travel and exposure severity, These adjust- 10.000 new car registrations. Only cases with statistically 

merits, discussed earlier and detailed in the first part of s~gnificant ~95 percent confidencel results are shown. All 

Appendix B, are necessary to secure comparability of other cases are either omitted or show the entry "none." 

exposure and exposure severity for new cars in the period Note that Table 10 has an entry-by-entry correspondence 

1975 to 1983, There is no certainty these adjustments are with Table 6. The latter displays means, while the former 

the most appropriate or that they are free of error, displays change within the 10-year period under consider- 

With full awareness of these uncertainties and for ation. 

information purposes only, we ha’{’e proceeded to examine The calendar year variation o f the risk by market class 

the possible origins of the estimated risk increase by ~s shown in Figure 13. which essentially resolves Figure 

impact type and market class of new cars. For this 12 by market class. It also resolves the last column of 
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Table 9. Risks of overturns and rollovers for new cars and ejections for new car occupants 

Risk Per 10,000 New Car Registrations 
New Car 1 2 3 4 5 

Market Class Car Overturns Car Rollovers Sum (1)+(2) Occ. Ejection Ratio (4)/(3) 

Subcompact 

Domestic .22 .40 .62 .88 1.42 
European .29 .40 .69 1.12 1.62 
Ja panese .46 .63 1.09 1.32 1.21 

Compact 

Domestic .16 .34 .50 .77 1.54 
European ,24 ~32 .56 .81 1.45 

Intermediate .11 .25 .36 ,51 1.42 

Standard .06 .17 .23 .30 1.30 

Entire Fleet .18 .34 ,52 .73 1.40 

Table 10. Estimates of fatality risk increase in the last 10 years for new car occupants 
involved in crashes of shown impact 

New Car Fatality Risk Increase by Type of Impact 

Market Class Frontal Side All Types 

Subcompact 

Domestic .49 ~ .15 35 _~ ,15 .79 ~ .25 
European None None None 
Japanese None None None 

Compact 

Domestic .77 ~_ .17 .58 ~- .09 1.46 T .29 
Euro pean None None None 

Intermediate .39 T .13 .22 ~- .07 57 ~ .23 

Standard .64 7 14 .35 -- ~04 1,03 ~- .14 

Entire Fleet 57 ~- .13 34 ----_ .04 .99 ~- .19 

Table 10 by calendar year. Note that the slope for the or changed very little, during this period. ]’he difference 

entire fleet of new cars. evident in Figure ! 3. is the result between all cars and ne~\ cars. let us say the older cars. is a 

of two factors: ( 1 ) a contribution from individual market substantial fraction of all cars. accounting for about two- 

class slopes, most of which are significantly different than thirds of the exposure to risk. Although we have made no 
zero. and (2) market class shifts that took place between specific determinations yet. we have good reasons to 
1975and 1983. For exam ple. the share offleet component believe that the older cars of calendar year 1983 may 

3. highest risk shown in Figure 13. increased by a factor show lower risks than the older cars of 1975. Our reason,, 

about 2.5 between 1975 and 1983. while the share of fleet are based on the fact that the latter subfleet is dominated 
component 7 I lowest risk l was reduced by over 50 percent by cars produced in the 1960’s and very early 1970’s. i.e.. 
in the same period. Such market class shifts by themselves before the manufacturers had the opportunity to fully 
account for a significant part of the overall risk increase implement an extensive set of safety ~mprovements. 
observed for newcarsin Figure 12. Occupant ejection risks for neu cars have been 

The risk increase observed in the past 10 years for new examined by the same procedure, as a function of 
cars is not necessarily inconsistent with the observation calendar year 1975 to 1983. the resulting slope is 
made earlier that the risk for all cars remained unchanged, .036 -c_ .006 per year in occupant ~jections per 10.000 ne,~ 
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Influences of Car Weight and Wheelbase 
4.0-~ 

3.5-4 
~ 3 An examination of Table 8 leads us to believe that 

market class and especially nameplate designations appear 

3.0-{ 2 to influence the risk of fatal accident involvement as 

~ 2.5 
much, if not more, than weight and wheelbase. To 

quantify these notions, we have examined the data--risk 

~ 2,0 versus car weight and/or car wheelbase--for over 500 

.~1.5 
nameplate model year combinations, each weighted with 

exposure (registered car years). We have applied log- 

~ I~0~ linear regressions and have segregated thedata by type of 

0.5-{ 
impact in addition to examining them for all accident 

~ types combined. 
0.0 , ~~ , , , ,                The results of these regressions are shown in Table 11 

75 76 77 78 79 80 81 82 83                as regression coefficients and their standard errors. The 

upper part of the table shows the coefficients of separate 

Ngure 13, Fatality risk of new car occupants per 10,000 regressions, i.e., the effect of weight with no control over 

registrations by market class--linear least- wheelbase variation and vice versa. The striking similarity 

squares fits to variation versus calendar year between the weight and wheelbase effects is no mystery, 
(plots 1, 2, and 3-domestic, European, and given these two variables arecovariant inthe fleet of cars. 
Japanese subcompact, respectively; plots 4 

Accordingly, the question arises whether one and which 
and 5--domestic and European compacts; 
plots 6 and 7--intermediate and standard one of the two effect~ is dominant. Thus the risk data 

cars) were also regressed versus weight and wheelbase concur- 

rently. 

car registrations. ]he risk increase for a 10,year period is The coefficients of these regressions are given in the 

.36 ± .06,which is also rather substantial when compared lower part of’Fable t 1. They show the effect of car weight 

to the mean risk .73 ± .03 of occupant ejections for the when the wheelbase variation is controlled and vice versa. 

same period. This increase appears to be as unevenly It is evident in these results that the car weight influence is 

distributed among car market classes as the overall not only small in general and smaller than the wheelbase 

fatality risk is (see Table 10). A similar examination of the influence but also contrary to a popular notion that risk 

risk for crash events such as fire or explosion showed no increases sharply with weight reduction. Note, in Table 

statistically significant variation in the Calendar years 11, negative coefficients indicate a risk reduction per unit 

under consideration, weight reduction. This is what is observed for the car 

Table 1 1, Occupant fatality risk variation for new cars by impact type as 
a function of car weight and wheelbase 

Percent Risk Increase 
Impact Per 500 Pounds Per 5 Inches 
Type of Car Weight Reduction of Wheelbase Reduction 

Frontal 16.6 ± 1.1 14.8 ± .9 
Side 17.4 1.1 14.9 .9 
Rear 24.6 2,0 21.8 1.7 
Other 32,3 2.1 30.1 1.6 

All Types 18.6 1.0 16.4 ,8 

Per 500 Pounds of Per 5 Inches of 
Car Weight Reduction Wheelbase Reduction 

at Fixed Wheelbase at Fixed Weight 

Frontal .4 ± 3.2 15.1 _ 2.7 
Side 5.3 3,4 10.7 2.8 
Rear 1.6 6,1 20.5 5,2 
Other -14.6 5.9 41.8 5.0 

All Types .9 3.0 15,7 2.5 
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weight influence on occupant fatality risks for the confounding effects and what adjustments are appropriate 
(predominantly rollover) other impacts. Front, side, and to control their influence. We have applied these pro- 
rear impacts show a very small sensitivity, positive or cedures in the examination of the data concerning 
negative, that is not easily distinguishable from zero sensitivity of car occupant risks to car class. 
within the stated standard error. Overall, the risk The number of circumstantial attributes that may 
sensitivity to car weight, at fixed wheelbase, is zero for all influence the outcome of a car occupant involvement in 
practical purposes, fatal accidents is large, and their complexity is also large. 

On physical grounds, lighter cars, colliding with heavier Given that the occupant casualty risks under consideration 

......... cars or other vehicles, experience a momentum dis- here are on a per registered car basis, confounding effects 
......... advantage and thus a crash severity disadvantage by may originate from attributes that influence car involve- 

comparison to the heavier cars. On these grounds, a ment in a crash, as well as from attributes that influence 
substantial risk sensitivity to car weight is expected, but it the casualty outcome, given a crash. The extent of the 
appears to be masked by other factors with a stronger influence of the former type of attributes has been 
influence. The influence of car wheelbase, at fixed car addressed (12), at least in connection with types of 
weight, appears to be substantial and quite sensitive to accidents showing a high sensitivity to market class. The 
the type of impact. Although there may be certain adjustments necessitated by these considerations were 
physical reasons for expecting this influence, a much found to be small in comparison to risk differentials 
stronger influence may be attributed to nameplate or between market classes. 
market class designations, as is evident in the results We estimate the magnitude of the effects due to 

shown in Table 8. differences in the distribution of attributes that influence 

casualty outcome, given a crash. Among the most likely 

The Possibility of Confounding Factors to be influential, we consider the time and place of the 

crash as proxies of crash severity, the restraint status of 

The observed sensitivity of car occupant casualty risks car occupants, and the age of car occupants. Table 12 

to car class or nameplate is not immune from the shows the frequency of these attributes among car 

confounding effects due to variations in the distribution occupants involved in fatal crashes by car market class. 

...... of circumstantial but influential attributes among the car Note that for brevity in this table, the shown circumstantial 

occupants and the car classes or nameplates under attributes have a binary categorization and the shown 

consideration. Included in these confounding factors is frequency values, in percent, concern the shown category. 

any attribute that: (1) has a substantial influence on the The percent value for the not-shown categoryis obviously 
risk, and (2) has a significantly varying distribution 100 percent minus the shown percent. 

among the car classes under examination. It is evident in the data of Table 12 that the distribution 
A more detailed discussion of this subject is given in of circumstantial attributes among car market classes 

Appendix B in connection with Equations (B- t) to (B-8). shows no significant variation or any pattern conspiring 
In the same part of this appendix, we address what to enhance an occupant’s susceptibility to harm, given a 
determinations are necessary to estimate the likelihood of crash. On this basis alone, we may expect no substantiM 

Table 1 2, Frequency of circumstantial attributes in fatal accidents of new cars, 

1975-1983 

Percent by Circumstantial Attribute 

Market Night Rural Occupant Age Occupant 
Class Accident Accident Over 45 Yrs. Restrained 

Subcompact 

Domestic 56.1 _+ 1.1 60.5 _+ 1.3 15.9 _+ 1.1 6,6 ± 1.1 
European 58.4 1.0 59 1.4 14.8 ,9 9,7 .5 
Japanese 58,6 .9 59 1.4 13.6 .4 8.3 1.1 

Compact 
Domestic 55.5 ___ 1.2 59.4 ± 1.3 24.3 ± .7 6.6 ± .9 
European 60.5 2.0 53.3 2,5 18.4 1.9 11.7 1.0 

Intermediate 55.5 --- 1.4 57.1 -+ 1.3 25,6 ± 2.3 6,6 ___ 9 

Standard 49.2 ± .6 58,6 ± ,9 41.2 _+ .7 8.0 ± 1,0 

Entire Fleet 55.t ± .7 58.8 ± 1.2 24,2 ± ,4 7.2 ± .8 
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confounding effects. However, we have proceeded to 2. "National accident sampling system." Automated 

apply the estimation procedure, discussed in the second Files. National Highway Traffic Safety Administra- 

half of Appendix B, for arriving at risk values adjusted tion. Annual Issues 1975-198& 

for the differences in the distribution of influential 3. "National crash severity study," Automated Files. 
attributes shown in Table 12. 1977-1979. National Highway Traffic Safety Admin- 

We computed the occupant risk adjustment factors ~stration. 
sho\vn in Table 13. These are ratios of the adjusted to 

4. "National vehicle population profiles." R.L. Polk. 
unadjusted values of the risk by market class. An account 

is given for each influential attribute taken individually 
Annual Issues 1975-1983. 

and for all attributes combined. As is evident in this table. 5. "Highway statistics." Federal Highway Administra- 

the eI’fects are noticeable but not very large, tion. Annual Issues 1975-1983. 

Table 13. Occupant fatality risk adjustments accounting for differences in the frequency of 

influential attributes 

Risk Adjustment Factor by Attribute 

Market Night Rural Occupant Age Occupant All 

Class Accident Accident Over 45 Yrs Restrained Combined 

Subcompact 

Domestic .992 .979 1.035 .995 .999 

European .974 ,996 1.040 1.022 1.031 

Japanese .973 .995 1.045 1.010 1.021 

Compact 

Domestic .997 .992 .999 .995 .984 

European .958 1 ~076 1.024 1.040 1.099 

Intermediate .997 1.022 .994 .995 1.008 

Standard 1.050 1.003 .936 1.007 .991 

Entire Fleet 1.00 1.00 1.00 1.00 1.00 

The above analysis leads to the conclusion that no 6. "Nationwide personal transportation study," con- 

ma,ior confounding influences are in effect in the ducted in 1976-1977 by the U.S. Bureau of the 

determination of occupant casualty risks when cars are Census for the Federal Highway Administration. 
aggregated by market class, H owever, the reader should 7. "’Consumption patterns of household vehicles," survey 

not generalize this conclusion. First, it should be kept m conducted by the U.S. Department of Energy in 

mind there is no automatic assurance that all potentially !979-1982. 
influentia! contbunding factors have been examined. I n 8. "Tr uck inventory and use survey." conducted in 1977 
addition to possible unsuspected factors recorded in the by the U.S Bureau of the Census. 
accident files, there may be influential factors not 9. "On-road fuel economy and annual travel ofcars and 

recorded, light trucks." survey conducted in the early 1980’s by 
Another equally important consideration is the degree the National Highway Traffic Safety Administration. 

of desired disaggregation of the data in relation to the 10. a, Stewart. J.R.. et al.. "Annual mileage compar- 
magnitude of the risk differentials we are attempting to isons and accident rates in North Carolina." 
examine. When relatively small differentials must be Final report to the National Highway Traffic 
examined for a large number of classes and subclasses. Safety Administration. 1980. 

the procedure of controlling for confounding factors can b. Dutt. A.K.. et al., "Annual mileage comparisons 

be very frustrating, and accident rates in North Carolina." Final 
report to the National Highway Traffic Safety 
Administration under Contract DOT HS-803041, 

References January 1978: also under Contract DOT HS- 
802428. June 1977. 

1. "Fatal accident reporting system," Automated Files. ! !. "Fatal and injury accident rates on public roads in 
National Highway Traffic Safety Administration. the United States." Federal Highway Administration. 
Annual Issues 1975-1984. Annual lssues 1975-1983. 
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t2. Malliaris. A.C.. "Discerning the state of accident are more aggressive and motorcycles more vulnerable 
avoidance in the accident expertence.’" Proceedings than the average vehicle type 

Tenth International Technical Conference on Ex per- 
imental Safety Vehicles. Oxford. England, July 1985. 

Changes in Major Car Characteristics 
t3. O’Day, J.. et al.. "Alternative measures of restraint 

effectiveness and interaction with crash severity 

factors." SAE Paper 820798. June 1982. 
Two car characteristics weight and wheelbase are 

14. Malliaris. A.C.. et al.. "Harm causation and ranking 
singled out for general consideration because they arc 

in car crashes." SAE Pa per 850090. February 1985. 
often discussed and analyzed in connection with accident 

and casualty risks. Significant changes have taken place 

in these characteristics in the past 10 years for mos~ 

Appendix A makes and market class categories, especially of the 

domestically produced new cars. Table A-I shows car 

weight changes, and Table A-2 displays the wheelbase 

Major Changes in the Motor Vehicle changes in an identical format. 

Fleet and Travel For the market class characterization in these tables. 

we have followed the practice of the domestic car trade 

literature, i.e.. a classification by nameplate or car line 
While the resident population in the United States 

into market class categories. European makes are classified 
grew at an average rate of 1.1 percent per year in the past 

as subcompact except for makes with a wheelbase above 
15 to 20 years, the number of licensed drivers grew faster. 

100in {e.g., Mercedes Benz. Audi. BMW. Volvo. and a 
at an average rate of about 3 percent per year. An even 

few othersl. Also. the great majority of the Japanese 
faster growth took place in the number of registered 

makes are subcompacts with a few lowvolume exceptions. 
motor vehicles and in the miles of travel of these vehicles 

We have used the R.L. Polk registration counts by 
each year. These grew at a rate of about 4.5 percent per 

nameplate and model year for obtainingweighted means 
year. In addition to growth, significant changes took 

of car weight and wheelbase and for the percentages of 
place during this period in the composition and major 

front-wheel-drive cars. 
characteristics of the motor vehicle fleet as discussed 

next. 

Travel and Exposure Pattern Changes 

Shifts in Fleet Shares by Vehicle Type Gasoline supply disruptions, the 55mph speed limit. 

Between the early 1960’s and 1980’s. the mix of vehicie 
the rising cost of highway travel, and various cycles in the 

economy have influenced travel and exposure patterns in 
types in the fleet on the road changed significantly. In the 

the past 15 years. The resulting variations are noticeable 
early 1960’s. vehicles other than cars were a relatively 

but lesser than the changes in the motor vehicle fleet 
small fraction of the fleet. Since then. two fleet com- 

discussed above. 
ponents, trucks and motorcycles, have grown and are 

The average annual travel per vehicle has fluctuated b~ 
growing faster, as shown below: 

less than 5 percenl in the period under consideration. 

However. larger fluctuations have been observed for 
Registration (Millions) 

Trucks 
specific vehicle categories as shown in Table A-3. The 

source of the data in this table is {5). The annual travel of 
Cars     (All Types) Motorcycles        cars. for example, shows a s~gnificant reduction bet,xeen 

Early 1960"s 55-65 I0-13 1.3 1973 and 1974 and again between 1978 and 1981. Car 

Early 1980’s 105-1 t0 35-39 5.8 travel is generally more responsive to and follows the 

pattern of major influencing factors. 

It is evident that while car registrations have barely In the late 1960’s and early 1970"s. car travel showed 

doubled in 20 years, truck registrations have easily tripled minor fluctuations around 10M mi yr. A significant 

and motorcycle registrations have more than quadrupled, decline occurred between 1973 and 1974 due to the oil 
Furthermore. new truck sales as a percent of all motor embargo at that time. From 1974 to 1978. car travel per 

vehicle sales have risen from about 12 percent in the early year increased slowly but steadily until 1979. when 
1960’s to about 22 percent in the early 1980’s. another oil crisis forced an abrupt reduction. This 

These two vehicle types have been and still are of reduction was prolonged and deepened well into 198l 
concern in the safety community because they are. in due to a depressed economy. 

general, substantially more involved in accidents than the The increase of annual travel per car. starting in 1982. 
average vehicle type lsee Table 2 in the main text). They has coincided with the economic recovery that also 

also presentspecial problems thataresize-related. Trucks started at that ume. Note the annual travel for other 

507 



Experimental Safe~y Vehicles 

Table A-1, Mean car weight (pounds) for cars retailed in the United States by origin of make and market class 

I. New Cars by Model Year 

Market Class           1977        1978        1979        1980        1981        1982        1983 

Domestic Subcomp. 2,597 2,453 2,425 2,393 2,118 2,211 2,125 

Compact 3,41 5 3,231 3,047 2,756 2,651 2,708 2,612 

Inter m~ 4,062 3,589 3,417 3,311 3,295 3,147 3,135 

Standard 4, t09 4,081 3,929 3,844 3,886 3,838 3,874 

European Subcomp. 1,994 1,897 1,989 2,098 2,032 2,085 2,071 

Other 2,990 2,955 3,056 2,997 2,988 3,023 3,057 

Japanese Subcomp. 2,191 2,243 2,114 2,188 2,203 2,196 2,159 

Other 2,673 2,740 2,834 2,849 2,887 2,886 2,85t 

II. All Model Years by Calendar Year 

Market Class           1977        1978        1979        1980        1981        1982        1983 

Domestic Subcomp. 2,592 2,573 2,545 2,512 2,468 2,432 

Compact 3,184 3,176 3,139 3,103 3,071 3,042 

Interm~ 3,946 3,861 3,802 3,753 3,703 3,637 

Standard 4,379 4,347 4,325 4,311 4,285 4,259 

European Subcomp. 1,948 1,957 1,968 1,993 2,008 2,026 

Other 2,755 2,80t 2,827 2,860 2,891 2,924 

Japanese Subcomp. 2,187 2,188 2,184 2,183 2,187 2,187 

Other 2,699 2,735 2,773 2,798 2,831 2,842 

Table A-2. Registrations weighted mean car wheelbase (in) for cars retailed in the United States by origin of make and 

market class 

I. New Cars by Model Year 

Market Class           1977        1978        1979        1980        1981        1982        1983 

Domestic Subcomp. 95.7 96.9 96.5 96.6 95.7 96.4 95.3 

Compact 110.0 108.9 106.5 105.4 103.9 102.8 101.1 

Interm. 11 5.1 111.0 110.1 108.6 108.3 107.1 107.3 

Standard 1181 118.2 116.9 117.4 11&5 116.5 116.9 

European Subcomp, 94.8 93.4 93.8 94.2 95,0 96.5 96.6 

Other 104.0 1Q4.3 t 05~4 104.8 105.2 105.3 105.7 

Japanese Subcomp. 93.4 93.6 93.4 94.3 94.3 95.2 95.3 

Other 104.0 104.0 104.0 100.4 103.6 103.3 103.1 

II. All Modet Years by Calendar Year 

Market Class          1977        1978        1979        1980        198t        1982        1983 

Domestic Subcomp. 97.7 97.4 97.3 96.9 96.6 96.4 

Compact 109.0 108.8 108.5 108.1 107~7 107.3 

Interm. 115.1 114.2 113~6 113.0 112.4 111.8 

Standard 122.1 121.7 121.5 121.2 120.9 120.5 

European Subcomp, 94.8 94.7 94.7 94.7 94.7 94.8 

Other !03.4 t03.7 103.9 104~0 104.2 104.4 

Japanese Subcomp. 93.8 93.8 93.8 93.9 94.0 94.2 

Other 104.0 t04.0 103.5 103.3 103.3 103.3 
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TableA-3. Average annual travel per vehicle in thousand miles as a function of calendar year~ 

Trucks All Motor 
Year Cars Single Comb. Motorcycles Vehicles 

1973 10,0 9.87 46.7 4.50 10.1 
1974 9.45 8.98 491 4.50 9.53 
1975 9.63 8.88 51,7 4.50 9.64 
1976 9.76 9.37 48.3 4.50 9.84 
1977 9.84 9.40 50,2 4,50 9.93 

......... 1978 10.0 9.25 49.3 4.50 10.1 
...... 1979 9.49 9.18 49.7 4.00 9.58 

1980 9.14 10.1 42.7 3.14 9.41 
1981 9.00 11.0 47.0 2.57 9.48 
1982 9.53 9.81 50.1 2.09 9.64 
1983 9.64 9.71 52.4 2.15 9.73 

vehicles, especially trucks, is much less discretionary and prevailing average speed on interstate highways was 

does not necessarily follow the pattern of car travel. The about 65mph. This average speed dropped to about 

pattern for all motor vehicles agrees with that of cars 57.5mph in 1974. In the following years, this speed 

because car travel dominates, increased steadily, slowly in the second half of the 1970’s 

Annual travet per car is known to vary substantially as but faster in the early 1980’s. Table A-5 shows the 

afunctionofcarage(orofmodelyearinafixedcalendar percentage of motor vehicles noncomplying with the 

year). Variations may also exist as a function ot market 55mph speed limit while driving on U.SI highways. The 

class. The data for a detailed and systematic examination source of these data is (5). 

of these patterns and their variation in the past 10 to 15 Travel speed is one of the factors th’~t influence the 

years are not at hand. However, the available information severity of the exposure to accident and casualty risks. 

is generally consistent with the summary shown in Table Many other factors, driver-, environment-, and vehicle- 

A-4, which addresses relatively new cars, i.e., of age 3 related, may also be influential with varying strengths° As 

years or tess. an overall descriptor of exposure severity, we have 

Table A-4, Annual travel per car as a function of car age and car market class 

Car 1st Yr. Travel Travel Ratio 
Market Class Thousand Miles/Car 2nd Yr./tst Yr. 3rd Yr.!lst Yr, 

Subcompact 13.2 ± .47 1.00 __+ .02 .95 ± ,03 
Compact 1 2,1 .51 ,91 .05 .89 ,07 
Intermediate 1 3,3 .60 .89 ,02 ,82 ,03 
Standard 13.6 .36 .91 ,03 .84 .02 

All 1 3,0 .2 .94 .02 .87 ,03 

The data in each entry of this table are averages of 
Table A-5. Percent of motor vehicles on U,S, highways 

corresponding values provided by a large number of exceeding shown speed in the early 1980’s 
sources(2,3,6,7,9,10) spread over several years between 

the mid-1970’s and early 1980’s. The raw data in these Year 55 MPH 65 MPH 75 MPH 
sources have very dissimilar origins. In spite of this, fair 

agreement is observed for car ages up to 3 years or with 1980 49.3 1 6.8 4.1 
respect to car market classes. ’Fhis is reflected in the 1981 48.5 18,4 5.2 

relatively small errors that arise when data from all these 1982 52.6 24,2 7.9 
1983 54.1 254 8,5 sources are averaged, as shown in "Fable A-4. Furthermore, 

no significant or systematic trend has been found in the 

data with respect to calendar year variations, again for 

car travel categorized as in Table A-4. considered the rate of accidents per unit travel for 

Travel speed patterns have also changed substantially veMcles on U.S. roads. Fable A-6 shows l~ow this rate has 
in the past 10 to 15 years, l’he 55mph speed limit ~ent varied in the past 10 years. ’]he source of these data is 
into effect nationwide early in 1974. Before that time, the ( 1 I ). 
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Table A-6. Fatal accidents and nonfatal injury accident In practice, normalization is performed through factors 

rates per 100 million vehicle-miles traveled that multiply the risks of accident involvement per 
on U.S, roads, by calendar year vehicle registration to normalize them to the reference 

exposure conditions. Table B-I shows normalizing factors 
Accidents Per 100 Million Miles             A and B for annual travel per car by calendar year and for 

Year         Fatat       Nonfatal Injury 
exposure severity, respectively. Factor A is obtained 

1975 2.85 133.0 from the car travel data shown in the first column of 

1976 2.87 133.3 "Fable A-3, by making t980 the reference year. Similarly, 
1977 2.91 129.8 F’actor B is obtained from the data of "Fable A-6. 
1978 2.92 135.9 

The product of Factors A and B is the composite 
1979 2.97 137.5 
1980 2,96 132.8 normalization factor for 1-year-old cars. This product 

1981 2.84 130.1 appears in the first column of Table B-2. The other two 

1982 2.45 123.6 columns of this table show the composite normalization 
1983 2.30 121.6 factors for 2- and 3-year-old cars, respectively. These 

factors have higher values, which reflect the travel 

reduction taking place as the car age increases. The 

relevant data for these transformations are shown in the 

Appendix B last row of Table A-4. 

Errors and Adjustments in Risk Table B-1. Normalization factors by calendar year for 
annual travel per car (column A) and for 
exposure severity (column B) 

the most common and serious source of error in the Calendar 
estimation of absolute risks, in any application of Year A B 

Equations (l) to (6), is the absence of coincidence in the 

categorization of ~ehicle attributes represented by sub- 
1975 .95 1.04 

~ 1976 .94 1.03 
script j between the numerator and denominator. The 1977 .93 1.02 
steps taken to minimize this type of error have been 1978 .91 1.01 

outlined in the main text in connection with absolute risk 1979 .96 1.00 

determinations. 1980 1.00 1.00 

A second, but separate, concern is the number of 
1981 1.02 1.04 
1982 .96 1.21 

~ehicle. accident, and occupant categories that must be 1983 .95 1.29 
introduced to obtain the desirable resolution in the 

computation of risks. It is desirable, although not always 

feasible, to resolve the entire data base into as many cells Table B-2. Normalization factors for travel and exposure 
as necessary to obtain fairly uniform risks within each by car age and calendar year 

population. This, however, must be traded off against the 

statisticall} insignificant results obtained when a large Calendar Car Age 

number of cells ~ields populations that are too small. Year 1 Year 2 Years 3 Years 

Even after the concerns discussed above are satisfied, 

f~rther adjustments may be appropriate to deal with 
1975 .99 1.05 1.14 

~ 1976 .97 1.03 1.11 
nonuniformities in the exposure conditions relevant to 1977 .95 1.01 1.09 
risk determinations. This appendix discusses such ad- 1978 .92 .98 1.06 

justments. 1979 .96 1.02 1.10 

We consider first a normalization procedure used for 1980 1.00 1.06 1.15 

relatively new cars (1 to 3 vears old) traveling on U.S. 
1981 1.06 1.13 1.22 

~ ~ 1982 1.16 1.23 1.33 
roads in any of the calendar years 1975 to 1983. The 1983 1.23 1.31 1.41 
exposure variations experienced by these subfleets were 

discussed in the last section of Appendix A. Tables A-3, 

Ao4, and A-6 display relevant data. When comparing or In addition to travel per vehicle and exposure severity 

aggregating these subfleets, it is convenient and appro- in general that show variations from year to year, there 

priate to normalize their accident experience to an are many exposure attributes that influence accident 

arbitrary but common basis. For this purpose, we have risks, even in the absence of calendar year or model year 

selected the l-year-old cars, under the travel and exposure considerations. Accordingly, adjustments would be 

severity conditions of calendar year 1980. necessary to bring the determination of risks under 
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exposure conditions as comparable as possible, when for the frequencies of occurrence of the exposure and: 
such comparability is desired. When necessary, these Rla = 3, 
adjustments are made according to the procedure RIb = 1; 
discussed below. Consider first the risks R1 and R2 R2a = 5, 
concerning two different vehicle classes 1 and 2, as R2b = 2 
determined from aggregated data of casualty counts C for the individual risks, in accidents per unit exposure. 
and exposure E: The risks R~ and R2, integrated over both exposure 

RI = Sum Clq/Sum Elq (B-l) conditions for each vehicle type, are: 

...... R2 = Sum C2qiSUm E2q (B-2) Rl = 2.8 and R2 = 2~3. 

........... This answer may be fine if we wish to compare the risks 
The summations in these relations are over allexposure 

of vehicle categories 1 and 2 under their recorded 
conditions designated by q. Note that in Equations (B-l) 

exposure conditions. However, this answer is absurd if it 
or (B-2) as well as in the following discussion, E, referred 

is meant to be a risk comparison under exposure 
to as exposure, is not necessarily limited to travel or 

conditions assumed to be fairly similar. It is absurd 
registrations but could be any variable used in the 

because R la is lower than R.,a and R ~b is lower thar~ R,b so 
...... denominator of a risk determination. See, for example, ~ 

R~ is also expected to be lower than R2, but it is not. This 
the denominators in Equations (3) or (5). Furthermore, 

very substantial distortion is introduced because the 
subscript q is a generalization representing any exposure 

frequencies of occurrence of exposure categories differ 
attribute that may influence the risk. It is now helpful to 

significantly between vehicle types I and 2. 
introduce the exposure distribution frequencies: 

Whenever risk calculations and comparisons, vehicle 

Flq = ElqiSum Elq (B-3) category 1 versus 2, are made over aggregated exposure 
.... .... F2q             = E:qi Sum E2q (B-4) conditions, it is essential as a minimum to determine arid 

Note that the sum of all F iq or all F2q values equals unity, review the frequency distributions of exposure conditions 

The use of these equations in (B-l) and (B-2) yields: for each of the vehicle categories 1 and 2. If these 

RI = Sum (Flq[~ lq) (B-5) 
distributions are fairly similar, the possibility of distorted 

results is minimized. However, if the distributions differ 
R2 = Sum (F2qR2q) (B-6) 

substantially, then Equations (B-l) and (B-2) or their 

where the risks Rlqand R2q are defined bY Rlq = (ClqiElq equivalent (B-5) and (B-6) as written are inappropriate 

and R2q = (C2qiE2q). Equations (B-5) and (B-6), which for risk determinations. 

are fully equivalent to (B-l) and (B-2), are more informa- Equations (B-5) and (B-6) may be used but only afte~ 

tive. They show that, in each case 1 or 2, the aggregated an adjustment. The necessary adjustment requires that 

risk is the sum of risks corresponding to individual Flq and F2q must be made identical. 1his can be done 
exposure conditions, with each such risk weighted by the either by retaining F ~q in (B-5) but also using the same 

.... frequency of occurrence of the corresponding exposure (B-6) instead of E2q, or by retaining F2q in (B-6) and also 
condition, using the same in (B-5) instead of Fq. "Ihese two 

When risks R I and R2 are determined under aggregated alternatives correspond to risk comparison,s either reader 

exposure conditions, i.e., by Equations (B-I) and (B-2), the exposure conditions of vehicle category 1 at~ across 

any difference between them may be not entirely due to the board or under those of vehicle category 2 also 

risk differentials under specific exposure conditions. As across the board. A third aiternative may be considered 
shown in Equations (B-5) and (B-6), differences between by pooling the exposure conditions of both ’,ehicIe 

R1 and R2 may arise from differences between Riq and categories together and determining a frequen% distri~ 

R2q, or from differences between Flq and P2q, or from bution Fq for the pooled populatio,~s. For this alternative. 
both sources, the appropriate version of Equations (B-5) and (B-6) is: 

A numerical example will clarify these points. Let R~ Sum (FqRiq) 
subscripts 1 and 2 represent two different vehicle types R_~ Sum (FqR2q) 
and subscripts a and b represent two different exposure Note that the risks R ~q and R2q rr~ust be determi,~ed for 
conditions, say urban and rural travel. Furthermore, each exposure category q and then used in coviunctio~ 
suppose the data we are dealing with are: with the common frequency distribution }:a for the 

Flu = 90%, determination of R1 and R2, Other alter~mtb.es a~e 

Fib = 10%; possible for introducing a common ~requency distributions. 

F2a : 10%, Which alternative is selected depends on the terms under 

F2b = 90% which we wish to compare ~isks. 

511 



Technical Session No. 4 
Accident Investigation and Its Relevance to Legislation 

R. Stature, Chairman, Germany 

The Causes of Injury in Car Accidents--An Overview of a Major Study 
Currently Underway in Britain 

Margaret Galer and Introduction 
Sue Clark 
Accident Research Unit, Institute for Consumer The detailed, objective investigation of the causes and 

....... Ergonomics, Loughborough, Leicestershire, mechanisms of injuries in traffic crashes originated in the 

...... 
~ 

United States in the 1950’so The pioneering work of Hugh 
United Kingdom 

de Haven and the Automotive Crash injury Research 

(ACIR) group at Cornell University illustrated the 
G.M. Mackay and potential knowledge that can be gained from such 
S.J. Ashton studies. Similar work did not begin in Europe until the 

Accident Research Unit, Birmingham Univer- 1960’s. 

sity, West Midlands, U.K. Following that work in the United States of ACI R, and 

of Huelke and Gikas on fatal crashes, Starkes and Miller 

at the Road Research Laboratory in Great Britain began 
Abstract detailed at-the-scene studies in 1961(1). In 1964, Mackay 

formed an interdisciplinary team working closely with 
A major study is currently underway in Britain, funded Gissane and Bull at the Birmingham Accident Hospital, 

....... jointly by the Department of Transport, Ford, and BL and throughout the 1960’s those two groups conducted a 
Technology, to investigate the causes of injury to occu- number of specific investigations covering both accident 
pants in car accidents. The Accident Research Units at causation and the relationships between vehicle design 
the Institute for Consumer Ergonomics, Loughborough, and injuries(2). 
and at Birmingham University each have a team of The funding structure operating in the 1960’s resulted 
researchers who, together with the Department of in such investigations being limited to some 200 to 300 

.... Transport Traffic Area teams, investigate approximately cases per year. As the studies were broad in their 
700 accidents each year. The data are collected in a approach, encompassingalltypesofenvironments, classes 
uniform manner by all investigators, and the data bases of road users and vehicles, and different severities of 
are compatible. The accidents are strictly sampled from a injury, the sample sizes were correspondingly small for 
predominately urban (Birmingham) and a rural (Lough- any specific detailed analysis. Thus, those early projects 
borough) catchment area. mainly defined a range of topics, gave some insight into 

High-quality data are collected on the performance of the frequencies of various crash characteristics, and t!~e 

the vehicles in crashes by detailed investigations after the consequences in injury terms, but did not adequately 

accident; occupant injury details are provided by hospital address either the specifics of the detailed relationships 

consultants and coroners, sometimes by the occupants; between vehicle design and trauma or the sampling 

sources of injury are assigned by the ARU teams, problems created by too broad an approach. 

The computerised data can be structured in an analysis Consequently, in the early 1970’s, the Accident Research 

from the point of view of the vehicle’s performance in the Unit at Birmingham University and also TRRL introduced 

accident, to which occupant’s details can be applied, or different procedures. Instead of going to the scene, the 

an occupant’s performance, to which vehicle details can involved vehicles were examined retrospectively a few 

be applied, days after the accident. Furthermore, several relatively 

This paper describes the organisation of the study and rigorous sampling procedures were introduced; for 

provides some preliminary data on accident circum- stance, limiting the criteria to current model cars, serious 

stances, occupant injuries, and vehicle performance, and fatal casualties, restraint use, or frontal impacts only. 
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In the I970’s, there was a general upsurge of interest in contrast, the European effort continues on an ad-hoc 

in-.depth studies in Europe, in part generated by the basis without any long-term structure that would allow 

North Atlantic Treaty Organisation’s Committee on the the detailed evaluation of the effects of design changes 

Challenges of Modern Society (NATO-CCMS) pro- and associated legislation witha satisfactorylongitudinal 

gramme. Teams began operating in Sweden at the Volvo experimental design. 

arid Saab corporations, in Germany at the Technical It has become apparent from the various studies 

University in Berlin, in France at the Association Peugeot~ performed that there are a number of critical points to be 

Renault, and at the Organisme National de Securite considered in conducting in-depth studies. 

Routiere (ONSER) in Lyon, as well as at the Transport First, the dependence of the research group on other 

and Road Research Laboratory (TRRL) and at Birming- organisations is great. Good relationships with police, 

t~am University in England. In addition, various car hospitals, garage staff, and, indeed, the general public are 

manufacturers ran their own in-house studies notably at vital, and therefore a diplomatic approach and careful 

Ford, Volkswagen, and Daimler-Benz. As part of the use of the media for positive reinforcement are essential. 

NATO-CCMS programme, attempts were made to unify Second, training of research staff and establishing 

crash investigation procedures but, although a tot of study procedures takes much longer than most people 

~sefulinterchange took place, local and national practices would expect. The techniques of photography, the re- 

worked against the introduction of completely uniform cording of vehicle crush measurements, and the re~ 

practices(3). What did emerge, however, was recognition construction of occupant-vehicle interactions are quite 

of the need to agree to uniform definitions of crash complex. 

characteristics and also the need to have standardised Third, given that the investigator is inspecting the 

:-scales for the basic input and output variables of crash crashed car in person, it is easy to be beguiled into 

injury research, collecting information on the general basis that somehow 

The tundamental input variable is crash severity, and it will be useful someday. 

~.his has been defined variously in terms of degrees of Fourth, allied to the above, is almost total neglect in 

ebicle damage. In the United States, the TAD scale was the formative stages of project planning of consideration 

adopted b) ACIR and then used in a modified form in an of the need for control data. This often results in the 

earl? in-depth study in Australia(4). The Society of limited usefulness of some of the conclusions from in- 

Automotive Engineers (SAE) then took up the problem, depth crash studies. 

~nd the Collision Deformation Code was developed. This Fifth, it is normal to underestimate the time and effort 

is nox~ SAE-recommended practice and is used throughout to be devoted to analysing the data from an in-depth 

"~he world for describing vehicle damage. At the same study. Sponsors often see the end point of a project as a 

ime, the concept of Equi\.alent rest Speed (ETS) was sample of a specified number of cases of a particular 

developed(5). In France, the Peugeot-Renault Association collision sample, and arrange funding and targets ac- 

introduced the concept of Delta V, i.e., the velocity cordingly. The reality is that for the sensible and thorough 

change in the crash phase of the impact. This has analysis of in-depth crash injury findings, the contract 

~ubsequentl~ been shown to be the most appropriate length should be doubled to allow for analysis and 

neasure of crash severit~ and is now widely used(6), interpretation of the findings and the presentation of 

FI~e second fundamental variable required in detailed such findings in appropriate reports and publications. 

stt~dies is an agreed method of assessing the output, i.e.~ In the following sections, the structure of current 

n.i~r3 severit}. In the 1960’s there were ahnost as many British in-depth studies is described. The primary aim of 

nj~r? scales as there were crash investigation teams, the current studies is the collection of data on it\iury 

Through the efforts of the American Association for causation and vehicle crashworthinesso These data are 

.’M~tomotive Medicine, the Abbreviated Injury Scale used for different purposes by the members of the 

(AIS) was ex olved. The AIS is now the standard method sponsoring consortium. The Department of Transport 

for injur> severity classification and is used in almost all Vehicle Standards and Engineering Division (VSE) 

detailed accident studies(7), quires information on the performance of injury-reducing 

fbe 1980’s have seen a decline in crash injur} research features of vehicles controlled by legislation and infor- 

in Europe~ which is probably related to the economic mation on the trends occurring to review and update the 

recession. No European country has a systematic, long- regulations for the construction and use of cars. This 

term, in-depth programme similar to the U.S. National information is used both in a national context and 

~,ccident Sampting System (NASS) and the Fatal Accident internationally with the EEC and ECE organisations. 

Reporting System(FARS). With the benefi~ ofhindsight, The Vehicle lnspectorate (VI) monitors the data for 

the establishment of the NASS system and the continued possible problems and defects that may lead to changes in 

commitment of resources to maintaining that programme future vehicle design or recalls under the U.K. Code of 

must be ranked as one of the most enlightened and far- Practice on action concerning vehicle safety defects. The 

sigl-~ted acts of any safety research administration. By Transport and Road Research Laboratory uses the data 
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for a variety of studies on human tolerance to injury. The rates are also similar: 733 thousand private cars and vans 
two motor companies, Ford and BL Technology, who in the area covered by the Loughborough team and 776 
provide a service to Austin Rover Group, Freight ROver; thousand in the West Midlands area. The car occupant 
Land Rover, Leyland vehicles, and Jaguar cars, require casualties in the area covered by the Loughborough team 
detailed information on the performance of current comprise 5.3 percent of the national total; those in the 
models in real-world collisions to supplement laboratory West Midlands comprise 3.8 percent. Compared with the 
tests and for the development of their products, figures for Great Britain, the areas covered by the two 

ARU’s comprise 6 percent of the total road mileage. 
The study is concerned only with cars up to 5 years old Organisation of the Study 

that are damaged sufficiently in the accident to be towed 
away from the scene. These are "case"vehicles. Accidents 

The sponsoring consortium has contracted the Accident 

Research Units (ARU) at the Institute for Consumer 
are notified to the teams by their local police forces. 
Accident cases are sampled according to police injury 

Ergonomics, Loughborough, and Birmingham University 
classifications of fatal, serious, slight, and noninjury. The 

to investigate the causes of injury to occupants of cars 
......... involved in accidents. Together with the Department of 

disproportional stratified sampling scheme is structured 
...... so that each ARU team investigates approximately 300 

Transport’s vehicle examiners in four traffic areas, data 
accidents each year with a roughly equal split between 

will be collected on approximately 700 accidents each 
year. The team at Loughborough investigates accidents 

serious/fatal accidents and slightinoninjury accidents. 
The two remote traffic area teams also investigate 50 

in Derbyshire, Nottinghamshire, and Leicestershire, and 
accidents each. The local hospital consultants provide 

the team at Birmingham investigates accidents in the 
data on injuries sustained by those occupants who are 

West Midlands. Two of the Department of Transport 
taken to hospitals. The coroners provide injury data on 

traffic area teams work with the ARU’s, namely East 
Midlands with the Loughborough team and West 

fatally injured occupants. The teams also send question- 
naires to the occupants in all cases except specified 

Midlands with the Birmingham team. The Northern 
sensitive cases. traffic area team investigates accidents in Durham, and 

the Western traffic area team investigates accidents in 
Avon, Somerset, and parts of Wiltshire. The work of the Data Collection and 
traffic area teams is coordinated by the ARU at Analysis Procedures 
Loughborough. 

Disproportional stratified sampling of all crash severi- The teams all follow standard procedures and record 
ties is carried out by the Loughborough and Birmingham data in identical forms. Consistency between the teams is 
teams. The Northern and Western traffic area teams most important and is achieved by the use of a manual 
investigate a proportion of the serious and fatal accidents defining procedures and conventions, by regular team 
in their areas. The area covered by the teams at Lough- meetings, and by an updating newsletter. 
borough is predominately rural and contains three major Vehicle data are collected on case vehicles by systematic 
centres of population--Leicester, Derby, and Nottingham. investigation of vehicle component performance carried 
There are 9,093 miles of public road comprising 79 miles out by the teams at recovery garages within a few days of 
of motorway, 417 miles of trunk road, 860 miles of A- the accident occurrence. The teams work in pairs, one 
class nontruck road, 2,820 miles of B-class road, and person taking photographs and the other completing the 
4,917 miles of unclassified road. These roads comprise form. Vehicle damage and occupant contact details are 
5.6 percent of the total road mileage in Britain. In 1983, recorded on specially designed data collection forms used 
there were 124 car occupants killed and 5,880 injured, by all the teams. The forms allow information to be 
The area covered by the team at Birmingham is essentially recorded in coded and descriptive formats. Certain 
an urban area with a small rural area separating Coventry coding is carried out at the time of the examination, and 
from the rest of the conurbation made up of Wolver- other coding is completed after the accident has been 
hampton, Walsall, West Bromwich, Dudley, Sandwell, reconstructed. All aspects of the vehicle that could affect 
Birmingham, and Solihull. There are 3,945 miles of occupant injury are examined and the performance noted 
public road comprising 43 miles of motorway, 60 miles of and recorded photographically. These include perform~ 
trunk road, 350 miles of A-class nontrunk road, 456 miles ance of vehicle structures, safety features such as seatbelts, 
of B-class road, and 3,036 miles of unclassified road. and other aspects such as steering wheels and columns, 
These roads comprise 2.4 percent of the total road seats, doors, and glass. The data collected are factual 
mileage of Britain. In 1983, there were 47 car occupants such as extent of crush, extent of steering column stroke, 
killed and 4,336 injured. The populations of the two areas measurement of plastic transfer on seatbelt webbing, and 
are similar: 2.76 million in the Loughborough team area damage to components. Other data are inferential, such 
and 2.67 million in West Midlands. The car ownership as whether the occupant may have been ejected during 
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the accident, possible contacts, and whether seatbelts The Data Base 
were likely to have been worn in the accident. In these 

cases, the conclusion is recorded and the evidence on An accident case comprises a detailed investigation 

wt~ich the conclusion is reached noted on the form. A and record of each case vehicle involved in the accident, a 

report is generated for each case vehicle, which can be brief examination and record of the other vehicles, a 

from 12 to 20 A4 pages in length depending on the detailed record oftheinjuries sustained by each occupant 

complexity of the vehicle damage, with certain pages in the case vehicles, and a summary sheet describing the 

being completed only if there is damage to the corn- main points of interest for the accident as a whole. The 

pouent, data are recorded in a number of ways within the accident 

Occupant data are recorded on occupant injury forms, case record. Photographic records in the form of slides 

based on reports from the hospital consultants, coroners, are taken for each vehicle. There are standard photo- 

~nd the questionnaires. Injury severity is scored and graphic shots of the vehicle exterior and interior and also 

recorded using the Abbreviated l~\iury Scale (AIS) and photographs of damage detail and occupant contacts. On 

the Ireatment Period (TP) and Permanent impairment the vehicle form, the data are recorded in precoded form; 

{ Pt) scales of the Comprehensive Research Injury Scale. wherever damage or other points of interest have occurred, 

!he occupant kinematics are estimated from the collision detailed descriptions are written on the form. Information 

circumstances, from the occupant contact data recorded from other sources, such as the occupant questionnaires 

d uring vehicle examination, and from the occupant’s or causes of component faults or damage, are postcoded. 

injuries. The causes of the injuries are inferred from these Figure 1 is a section of the vehicle form and shows 

sm~rces, This is normall~ done by the accident teams in precoded, descriptive, and postcoded data. 

consultation ~ith the medical advisers and those who Data are recorded on the injury forms for each 

examined the vehicle, occupant. The data are factual, such as occupant’s date of 

It is important that data of different types are differen- birth; descriptive, where each injury is described in detail; 

~iated. There are factual data comprising measurements~ and inferential, such as the probable cause of the injury or 

obser~ed damage, iniuries, and so on, and there are the contact observed in the vehicle investigation. In 

inferential data comprising conclusions drawn from addition, the injuries are scored using the AIS, PI, and 

evidence such as x~ hether a seatbelt was worn or what was *IP scales. Figure 2 shows an extract from the occupant 

the source of an injury. The coded data are transferred to injury form where the injuries are described, scored, and 

mai~atrame computers for analysis using the SPSS-X coded. 

statistical anal3sis package. Both teams have access to The sources of injury are assigned in discussion with 

~toney~ell computers that use the Multics operating the team’s medical adviser and entered on the coding 

ssstem and can be linked together allowing combined forms. The Maximum Abbreviated Injury Score (MAIS) 

~na13ses. Each team also has a microcomputer for and the Injury Severity Score (1SS) are also calculated. 

general office management, for keeping track of each Figure 3 shows an extract from the Injury Coding sheet, 

accident case prior to completion, and for indexing basic which is used to encapsulate all the injury and correlational 

da~a o~ vehicle damage and occupant i~\iury severity, injury causation data. 

Typ~ Hnged 1 

i uodamage ~ tck box and skip rest of section 
~ 30 

Hinge Runner HingeiRtmner C 

OK 1OK OK 1 Ok 

Da~, aged 2 Damaged 2 Damaged 2 Damaged 2 

Oper~ed n 3 Pared 3 Parted 3 Parted 3 A 

Ope~,ed out 4 Re~eased 4 

NK 9 NK 9 NK 9 NK 9 34 

Doo amm{qg Hir~ge Runne ~inge runne Lalch release 

[--~ 
Occupan~ ejection through door or window aperture? No ~O}’ges 

L_ 

Figure 1. Extract f~om vehicle form 
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R L L \ ,~,,,,,.~/’ R 

F~gure 2. Extract from injuw form 

Surface Injuries Skeletal lniuries Internal Injuries Induced Highest Non Intr,,sion Contact 

AtS PI TP AIS" PI TP AIS PI TP ,Injur~i surface AIS Injury Codes 

Head      occ card 

5 9 Front D26 ~Back Vault D Amnesia~ 30~ 
25 

Left side ~1 ~Right side Base D 
~34Brain 

u~.,,~,~, 
~38Damage Top ~36 ~’~ ~’ ~ 

Face 

Maxilla ~R,Nose ~ Eye Injury 

Mandible ~ Other~ Sight lmpairment~ 

Neck (Ce~ical Spine) 

E]~ D ~ 
~ 

Cervical Spine 

Right Thigh 

165     [] [] 67 [~     [] []    ~     [] [] 63 [~64 
Femoral head [] 71 

Right Knee [-~9 

]10 [] [] [~ [] ~ ~ D ~!8 

~ight Lower Leg 

Right Ankle ~ Foot 

]55 ~ ~ 57 each body-~rea 

Sum the squares of the three highest AIS ragngs 
ISS~ 

Figure 3. Extract from injury coding form 
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The data are organised in the computer data base such only, whereas the unweighted data include noninjury 

that all the coded variables are available for each vehicle accidents that have been investigated. 

md each occupant. Certain vehicle variables are also 

repeated and associated with the injury variables so the Accidents 
data for vehicles and occupants can be analysed together 

v, here appropriate. 
It can be seen from Table 1 that the ARU at 

Loughborough examined 261 accident cases in the year 
Preliminary Findings 1984. These accident cases comprised 297 case vehicles 

containing 506 occupants. There were on average 1.1 cars 

investigated per case containing on average two car 
The stud~ has been underway since 1983. The following 

occupants per case. 
preliminar> findings are based on data collected by the 

ARU at the Institute for Consumer Ergonomics at 
Table l . The size of the data base. 

Loughborough and the East Midlands traffic area 

(EMTA) team during the year 1984. Data Base Unweighted Weighted 
Ihe accidents are sampled in such a way that the 

population comprises cars of nil makes up to 5 years old 

involved in an accident in which the car is towed away. Total no. of accidents 261 908 

}:’tom this population, accidents are sampled for investi- Total no. of cars 297 1,058 
Total no. of occupants 506 2,558 

gation in such a x~ay as to include at! cases in which an 

occupant is tatalty injured, the majority of cases in which 

an occupant is seriously, injured, and a proportional 

sample of accidents in which an occupant was slightly The distribution of accidents by speed limit in Table 2 

injt~red or not injured at all. To represent the occurrence is bimodal with 29 percent of the accidents occurring in 

of accidents generally, weighting factors are applied 30mph speed limits and 23 percent occurring in 60mph 

according to the sampling ratios employed ill the accident speed limits. The former result is not surprising as the 

case selection. Weighted data include injury accidents greatest density of traffic is found in 30mph urban areas. 

Table 2. The accident circumstances 

Accident Circumstances Unweighted Weighted 
freq. % freq. % 

Speed limit mph 30 77 29 272 30 
40 12 5 13 ! 
50 4 1 6 1 
60 59 23 250 28 
70 20 8 56 6 

Not known 89 34 312 34 

Total 261 1 O0 908 100 

Road class Motorway 14 5 42 5 
A class 130 50 469 52 
B class 29 11 69 7 

Unclassified 54 21 194 21 
Private road 1 _1 2 

Not known 33 1 3 132 14 

Total 261 1 O0 908 100 

Time of day (hrs)    00.00-5.59 21 8 38 4 
06.00-11.59 57 22 238 26 
12.00-17.59 86 33 286 32 
18.00-23.59 90 34 318 35 

Not known 7 3 28 3 

Total 261 1 O0 908 100 

Denotes percentage values tess than 1. 
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However, the results showing a quarter of the accidents This shows that in a sample of nearly 300 vehicles, very 

occurring in 60mph speed limits reflect the essentially few occur in any reasonable numbers. The composition 

rural nature of the Loughborough catchment area with of the sample reflects the market share of each vehicle as 
.... more than twice the miles of road of the Birmingham well as the type of roads in the area, possibly indicating 

catchment area. This is emphasised by the fact that half that the proportion of business cars in the sample is 

the accidents occurred on A-class roads (50 percent), relatively high, travelling on main roads, with a low 

The majority of accidents occurred between 12 noon average number of occupants. Weighting the data makes 

and midnight with 33 percent occurring between noon a considerable difference in the ranking of vehicle type, 

........ and 6 p.m. and 34 percent between 6 p.m. and midnight, causing the Vauxhall Cavalier 1 to appear second in the 

...... On13 8 percent occurred in the early hours of the ranking. 

morning. Sixty-five percent of the vehicles involved in accidents 

Table 3, a review of the vehicles that occur most in the sample experienced a single impact, as shown in 

frequently in the sample, shows that the Ford Cortina Table 4. Twenty-nine percent experienced two impacts 

made up 41 of the 297 vehicles investigated during 1984. and only 5 percent more than two impacts. This may 

This was the most frequently occurring, followed by the reflect the traffic density in the Loughborough sample as 

.... Ford Escort Mark 3, of which 24 vehicles were included, 
it is less likely that after an impact a vehicle will go on to 

strike anything else. 

"Fable 5 shows that in 157 accidents (55 percent), the 

Table 3. The cars in the accident sample, object struck in the most severe impact was another car. 

In 47 cases (17 percent), the object struck was an 

Make and Model Unweighted Weighted HGV/LGV or PSV, generally of considerably more mass 
of Vehicle freq. % freq. % than a car. in 54 cases (19 percent), an object other than 

another road user or vehicle was struck. These other 

FordCortina 41 13 152 17 objects included trees (3 percent), road furniture (4 

Ford Escort 3 24 8 66 7 percent), and a wall. In the second most severe impact, 

Vauxhall Cavalier 2 15 5 18 2 
Ford Sierra 12 4 10 1 Table 4. The total number of impacts seen by each 

........ Austin Mini 12 4 33 4 case vehicle. 
Austin Metro 12 4 31 3 
Vauxhatl Cavalier 1 8 3 71 8 Total number Unweighted Weighted 
Ford Fiesta 1 7 2 25 3 of impacts freq. % freq. % 
BMW (all models) 6 2 11 1 
Hiltman Avenger 2 5 2 20 2 
Vauxhall Astra 5 2 16 2 1 197 67 701 66 
Audi 80 5 2 7 1 2 84 28 328 31 
Volvo 240/260 5 2 11 1 3 15 5 29 3 
Others t40 47 437 48 Not known 1 

Total 297 100 908 100 Total 297 !00 1,058 100 

Table 5. The object struck on each impact. 

Unweighted Weighted 

Object Struck a) Most ..... b) 2nd most a) Most b) 2rid most 

severe severe severe severe 

impact impact impact impact 

freq. % freq. % freq. % freq. % 

Car 157 55 28 31 640 65 152 53 

HGV/LGV/PSV 47 17 9 10 192 19 19 6 

Rollover 15 5 14 16 43 4 46 16 

Motorcycle & 

other vehicle 8 3 1 1 1 

Other object 54 19 29 32 116 12 63 22 

Not known 2 1 9 10 9 3 

Total 283 100 90 100 992 1 O0 289 100 

Data missing 14 9 66 68 
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Table 6.The part of the vehicle struck in the impact. 

Unweighted Weighted 
Struck Part of a) Most b) 2nd most a) Most b) 2nd most 

Vehicle severe severe severe severe 
impact impact impact impact 
freq % freq, % freq. % freq. % 

Front 186 65 22 25 730 73 51 18 
Right 34 12 28 32 99 10 105 36 
Left 46 16 23 26 138 14 62 21 
Back 10 3 10 11 6 60 21 
Top 7 2 1 1 22 2 
Unclassifiable 5 2 4 5 9 I 11 4 

Total 288 1 O0 88 1 O0 1,004 1 O0 289 1 O0 

Data missing 9 54 68 

the car was still most likely to strike another car (31 Occupants 

As indicated in Table 6, it is clear that frontal impacts 
The following tables provide information about the were most common (63 percent) of the most severe 

impacts, impacts on the right side were slightly more occupants, and the nature and causes of their injuries. 

common for the second most severe impact. There is, ]able 7 shows that of the 506 occupants of vehicles 

however, very little difference between front and both investigated 293 (58 percent) were the drivers of the cars 

side impacts for the second more severe impact. The main involved, 21 percent were front-seat passengers, and 20 

effect on impact type of weighting the data has been to percent were travelling in the rear seats. There are three 

increase the proportion of rear impacts in the second less drivers than vehicles because some of the vehicles 

most severe impact, investigated were parked with occupants sitting in them. 

As shown in Table 8 the proportion of persons fatally 

injured in each seating position was approximately the Table 7.The seating position of occupants. 
same (6 percent). The proportion of persons seriously 

i~\iured in each seating position was similar (24 percent). Seating position Unweighted Weighted 

}::ortF-seven percent of rear-seat passengers were slightly freq. % freq. % 

injured° The proportion of front-seat occupants, drivers, 

and passengers slightly injured was smaller (32 and 38 Drivers 293 58 ~,402 55 
percent, respectively). This shows that the rear-seat Front seatpassengers ~07 2~ 57~ 22 
occupants are more likely to receive i~\iuries (77 percent) Rear seat passengers 102 20 575 22 

Not known/other 4 1 10 1 than the driver (6! percent) or the front-seat passenger 

(69 percent). The main difference is in the proportions Total 506 100 2,558 100 
stightly injured. 

Table 8. The distribution of injury severity 1 by seating position. 

Injury Severity 

Seating position Fatal Serious Slight Noninjury Total 
freq. % freq. % freq. % freq, % 

Driver 15 5 69 24 94 32 115 39 293 
Front seat passenger 6 6 27 25 41 38 33 31 107 
Rear 6 6 24 24 48 47 24 24 102 

Not known/other 2 2 4 

Total 27 122 183 174 506 

injury severity in Tables 8 and 9 is based onthe severity assigned by the police. 
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In Table 9, the distribution of injury severity for drivers laminated windscreens. The nonminor injuries are caused 

in different age groups is shown. The drivers in the 1- to by more solid objects such as the steering wheel, doors, or 

..... 19-year age group appear to be much more likely to be another vehicle. These injuries are often caused by an 

.... killed in this sample of accidents than drivers of other intruding contact--one of the main causes of nonminor 

ages. Taking drivers of 29 years and younger, the table leg injuries is an intruding footwell. 

indicates they are more likely to receive injuries of all Many of the drivers’nonminor skull injuries arecoded 

severities with only 21 percent uninjured. Because of the as noncontact. This is the movement of the brain within 

physical changes to the body associated with ageing, the skull due to the deceleration of the head, and is often 

particularly in terms of bone structure, older drivers are an AIS 2 injury (loss of memory; a short period of 

generally more likely to be injured than younger drivers unconciousness) that will result in a 1-night stay in a 

in an accident of similar severity. Taking the age group 50 hospital. 

years and over, 65 percent of the drivers received injuries Drivers received minor injuries (AIS 1) from seatbelt 

compared with 35 percent of drivers age 30 to 49 years webbing and steering wheel and more severe (AIS 2 to 6) 

and 79 percent of drivers age 29 years and under. The injuries from steering wheels, footwell intrusions, and a 

.......... majority of drivers in the sample (93 percent where the variety of other sources. Front-seat passengers also 

......... use of seatbelts could be established) were wearing received minor injuries from their seatbelt webbing or 

seatbelts, from the facia. However, their more severe injuries often 
came from external objects such as the other vehicle, 

Causes of Injury loose objects within the car, or footwell intrusion. 

The causes of injury are established from a variety of 
Only occupants known to have been wearing a seatbelt 

sources including the evidence of occupant contact marks 
are included in Tables 10 and 11; other occupants were 

in the vehicle or elsewhere, from the nature of the injuries, 
excluded, as the trajectories of unbelted occupants are 

and the likely injury mechanisms. Corroborative evidence 
quite different, resulting in different injury sources. 

may also be obtained from the occupants via the 
Vehicles 

questionnaires. 

In Tables 10 and ! 1, only the weighted data are The vehicles involved in the accidents are examined in 

presented so as to more effectively reflect the injury detail by the teams, and data on the performance of 

patterns occurring generally. The weighting takes account vehicle components are recorded. The following tables 

of the disproportional sampling procedures, which over- indicate how certain vehicle features performed. 

represent the serious and fatal injuries in the population. 

Drivers’ and Front-seat Passengers’ Injuries 
Windscreens 

The injuries have been divided into minor (AIS l) and As shown in Table 12, 31 percent of the vehicles in the 

nonminor (AIS 2 to 6) to highlight the differences in sample had toughened windscreens and 61 percent had 

causes of injury. In most of the body areas, minor injuries laminated windscreens. In 22 cases, it was not possible to 

(bruises and lacerations) are caused by objects that will establish the type of windscreen. The proportion of cars 

give, such as seatbelt webbing, soft metal facias, and with laminated windscreens increases with later models. 

Table 9. The age and injury severity of drivers. 

Severity of Injury 
Age 

(years) Fatal Serious Slight Non-injury Total 

freq. % freq. % freq. % freq. % 

17-19 4 !7 7 30 9 39 3 13 23 

20-29 4 5 22 29 31 41 18 24 75 

30-39 4 8 13 21 20 33 24 39 61 

40-49 1 3 9 29 9 29 12 39 31 

50-59 0 10 29 9 26 15 44 34 

60-69 2 12 7 41 5 29 3 18 17 

70 and over 0 1 25 2 50 1 25 4 

Not known 0 0 9 24 28 76 37 

Total 15 5 69 24 94 33 104 37 282 

Missing data 11 
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Table 10. The drivers--the main causes of injury, 

Body region Injury Frequency Main causes of injury 
(1) severity of injury (frequency) 

(2) 

Skull minor 55 Roof (19) 
nonminor 143 noncontact injury (42) 

Laminated windscreen (t 6) 
A-pillar (12) 

Chest minor 221 Seatbelt webbing (164) 
Steering wheel (93) 

nonminor 93 Door (22) 
Steering wheel (16) 

Abdomen & minor 153 Seatbelt webbing (90) 
Pelvis Door (18) 

nonminor 23 Steering wheel (7) 

Door (16) 
Arms minor 159 Knobs & switches (32) 

Steering wheel (18) 
Flying glass (18) 

nonminor 23 Facia (7) 
A-pillar (5) 

Legs minor 258 Facia (170) 
Steering column 
Cladding (57) 

nonminor 74 Footwell intrusion (96) 
Facia (70) 
Pedals & bracketry (17) 

(1) Surface, skeletal and internal injuries have been combined. Face and neck 
injuries are not included in any of the table as there is a’n error in a computer 

program which would give rise to misleading results. 

(2) Minor = AIS 1,Nonminor = AIS2-6 

Table 11, The front seat passengers--the main causes of injury. 

Injury Frequency Main causes of injury 
Body region severity of injury (frequency) 

Skull minor 10 Windscreen (3) 
nonminor 34 Side window glass (9) 

Other vehicle (9) 
Chest minor 95 Seatbelt webbing (77) 

nonminor ! 7 Other occupant (3) 
Other external object (3) 

Abdomen & minor 64 Seatbelt webbing (58) 
Pelvis nonminor 17 Door (9) 

Other vehicle (9) 
Arms m~nor 100 Side window glass (17) 

Door (12) 
nonminor 18 Loose object (8) 

Legs minor 92 Facia (44) 
nonminor 8 Footwell intrusion (7) 
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Table 1 2. Causes of windscreen breaks. Side Doors 

State of Type of windscreen 
..... windscreen Out of 297 vehicles, almost half had damage to the 

Toughened Laminated Total driver’s door. Sixty-nine of the 140 damaged doors were 
freq. % freq. % jammed, 39 of these by compression of the door aperture. 

This reflects the predominance of frontal impacts in the 
Broken 35 41 99 56 134 
Cause of break: 

sample. Twenty-two drivers were trapped in the vehicle 

Occupant 2 6 9 9 11 by door jamming. Side doors opening during the accident 

...... Frame is less frequent than tailgate opening on hatchbacks and 
...... distortion 14 40 54 55 68 estates, as might be expected, as side doors are fitted with 

Other vehicle 3 9 6 6 9 antiburst locks, whereas only a few vehicle models have 
Other intru* 
ding object 4 11 10 10 14 

antiburst locks on tailgates. External crush causing 

Internal linkage activation was the most common reason for 

object 0 0 1 1 1 doors opening. 

......... Other 0 0 2 2 2 Front passenger doors showed a similar pattern to 
Not known 12 34 17 17 29 drivers’ doors, though rather more were totally un- 

Not Broken 51 58 79 45 130 
damaged (64 percent). This is consistent with the fact that 

Not Known 22 
more of the frontal impacts were offset toward the right 

Total 86 178 286 than the left. Again, jamming was fairly frequent, and 

opening uncommon. Seven front left-seat occupants 
Data missing 11 were trapped by door jamming. 

There were 140 cars with rear side doors. More than 

Laminated windscreens are more likely to be broken half the rear doors were damaged, but there was no 

than toughened windscreens. The majority of windscreen difference between the proportions damaged on the rear 

breaks to both toughened (41 percent) and laminated (56 right (34 percent) and the rear left (35 percent) doors. Of 

percent) glass were caused by distortion of the frame. The those doors that were damaged, 24 percent were jammed 

next most common cause of break to both types of by compression, with nodifference between left and right 

windscreen was an intruding object that was not the other sides. Eight occupants in rear seats were trapped by door 

vehicle. The former accounted for 11 percent of toughened jamming. Four occupants were ejected through an open 

screen breakages and 10 percent of laminated screen side door, and these were all unrestrained rear-seat 

breakages. The latter accounted for only 9 percent and 6 occupants. A further five occupants were partially ejected 

percent, respectively. In only 2 cases did the occupant through a side window. 

cause the windscreen break to toughened glass and in 9 

cases for laminated glass. Occupant contacts on wind- Seats 

screens were noted in 27 cases and, in a further 50 cases, 

occupant contact was suspected but not established. Of 
Of all front seats, 64 percent were fixed (i.e., did not tip 

these 27 cases, 16 of the contacts were onto a broken 
forward to allow passengers into thereat), 24percent had 

screen and 7 onto an unbroken screen. In 4 cases, the state 
hinged backs, and only in 11 percent of cases did the 

of the windscreen at the time of contact was not known, 
whole seat tip forward (base-hinged). Nine out of 104 of 
the seat back hinge types and 7 out of 54 of the seat base 

Hatchback/Estates hinge types failed. The most common cause was mis- 

alignment of components for the seat back hinge, and 

Damage to the tailgate is a fairly frequent occur- catch overload for the base hinge. If the antitilt lock did 

fence--20 percent of the sample of 149 hatchbacks and fail, there nearly always appeared to be the potential for 

estates had some damage to the tailgate. Approximately extra loading being transmitted to the seat occupant. 

one-third of those that sustained damage opened in the Four cars had no rear seats, 137 (46 percent) had fixed 

accident. This can lead to ejection of any unrestrained seats, 102 (35 percent)had a folding single seat, and 52(18 

occupants. There are several different modes of door percent) had divided seats where one section could be 

opening--bodyshell distortion leading to misalignment folded and the other remain upright. Of the folding seats, 

of latches, latch overload, and component failures. Of there were 24 cases of latches releasing (out of 308 

these, bodyshell distortion was the most common method, latches). Nearly all of these occurred on the single folding 

accounting for five of the nine openings. Two rear-seat seats--only 5 released on divided folding seats. The 

occupants were suspected of being ejected through an explanation may be that the divided seats will distort on 

open tailgate. Five rear-seat occupants were ejected their inboard edge, thus dissipating loads, whereas the 

through the rear glass area. The rear-seat occupants were single folding seat is forced to take most of the weight of 

not using seatbelts, any loading on its latches. The most common cause of 
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latch failure is misalignment of the two parts of the latch regard to vehicle components, damage to the tailgate of 

t i0 cases). There ~erc 6 cases where both seat latches hatchbacks and estates was fairly frequent. Approximately 

~eleased, eIfcctively leaving no restraint for any loads in one-third of those that sustained damage opened in the 

~hc rear of the car, ~n the cases where the latches released, accident, usually due to compression of the door aperture. 

~ere appeared to be the potential for loading to be Eour occupants were ejected through an open side door. 

transmitted to any seat occupant in approximately half and these were all unrestrained rear-seat occupants. In 

the cases. Hosteler, there were only three occupants in a the future, further detailed analysis will be made on the 

rear seat when a latch failed these people all sustained increasing data base. The general crashworthiness of 

c×tra ~oading. None of these occupants were in a seat vehicles and the detailed performance of specific com- 

v, here both latches failed, portents will be studied. The specific causes of injury will 

Fhc questionnaires completed by the vehicle occupants be investigated, and the relative frequencies of different 

provided information on the materials carried in the crash types and injuries will be documented. One of the 

luggage compartments. Some oftheitems could seriously first detailed analyses is the examination of seatbelt 

hlcrease the loading on the seat backs and the seat effectiveness in reducing injury to front-seat occupants. 

occ~pants, Examples of tile loads carried in a luggage This is reported by Dr. S.J. Ashton et al.. at this 

compartment are advertising materials in boxes, tools Conference. 

and a tool box, suitcase, spare x~hee!, computer acces- 
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In a study such as this, which relies on the cooperation 

Co~c]IlsiOI1 of many different organisations and individuals, there are 

Ihe purpose o~ this paper has been to provide an many people to acknowledge. The authors would like to 

thank all those who have made this work possible. In overview of a major study of the causes of injury to car 

occupants currently underway in Britain. The establish- particular, they would like to thank: 

merit of a high-quality, reliable, and strictly sampled data 1. The sponsoring consortium for their financial support 

base has been a very extensive exercise, it involves the and their representatives for their advice and guidance. 

cooperation of a large number of people outside the They are: Department of Transport VSE and VI. 

Accident Research Units: hospital consultants, coroners, TRRL, Ford, and BL Technology who coordinate 

Austin Rover Group, Freight Rover, Land Rover. police officers, recovery garage owners, and many more~ 

Iv is important, therefore, that the data obtained in this Leyland vehicles, and Jaguar cars. 

s~ud3 are consistently collected by the accident investi- 2. The Chief Constables and their officers in the study 

ga~ors, that the data from the two units are compatible, areas for their cooperation. 

and tha~ the computer programs are reliable, 3. The consultants and other staff at all the hospitals in 

I~is paper has described the organisation of the study tile study areas for their assistance, 

a nd the ~ ays in which data on vehicles and occupants are 4, The coroners in the study areas for their cooperation. 

collected, recorded, and analysed. The data presented as 5. The Department of" Transport vehicle examiners in 

examples of the preliminary findings are based on a single the West and East M idlands, Northern and Western 

yea~, 1984, the first full calender year of the study in traffic areas of the Department of Transport 

which both teams were investigating accidents. The data 6. The staff of the two Accident Research Units: 

are presented to indicate the sort of information available at ICE, Loughborough Birmingham University 

from the study and the ways in which it can be used. The Geoff Hedges Stephen Jowett 

-~ ariety of vehicle makes and models found in a sample of Ann Marshall Andy Parkes 

nearly 300 means that very few vehicles are represented in Abayomi Otobushin Michael Twiss 

any quantity. Only one vehicle occurred more frequently Nigel Robertson Meryl Knight 

tha:~ I0 percent. This makes detailed analysis difficult Carl Sutton Wendy Phipps 

due to the smal! numbers involved. Most vehicles saw Mo Symes Colin Smith 

only one impact, and most impacts were frontal and with Pete Thomas Duncan Lander 

another car, Rear-seat occupants are more likely to 

receive i~\iuries than front-seat occupants. The majority References 
of" front-seat occupants were using seatbelts (93 percent); 

the majority of rear-seat occupants were not. The majority 1. D.S.I.R., "Research on road safety," H.M.S.O.. 

of minor injuries (A1S !) to belted front-seat occupants London, pp. 464-477, 1963. 

were bruising from seatbelt webbing or from contact with 2. Mackay, G. M., "Some features of traffic accidents.’" 
the steering wheel (drivers), The steering wheel also Brit. Med. J., Vol. 4, pp. 799-801. December 1969. 

caused more serious injuries (AIS 2 to 6) to drivers. The 3. N,A.T.O., Proceedings of a Conference on Accident 

more serious injuries to front-seat passengers often came Investigation, Committee on the Challenges of Mod- 

from external objects such as the other vehicle, With ern Society, Brussels, June 1973. 

524 



Section 4. Technica! Sessions 

4. Robertson, J.S., A.J. Mclean, and G.A. Ryan, Technical Conference on Experimental Safety Ve- 

"Traffic accidents in Adelaide," Australian Road hicles, National Highway Traffic Safety Administra~ 

Research Board, Kew, Victoria, Special Report No. tion, Washington, D.C., pp. 574-579, October 1976. 

1, July 1966. 7. AAAM, "The abbreviated injury scale~- 1980 ver- 

5. Mackay, G.M., and S.J. Ashton,"Injuries in collisions sion," American Association for Automotive Med- 

involving small cars in Europe," SAE Transactions, icine, Arlington Heights, 1980. 

Paper 730284, SAE, New York, 1973. 8. Mackay, G.M., M.D. Galer, S.J. Ashton, and P.D. 

6. Hartmann, I=., C. Henry, and C. Tarriere,"Respective Thomas, "The methodology of in-depth car crashes 

effects of Delta V, mean gamma and intrusion on the in Britain," SAE Paper 850856, 1985. 

severity of injuries," Proceedings Sixth International 

Large Scale Data Collection Systems--The NASS Experience 

....... Franklin G. Richardson and Introduction 
Frances Bents Costello 
Nationa! Center for Statistics and Analysis, 

The National Accident Sampling System (NASS) was 

National Highway Traffic Safety 
established by the U.S. Department of Fransportation in 

1978. It was designed to produce nationally representative 
.... Administration estimates of the highway accident toll to provide a 

.............. detailed accident data base that could be used to identify 

significant safety problems, to detect trends, and to 

evaluate motor vehicle safety countermeasures(l). 
Abstract                                             Beginning with a pilot effort at 10 data collection sites, 

NASS increased the number of teams annually. By mid~ 

...... The National Accident Sampling System (NASS) has 1982, it had reached its current complement of 50 
.... grown from a pilot data collection system with 10 teams Primary Sampling Units (PSU’s) in 27 States that 

in 1978 to the current system of 50 teams using over 130 produce data on 12,000 highway accidents each year. At 
accident data researchers in 27 States. At the end of 1984, the end of t 984, there were over 45,000 cases on the file. 
there were over 45,000 cases in the NASS files with each The NASS teams gather about 400 data items on 
case including approximately 400 different data elements, accidents of every type (pedestrian, motorcycle, light 
This large system with widely separated collection sites truck and van, heavy truck, and passenger car) and on 

........... requires that each team use specific operational procedures accidents of every severity (nontow property damage 
to assure the consistency, uniformity, and reliability of only, minor, moderate, and serious injury, and fatal). 
data. The overall goals of NASS are to create and The establishment of a multitier data collection and 
maintain a network of collection teams that use specific quality review system requires expertise in the subject 
operational procedures to assure consistency, validity, area of interest; equally important are skills in plm~ning, 
and reliability of the resultant data file. Since NASS coordination, task identification, negotiatiom and 
attempts to serve statistical and clinical needs, both management. The administrative challenges are often 

creativity and compromise have been employed in de- greater than the technical difficulties that must be 
veloping the field capabilities and in maintaining the mastered to create and maintain a smoothly operating 
system so that useful data are acquired. It is important for system. This paper examines some issues that the field 
the users of any data file to be aware of the definitions and operations staff considered in establishing, operating, 
limitations of the data, but it is especially important in a and maintaining the NASS data colIection system. Part 

system such as NASS where such a large amount of data of the discussion is specific to the accident investigation 
is gathered and the collection occurs at such widely field, while much of it can be apptied to any data 
separated locations under varying local conditions and collection effort; 
regulations. Current procedures for the selection of cases, 

collection of data, and quality control are described. 

Sampling revisions that will be introduced in 1985 to Case Selection Procedures 
enhance the file usefulness and significant field operational 

changes are also discussed. The paper concludes with the An important first step in any data gathering scheme is 

argument that NASS, or any similar system, must be to define what you want to examine. NASS begins by 

concerned as much with the qualifications, training, and selecting as its ~. ~iverse all accidents that are reported to 

motivation of field personnel as with statistical design, the police as o,)cumented on Police Accident Reports 
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{PA R’s) and are submitted to the individual State traffic become proficient in standardized data gathering methods. 
records agencies. Immediately this leads to an Experience has shown that about 6 months of formal 
underrepresentation of very minor accidents that are: (1) training and careful oversight are required to train a 
never reported to police, or (2) are not subject to novice. Training remains a key element in field 
inclusion in State files. Statistically, these minor accidents operations. 
are addressed outside of NASS and are of little general A second level of expertise was established called Zone 
interest to clinical users(2). Centers. The Zone Centers consist of groups of several 

Since PAR’s from almost all jurisdictions include highly experienced accident researchers who not only 
vehicle type and some measure of injury severity, it is assist in developing standardized protocol but provide all 
feasible to stratify accidents in NASS with this technical oversight and quality review to the data collec- 
information. Accidents are classified in a hierarchy of 22 tion teams. These mid-level managers have been critical 
strata that begin with the more rare accident types of to the success of NASS through their involvement in 
pedestrian, motorcycle, and truck accidents and end with training PS U investigators and in reviewing, monitoring, 
automobiles and al! others. As a second stratification, the and controlling the information that becomes the data 
recorded injury severity is adapted from the various files. 
police codes. Experience has shown there is some over- or 
undergrading of injuries in this process, which will be Data Collection 
discussed later, but the stratification system generally is 

Once the sample of police-reported accidents is selected. 
usefu! in allowing statisticians to select a greater 

it becomesnecessarytodescribethevariousdatagathered proportion of serious accidents, If such weighting schemes 
from numerous reports and field inspections in a consistent 

~ere not applied, the bulk of the NASS file would consist 
way. NASS uses a set of standard reporting forms that of very minor accidents. This would be satisfactory for 
are modified every 2 to 3 years. The 400 data elements are 

national estimates but of little use to engineers responsible 
arrayed according to the following scheme: 

for improving vehicle crashworthiness and reducing 
¯ Accident 

occupant injuries. This hierarchical approach will be 
* Pedestrian/Nonmotorist modified with the introduction of revised sampling 
¯ Vehicle 

procedures described later. 
¯ Driver 

NASS teams record all accidents reported by designated 
¯ Occupant 

police jurisdictions, either two or three times each week, 
The Accident Form is used to collect data on the first 

and then execute a PSU-unique sampling algorithm that 
harmful event, ambient conditions, and case admires- 

selects the specific cases to be investigated in that PSU for 
trative information. The Vehicle Form guides the data 

that day. There was uncertainty during the initial planning 
collector in gathering specific vehicle information, and 

about the effectiveness of small team sizes and the ability 
one form is completed for each involved vehic] e. Separate 

of two or three investigators to manage a variable 
forms are used for towaway or nontowaway vehicles. 

workload of cases, so each investigator is assigned a fixed 
Included are vehicle make/model descriptions, some 

caseload of two accidents per week. The fixed workload 
vehicle component conditions (e.g., tire condition L Col- 

1ends itself well to program planning and management. It 
lision Deformation Classification (CDC)(31. and Truck 

creates difficulties for statisticians, however, when, for 
Deformation Classification (TDC)(4), and such postcrash 

example, one motorcycle accident holds a case selection 
data as the amount of intrusion, the amount of exterior 

weight of 20 while a similar accident in the same site on a 
crush, and steering column performance. Similarly, the 

different day holds a selection weight of 360. Consistency 
Driver Form is used to acquire specific data on the 

in case selection is an important operational achievement, 
driver’s education and training, precrash maneuvers {if 

Staff any), license status, alcohol involvement, and traffic 
violations. One form is completed for each involved 

The next major protocol is concerned with staff driver, which permits the coding of any environmental 
selection, In establishing NASS, it was decided data data unique to the involved vehicles (roadway charac- 
\~ould be collected through contracts with firms that teristics). The Pedestrian/Nonmotorist Form and the 
u, ould hire technician-level staff who are trained and Occupant Form are identical in the nature and extent of 
directed by NHTSA. Prior to NASS, contracts were injury information recorded, but the Pedestrian Form 
awarded to those few organizations that had developed includes data on location and activity while the Occupant 
their own style of expertise in accident investigation. The Form has provision for seating location and restraint 
NASS design required almost 200 investigators collecting type and use. NASS also uses special forms for CRASH 
data in precisely the same way. Significant attention III(5) reconstructions and schematics of scene data. 
during the pilot study was devoted to determining To make data collection consistent across all 50 
whether individuals who often had no related experience collection sites, extensive documentation has been 
or expertise in accident research could be trained to employed. The five basic data forms are accompanied by 
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a Coding and Editing Manual that currently includes a that in any accident when one occupant is transported to 

total of 780 pages of specific coding instructions. The a medical facility, regardless of the true severity of the 

Collision Deformation Classification (CDC), Abbreviated injury, the accident is classified as serious. As a result, 
..... ........ lnjury Scale (A1S)(6), and Injury Severity Score(ISS)(7) 48.6 percent of the accidents in Alabama are initially 

systems have been incorporated. This extreme level of classified as serious. At the other extreme, Pennsylvania, 

specificity is crucial for clinical use of the data. When where six PSU’s operate, classes injury severity as major, 

field personnel enter data onto the Master File, there are moderate, or minor, adds the type of apparent injury 

800 automated range and consistency checks applied to such as amputation, broken bones, concussion, burns, 

every NASS case before the data are accepted. These etc., and from this additional description the field 

.......... checks are identical to coding manual instructions and investigator must determine the injury severity. In this 

supplement Zone Center review by assuring that incorrect State, only 4.1 percent of the accidents are initially 

key strokes or out-of-range entries are flagged and classified as resulting in a serious or incapacitating injury. 

corrected. The practical effect is that a large number of cases in 

Other data collection aids are available and used. Most Alabama are selected for investigation as serious injury 

rural PSU’s use a scene inspection jig that can be adjusted cases when in fact they are not, while in Pennsylvania 

to simulate the wheelbase of vehicles and can be used to teams are failing to select as many cases with serious 

trace postcrash trajectories, in 1984, we also introduced injury because they are grouped together with a large 

the vehicle contour gauge, which not only facilitates number of truly minor injury cases. Under the present 

taking crush measurements on passenger cars but also circumstances then, national estimates of injury severity 

assists case review staff and data users in assessing vehicle based upon initial classification may be skewed, but 

damage, individual case files are rich with injury data for the 

Consistency of technique is further reinforced in clinical users. Changes in case stratification are being 

NASS through training. In NASS, all investigators studied that would go beyond the initial police-reported 

undergo up to l0 weeks of intensive training, which severity in these two States to make the initial injury 

includes self-paced audiovisual modules, classroom severity classification. This impro~,ement will serve bott~ 

training, and on-the-job supervision. This is followed by statistical and clinical users. 

about 6 months of careful oversight by Zone Center staff. A second problem is the limitation that must be placed 
Even though we consider NASS to be technician level on data collection so files can be produced. Because of the 

data, investigators still generally cannot assimilate the sampling scheme employed, an accident is not selected 

wide variety of data taking procedures for many months, for investigation until it is 3 to 4 days old. Given this late 
start, it is imperative the researchers locate and measure 

Limitations of Procedures scene data and vehicle damage as quickly as possible 

before vehicles are repaired and scene evidence is scattered. 

......... The use of these standardized procedures has both These data must be gathered within 2 days of case 

benefits and costs. They clearly contribute to the uni- selection. Likewise, drivers and occupants must be 

formity and reliability of data encoding. At the same interviewed within 4 days so recollections are altered as 

time, unusual circumstances (which are very common in little as possible. Researchers must also request and 

this field) can be difficult to categorize according to encode medical records, driver and vehicle registration 

convention. When this occurs, data can be "force fit" into information, and, when possible, execute a CRASH II I 

a specific coding attribute or a default to "other" or reconstruction. All the above activities are scheduled to 

"unknown" codes can be used. Either way, the clinical be completed and case data are to be entered onto the 

user of the file may find it impossible to locate the specific microcomputer data entry system within 2 weeks of case 

accident circumstance that is of interest if he relies solely selection. Then the cases are to be submitted to the 

on the automated files for his information. Because of appropriate Zone Center for review no later than 35 days 

this, both automated files and the individual case reports after selection. These deadlines guarantee that the data 

are routinely reproduced and made available to users, flow, from collection through quality review and to final 

A good example of the difficulties encountered in file, occurs smoothly and rapidly. This allows the pub- 

standardization is the categorization of accidents into lication 6f statistical reports within a few months of 

strata for case selection. This classification is based on accident occurrence. These deadlines atso result in some 

police-reported information, but, unfortunately, the States loss of data, particularly in fatal accidents. The NASS 

do not all use a uniform code. Overall, NASS teams class system underreports fatalities because cases are selected 

about 28 percent of police-reported injuries as serious or based on police reports and are therefore limited to those 

incapacitating. ~Fhere is a wide variation among States, fatalities that occur almost immediately after an accident. 

however. Alabama, where two PSU’s operate, instructs A Small number of longer term fatal injuries are drawn 

the police to class accidents at this severity level if the from cases initially listed as involving serious i~iuries. 

injured person is "carried from the scene." This means The Fatal Accident Reporting System (FARS)(8)provides 
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a precise count of traffic fatalities that occur within 30 facility, major modifications can occur to the vehicle 
da}s of an accident and is a vatuable complement to crush profile, tire and wheel condition, restraint condition, 

N ~,SS. etc. Because of the difficulties engendered in assessments 
l~he loss of medical data is accommodated somewhat of this kind, NASS has chosen to focus its resources on 

through the use of an update protocol. Under this those data elements of major concern such as restraint 
sc!~eme, the completed portion of the case investigation use and vehicle damage. Extensive training is conducted 
must be submitted to the Zone Center according to the to show how seatbelt webbing can be used to detect belt 
35-day schedule. A notation is made that additional use and the differences between door beam crash damage 
medical data will be forthcoming. The team then has 90 and distortion of the door from emergency extrication 
dass to obtain copies of hospital emergency room reports tools. Some areas such as tire condition and performance 
and discharge summaries~ When received, the medical would require a substantial commitment to extensive 
information is encoded on update forms and submitted data collection if meaningful conclusions are to be 
to the Zone Center, which appends the original case file, reached. The perceived need for tire data is small at this 
conducts a quality review, and approves the case for time, however, so NASS has avoided both a major 
inclusion on the Master File. commitment to collecting tire data and the seduction of 

Scheduling also creates challenges in the collection of doing more limited data collection, which is easy but 
data from the vehicle inspection. The interval between inconclusive. 
accident occurrence and case selection allows 4 days in In recent years, a beginning has been made in collecting 
wlaich vehicles can be towed, transferred, and repaired, precrash data by coding driver-related factors such as 
l~’or truck tractor-trailer combinations, the vehicles are erratic driving or improper, if not illegal, actions. In t985, 
generally drivable and have left the study area. The data the CAkAX(9) system, which describes preimpact toca- 
completion rates for truck inspections are often low tions and actions, for one or two vehicles, was in- 
compared to an overall vehicle inspection rate of about corporated into NASS. These first attempts at encoding 
75 percent, accident-related factors are the subject of considerable 

dispute at the quality review level because there is little 

Protocol Changes substantive information such as measurements or slides 

that can be used as verification. The activity is useful for 

It is important to understand the capabilities of the analysts who are interested in precrash conditions and is 

da~.a collection system and concentrate on those things contributing to advancements in field protocol. 

that are achievable. NASS data collection activities have 

been limited to those areas that lend themselves to Quality Control 
o~iective measurements. It is impossible to insure con- 

sistent data collection methods if the coding is left to an Almost 20 percent of NASS resources are devoted to 
investigator’s judgment, quality control. The technical experts at the four Zone 

Most NASS data collection at the present time is Centers aretasked with responsibilityformonitoringthe 
focused on vehicle crashworthiness, i.e., extent of vehicle development and performance of PSU staff, serving as 
damage and resultant injuries. There are major reasons accident investigation specialists, conducting periodic 
for this First, NHTSA applies much of its resources to visits to all field sites, maintaining and upgrading all 
~,etticle safety design and countermeasures. Second, the supporting documents, training, performing elaborate 
state-of-the-art in accident investigation is most advanced reviews of case materials, and creating and analyzing an 
in the areas of damage measurement and reconstruction, automated file on every aspect of data quality. The 
[~inalty, given the importance of standardization and NHTSA staff also performs independent spot checks of 
consistency, NASS can most effectively produce the analysis file, conducts site visits to PSU and Zone 
documentation of physical, measurable, and verifiable Center installations, and monitors myriad status reports 
data sources. Several hundred researchers have been produced by the field. Until very recently, the Zone 
successfully trained to measure roadway dimensions and Centers spent an average of 4 hours reviewing every 
vet~icle damage, and to report injury severity in the same variable of every case submitted by PSU’s. This appears 
consistent manner. Areas such as human factors and to be too large an effort. When NASS began, there was 
accident causation, which rely on extensive data no comprehensive quality control plan to accompany the 
interpretation and judgment by trained experts to reach data collection scheme. Since NASS was the first to 
conclusions that may not be otherwise substantiated, attempt to implement such a specialized major system, 
have been avoided, there was little direct experience on which to draw. The ...... 

It is difficult to make valid assessments of pre- or expertise available was in field investigation, not data 
at-crash conditions. For instance, during the extrication management and review. The roles of the Zone Centers 
of entrapped occupants, towing of the vehicles, or even have remained critical to NASS success but have shifted 
handling at the crashed vehicle repair or impoundment greatly with time. Through trial and error, education, 
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and budget constraints, the approach to file building has information is collected on some accidents with less 

changed to one seeking only excellence, not perfection, serious injuries. Since teams are understaffed or 

NHTSA is concentrating on improving the quality of undertrained about 20 percent of the time, this change 
work at the lowest common denominator by selecting has been important in keeping the number of cases up 

and training new investigators more carefully and and thus improving the case weighting. 

removing nonperformance from the system more quickly. The second major change planned is a change from a 

Case review has been reduced until only a portion of cases "constant caseload assignment" to a "variable caseload 

completed by competent investigators are examined, assignment." From its inception, NASS has assigned 

freeing Zone Center staff to focus on weak performance each investigator a fixed number of cases each week 

areas. Further review of the quality control activities is nominally two. By changing to a variable case!oad, the 

planned. A group of NASS experts representing statistical ability to sample a greater number of serious cases is 

design, analysis, and data collection is working with a increased (more cases will be sampled when serious injury 

quality control expert to further streamline the review accidents occur) and the variation in case weights will be 

activities while maintaining the high quality of the data reduced. Both statisticians and clinical users will benefit. 

file. This task will take several years to fully implement The shift will require more aggressive field management 

but is necessary to improve NASS performance as and increased quality control because the workload is 

Federal dollars become more limited, largely determined at the PSU level rather than being 

dictated by sampling protocol. 

NASS Sampling Revisions The third major change is a revision of the Police 

Report stratification from 24 to 5. Accidents are now 

As the NASS system has become stabilized at the stratified on both vehicle type (e.g., motorcycle, heavy 

50-team size and the process of data collection and file truck, pedestrian) and on police-reported injury severity, 

building has become more routine, attention has turned combined with the reported transportation of injured 

to ways to modify the system to better meet user needs as persons to a medical facility. The revised stratification 

to the type and injury severity of accidents sampled, 
would be based only on the injury severity and ~hether 

Earlier adjustments to the accident sampling procedure any injured persons were transported to a hospita!; 

had been made in 1982 to provide an increased number of accident type will not be considered. 

........ heavy truck" accidents, and in 1982 and 1983 the The anticipated effect of these changes wilt be to 

percentage of heavy truck accidents was increased, 
increase thenumberofseriousinjurycases(AIS3+)that 

although many of these were low-injury-severity ac- are investigated. It is anticipated that about 3~000 serious 

cidents, injury cases will be acquired annually with this system as 

Beginning in 1984, the concern was to increase the compared with the current 1,800 cases at that injury 

proportion of cases with a higher injury severity. This was severity. 

accomplished primarily by reducing the number of low- 

injury-severity heavy truck accidents. More recently, Remaining Challenges 
work has begun on examination of means to increase the 

proportion ofhigh-injury-severitycasesevenfurther, and Experience in building and refining the Nationa~ 

to combine this with changes that would improve the Accident Sampling System has proven one thing it can 

accuracy of the national estimates and simplify the case be done and done very well. "Ihe greatest resource and 

weights. Obviously, the original NASS statistical design most formidable obstacle is people. From the beginning, 

approach and the current team locations impose limits on NASS concentrated on elaborate statistica! design, con- 

how much change is possible without a significant sistent field protocol, extensive documentation, and 

expenditure of funds. Four team locations, for example, creative administrative control. What was largel? over- 

produce police reports for less than 50 serious injury looked was that the backbone of this system would reall? 

accidents in a year and about one-third of the locations be a sizable group of reasonably quaIified, modest!? paid 

have less than 150 police-reported serious accidents, technicians who would become experts in a field with a,~ 

These sites provide valuable data representative of very uncertain career path, little recognition, and even less job 

rural accidents but present unique problems to the security. The NASS investigator turnover rate is about 30 

sample and design staff, percent each year because of poor initial candidate 

Three aspects of this change are being planned. First, a screening, contractual recompetition, and movement to 

change already implemented is the accomodation of field related career fields. Federa! procurement guidelines do 

staff personnel shortages (caused by illness, lack of not equip NHTSA well in providir~g ir~centives, upward 

training, or resignation) by reducing the workload, mobility, and job security, and ~et these gains would 

Whereas previously, if a team was understaffed or provide NASS with a greater proportion of highly 

undertrained, the number of cases to be investigated was experienced researchers while reducing the data a~d 

reduced, the number of cases is now maintained but less dollars lost to attrition and retrainirxg. 
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Consideration is being given to alternative ways of 3. Society of Automotive Engineers, Standard J 224 

awarding contracts for multiple PSU’s, extending the Mar 80, Collision Deformation Classification. 

interval between contract awards and promoting highway 4. Society of Automotive Engineers, Standard 1301, 

safet3 as a career to address this problern. Truck Deformation Classification. 

"[-he sotution to these "people" problems may well be 5. National Highway Traffic Safety Administration, 

the most creative element in NASS and the most valuable Crash I I I User’s Guide and Technical Manual, U.S. 
contribution to meeting NASS goals, Department of Transportation, Washington, D,C., 

revised April 1982. 
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Five Years of New Car Assessment Program: 
Balance and Current Conclusions 

J. Provensal, Choice of a Rating Method 
F. Hartemann, and 
C. Tarriere 

In 1972, the Motor Vehicle Information and Cost Regie National des Usines Renault 
Savings Act assigned to the Department of Transportation 

the mission of evaluating methods designed to yield a 

determination of the following vehicle characteristics: 

Damage susceptibility 
Introduction ¯ Degree of crashworthiness 

~ Ease of diagnosis and repair 
Over 6 years have elapsed since the inception of In this text, "crashworthiness" was defined as the 

activities devoted to crashworthiness ratings in the protection a passenger vehicle affords its passengers 
United States. A large number of vehicles, covering against personal injury or death as a result of a motor 
virtually the entire fleet of representative American 

vehicle accident(l). 
vehicles of the early 1980’s, have been subjected to tests In 1978(2), NHTSA resumed its work devoted to 
whose conditions were established concurrently with establishing a rating system for application to auto- 
devising what was destined to become the New Car mobiles. The discussion was already underway on the 
Assessment Program. relative feasibility and advantages of methods of rating 

However, as work progressed, a major controversy based on the following: 
arose over the validity of methods employed by the ® Historical data collected from information on 
Nationat Highway Traffic Safety Administration vehicles already in service 
(NHTSA). This controversy has not ceased. Now that a * Predictive data collected from evaluation tests 
second type of test~ one involving a deformable mobile and yielded by new vehicles for which there were 

barrier---seems to be in process of evaluation, it is no available results based on the experience of 
deemed timely to complete the data acquired so far, utilization 
summarize the state of progress, and examine---even This alternative presumes a choice that is not easy to 
propose--the orientations anticipated for the future, make. In fact, if one does not generally contest an 
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indicator or a criterion based on the careful processing of the basis of historical data collected from, for example 

statistical data, it can be assumed in the particular case accident investigation reports. 

of automobiles where the rate of launching of new models This requirement was in no way contested, either by 

is high the time required for establishing such an the individuals who took part in the discussion from its 

indicator would make this indicator unusable in actual outset(3,4) or by N HTSA itself(2,5). Finally, setting up a 

practice, since the model to which it was to apply would predictive rating method and a historical rating method 

no longer be on the market by the time the indicator was in competition with each other implicitly amounts to 

available, acknowledging that the aim is to provide an accurate 

Conversely, a predictive method can supply the market representation of the vehicles’ real performances with 

with an indicator available immediately, concurrently regard to passive safety. 

with the release of a new model onto the market; After 6 years of tests systematically performed by 

however, it is vital to make sure, beforehand, that it is NHTSA on new models, a certain amount of data has 

feasible and actually yields valid results corresponding to been acquired and a few attempts have been devoted to 

a vehicle’s performance, correlating real-world accident data with the results of 

This fundamental point had not eluded the attention of the predictive method. This paper summarizes the situa- 

NHTSA. which, in 1976, had reduced its research tion to date. 

devoted to the development of a predictive method for 

crashworthiness, deeming the feasibility of such a method 

was mediocre at that time(2). Global Statistical Approaches 
After examining various data bases (police reports, 

accident records compiled by insurance companies, and Two global statistical approaches were made prior to 
the accidentological data banks of NHI’SA (NCSS, NHTSA’s deciding on its choice of predictive method(2). 
NASS, and FARS), NHTSA concluded that "specific In fact, these approaches had been requested by the latter 
make and model crashworthiness comparisons isolating to evaluate the feasibility of a rating by a historical 
the effects of the vehicle are not yet feasible from historic method. In 1980, Friedman(6) concluded, after a study of 
data files..."(2), and undertook a testing program aimed FARS data, "it is clear from the FARS data results that 

....... 
at developing a predictive method, notable differences in fatality rates exist across make- 

,........ The testing work, based on 1979 model vehicles, models groups, while the analysis which controls for the 
consisted of subjecting these vehicles to impact tests crash severity (A V) shows little or no differences." This 
under the conditions listed in FMVSS 208,212, 219, and clearly shows that the differences between vehicles, all 
301" one major difference was in the choice of impact impact conditions combined, are due to the intluence of 
velocity, which was fixed at 35mph, i.e., 5mi faster than 

the mass of the aforesaid vehicles; once the data are 
the speed normally used for the aforesaid standards, grouped on the basis of equivalent conditions of impact, 

It is not without interest to recall and comment on the i.e., of fixed speed variations, the differences shown by 
requirements compiled by NHTSA, which had formed the FARS data are insignificant. 
the basis for the choice. These were contained in four Similarly, after examining the data in police files and in 
points summarized as follows(2): 

FARS and NASS records, Carlson(7) stated: "...we 
1. The system must supply the data sufficiently conclude either that the present statistical techniques are 

ahead of time before the market release of a not sensitive enough or that in general the overall injury 
given new model, severity differences between makes and models except 

2. The results yielded by the predictive method those differences associated with vehicle size are very 
must be readily accessible and usable by con- small. This result should not be ignored by NHTSA as it 
sumers, proceeds with its overall crashworthiness rating de- 

3: The cost of obtaining data must be reasonable, velopment." 
4. The test procedure must be repeatable and The initialevaluations based on accidentological find- 

objective, capable of distinguishing significant ings were hence negative and, logically, they should have 
differences in the safety performance ofthecars, led to the discontinuation of the investigation of a 
and carefully developed after wide review by the predictive method whose most foreseeable result was the 
scientific and technical community, absence of the detection of any difference whatsoever. 

This list of requirements shows the omission of a basic Actually, at that point, NHTSA’s procedure was the 

point that, in our opinion, should have been listed as the complete reverse: "The principal goal (of the test program) 

first entry in the conditions to be met by a predictive was to determine if automobiles of similar mass exhibited 

rating system, significant performance differences..." and "if the data 

The system of rating must accurately take into account (of the test program) revealed significant differences in 

the possible differences in behavior regarding the passive the performance of cars...a good basis to proceed with a 

safety of the vehicles, this behavior being evaluated on permanent program would exist."(2) 
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The discontinuation, in 1982, of tests performed at 1. As the author of the investigation admits, the 
35mph against oblique barriers (30° angle) also illustrated sample is very small. It is composed of 695 fatal 
this determination to use only a test that would reveal casualties, representing a fraction of the per- 
’ significant differences." In fact, examination of the centage ofthevictims killed in front-seat positions 
findings yielded after six oblique barrier impact tests in frontal impacts in the United States duringthe 
performed in 198t shows that the thoracic criteria (for reference period. Basically, this ensues from the 
both passengers and drivers) remained in the range of following: 
from 31 to 50g 3ms, and, most importantly, that, for the ¯ The rigorousness of the procedure in the 
six xehictes inw~lved the head criterion remained below selection of cases 
1~032. Therefore~ no further action was devoted to this ¯ The fact that the population from which the 
test, preference being given to the tests performed against samples were taken is that of the FARS file, 
orthogonat barriers, and even if: which--as its name indicates includes only 

accidents that cause at least one death. Thus 1. The conclusions of these tests were in agreement 
it is that, at the beginning of the selection, with the results anticipated obtained on the basis 

of the initial examinations of the accidentological nearly 63 percent of the cases are eliminated 

investigations, i.e., the absence of significant of those that, since they did not involve 

differences between vehicles, collisions between vehicles in motiom are 

2~ It was recognized that the most frequently unsuitable for the analysis envisaged. 
In view of the foregoing, it is not possible to occurring configuration of frontal impact in 
claim that the samples chosen are representative real-world accidents is distinctly more to be 

assimilated with impacts against oblique barriers of the reality of front-frontal collisions. In 

(involving only part of the vehicle’s front surface) particular, this sample excludes collisions against 

than with impacts against orthogonat barriers, fixed rigid obstacles, which are theoretically 

This is shown, in Figure 1, which represents cases covered by the NCAP. In addition, it is clear that 
vehicle / vehicle collisions--even those of vehicles of" fronta! accidents sustained by Renault 5 cars 

recorded in the A. P. R. survey to date. References of closely similar mass~ have results influenced 

(8) and (9) are also clear in this respect, by the relative aggressiveness of the vehicle, 
which is an undeniable factor of skew. 

In light of the initial investigations and in pace with the 2. The subsample pertaining to belted passengers is 
accumulation of NCAP data, six reports (10, l l, 12, 13, far too small for the statistical analysis applied 
14~ ~5) were published; they endeavor to connect NCAP thereto to have any value: 95 percent of the 
findings properl~ so-called with those from the accident- drivers in the sample were not belted; the 
otogical data banks. With only one exception (Report number of belted individuals in the subsample is 
No. 14), these reports concluded there was an absence of therefore only about 35. Finally, the level of 
correlation betx~een the accidentological results and significance (p _< 0,05) (Table 5 of (14)) is not 
those of the NCAP. It is not without significance to recall achieved for the SUM and RSU M parameters 
the latest of these reports(15), compiled at NHTSA’s (indicators constructed on the basis of the NCAP 
request, which clearly summarizes the general opinion: results). 
"With respect to the broader question of whether or not Under these conditions, the finding of a 
the NCAP crash test results are useful as a general relation (Figure 1, (14)) between the NCAP 
measure ofcrashworthiness for both belted and unbelted results and the probability of the decrease of a 
drivers and passengers in all types of accidents, it seems belted driver is of" no validity whatsoever. 
quite clearly that they are not. This can be seen perhaps in 3. In addition, and most importantly, the applica- 
variable injury distributions across a wide range of HIC tion of the NCAP results to unbelted passengers 
scores." (as noted above, the latter constituted virtually 

Figure 2 comains diagram 3, based on (15), which the entire sample) is technically inadequate. It 
summarizes the overall findings based on the analyses suffices to examine the comparative trajectories 
performed, and kinematics of a belted passenger and of an 

Investigation No. 14, which concludes as to the unbelted passenger in cases offrontal impacts to 
existence of a correlation between the FARS data and the see they share absolutely no points in common, 
NCA P findings, is of major interest in that it endeavors to either as concerns the relative movements of the 
restrict the accidento!ogical sample to only those impacts various parts of the body or, for example, the 
whose configuration is close to the NCAP testing condi- points of impact against the elements of the 
tions (orthogonal frontal impact against a fixed barrier), passenger compartment. There is no question of 
However, a number of comments can be made concerning deducing from the results measured on a belted 
the methods used and the ensuing conclusions: dummy the performances concerning unbelted 
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Deformation                                          AV (Vetocify change) c|asses (kph) 
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Figure 1. Number of belted occupants (Renault 5) involved in frontal impacts 
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Figure 2. Driver injury distributions by driver HIC1151 
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passengers. This fact is unanimously acknowl- 14) that when parameters such as velocities, 

edged both by NHTSA(16) "The test results vehicle-mass ratio, drivers’ages, and the wearing 
are indicative of relative crash protection pro- of safety belts have, as expected, a strong ...... 
vided to occupants wearing safety belts"and influence on the probability of death, with an 
by the ITHS itset(17): "Recently, the Highway excellent level of significance (Figure 3), the 
Loss Data lnstitute reported that among 1978 trend observed with the crashworthiness 
car models, small imports had the worst ir~iury parameter is more than discrete, with a level of 
claim frequencies. The DOT results are based on significance that drops below the usually 
injury severity to belted occupants in 35mph recognized limit (p _< 0,05) by a marginal value 
crash tests of 1979-1980 models, while the HLDI only p = 0,045) and in the one case in which H1C 
data are based on insurance claim frequencies and chest deceleration are combined to obtain 
for 1971 and 1978 models whose occupants were, the term S U M. 
for the most part, unbelted."This being stated, it 4. Finally, examination of the previous publications 
is always possible to correlate the two factors. (10, 11, 12, 13) by Zador(14) enables them to 
However, it emerges (’Fables 2, 3, 4 of document conclude: "An important conclusion that can be 

Vari~.e Beta Std p I~ean [omment 
Error 

intercept -~.20 0.91 0,0001 

3.09 0.66 [ o.oool 1.oo v is s oed limit/ o 

0.06 0.09 0.~989 6.37 M is sum of weights /1000 

Ln ~/~ 0.St, 
~ 

0.005 Ln (case vehicle weight/other 

vehk[e weight ) 

[ 0.0003 ]-==- 0.22 A~ is function of case vehicle 0.81 0.22 

driver age 

[ 0.0029__]"=" 0.~2 AZ is function of other driver -0~l~9 0.17 

age 

~ESTR 1 -1.7e 0.62 [ 0.00~, 1===- 0.0_ 5 ~dicator of case vehicle 

driver restraint use 

RESTR 2 -1.0Z~ 0.79 0.1885 0.02 Indicator of other driver 
restraint use 

PASS -0.16 0.10 0.0909 1.60 Number of front seat 
occupants in case car 

0.05 0.02 [ 0.0~5~ l-=~ 6.85 SUM is case vehicle oolite SU~ 
ranks for HIC ~nd CD 

Figure 3. Compared levels of significance for various parameters 
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drawn from this review is that there is evidence Investigation of Certain Occurrences of 
of a trend of decreasing injury risk with better 

NCAP results." Real-World Accidents 
Zador(14) processes, for example, the data of In the face of the failure of the global statistical 

document 13. grouping them differently to reach methods, which for the time being do not allow us to 
this conclusion, reject the null hypothesis (no relation between NCAP 

It suffices, as we did in Figure 4. to carry over results and real-world performances), we are led to adopt 
from document 13 the representative points of a different approach, i.e., a detailed case-by-case 
the couples tGillis index, actual fatality rate) to investigation of real-world collisions that are closely 
see that it is wishful thinking to try to correlate similar to NCAP impacts. Clearly, such a procedure 
these two factors. The trend noted by Zador(14), inevitably brings about a loss of the concept of the 
if i~ exists, has not so far been detectable and statistical significance of the possible conclusions to be 
therefore cannot be considered as established, drawn from such an approach: It is difficult to generalize 

To conclude this discussion of global statistical them. 
approaches, let us note that neither the automobile Figure 4 lists the vehicles and occupants, both belted 
manufacturers nor the automobile users can be satisfied and unbelted, involved in collisions featuring conditions 
with a coherence that is only partial between the NCAP closely similar to those of the NCAP-type impacts. These 
results and the real-world accident behaviors. If an vehicles were selected from the APR accidentologicat 
indicator is set up, it must accurately reflect the real- files, which now contain more than 6,000 thoroughly 
world characteristics that are to be quantified, analyzed cases. 

light "~ 
mediun~ cars 
heavy J 

o          ~, 

o 

1.0 

1000 2000 3000 ~000 Gillis Index 

Figure 4. Fatality rate versus Gillis index(13) 
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The criteria of the choices were based on the following This latter figure, although based on a very small 

co~sideradons: sample, shows that if the injuries to the body areas 
® Extet;t of deformation of the vehicle’s front concerned by Regulation 208, and, consequently, by the 

s~rface. (This surface must have been involved in NCAP (the head, chest, and lower limbs), recur with 
its entireb, and the intrusion points must have great frequency to the 1 ! belted occupants for whom we 

been distributed: appearance of deformation have records, two of the body areas not governed by this 

comparable to that of an impact against an regulation,i.e., the pelvis and the abdomen, are also 

orthogonal barrier.) extensively involved. This is not surprising in view of the 

® Estimatedvalueofthevelocitychangeundergone severity of the collisions investigated. It is therefore 

a~ the time collision occurred (AV ~ 56kmi h) insufficient to attempt, in impacts of this same type, to 

~ Kstimated value of the vehicles’ average describe, as does the NCAP, the protection afforded by 
deceleration ( ~’ ~ 15g). the vehicle and its retention system while failing to 

l:igure 5 compares the points representative of the investigate the fate of all the body parts and areas. In the 

real-world collisions selected (21 vehicles with those of final analysis, this can lead only to a result devoid of 

NCAP tests (fixed orthogonal barrier at velocities validity. 

r~ging from 50 to 65kin h, Before ending this analysis, we will devote special 

attention to two cases taken from the sample previously 

described, which are interesting in that they are compar- 

able to tests performed by NCAP, the results of which are 

in our possession. The first case involved a Renault 5 and 
13              2! the second a Renault 18. A brief description of the 

accidents, an assessment of their severity, and the state of 

BELTED OCCUPANTS tI~tBELTEO 0CCUVA,TS the injuries sustained by the occupants compared with 

the NCAP results are provided in Figures 8 and 9, 
o~v~ 8 ~3 2~ respectively. 

~p 6 6 ~2 
Although these results cannot be judged as statistically 

significant, the total incoherence between the NCAP 

roraL ~ ~ ~9 3? values and the inj uries actually sustained by the occupants 

do not incline us to optimism concerning the predictive 

Figure 5, APR sample of occupants involved in severe character of the NCAP results. Yet the two cases 

frontal collisions investigated are similar in terms of configuration of 

collision to the tests performed within the NCAP. 

Ihe degree of injury sustained by the 33 occupants in 

he s ~mple is Mdicated i~ Figure 6, It is clear that these 

eere collisior~s i~ax olx e a high rate of fata! casualties and 

serious iVitMes Onl5 3 out of t4 belted occupants 

M ’o1’,ed sustair~ed moderate iRiuries, of a level lower 

t~a ()AIS 3, v, ith all the unbelted victims incurring Comparison Tests Performed With 
i~ ~ry le’,,els far besond this limit. Despite the smallness Human Subjects 

:~ the .~ ~mpie (due to the infrequent occurrence of this 

k~d of collision identifiable with impacts against fixed Finally, it appeared interesting to use a third way for 
oft ~og(:ma! barriers), the effectiveness of the safety belt assessing the performances of NCAP’s predictive method 
o~ce again emerges, since, at present, the statistical approaches (whether 

Preseat-da5 vehicles offer a possibility of survival global or focused on real-world accidents whose 
~a~-~de~ these impact conditions, which are severe. In configurations are similar to those of the NCAP impacts) 
certain cases, unbelted occupants (with the age factor make it possible to reach only a negative conclusion with 
p ~}i~g a preponderant role) sustained injuries of a level regard to the correlation between real results and predicted 
Iov, er than the fatal level. However, beyond a certain results. 
se,,erit3 (AV>65km h, ~: 15g), the 5 unbelted We therefore decided to reproduce, at our testing site, 
i~~d ix iduats in our sample met death: this was the case for only experimental collisions against fixed, rigid orthog, 
;~fl} 2 belted subjects involved in collisions of similar onal obstacles at a velocity of50kmih (35mph), the Part 

violence, 572 dummies replaced by human subjects. These subjects, 

Among the 14 belted occupants in our sampte, 3ofthe placed in vehicles that had been assigned different 
fatal casualties ~ere not autopsied, so we have no record classifications in the NCAP tests, were to make it possible 

of the state of their injuries. A summary of the injuries to confirm or infirm the classification emanating from 
st~stained by the I 1 other occupants is shown in Figure 7. the crashworthiness rating procedure. 
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Figure 6, Compared severity between selected actual accidents (belted occupant) and experimental i~pacts ~gains~ 

00 barrier 

Coffision severity 

classes                                                       TOT 

55 K~V~ 65 (~h) OAIS. 0 I 2 3 ~ 5 6 

BELTED                                     ~ 

65~V (kph)     OAIS.     0 I 2 3 ~. 5 6 

OCCUPANTS 
15 ( ~     (g) Nb. Of occuoants I I I 2 

SSK/~V~ 65 (kph)    OAiS.     0 I 2 3 L 5 6 

UNBELTED 

65 K~V (kph} 0AIS. 0 1 2 3 ~ 5 6 
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15(~ (g) ~Nb. of occupants S 

Figure 7. OAIS distribution in APB sample of 33 occupants in severe frontal collisions--distributed deformation 

vehicle front end (~V }BSkph, ~{ 13g) 
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removed for a closer analysis of injuries that might 

possibly have occurred (notably, brain lesions). 

Ribs were also collected for the purpose of charac ....... 

terizing the overall bone resistance of the thorax. 

s. .oo~ c~o~ s~     .~o~o~ Findings 

~..~~ I’i.ck 
[_._~,[ Up ti.bs{ [ P’t’is I-1 L°w£r~bs[ ![----1                NCAP’Fhe findings are summarized and compared with thevalues in Figure 12. 

~ " I--1 In vehicle A, the central cushion of the steering wheel 

~ - failed to provide sufficient protection for the face of the 

~ ..... driver. In addition, there is doubt regarding the brain. In 
~ ~ ~ ~ s ~ ~ ~ 

fact, the failure of the injection does not permit a 

conclusion as to the possible occurrence of microscopic 

injuries. However, no large macroscopic lesion was 
Figure 8. Number of severe injuries (AIS >- 3) observed found. 

on eight body segments (11 belted occupants) The passenger sustained chest fractures (11 rib fractures 

and 1 sternal fracture, without the occurrence of flail 

chest or visceral lesions). These were moderate injuries 

Choice of Vehicles classified at level 2 in the AIS scale. "[’hey were particularly 

moderated in view of the poor condition of the subject’s 

bone structure (BCF = -0,54)(22). lhe choice ot ~ehicles was made on the basis of a single 
In summary, it may be concluded there was adequate 

a priori consideration, that of the desire to have two cars 
I that had yielded distinctly different results with regard to 

protection of the occupants in vehicle A under these 

the HIC and chest deceleration in the NCAP tests. The 
impact conditions, except for protection of the driver’s 

face. 
only other selection criterion was the availability of these 

In vehicle B, a rather late chest retention brought about 
cars. It ’~as necessary to get cars strictly similar to those 

impact of the cadaver’s head (lower jaw) and neck against 
ued in the crashworthiness rating tests. 

Figure t 0 shows the table listing, for each of the A and the center of the steering wheel and caused the injuries 

B xehicles, the areas in which the NCAP results are 
associated therewith, which were severe. It alsopermitted 

located (H I C and chest deceleration), 
impact of the passenger’s forehead against the dashboard. 

The chest injuries were quite severe for both occupants 

(AIS 4). Submarining occurred for both cadavers, with 

Testing Procedure that of the passenger bringing about abdominal injury° 

Although the trajectories and the zones impacted of the 

"Ihe cadavers~ were prepared and equipped with various body areas were similar in the tests performed 

instruments in accordance with methods described in with cadavers and those performed with dummies, the 

e ~rlier reports (!8, t9, 20, 21, 22): latter tests completely failed to show the actual results 

* Pressurization of the vascular system from vehicle B in this specific type of collision. 

~ Correct placing of the intrathoracic viscera 
® Fitting of instruments to the head and spinal Comment 

column 

Ihe purpose of the tests implied that the zones of the Although the findings are presented only on the basis 
heads of the dummies and cadavers involved in the of a single test involving cadavers, obviously ruling out 
impacts should be the same, and that the localizations of any statistical interpretation, the conclusions are clear. In 
these impacts for example, against the steering wheel- this particular case (which was a case chosen at random 
should also be closely similar. These requirements were only on the basis of the criterion of a difference with 
met through adjustments of the positions of the seats in regard to the NCAP findings), the result obtained via the 
their tracks on the basis of the anthropometry of the predictive rating method is manifestly reversed. At worst, 
cadavers used (described in Figure 11). and to take into account the unsuccessful injection of the 

After the tests, the cadavers were x-rayed and then brain mass, which prevented detection of the possible 
autopsied. The heads, necks, and spinal columns were occurrence of microscopic injuries, we might deem as 

equivalent the findings for the drivers (fatal casualties in 

both cases), whereas the NCAP ratings classified "B" as 
} the cada\ers xvere those of indbiduals who had bequeathed their bodies, better than "A" for the drivers, and the findings for the 
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..... Case Number’ 3662 VEHICLE ¯ RENAULT 5 

R5 = [offision f    ~V : 67 kph 

~ 
~ Severity - 

PORSCHE 
............. 924 

InfrusionrDash pane[ [eve[: disfributed, lO0 to 200 mm 

I 

Rear 
Position Age Sex Restraint overIoadinc OAIS 

........ 3 points 

Driver 36 F retract, beet NO 3 

3 points 

Passenger 58 M retract, bert NO 4 

t~AD CHEST SP~E ABDOM 

NECK UP,~BS PELVIS LOWER L~S 

ACTUAL 
SEVERE ~RY 3 3 

ACCIDENT LEVEL (AIS:3) 2 2 

DRIVER 

NCAP TEST SEVERE INJURY 

........ RESULT 
LEVEL 

AS PER FHVSS208~ 
N/A N/A N/A 

I 

ACTUAL 
SEVERE INJURY 

,.. 

J 

ACCIDENT LEVEL (AIS:3) 

o    o         0    o    0    0    o 

PASSENGER 

NCAP TEST SEVERE WWJURY 
LEVEL 

RESULT 
,s PER FMVSSZOB* 

N/A           N/A N/A N/A    N/A JJ 

HK: 1000, CHES’r RES.DECEL: 60g/3ms,FEHUR LOAD : 1000 daN per fern. 

Figure 9. Comparison between NCAP and actual accident results--Renault 5 
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Case Number 6116 VEHICLE" RENAULT 18 

----,,- ~ollision 
(" 

Z~V = 57 kph 

WALL         Evaluation          ~’ = 21 g 

~trusion~Dash ,p~e[ level: Left: 30ram : Right: 130ram 

Rear 
Position Age Sex Restraint overloading OAIS 

3 pts       yes 
~r~ver               ~6         M      retract, belt 10 ~O.(HILD 

3 pfs      yes 
Passenger             ~1         F      retract, belt ~ ~ CHILD 

t ~o ~sT sP~ 

ACTUAL i                         ~CK     ~.L~S     PELVIS    LOWER LIMBS 
SEV~E ~Y 

ACCIDENT LEVEL 
I I I I 

DRIVER 
r                            ~ 
! 

N[AP TEST i s~v~ 

RESULT     ~    ~v~    ~-~ 

I 

ACTUAL J ~VERE ~Y 

ACCIDENT J LE~L ~=]~     z I . ~ N fl o o PASSENGER 

~5~ 

NEAP TEST J ~v~ ~ 

RESULT ~ 

* ~= ~00,C~ST ~.~C~.: ~g/~,~ L0~: ~00 d=N p~ f~. 

Figure 10. Comparison between NCAP and actual accident results-Renault 18 
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This is likewise true for the studies that limit the 
POSITION HIC CD/3ms samples investigated only in the cases of 

configurations similar to those performed within 

JAR A DRIVER 1~00-1600 35-~,5 the framework of the NCAP. 

3. There are clear technical reasons that account 
PASSENGER 600-800      35-~,5 

for this lack of correlation between the historical 

DRIVER 300-1000 k5-55 results, and the predictive results; we consider 

I;AR B two of these reasons to be especially important: 

PASSENGER $00-1000 35-~5 ¯ The failure to take into account all the body 

areas that can be involved during the 

NCAP-type collisions, which are severe 
Figure 11. Selected cars A and B for cadaver tests-- 

NCAP results with Part 572 dummies ¯ The absence of representativeness of the 

Part 572 dummy, which does not allow any 

valid evaluation of the passenger protection 

.... performance of a given vehicle 
Anthropometrical d~ta TO date, there is nothing to support declarations 

of the following kind: 

"NHTSA concludes that, generally, the car 

Driver ~,9/M !675 83 -2 performing well (in the NCAP test) should 
A 

be the vehicle of choice(2)." 
R,F.P. ~/M ~7 ~S -0.s~ ¯ "If a vehicle restraint system performs well 

in the NCAP tests, it is likely to perform well 
Driver S~/M ~60 SS -0.SS in a variety of accidents on public roads(23)." 

B 
"Changes made in restraints and vehicle 

R.F.~. ST/~ ~ ~ -0.S~ 
crash characteristics as a result of weaknesses 

shown in NCAP tests have almost certainly 

¯ B.C.F, = Bone condition fagfor. ( the $.=|ter the ,lgebri~ improved their crash safety(23)." 
.......... ,,~ue.t~e b,tt,r t~, ~o~e $~ren~ [See ref 2~’] ) On the contrary, at the present time the following 

conclusion must be drawn: "We do not have any 
Figure 12. Cadaver anthropometrical data and bone engineering reason to conclude that a 35mph barrier 

characterization 
test is a reasonable predictor of car safety in the real 

world." 
passengers as different ("A" > "B’), whereas NCAP In the last analysis, the above-quoted conclusion is 
predicted them as equivalent. However, this failure was 

in no way surprising. It ensures quite logically. 
obtained under circumstances that were the most favorable from the list of requirements that governed the 
for the demonstration of the validity of NCAP, i.e., strict compilation of NCAP: the search ~we might almost 
abidance by the conditions of the crashworthiness rating say at any cost for a difference whose reality still 
impact, remains to be proven in relation to the real-world 

accidents, which are and wil! remaim inescapably, 

Conclusion the reference. 

In light of the foregoing, the following emerge as both 

In this report, we have summarized certain research vital and urgent necessities: 

work that, since the onset of the New Car Assessment * Pinpointing the possible real differences between 

Program in 1979, has been geared to finding confirmation vehicles 

of the merits of the vehicle ratings ensuing from the ¯ Identifying the causes of these differences 

application of the NCAP. * After that and only after that--devising a 

The analyses reveal the following: predictive method that will be able to take these 

1. It is vain to hope that the predictive method differences into account both effectuMly and 

currently being implemented in NCAP can accurately 

accurately represent the passive safety perform- M oreover, it is entirely possible that such an approach 

ances of vehicles in all types of accidents, would lead to one or the other of the followingconclusions: 

2. The general statistical studies that endeavor to ¯ The differences are not significant: uselessness of 

correlate the predicted results with the real- a rating program. 

world vehicle results do not at the present time ¯ The differences do actually exist, but no predictive 

make it possible to establish this correlation, method is feasible. 
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HEAD INJURIES THORAX ABDOMEN 
CAR POSITION COMMENTS 

SKULL FACE NECK BRAIN INJURIES INJURIES 

o 
FRACTURE ~o ~ 

~ EAD NO AIS--3 NO ~,~ NO NO See O 

s CAD NO NO NO AIS=2 NO 
s ~ ¯ SF 

II 

FRACTURE FRACTURE ~ ~ !~ RF ~ S,F.E.                          See ~ ~ CAD NO 
~ 

NO 
~ AIS=3 CZ (AIS=3) ~ * SF AIS=~ .Submarining 

. DUM 800 .~ H,~ < 1000 ~5 ~ CO 3ms ,~ 55(g) N/A 

s CAD NO NO NO 
SF+CF j AIS=~ Mesentery AIS=3 Submarining 

s j 
M 

~+ 
OUM 800 ~H,C <1000 3S~D 3ms~,5{g) N/A 

AbbPeviations : CO 3ms = Chest deceteration as per FHVSS 208. ~ : facial impact against 

RF = Rib fracture ( tl RF = eleven rib fractures ). steering ~heel hub. 

SF = Sternum fracture, 
CF = C~avicte fracture. ~ : face and neck impact 
S,F.C. = Severe flail chest, against steering ~heeL 

Figure ~3. Test results~comparison of dummy and cadaver data 
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An Aid for the Assessment of Biomechanical Values With High Scatter and 
Uncertain Limit Values 

Dr. Walter Schmid development targets and limits for specifications and 

regulations without being forced to keep unrealistic 
Daimler-Benz AG. Sindelfingen                      safer y margins. It becomes obvious that in the example of 

HIC. a limit of 1.500 is much more realistic than. for 

Abstract example, a limit of 1.000. 

In the case of characteristic quantities with an unusually 

high scatter and remarkably high uncertalnnes in estab- Introduction 
lishing limit values, it is often very problematic to 

determine a particular value as the development target. 

This value must keep a defined safety margin to a limit The endeavor to make their vehicles as safe as possible 

value that is probably set down by regulations. But often during traffic accidents presents vehicle manufacturers 

a certain safety margin to the requirements of reality has with the still unsolved problem of how to measure safety 

already been observed when establishing limit values. In with few accident tests. For this purpose, the mechanical 

the case of the values referred to here. this double safety stress on the human body is determined with the help ot 

might on the one hand---lead to development targets dummies. 

that are technically not feasible or only at unacceptable It is attempted in other specific tests on the human 

ex penditure. On the other hand. this might compel actual body to deduce from the mechanical stress whether this 

safety reserves that no sensible person would ever stress will lead to injuries. If so. it should be possible to 

demand, determine the degree of sermusness of such ini urges. 

For this reason, the example of HIC. the head injury Unfortunately. deterministic considerations are often 

criterion, is used to demonstrate the possibility of finding made during such attempts, although i~ is generally 
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known today that a connection between mechanical For this reason, the right way is to define the develop- 

stress and injury of human body depends on many ment targets first, taking into consideration the uncer- 

statistically distributed influences and can thus be estab- tainty of the biomechanical interdependencies and the 

lished only in the sense of statistical statements, measurement inaccuracy, and afterward determine limit 

On the other hand, it is not usual to fix certain factors, values, which should be the only factors for checking 

e.g, vehicle characteristics, in regulations andguidelines whether or not the development targets have been 

on the basis of statistical information. Rather, the achieved. 

intention is to set up limit values, whereby it is possible to 

ascertain in as few tests as possible whether values lie Development Target 
below these limits. 

Such limit values can, however, be deduced from 
In Figure 1, the probability of injury is plotted versus a 

statistical statements. It became obvious that it is necessary 
mechanical stress parameter selected at will. 

to define a development target first before the limit value 
The larger the mechanical stress (MS), the higher the 

suitable for the individual problem can be given. The 
probability of injury of the human body. Usually this 

application of the method proposed is demonstrated by 
curve has the shape of a cumulative frequency curve. 

the example of the head injury criterion. 
The lower the influence of statistically distributed 

parameters, the steeper the curve. It can be regarded as 

the cumulative frequency curve of a normal (bell-shaped) 

A Method To Determine Problem- distribution (MS, S~AS), particularly if the influence 

Specific Limit Values 
parameters are normally distributed. 

When investigating the interdependency between a 

mechanical stress and an injury of the human body, it 

became apparent very quickly there is no clear-cut limit 

stress, in the sense that stresses below the limit would 
never and those above the limit would always lead to        .~_ 

injuries. 

Statistically distributed dimensions, physical properties, 

age, and condition of the human body (e.g., muscles 

flexed or not), as well as the scatter of important 

parameters in the test procedure, can be taken as the 

reason uhy statements on the probability of injury with a 

given mechanical stress in biomechanical systems are the 

right problem-specific standards. 

At first sight, it seems easy to define limit values by M~chcmicol kood 
seeking mechanical stresses that insure the probability of L ,, , ,,, 

injury remains below a given value (e.g., 10 percent). But Fixture 1. Interdeloend~ne~ between the orobabiliW o~ 

if such limit values were adopted in legal regulations or 
injur~, and a mechanical stress 

guidelines, one would be compelled to seek development 

targets at an appropriate distance, because this is the only Figure 2 shows the distribution of the measurement 

way ---as a result of the measurement scatter occurring results, which, as a rule, are normally distributed as well 

during the test--to make the risk of failing the test go (M, SM). 

down to an acceptable level. SM comprises both the scatter of the vehicle character- 

This method required a double safety margin--that for istic varying from vehicle to vehicle and the scatter of the 

establishing the limit value and that for the development measurement results caused by measurement uncertainty. 

targets. In reality (on the road), the probability of injury In addition, the scatters SM and S MS depend upon the 

is no longer 10 percent, as assumed in the regulations, but error probability, i.e., upon the size of the sample. 

considerably lower. The probability of injury (Pv) in a vehicle is calculated 

The uncertainties in establishing the limit values and from the product of the curve in Figure 1 and the curve in 

the measurement scatter for biomechanical quantities are Figure 2 (Equation 1). 

unusually high. In additiontogivingunrealisticinforma- To insure that the probability of injury (P.v) in a 

tion about the real probability of injury, the method-- vehicle is kept below a value to bespecified (e.g., 10 

first limit value, then development target-would lead to percent), the development target (M) should keep a 

conditions for the design of a vehicle that are at present specific distance (m) from the average (MS) of the curve 

neither feasible nor economically reasonable, in Figure 1 (Figure 3). 
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Mechonicol Lood                                                       Mechenicel Lood 

Figure 2, Scatter of the measuring results                 Figure 3. Determination of a development target 

In general, this makes it possible to define a development The Head Injury Criterion (HIC) 
target m accordance with the following proposition: 

Proposition l:"An article should be made so as to The method proposed for fixing the development 
insure with a probability of more than targets and the limit values to be deduced shall now be 
(l-P) c~ that a desired propertyis actually explained by the example of the HIC. 
provided. For this decision the error The results of a large number ofexperimentalinvestiga- 
probability should be lower than a%.’" tions are shown in (2). For these investigations, cerebral 

Concerning safety on the road (l-P) = 90~ and a = 5% injuries, given m AIS (Abbreviated Injury Scale), were 
are the usual values, compared with the "causing" HIC values (Figure 4). if 

the axes are exchanged, and the relationship A1S = f 

Limit Value (HIC) determined with the help of a modern, non- 

parametric, statistical analysis method(3,4,5), it is possible 

to determine the probability with which the seriousness 
As by now the development target has been well 

defined and determined, a limit value to be set in 
of the injury equals or exceeds 3 (AIS 3+) as a function of 

HIC. For the HIC (Figure 5), we obtain the values regulations and guidelines need only allow for the 
MS : HIC : 1750, the mean value, and SMs : SHIc : 450, probability with which an article (the vehicle) may fail a 
the scatter value. 

test. 

The limit value is defined: 
On the basis of the acceptable probability of injury 

Proposition 2:"The limit value is to be determined so 
(e.g., 10 percent), we obtain the development target for 

the HIC value. Additionally, this development target that an article whose development target 

is well defined and complied with will depends on the "’measurement scatter" S~I. For this 

pass a test with a probability of(l-Q) 9b. 
reason. Figure 6 shows the development targets for the 

HIC value for various probabilities of injury (1,5, 10, 20, For this decision the error probability 
30. 40. and 50 percent) plotted versus the ratio of the 

should be lower than ~r% as well.’" 
measurement scatter SM and the scatter S~4s. As the The probability mentioned here depends on the scatter 
vehicle characteristics themselves scatter, and because occurring when measuring different samples of an article. 

This means that it comprises changes of the properties 
additional inaccuracies occur during measuring, the limit 

and the measurement uncertainty, 
value should keep a certain margin to the development 

target in specifications and regulations, and this the 

1 
~ 

-1 (MS-~) 2 more. the higher the scatter SM. Moreover, this margin 

f e depends on probability with which a test is to be (1) Pv(m) - 
2rr S~ "SMs -= 2 SM passed. Figurethe 7 shows the test limits for different 

probabilities of erroneous rejections. The development 

[~ 
] target is chosen for a 10 percent likelihood of injuries AIS 

s -1 
(u’~--~)-~ 

du dMS 3+. The HIC value has a standard deviation Sx~ 225 
~ 2 SMS 

(~20.5%), so that withSMs = 450 the ratio S~/S~s = 0.5. 
If. for example, the limit is fixed at 1,500 for the HIC 

where m = MS - M values, the probability of failing a test is still as high as 4 
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HEAO INJL.~Y CRITERION ’~evelopme~t Objective 

i , Figure 6, The development target HIC 

"’,.~ ,.,, ~.~ ~.,, ~.,, ¢.w ~.w ~..~ ~.~ ~,~ developer must ask this fundamentally significant question 
~ ~ s ~REBRAL in view of the high development costs caused by lowering 

Figure 4. Biomechanical measurement results(2) 
the limit of the HIC value with given test conditions. 

In the test program, New Car Assessment Program 

CErEBRaL (NCAP), carried out by the National Highway Traffic 

~.~ -- Safety Administration (NHTSA). vehicles are driven 

~--- 

,] 

-[-~~_~.~/ 

into 
a rigid barrier at 35mph, and the ttlC. the cheSte.g., ~"~ ,,,-~ acceleration, and the femur load are measured on 

dummies(6). 

The real accident is recorded in large-scale statistics of 
the vehicle insurers and published for the various vehicle 

/ models, in (7), in the form of information abom the 
/, ’" relative frequency of accidents involving injuries. 

7-- 

Figure 8 shows that the HIC seems not to be a sensitive 

~.,, standard for measuring safety on the road. This may be 

due to: 
"~* -/---- ¯ The test method used in the NCAP is not 

problem-relevant. 

,,’" _,i::if::i::l:::: ¯ The test parameters in the NCAP are incorrectly 

-’-~’ - chosen (e.g., vo = 35mph is too high(8,9). 

Head inj uries are not the characteristic feature in 
~0.,, ~.,, ,~,.,, ,a,.,, ,~,.,, ,,,,.,, ,,,,.,, ~,.,* ~,,,.,, road traffic. 

HEAD INJURY CRITERION 

Figure 5, AIS probability and influence of the HIC 
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Figure 7. Right choice of a test limit and the probability of erroneously rejecting a correctly designed vehicle 
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Car Size and Safety: Results From Analyzing U.S. Accident Data 

Leonard Evans In all cases, we characterize car size by the physical 

Transportation Research Department, General variable mass as measured by the curb mass of the car. 

Motors Research Laboratories We then determine relation between probable driver 

death (or injury) and car mass. Such relations do not 

Abstract imply that car mass, as such, is the causative factor. 

Clearly, a wide variety of vehicular characteristics are 

I’he results of studies performed by the General strongly correlated with car mass (e.g., wheelbase, track, 

Motors Research Laboratories to investigate the rela- 
size in general, hood length, trunk size, engine 

tionship between car size (indicated by car mass) and 
displacement, etc.). 

safety are presented. Most of the studies reviewed rely 
Most of the studies reviewed rely heavily on one data 

heavily on one data set that has uniquely useful features, 
set that has uniquely useful features. This is the Fatal 

Ihis is the Fatal Accident Reporting System (FARS) 
Accident Reporting System (FARS) data set maintained 

data set maintained by the National Highway Traffic 
by the National Highway Traffic Safety Administration 

Safety Administration (NttTSA), which is part of the 
(NHTSA), which is part of the U.S. Department of 

U.S. Department of Transportation. This file contains 
Transportation. This data set contains detailed infor- 

detailed information on every fatal traffic crash occurring 
mation on every fatal traffic crash in the United States 

in the United States since 1975. The studies find that 
since January 1, 1975. Thus, unlike most traffic crash 

given a single-carcrash, the unbelted driverofa900kgcar 
data sets, it is not a sample but a census. Much of the 

is about 2.6 times as likely to be killed as is the unbelted 
focus of this paper is on fatal crashes because the 

driver of an 1,800kg car. The relative disadvantage of the 
uncertainties surrounding such crashes, especially as 

recorded in FARS, are so much less than those associated 
smaller car is essentially the same when the corresponding 

with other levels of injury. Some of the studies to be 
compariso~a is made for belted drivers. For two-car 

reviewed use other data sources, which wi!l be described 
crashes, it is found that the driver ofa 900kg car crashing 

in the appropriate sections. 
into another 900kg car is about 2.0 times as likely to be 

seriously or fatally injured as is the driver of an 1,800kg 
In this paper, the main findings from previously 

car crashing into another 1,800kg car. The above- 
published studies are summarized. For full details, 

mentioned results refer to what happens ifa crash occurs, 
including raw data, specific derivations of results from 

Relations between car size and accident involvement 
raw data, references to other work, and detailed discussion 

rates ~ill also be discussed, 
of underlying assumptions, the reader is referred to the 

original paper cited. The topics discussed in this paper 

are-- 

Crashes involving one car 

¯ Driver fatality likelihood versus car mass 

¯ Belted compared to unbelted fatality risk versus 

"t’his paper summarizes a number of studies performed car mass .... 

by General Motors Research Laboratories to investigate Crashes involving two cars 

relationships between car size and safety. The main thrust ¯ Effect of mass of each car on driver fatality 

wil! be on the probability of driver death (or injury) given likelihood 

that a crash has occurred, as a function of the car size. Crashes in all directions 
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Head-on crashes only There is at most a weak hint that the larger car is more 

¯ Effect of mass on driver fatality likelihood when likely to kill the pedestrian, given a crash. 

cars of similar mass crash into each other In the exposure approach, it is also assumed the 
Crashes in all directions relative dependence on car mass of the likelihood of 

Head-on crashes only encountering a pedestrian is the same as the relative 

dependence on car mass of the likelihood of encountering 

a tree. Examining variations by time of day and by urban 

versus rural classification showed no large departures 
Method from this assumption(6). 

Thus, in the exposure approach, the number of car 

drivers killed in some group of cars divided by the 

Exposure number of pedestrians killed in crashes involving cars 

from the same group is proportional to the likelihood of a 

A problem common to essentially all investigations driver fatality, given a crash. That is, to within a scaling 

using field accident data is that of exposure, or the 
factor, the probability of driver fatality, given a crash, is 

opportunity to be involved in a crash(6). Although the 
estimated by the number of drivers killed divided by the 

FARS data give detailed information on the characteristics number of pedestrians killed. 

of the drivers and vehicles involved in particular types of 
The degree to which results derived using this exposure 

crashes, information of the type often used to estimate approach are independent of driver behavior, and agree 

exposure (for example, distance of travel, number of with results from other methods, will substantiate its 

registered cars) is not available internal to the FARS file. 
appropriateness. Other exposure estimates used in this 

Although such information might be available from an paper will be discussed in the appropriate sections. 

independent source, there are pitfalls associated with 

bringing together data sets with dissimilar origins and Analytical Relations 
definitions(8). 

Exposure for most of the studies reviewed here that use In most of the studies, relative driver fatality (or injury 
the FARS data will be estimated using the exposure rate), y, and mass, m, are fitted using a least squares 
approach introduced by (6), and more simply described procedure to: 
in (8/. 

In y = A + bm (1) 
For simplicity, let us consider that we wish to estimate 

as a function of car mass the likelihood a driver is killed, The data are plotted in the figures in a linear rather 

given his car strikes a tree. The FARS data do not than logarithmic form, so Equation t may beconceptual- 

provide any information on the number of crashes with ized more conveniently as: 

trees in general, because only crashes in which a car y = a exp(bm) 

occupant is killed are coded. In the exposure approach(6), where: a = exp(A) 
(2) 

we. in essence, assume that the number of crashes with 

trees (most of which are nonfatal) is proportional to the 
The logarithmic relation (Equation ! or Equation 2) 

number of crashes with pedestrians, and the number of 
was chosen in preference to a linear relationship between 

crashes with pedestrians is in turn proportional to the 
y and m for two reasons. Eirst, the logarithmic relation 

number of crashes with pedestrians in which the pedestrian 
generally provides a better fit to the data. Second, the 

is killed, this latter quantity being coded in the FARS 
logarithmic relation is a simpler and more effective way 

data because of the pedestrian fatality. This involves 
to compare relative rates for cars of different masses. 

assuming that, given a car-pedestrian crash, the likelihood Such comparison involves only the slope parameter, b. 

Hence the relative influence of car mass is immediately 
the pedestrian is killed is independent of the car mass. 

This is reasonable on physical grounds. Even the lightest given by this one parameter. The other parameter, a, is 

car is generally much heavier than the heaviest pedestrian, 
merely a scaling factor that cancels when rates for cars of 

so the pedestrian kinematics after the crash are essentially 
different masses are compared. 

independent of car mass. That is, the car’s speed is not 
Rather than using the analytical relationship between 

appreciably altered by the pedestrian impact. Note that 
rate y and car mass m (Equation 1 or Equation 2), it is 

other factors being the same, the larger car, being wider, 
often even simpler to focus on a comparison of rates for 

is more likely to strike a pedestrian. This does not bias the 
two cars of specific masses-one a small car and the other 

exposure measure because the larger car is equally more a large car. The specific illustrated masses we choose are 

likely to strike the tree. 900kg and 1,800kg. Thus, we compare the rate for a 

The results of many studies(l) do not refute the 
900kg car with the rate for an 1,800kg car, which, from 

assumption that in car-pedestrian crashes, the probability 
Equation 2, is given by 

of a pedestrian fatality is independent of car mass(6), y(m = 900kg)iy(m = 1.800kg) = exp(900 b) (3) 
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where b is in kg-t. The simplicity of Equation 3, involving 
o~ly b and the difference between the illustrative masses FAIR S OATA 1 975-1 9~0 

chosen, underlines the advantage of the logarithmic 
D,RIVF.R AGE 25-34 Y~A;RS 

relation. ~’ " 

3 
~ bzO.OOlOgkg"1 

Results ~,~,~r ~,.t~ 2 
?odestrian Fatalities 

1 
Crashes Involving One Car 

0 
500 1000 1500 2000 2500 

Car mass (m), kg 

Driver Fatality IJkelihood Versus Car Mass Figure 2. Ratio of drivers killed in single-car crashes 
involving no other vehicles to number of 

The relationship between driver fatality likelihood and pedestrians killed in crashes involving cars of 
car mass was addressed by (6) applying the previously the same mass, versus car mass (driver age 
described pedestrian fatality exposure approach. All 25,34 years) 

fatally injured drivers, independent of whether they were 
coded as using a restraint system, were included. As only supports the claim that the ratio is reflecting physical 
a few percent of such drivers are coded as using any properties of the vehicle, essentially independent of 
restraint system, the results apply essentially to a popula- 

driver behavior effects. 
lion of unrestrained drivers. Eater we discuss the cor- In addition to using pedestrian fatalities to estimate 
responding relationship for restrained drivers. exposure, Evans also used motorcycle fatalities based on 

The ratio of drivers killed in single-car crashes to a parallel rationale(6). Furthermore, crashes in whichcar 
pedestrians killed is shown versus car mass in Figure 1; all drivers were killed as a consequence of a crash with a 
crashes involved cars whose drivers were ages 16 to 24 truck are examined as another type of single-car crash. 
years. This ability to focus on specific subsets (e.g., 

Thus, Evans(6) examined !2 relations (two types of 
drivers of given age) is an important advantage of the 

driver fatalities X two types of exposure fatalities)< three 
pedestrian exposure approach over most traditional 

age categories) of which Figures I through 3 represent 
exposure approaches, 

three. The results for all 12 cases are summarized as: 
The data in Figure 1 show a clear reduction in fatality 

likelihood, given a crash, x~ith increasing car mass. y(m) cr exp (-0.001 06m) (4) 

Figures 2 and 3 show information similar to that in where y is the relative likelihood ofa driver fatality, given 
Figure 1 but for driver ages 25 to 34 and -->35 years, a crash, and m is the car mass in kg. 
respectively. Despite the large differences in accident In terms of the specific example discussed earlier, 
involvement rate for drivers of different ages, observe Equation 4 implies that the driver in a 900kg car is 2.6 
that the ratios plotted in Figures 1 through 3 are times as likely to be killed in a single-car crash as is the 
essentially the same for each of the age groups. This driver in an 1,800kg car. 

FARS DATA 1975-1980 FARS DATA 1975-1980 
DRIVER AGE 16-24 YEARS DRIVER AGE ~> 35 YEARS 

~ b =- 0.001 00 kg"1 
3 b = 0.000 94 kg"1 3 . 

Driver Fatalities 2                                              Driver Fatalities 2 

Pedestrian Fatalities 
~i~= 

Pedestrian Fatalities 

1 

~e 

1 

0 0 
500 1000 1500 2000 2500 500 1000 1500 2000 2500 

Car mass (m), kg Car mass (m), kg 

Figure 1. Ratio of drivers killed in single-car crashes Figure 3. Ratio of drivers killed in single-car crashes 
involving no other vehicles to number of involving no other vehicles to number of 
pedestrians killed in crashes involving cars of pedestrians killed in crashes involving cars of 

the same mass, versus car mass (driver age the same mass, versus car mass (driver age 
16-24 years) 35 years) 
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Belted Driver Compared to Unbelted Driver Fatality nonoccupants were killed will not affect the relations 

Risk Versus Car Mass with car mass provided such bias is not also a function of 

car mass; we assume any such bias to be independent of 

To determine the car mass relationship for belted car mass. 

drivers, a similar analysis was applied(9) to that small The curves shown in Figure 4 are: 

subset ~less than 3 percentl of drivers coded in FARS as Yunbeltcd(m) a exp (-0.000 96m) (5) 
using some type of safety belt (lap, shoulder, or lap plus 

shoulderl. Here the sample size is too small to disaggregate Ybdtcd(m) Cr exp (-0.000 94m) (6) 

by driver age To further increase the sample size, the Clearly, from Equations 5 and 6 there is no material 

numerator was taken to be the sum of all drivers killed in difference in the relative effect of car mass for the belted 

crashes involving one car (single-car crashes plus car and unbelted cases. 

drivers killed in crashes with trucks) divided by all In terms of the example using specific car masses, we 

nonoccupants killed !,pedestrians plus motorcyclists), find the belted driver ofa 900kg car is 2.3 times as likely to 

This composite ratio of drivers killed per nonoccupant be killed in a crash as is the belted driver of an 1,800kg 

killed is shown versus car mass in Figure 4. car. 
From Equation 5, an unbelted driver in a 900kg car is 

2.4 times as likely to be killed in a crash as is an unbelted 
FANS 1975 - 1982 driver in an 1,800kg car. Note this is not identical to the 
ALt. DRIVER AGES 2.6 ratio reported earlier because Equation 5 is not 

6 

¯ unb,u,a: b =.o.ooo 96 kg"! identical to Equation 4. The calculation that produced 

s ¯ sa|t~a: ~ =-o.ooo 9s ko"~ Equation 5 differs from that which produced Equation 4 

by including unbelted drivers only rather than all drivers; 

by using 1975-1982 data rather than !975-1980 data; by 

OriverFatalities 3 using a composite ratio rather than an average of 
~o,~O~n,~at,~t~as 

~ individual ratios; by combining all ages rather than 
~ 

~" ~’%~ 

o 

disaggregating into three driver age groups. These and 

~ other differences reflect either improvements over the 
earlier work or aggregation performed to increase the 

0 ~      ~ ~ ¯ population size to obtain sufficient data for the belted 
500 1000    1500    2000 2500 

Car mass (m), kg case. 
Thus, in conclusion, we find that in a single-car crash, a 

Figure 4. Ratio of car drivers killed in crashes involving 
only one car to nonoccupants (pedestrians 

driver of a 900kg car is about 2,4 times as likely" to be 

and motorcyclists) killed involving cars in the killed as is the driver of an 1,800kg car. This result is 

same mass range essentially the same for belted or unbelted drivers, 

The data shown here should not be used to estimate 

safety belt effectiveness in preventing fatalities because of Crashes Involving Two Cars 
likely systematic bias in restraint use indications. Belt use 

indicated for fatally inj ured drivers is probably unbiased. Here we wish to examine how the mass of each car 

However. for crashes in which nonoccupants are killed, involved in a two-car crash affects the relative likelihood 

the driver usually survives uninjured. The safety belt use that the driver is killed. As the data must be disaggregated 

information provided to the investigating officer is twice by car mass, coarser divisions than used in the 

therefore, to a considerable extent, self-reported. Self- single-car case are required. Accordingly, a number of 

reporting, interview-type surveys invariably indicate belt analyses based on the six mass categories displayed in 

use rates that exceed observed actual use rates by factors Table 1 have been performed, 

of two or more (compare. for example, the survey results 

of 114) or (13) with consistently observed U.S. use rates of 

11 to 14 percent. Although the circumstances of such 
Relative Driver Fatality Likelihood When Cars of 

surveys have lit tle in common with those at the scene of a Different Mass Crash Into Each Other 

crash in which a pedestrian or motorcyclist is killed, they 

nonetheless point out the possibility of a bias toward the All Impact Directions--The data from FARS 1975 

more socially acceptable response: namely, to indicate a through 1980, given in (12) and based on (5), are 

restraint system was used Accordingly, the data should reproduced in Table 1. 

not be used to estimate safety belt effectiveness in Each entry in the table shows the number of drivers in 

preventing driver fatalities, given a crash. Any bias cars in the mi mass category killed as.a result of crashes 

toward overestimating belt use for the crashes in which with cars in the mj category. For example, 35 drivers of 
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Table 1. Number of driver fatalities in cars of mass mi in collisions with cars of mass mj, all impact 
points 

Car j 

Mass, kg m1 m2 m3 m4 m5 m6    Total 

500- 900 m! 34 79 156 352 582 578 1,781 
900-1,100 m2 33 86 165 396 679 693 2,052 

Car i 1,100-1,300 m3 36 74 171 443 684 698 2,106 
1,300-1,500 m4 47 79 226 604 1,088 1,132 3,176 
1,500-1,800 m5 34 95 189 558 1,071 1,253 3,200 
1,800~2,400 m6 35 70 139 415 753 878 2,290 

Total 219 483 1,046 2,768 4,857 5,232 1,4605 

m~, cars were killed as a consequence of crashes with m~ This table is interpreted as the result sought. Efforts to 
cars. In these sarne crashes involving ml and m6 cars, 578 summarize the information in bivariate analytical form 
drivers of m~ cars were killed. Thus, we can infer were unsuccessful, so, again, estimates for arbitrary 
immediately that in crashes involving ml and m6 cars, for masses are best made by interpolation. 
every driver killed in m6 cars, there are 578/35 = 16.5 Head-on Crashes Only--Here the analysis is essentially 
drivers killed in mi cars. Note this result is exposure as above, except the data are for head-on crashes, defined 
independent, tfthere were more crashes involving mI and as follows. The head-on data are based on the variable 
rn~, cars, this would affect the quantity of data but not the "principal impact point," the position on the vehicle of 
!6.5 result in any obvious way. the impact that produced the greatest personal injury or 

The relative risk to the drivers in cars in any pair of property damage. This variable is coded in 12 "clock 
masses may be compared in a similar exposure-free way. points." Direction of impact force as such is not coded in 
One may readily note, for example, how rapidly the ratio FARS data. For FARS data, we define a head-on crash 
of drivers killed in the lighter car compared to in the as one in which both cars are coded as having principal 
heavier car increases as the mass disparity increases, point of damage at the 12 o’clock position. That is, if 
Cerrelli presents data in a similar format to Table 1, but either car is coded as, for example, left front (clock point 
including a wider range of vehicles, from minicompact 11), this crash is not included. Hence the data come as 
cars to heavy trucks; for the case of these vehicles close as possible to representing head-on crashes, based 
crashing into each other, the driver fatality risk in the on FARS data. 
minicompact car was 36 times what it wasin the heavy Table 3 shows the raw fatality data for the head-on 
truck(4), case, which is to be compared to the all-directions case 

Estimates for arbitrary masses are best made by 
shown in Table 1. From these tables, we see that about 40 

interpolation. For example, the data indicate that when percent of all fatal two-car crashes are head-on crashes. 
900kg and 1,800kg cars crash into each other, the driver Head-on crashes compose a much smaller percentage of 
in the 900kg car is about t 3 times as likely to be killed as is two-car crashes with less severe injuries. 
the driver of the 1,800kg car. This is larger than the 8 

The data in Table 3 are converted into relative fatality 
times ratio, which was based on substantially fewer data, rates using the pedestrian exposure method to generate 
reported by Evans(5). 

Table 4. Again, it is rescaled so the bottom left value has 
To proceed beyond pair-wise comparisons requires 

the value of 1.00. 
some estimate of exposure. The pedestrian exposure Generally, the car mass effect tends to be somewhat 
approach was used(12) to transform the data in Table 1 larger, though not consistently so, for the head-on than 
into that of Tabte 2. Each number in Table 1 was divided for the all-directions case. For example, the data indicate 
by the product of the number of pedestrians killed in that when a 900kg car and an 1,800kg car crash head-on, 
crashes involving cars of mass mi and the number of thedriverofthe900kgcarisabout 14 times as likely to be 
pedestrians kilted in crashes involving cars of mass m.i. killed as is the driver of the 1,800kg car. 
~:or convenience, all values were rescaled so the nominallv 
safest case, a driver in a car in the heaviest mass category 

Cars of Similar Mass Crashing Into Each Other. 
(m~) crashing into a car in the lightest mass category (mi) 
was assigned the value !.00. Each value in that a driver in One type of a two-car crash of particular interest is 
a car of mass mi is kitled in a crash with a car of mass mi. when the two cars are of similar mass. In such crashes, the 
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Table 2. Relative likelihood of driver fatality in car mass mi involved in a 
2-car crash with car mass mi, all impact points 

Car j 

Mass, kg m1 m2 m3 m4 m5 m6 

500- 900 m1 7.04 12.12 15.15 16.05 16.86 16.51 
900-1,100 m2 5.06 9.78 11.88 13.38 14.58 14.68 

Car i 1,100-1,300 m3 3.50 5.33 7.79 9.48 9.30 9.36 
1,300-1,500 m4 2.14 2.67 4.83 6.06 6.94 7.12 
1,500-1,800 m5 0.98 2.04 2.57 3.56 4.34 5.01 
t ,800-2,400 m6 1.00 1.48 1.86 2.61 3,01 3.46 

Table 3, Number of driver fatalities in cars of mass mi in collisions with cars of 
mass mj, principal impact point "1 2 o’clock" for both cars. 

Car j 

Mass, kg mI m2 m3 m4 m5 m6 Total 

500-900 mt 14 38 68 136 218 207 681 

900-1,100 m2 13 43 68 186 264 274 848 
Car 1,100-1,300 m3 17 34 65 168 253 268 805 

1.300-1,500 m4 17 29 92 252 407 445 1,242 
1.500-1,800 m5 10 44 73 222 450 573 1,372 
1,800-2,400 m6 10 31 50 152 326 367 936 

Total 81 219 416 1,1t6 1,918 2,134 5,884 

dynamical forces on each car are similar. Indeed, for the The results in Figure 5 are summarized in Table 5 in 

head-on case. such crashes are in some respects similar to terms of the comparison between 900kg and 1,800kg cars. 

barrier crashes. Note the relatively good agreement (see Figure 5, Table 

AllImpact Directions The relative riskoffatalitywhen 5) between the FARS results based on the pedestrian 

a car in the mi mass category crashes into another car in exposure approach and the State results calculated as 

the same mass category is given in the highlighted drivers injuredpercrash. This agreement provides support 

diagonal elements in Table 3. These are shown plotted in that the pedestrian exposure approach is reasonable. 

Figure 5. The values, y, have been rescaled as follows. In summary, we find that a driver in a 900kg car 

The data highlighted in the diagonal elements were fitted crashing into another 900kg car is about 2.3 times as 

to Equation 1 using weighted least squares(12), and the likely to be seriously injured or killed as is a driver in an 

value for M = 1.800kg assigned the rescaled value 1.00. 1,800kg car crashing into another 1,800kg car when all 

Here we use M to denote the common mass of the two directions of impact are considered together. 

cars that crashed into each other, in contrast to m, the Head-on Crashes Only Here the analysis is as before, 

mass of one car. except that the starting point is the highlighted diagonal 

The other two curves in Figure 5 show estimates of the data in Table 3, which is used to generate the relative 

probability of driver serious injury or fatality when cars fatality data in Table 4. These data are shown plotted, 

of similar mass crash into each other based on two State after rescaling as before, in Figure 6, together with head- 

data sources. New York(15) and North Carolina(2). The on only data for the States of New York and North 

rates here are number of drivers injured divided by the Carolina. 

number of crashes, rescaled in the same way so the value Results from the data plotted in Figure 6 are sum- 
at M = !.800kg corresponds to y = 1. marized in Table 6 in terms of comparing a 900kg car 
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Figure 5. Relative likelihood, y, of driver injury (serious Figure 6. Relative likelihood, y, of driver injury (serious 

or fatal) when a car of mass M crashes into or fatal) when a car of mass M crashes into 

another car of similar mass (all directions) another car of similar mass (values relative to 
(values relative to a value one for two 1,800kg a value one for two 1,800kg cars crashing 

cars crashing into each other) head-on into each other) 

Table 4. Relative likelihood of driver fatality in car mass miinvolved in a 2-car crash with car mass mj, 
principal impact point "1 2 o’clock" for both cars 

Car j 

Mass, kg m1 m2 m3 m4 
m5 m6 

500- 900 m1 10~14 20.41 23.12 21.70 22.10 20.70 
900-1,100 m2 6.98 !7.12 17.14 22 O0 19.84 20.31 

Car i 1,100-1,300 m3 5.78 8.57 10.37 12.58 12.03 12.58 
1,300-1,500 m4 2’.71 3.43 6.89 8.85 9.09 9.80 
1,500-1,800 m5 1.01 3.31 3.47 4.96 6.38 8.02 
1,800-2,400 m6 1.00 2.30 2.35 3.35 4,56 5.07 

Table 5. Summary of the ratios of driver injury Table 6. Summary of the ratios of driver injury 
(serious or fatal) when two 900kg cars (serious or fatal) when two 900kg cars 
crash into each other (all directions) to crash head-on into each other to that 
that when two 1,800kg cars crash into when two 1,800kg cars crash into each 
each other, other. 

Data Driver Injury y(M=9OOkg) Data Driver Injury y(M=9OOkg) 

y(M=1,800kg) 
y(M=1,800kg) 

FARS fatal 2.42 
FARS fatal 2.27 NY serious or fata 1.68 
NY serious or fatal 2,35 NC serious or fata 2.02 
NC serious or fatal 2.16 mean 2.04 

mean 2.26 standard deviation 0.37 
standard deviation Q10 
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crashing head-on into a 900kg car to an 1,800kg car always be addressed in any consideration of the potential 

crashing head-on into an 1,800kg car. In summary, it is net effects of such changes. 

found the likelihood of driver serious injury or fatality is In overall conclusion, it is found that given a crash 

............ about twice as great when two 900kg cars crash head-on occurs, drivers of smaller cars are substantially more 

as when two 1,800kg cars crash head-on, likely to be killed than are drivers of larger cars. For the 

example given of comparing driver fatality likelihood in a 

900kg car to that in an 1,800kg car, in none of the crash 

types discussed in the paper was the disadvantage to the 
Summary and Discussion driver of the 900kg car less than a factor of two. 

The results presented are summarized in Table 7. These 

reports support the overall conclusion that given a crash, References 
the driver in a smaller car has a substantially higher 
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Table 7. Summary of results presented comparing small and large car safety 

900kg to 

Crash type Measure Restriction 1,800kg ratio 

Single-car crashes driver fatalities unbelted 2.4 

per crash belted 2,3 

Two-car crashes:- 
into each other driver fatalities all directions --13 

per crash head-on --14 

into another car driver serious injuries all directions 2.3 

of similar mass (including fatality) 
per crash head-on 2.0 
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Rating System for Serious Consequences (RSC) Due to Traffic Accidents--Risk of 
Death or Permanent Disability 

Hans Gustafsson A rating system for injuries based on the risk of death 
Folksam Research and Development Division, or permanent disability is proposed. The rating system 

Stockholm, Sweden called RSC, risk of serious consequences, used ISS and 
A1S for different body regions. RSC was used to describe 

ii~ke Nygren and differences in injuries to belted and unbelted car oc- 

Claes Tingvall cupants. 

Folksam Research and Development Division, 
Karolinska Hospital, Department of ENT, Background 
Stockholm, Sweden 

Much attention has been paid to the problem of injury 
rating, especially in the field of traffic accidents. Today 
the AIS (Abbreviated Injury Scale) is used all over the 

Abstract                                                world and accepted as a sufficient tool for injury rating. 

There is a great number of empirical materials coded 
Injury rating is an important issue in the field of traffic according to the AIS. 

safety. The injury pattern can be obtained either from the Several methods have been used to judge multiple 
scene of the accident, including all severity grades, or injuries coded in the AIS such as OAIS and MAIS. The 
from the frequency of those fatally injured. Less attention most widely used technique today seems to be the 1SS 
has been paid to the long-term consequences of an injury. (Injury Severity Score) where the highest AIS values for 
Furthermore, the existing rating system is based on the three body regions are squared and summed(l). 
medical status at the scene of the accident or immediately AIS and ISS, as welt as other expressions of multiple 
after and judges only the risk of death, injuries, have been treated with questionable statistical 

Nygren(6) showed that for many body regions the AIS methods(2), although this is not very surprising as many 
values did not reflect the outcome of a trauma expressed normal and well-known statistical quantitative methods 
in permanent medical disability, are not possible to use when analyzing AIS values. This is 

In this study, 339,675 accidents with private cars were mainly due to the fact that AIS values as well as ISS 
analyzed with respect to injuries to car occupants. In values are not equidistant and the scale is qualitative. 
these accidents. 14,361 persons were injured. The risk of Bull(3) and Baker(l,4)showed there is a high correlation 
permanent disability due to different injuries is derived between ISS and risk of death. Somers(2,5) has also 
and linked to AIS values to different body regions, shown this connection but proposed another score 
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system, PODS, with a mathematical expression for risk should be paid to occupation or other individual par- 

of death for a given combination of AIS values, ameters. Most disability cases have fixed values or 

Bull(3) made an analysis of the relationship between latitudes. The advantage of the Swedish system is not the 

ISS and permanent disability where he found rather good scaling in itself, but the fact that cases of medical 

correlation, disability are judged by a committee consisting of 

Nygren(6) showed that injuries with low severity members of all insurance companies. This guarantees a 

according to AIS (AIS 1 and 2) with no interaction of certain level of consistency. 

other injuries often lead to permanent disability. These 

results indicate that neither ISS nor AIS, not linked to 
l~IetllOd 

.......... body region, can fully explain the risk of permanent The risk of death or permanent disability is: 
disability. This is not surprising as AIS and its outlines P (FUD) = P (F) + (l-P (F)) * P (D) (1) 

are not primarily derived to serve purposes other than Expressed in this way, the probability also includes the 
estimating threat of death, risk of being both dead and medically disabled, although 

: On the other hand, there is a certain need to be able to this is, of course, impossible in real life. 
describe risks of disabling injuries and long-term conse- As the probability is not separated, this is of no 

.......... quences as such consequences are expensive to society practical meaning. If the probability of being medically, 

and important to reduce, disabled is based only on survival, separation is still 
Since many materials are coded in the AIS and most possible if the expected number of deaths is calculated 

accident researchers are familiar with the AIS and its first and then the number of those surviving with medical 

outlines, one should be cautious in proposing a new disability. 

rating system. A better way to proceed is probably to The way used to express the probability of death or 
derive new methods based on the AIS and ISS. medical disability(I) in a way gives understanding of the 

In this paper, a new way of using the A1S is presented, above-mentioned idea. 
aimed at giving a tool for estimating the risk of medical The probability of death can be derived in two different 
disability. A new score is also presented where two highly ways from AIS data, either by empirical figures or by 
unexpected consequences of traffic accidents are mixed some sort of mathematical expression. Somers(2,5) pro- 
together, namely fatalities and medical disability. The posed PODS, probability of death score, based on the 
score is called RSC, risk of serious consequences. AIS. Bull(3) and Baker(4) showed the correlation between 

The proposal to use the AlS, in this case linked to body the ISS and death. In this paper, empirical death risks 
region, to predict the risk of medical disability is also have been used but mathematical expressions could be 
meant to be a system where the individual patient is not used as well. Data were taken from Bull(3) and Baker(4). 
followed up but only observed immediately after the The death risk was separated for different ISS intervals~ 
accident, and these figures are given in Table 1. 

The risk of medical disablement for surviving injured 

car occupants has been separated in risks to different 

Material body regions for different AIS values. 
The figures given in Table 2 are originally shown by 

A material consisting of 5,871 car occupants injured Nygren(6), The figures here are slightly modified. 
during the period July 1, 1976, to December 31, 1978, has 

been used to produce risks of permanent disability. All 

injuries have been coded according to the AIS. 
Table 1. I:lisk of death correlated to the INS .... 

. ....... 

The accidents in which the injuries occurred were 

reported to the Folksam Insurance Company, and a 
ISS-intervals Risk of death (O~rf~l) 

further description of the material was presented by 1- 3 0.00 
Nygren(6). A small loss of data, consisting mainly of 4- 8 0.001 

minor injuries, was shown to exist, but this was considered 9-14 0.005 

to affect the result only marginally. The same material 15-19 0.04 

was used to demonstrate the RSC. In this article, the 
20-24 0.08 
25-29 0.16 

difference between belted and unbelted occupants in 30-34 0.26 
accidents was shown. 35-39 0.37 

Figures for death risks given by the 1SS were taken 40-44 0.50 

from Bull(3)and Baker(4). 45-49 0.65 

The definition of medical disability was described by 
50-54 0.85 

Nygren(6) and is used by Swedish insurance companies. 
>54 1.00 

The basis for the medical disability should be an objective 

judgment based on functional loss and pain. No attention 
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Table 2. Risk of permanent disability for different body regions and AIS for those surviving 

Body region AIS 1 AIS 2 AIS 3 AIS 4 AIS 5 

Skull/brain 0,01 0,02 0.15 0.25 0.50 
Neck * 0.10 0.50 0.50 0.75 
Face 0,0001 0.005 0,10 0.10 
Arm 0.0005 0.035 0.15 0.60 
Leg 0.0005 0.15 0.25 0.60 
Chest 0.0001 0.0005 0,01 0,03      0.05 
Abdomen 0.0001 0.0001 0.0001 0.01 0.01 
Pelvis 0.0001 0.075 0,075 0,075 
Back 0,0001 0.05 0.20 0.75 
External 0.0001 0.05 0.05 0,05 n,a 

¯ 0.10 if rear-end collision 

0,04 if other direction 

The risk of being injured or medically disabled can be The risk of death or medical disability for a certain group 
expressed as(2): is called MRSC (Mean Risk of Serious Consequences). 

i MRSC can be calculated because RSC values are 

P(FUD) = P (F) + [( 1 - P (F)) , ( 1 - II P ( DiC ))] (2) equidistant. RSC and MRSC can also be treated with 

common statistical techniques. 

or expressed as a risk with empirical values: The risk of death sometimes fails to be calculated by 

1SS. This occurs when there is only one very high AIS 
i 

value (5 or 6). AIS 6 is by definition a fatal injury with 
RSC = r, + [(1-rf) , (I-II (1-rid))] 

(3) rf= 1 though in studies of the interrelation between ISS 

and risk of death, ISS = 36 (from AIS = 6) only has 
where ri(~ is the risk of medical disability for different rf ~ 0.4. This problem is also present for AIS code 5. 
body regions. Baker(l) showed that an AIS = 5 together with a second 

’]he expression rr ( 1-rid) is the risk of not having at least low AIS code to another body area led to a mortality rate 
one reed icat disability for a specific body region. The risk, of more than 50 percent. In RSC, 50 percent is used as the 
called RSC, is calculated for every single individual. The lowest fatality risk for AIS = 5. 
RSC value for a single injured person is treated as a single 

obserw~tion with fixed risk figures for death and disability. Example 

Three persons had injuries as listed in the table below. 

Injured person 1 Injured person 2 Injured person 3 

AIS 3, Skull/brain AIS 1, neck (rear-end) AIS 4, chest 
AIS 2, lower extr. AIS 2, upper extr. AIS 3, abdomen 

ISS = 13 ISS = 5 ISS = 25 

Risk of death 

rf = 0.005 rf = 0.001 rf == 0.16 

Risk of permanent disability [ 1 - ( II ( 1 - rid )] ( if surviving ) 

rd = 0.278 rd = 0.132 ra = 0.030 

Z RSC = 0.598 

MRSC = 0.199 
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Results period of collecting data. etc. Thorson did not compare 

AIS values with the outcome. 

RSC was tested on accident material to describe the Others have studied the relation between ISS and the 

differences between belted and unbelted car occupants, risk of permanent disability(3). 

Table 3 shows the distribution of injured persons in ISS 

groups for belted and unbelted front-seat occupants. 
Table 4. MRSC (mean risk of serious 

Table 3 shows clearly the positive effects due to seatbelt consequences) for injured, 

use. However. these values are not possible to translate belted, and unbelted front 

into understandable figures on followings of seatbelt use 
seat occu pants 

apart from the number of fatalities. Let MRSC denote MRSC 
the estimation of MRSC in a sample. Drivers 

Table 4 shows the difference between belted and Belted 0.079 

unbelted expressed by MRSC for the same material as in Unbelted 0,257 

Table 3. Front seat occu pa nts 
Table 4 demonstrates clearly the difference between Belted 0.078 

belted and unbelted car occupants when MRSC is used. Unbelted 0.196 

The mean risk of serious consequences is reduced by 69 

percent for drivers and by 60 percent for front-seat 

passengers when seatbelts are used compared to not- 

used. Apart from this effect, there is a reduction of the In this paper, it is proposed there should be a scale used 
number ofinjuredofabout30to40percent(6),sothereat on a common basis where there is no information 

effect on MRSC is larger, required for the injured person other than AIS values for 
If MRSC in big samples can be assumed to be different body regions. A discussion should, therefore. 

asymptotically normally distributed, simple calculations also concentrate on such a scaling system. There are 

can be used to give confidence limits for estimations of mainly three areas that are interesting: 

MRSC, I. Limits and criteria for medical disabititv or 

impairment 

Discussion 2. Age and sex factors influencing long-term 

consequences 

This paper describes a technique to estimate the serious 3. Body areas and AIS 

outcome o f road traffic accidents. There ~s need for such The limit for medical disability is subjective and can be 

techniques, especially when dealing with permanent set from 1 to t00 percent. In this paper. 10 percent was 

medical disability. However. there are many questions used due to technical and subjective reasons. The technical 

that must be discussed before a technique based on the reasons are that only cases with at least 10 percent 

present suggestion can be accepted as a general tool for medical disability are judged systematically by a certain 

description of injury severity. In this paper, there is only group of experts. 

one definition of permanent medical disability used. Of A subjective reason to use 10 percent as a limit is, 

course, there are other definitions, as well as several other among other things, that disability over this level is a 

techniques, to describe the outcome of an injury, long-term consequence of an accident that is unacceptable 

Thorson(8) used a subjective but individually judged to most people. Other limits must. of course, be discussed, 

scale for the long-term consequences of injuries. In some To use the disability level ( l to 100 percent) for weighing 

respects, such a scale takes into account the social the seriousness of the outcome is on the other hand a 

consequences due to a trauma, but since it is individually method that can be questioned since the precision in the 

graded the demands for high-quality data require a long decision of different levels is subjective in many cases. 

Table 3. Distribution of ISS among car occupants> 15-years-old with and without 
seatbelt use (%) 

ISS 1-3 ISS 4-10 ISS 11- Killed N 

Drivers 
Be Ited                    61.7 29.1 5.7 3~4 3,173 

Unbelted 33.3 30.8 14.8 21.1 522 

Front seat passengers 
Belted 57.3 31.8 7.8 3.2 1,509 

Unbelted 40.6 34.3 14.2 11.0 254 
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Age and sex have an influence on the risk of being both both death risk and the risk of long-term consequences at 

kilted{3,4) and disabled(6). In some cases, it is necessary the same time and can be used on most accident materials 

~o take age and sex into consideration. The present collected all over the world. It is. however, very important 

material x~as not big enough to produce figures for to discuss mainly the definition and limits for medical 

subsets of i~jured, disability. 

AIS to body regions was used to generate disability MRSC, used on seatbelt effectiveness, shows that the 

risk ligures. A1S to single body regions is the lowest level risk of death or medical disability is reduced lamong 

~hat can be reached in most accident materials. Nygren(6) injured car occupants) by 60 to 70 percent. The reduction 

showed that a higher level (e.g., AIS irrespective of body is higher when injury frequency reducing factors are 

region or 1SS) would be incorrect. Still, it is necessary to included. 
s~udy the sufficiency of the level. For some AIS levels to 

certain body areas, e.g., lower extremities, it is still an 

open question if such a region should be divided into joint References 
inj~rics and other injuries. 
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~\IS values to different body regions to calculate the risk score: an update." Journal of Trauma. 11:882-885. 
of medical disability, it should be possible to use a 1976. 
~.echrfiquetogivefiguresontheriskofdeathorpermanent 5. Somers, S.L., "The probability of death score. An 
disability by using only AIS data on a sufficient level. The improvement of the injury severity score," Accident 
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Seatbelt Research and Legislation inThe Netherlands 

L oToB. van Kampen road safety plans both in the field of the policymakers (on 

~nstitute for Road Safety Research SWOV, The all levels) and in the field of research. This approach 

Netherlands becomes necessary to further improve the safety of traffic 
on a large scale. Research projects such as detailed 
accident studies and seatbelt survevs have been carried 
out by SWOV and the results reported to the government 

Abstract and used to develop seatbelt legislation in the Netherlands. 
The layout of current seat belt legislation and the corn pli- 

SWOV is the coordinating institute for scientific ance details are discussed. 
research on traffic safety in the Netherlands. A new Legislative developments are to be expected with 
imcrrmtional approach is being prepared for integrated respect to seatbelts on back seats. A comprehensive 
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report of SWOV on the pro’s and contra’s of new The knowledge acquired from the research act?,ities is 

measures in this field has been published, reported mainly to the government, either in written 

Mathematical crash models are being developed and reports or as advice in various working and polic} 

....... used and may well be applied to predict changes in the groups. This way, the investment of taxpayers is returned 

population at risk with regard to injury severity levels, with profit for society. The results are then used by the 

This will create a priority scale for proposed new authorities to develop and implement new legalmeasures 

measures, to further reduce traffic unsafety. 

...... Introduction 

For more than 20 years, the Institute [’or Road Safety 
Integrated Road Safety Programs 

Research SWOV has been the coordinating institute for SWOV took a leading part in the OECD-SI High 
scientific research on traffic safety in the Netherlands. Level Group on "Concepts and Methodologies for 
Though some 90 percent ofits activities are carried out on Integrated Road Safety Programmes" during 1983 and 

...... behalf" of or by order of the traffic safety departments of 1984. 
........... the Ministry of Transport, SWOV is an independent The final report on this international research prqject 

institute with regard to the scientific aspects of its work gives conclusions and recommendations for further de- 

and publication of its reports, velopment of the dynamic systems approach as a tool 
The research program of SWOV is revised annually in toward far better integrated and cost-effective national 

consultation with the Ministry of Transport. and international policy and research programs. These 
...... Typical research activities of SWOV are (Figure 1) ....... are very much needed to (further) reduce the still too 

......... ¯ Design of new research projects with emphasis heavy toll of road casualties: fatalities, it\iured, and 
on the methodological aspects, such as accident disabled(6). 
studies, evaluation studies, surveys, etc. As part of this program, SWOV developed the 

,~ Carrying out research projects or supervising called"phase-model of the transport and traffic (unsafety) 
studies designed by SWOV and carried out by process" (Figure 2). 
other institutes On the level of the individual road user, the model 

.......... ¯ Analysis of traffic safety developments shows the various sequential steps starting from travel 
¯ Acquisition of relevant data from external data need, through the different phases, to the ultimate 

sources and positively influencing their quality outcome of an accident. It shows at what phases i~a the 
¯ Acquisition of relevant literature, reports, articles, 

traffic process disturbances may occur, leading to failures 
etc., and maintaining a national library and 

and, if not controlled, inevitably to the next phase where 
.......... documentation data bank on traffic safety 

again failure may occur. It illustrates that no accident 
.......... (IRRD) ever is the result of just one separate item, but alwa}s has 

a multicausal character. 
DESIGN OF NEW ReSeARCH PROJECTS (WITH eMFHASlS ON THE At the moment, SWOV applies the theories b3 trying 
~ET~0DOLOGICA" AS~ECTS~, SUC~ AS : to integrate all types of research into an overall design of 

~VA~UAT~OH SVUOI~S traffic safety research. This implicates that the outcome 
ACC,O~,~VSTUOmS of studies should be checked against this integrated 
SURVeVS 

design and that proposed measures are also viewed in 
CONFLICT OBSERVATIONS 

that much broader perspective. 
CARRYING OUT RESEARCH PROJECTS OR SUPERVISING STUD,ES With regard to seatbelts in cars, this means all different 
CARRIED OUT RVOTHER~RST~TUTES 

aspects of that problem have to be considered beiore a 
ANALYSING TRAFFIC AND TRAFFIC SAFETY DEVELOPMENTS, BASED ON: final conclusion or final measure can be derived, 

NATIONAL ACCIDENT STATISTICS interactions should be considered among those different 
NATIONAL MEDtCAL STATISTICS aspects. To mention a few in the seatbelt area 
NATIONAL TRAFFIC AND ROAD VEHICLES STATISTICS ¯ Technical factors (such as design and testing of 

ACQUISITION OF RELEVANT DATA {SOURCES) AND IMPROVE TNeIR seatbelts and anchorage points) 
~UAUTV * Biomechanicat factors (such as effectiveness of 

ACQUISITION OF RELEVANT LITERATURE AND MAINTAINING A NATIONAL seatbelts in crashes, measured in rea! accidents 

LIBRARY AND DOCUMENTATION DATA BANK ON TRAFFIC SAFETY and simulated in crash tests and mathematical 

ADVISE TO GOVERNMENTAL BODIES ON VARIOUS LEVELS 
models) 

¯ Behavioral factors (such as attitudes of road 
ADVISE TO OTHER ORGANISATIONS, INDUSTRY AND SOCIETY 

users toward the problem and actual use estab- 

Figure 1. Typical examples of SWOV research activities lished by surveys; influence by campaign,s) 
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In 1969, when SWOV started with its first extensive 

accident study (aimed at seatbelt effectiveness), it certainly 

took into account what had already been done in other 

[ ...... T"I°o~ j countries, such as Sweden (the Volvo-Bohlin study) and 
~ the United States. Results there were very promising. 

Since the Dutch traffic situation (road types, vehicle mix, 

etc.) differed considerably from other countries, it was 

~ 
decided to carry out a similar study in the Netherlands. 

[ ° ................................ J This was a typical crash phase-oriented project, aiming at 

* a representative sample of many thousands of cars in 

crashes from all over the Netherlands. 

Without going into detail on that study, it brought 

.................................................. enormous amounts of data on cars and car damage, on 

[ .................... ] accidents, and on the occupants and their injuries. Self- 

evident, this material was processed and analyzed by 

means of the computer. Sophisticated analysis by multi’ 

variate techniques was applied. Results were given in the 

~ ........................................... ’    °-~---~__,,_ ~ ~ ....... report called "Lap belts and three point belts"(7). This 

~ -- . [. ~ ................. ] = = report gave other researchers something to think or to 

laugh about, since SWOV found no statistical difference 

in effectiveness between the two types. We are speaking 

about the years 1969 and 1970 when only a small part of 

.... ~ ................. the cars were supplied with belts and the overall use was 

~ ~ [ ...... ~ ........ ] 
_._ ~ less than 5 percent! It is therefore reasonable to suppose 

~~ 
that the sample could not discriminate fully between the 

’". ....... different types of belt. However, there was and still is 

............. more than enough scientific evidence that lapbelts do 

....... prevent fatalities and injuries by preventing ejection and 

, ~-~"~ reducing contact with the car interior, though in a 

............... different way than 3-point belts, leading to different 

injury patterns(2). 
Figure 2. Phase-model of the transport and traffic 

(unsafety) process In the second SWOV accident study, carried out 

during !976 and 1977, this result was confirmed, but now 

o Legislation (design and implementation of legal SWOV was also able to show that 3-point belts (with or 
measures) without an automatic locking system) have a statistically 

~ Law and enforcement (police motivation) significant greater effectiveness than lapbelts, both giving 
In all those fields, SWOV has to acquire scientific above50 percent fatality-reducingcapability. Practically, 

knowledge tomaintainitscoordinatingfunctions. On the the matter is not very interesting now since it was 
other hand, it can be understood that the efforts and internationally decided to apply only 3-point (automatic) 
cooperation of those many other institutes and organ- seatbelts on front and back seats, except on middle seats 
iza~ions, authorities, and industry in the Netherlands where lapbelts are allowed under certain conditions. 
x~orking on specific fields of the problem are needed to Convincing and statistically significant results from 
influence traffic safety successfully, that second SWOV accident study (which aimed more 

broadly at injury-causing parameters in car crashes) 

Sea,belt Research showed again the great benefits of seatbelts for both 

drivers and front-seat passengers (at least 60 percent less 

Before introducing the actual situation on seatbelt chance of being killed). Taking into account also the 
legislation and use in the Netherlands, this paper will give injury-reducing potential of seatbelts, SWOV used these 
a summary of some research projects and their results results to show what would happen in the Netherlands if 
that have influenced the development of those legislative seatbelts were suddenly not used anymore (Figure 3). 
measures. With regard to victims in car crashes, this would-- 

SWOV research, of course, takes into account what * Almost double the number of fatalities 
other research on a specific subject area has already been ~, Increase the hospitalized by some 30 percent 
carried out by other institutes in the world and what ¯ Increase the less severely injured by some 20 
results can be used therefrom, percent 
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¯ Decrease the number of uninjured by some 10 Before 1975, use levels were a maximal 35 percent; 

percent after 1975, use stabilized around 70 percent outside and 

Although the absolute numbers of road casualties in 50 percent inside city limits (Figure 4). From June 1, 

.... the Netherlands may be low in comparison to other 1975, occupants of front seats had to use their seatbelts, 

countries, the relative effect of this thought is terrifying, and it is undeniable this had a great influence on actual 

Important both for SWOV and for policymakers are the use as shown in the figure (see also next paragraph). 

results of the annual seatbett surveys. Since 1969, SWOV 
has carried out an annual nationwide survey into the 
availability and use of seatbelts in cars. ,oo. T , OUTSIDE CITY LIMITS 

90, . ...... INSIDE CITY LIMITS 

USE 80, 

IF SUDDENLY DRIVERS AND FRONT SEAT PASSENGERS WOULD STOP USING (%) 
70 

THEIR SEAT BELTS                                                              60. 

50 

THE NUMBER OF                                                                40. 

30 

...... FATALITIES WOULD ALMOST 0OUBLE 
20 

SWOV SURVEY 

HOSPtTAUZED WOULD INCREASE BY SOME 30%                              o 

LESS SEVERELY INJURED WOULD INCREASE BY SOME 20% 
Figure 4. Use of seatbelts by drivers of cars in The 

Netherlands, from 1971 
NON-INJURED, IN CONSEQUENCE, WOULD DECREASE BY SOME 10% 

Legislative Situation on Seatbelts inThe 

TH,S.ELAT’VE EPFECT,S A..’,CAB’E TO O~" CO.~S W.ESE Netherlands and Its Relation to Research 

.......... SEAT BELT use F,OU.ES ..E CO=’ARA~-- Results 

Figure 3. Illustration of seatbelt effectiveoess in The On January 1, 1971, anchorage points and seatbelts 
Netherlands 

became compulsory in new passenger cars, on both front- 

In the first 10 years, SWOV used petrol stations for this seat outboard positions. Exceptions were made for open 

purpose, where additional questions could be asked of cars and for all cars older than 1971. All existing types of 

drivers while there. Before the 3-point automatic belt seatbelts (3-point, lap, and diagonal) were allowed. 

became more or less a standard provision in cars, SWOV Nationality, 3-point belts and lapbelts still are allowed. 

measured the slack in static seatbelts used at that After that period, a governmental working group in 

particular moment. The average slack was very high, but which SWOV had advisory capacity prepared compulsory 

this did not seem to prevent seatbelts from having a great use, taking into account results of the first SWOV 

effect as documented in the accident studies. Of course, 
accident study and other relevant research. There was a 

the general recommendation to the public was to use the strong international movement toward compulsor3 use 

seatbett properly without any slack, in Europe and outside Europe (Australia), so the political 
situation was clearly in favor of the measure. After 1979, SWOV changed methods and the surveys 

were then carried out at traffic signals, where cars had to Many technical and legal problems were solved in the 

stop in the normal traffic situation and seatbelt use could group and the outcome was that on June 1, 1975, use of 

be observed directly and beyond doubt. A few questions seatbelts became compulsory, both outside and inside 

were asked just to have a final look at the seatbe!t and its city limits. Main items of the seatbelt law are: 

use. Use is compulsory-- 

The results of the surveys point out that the most ¯ For front-seat outboard occupants (driver and 

important factors influencing the use of seatbelts by front-seat passenger) 

drivers and seat occupants are the length of the trip and ¯ In cars from 1971 (not in older cars) 

whether use is compulsory or not. It was found that use ¯ For occupants over 1.Sm length 

inside city limits (shorter trips) was always considerably ¯ For occupants over 12 years of age (passenger) 

lower than that outside city limits. To determine this, trip Exceptions were made-- 

length was asked. Another result was that women used ¯ For the driver in case of backward driving 

seatbelts more often than men, and there was some age ¯ For the driver in case of short trips (delivery) 

influence, though not systematically. ¯ For taxi drivers if passengers were transported 
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o For children under 12 (they should be seated in There is some discussion about the fact that children 
the back)unless they were over4 years and could over 4 years are allowed to be seated on front seats in 
be properly restrained lapbelts. Since in most cars only automatic 3-point belts 

Individual exemptions are possible on certain specific are available, this seatbelt is sometimes used as a lapbelt ........ 
medical grounds only, considered by a special committee by directing the shoulder strap behind the body or even 
and approved by the Secretary of Transportation (see behind the back of the front chair. By some experts, this is 
also Figure 5). considered dangerous, since straps are located in the 

wrong direction and separation may occur in the edges of 
use o~ SEA* 8ELTE ~S CO~ ~ PASSE~E~ C~S ~O~ ~V~S metal parts on the upper B-pillar or on the locking device, 

A~o o~rreo~o ~om SEAT ~ASS~NOE~ 

o~s8 ,~ s,~,~ ~,~,,,,ow ~o. A~,= ~o,.,s        Seatbelts on Back Seats of Cars 
~AS ~ ~ ~ C~Rm 

There is at the moment in Europe some international 

~ ~ CAR IS OL~R ~A~ ~971 movement toward compulsory use of seatbelts on back 

seats. In most new cars, seatbelts are already available as 

a standard provision on two or three back-seat positions. 

u~ ~~ ~,so~~ ,~ ,~,s A few countries already have made this use compulsory. 

In the Netherlands, the Ministry of Transport asked 

~ ~o~v~u~s~rou~ SWOV to appraise the difl’erent aspects of seatbelts on 

~r~*~~*~v~ back seats in order to prepare new legislation. SWOV 

u~ r~ c~ ~s us~ ~~.~ o~ reported on this subject in 1982(9), and the Ministry of 

~ m,r ~ {~x~ ~ Transport has announced that, as a first step, compulsory 

availability of seatbelts wilt be prepared. 

In the SWOV report, the many aspects of the problem 
c~ ~ ~ BA~ ~T 

were singled out and assessed, leading to conclusions and 

~ ~ ,a~s~ recommendations on the different legislative options (no 

special measure; compulsory availability only; compulsory 

~ ~~c~s~=msvs~~ availability and use). Some aspects were ....... 
~ c.~, ow~ ¯ ~ 

= Efl’ectiveness in crashes 

= Type of seatbelt 
~x~n~ ~o~ ~o~w~ts o. a~o~c~t ~ou.os a,v st ~.~ ¯ Anchorage points 
sv ~ ~s~v ~ ~,~,~.~ 

= Definition of seating position 

Figure 5. Details of seatbelt use legislation in The e Use of back seat for different purposes 

Netherlands, 1975 to 1977 e Use of back seat by different age groups (emphasis 

on children) 

The situation with regard to children was reviewed in e Relation with existing seatbelt legislation on 

{977 Since then, children of all ages were allowed on front seats 

front seats if use could be made of special and appropriate ~ Psychological aspects with respect to compulsory 

chiId restraint systems. Children over 4 years were use 

allowed to use lapbelts on front seats. The reasoning = Seatbelt campaigns 

behind this specific measure was that it was considered Starting points were the results of the previous SWOV 

at better that children were restrained on front seats than accident studies with respect to effectiveness of seatbelts, 

unrestrained on back seats, occupancy of back seat, age distribution of back-seat 

Since then, the seatbelt and child restraint industry passengers, etc. Additional information on the actual 

developed various good child restraint systems for use on situation with regard to seatbelts and child restraint 

front seats as well as back seats. The latest developments system availability and use was separately gathered by 

n this field are two types of rear-facing inIEnt restraint means of regular inquiries from a representative sample 

systems (for babies under I year) hax, ing approval of of Dutch households in 1983. 

TNO-Delft and, therefore, they are legatl} allowed on At that moment, seatbelts on back seats were available 

front seats, in 20 percent of all cars in the Netherlands. This 

ApprovM under ECE 44 is still not possible since that percentage was 40 percent in cars of households with ..... 

particular age group is not present in the regulation, children under 4 years. Child restraint systems were 

Changes are being prepared under leadership of the available and used in about 15 percent of all cars. This 

Netherlands. Both approved systems are restrained by percentage was also much higher in cars of households 

means of available adult seatbetts, with small children(5). 
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Effectiveness of seatbelts in back seats had to be position, should be solved first. It was felt, therefore, by 

derived from front-seat effectiveness, since use ofseatbelts SWOV that voluntary use was the best possible way, 

on back seats is still very low, and accident studies, supported if feasible by well-designed and properly 

.... whatever their sample, will not produce any significant aimed campaigns. 

result due to lack of data. 
It was reasoned in the report that the effectiveness of 

seatbelts on back seats would be less than on front seats, 
due to better protection capability of the back-seat 
environment in most collision modes. On the other hand, 
seatbelts would protect fully against ejection, although 
the data of the last SWOV accident study show that 
ejection from back seats occurs somewhat less often than 
ejection from front seats under comparable conditions. It 
was concluded that, given the Dutch accident situation, 
seatbelts on back seats, if used to the same degree as on 
front seats, would probably prevent less than 50 fatalities 
and, of course, reduce the injury severity of several 
hundreds of injured occupants to lower levels. 

Typical aspects of the Dutch back-seat problem are 
(see also Figure 

Total occupancy is about 15 percent of all car                                              :. 
occupants. 

¯ 50 percent of back-seat occupants are under 15 Fi~lure 
years of age. 

¯ Seating positions are not well defined, especially Campaigns and Special Enforcement 
if children are present; this is primarily a legal 
aspect. Programs 

.......... ¯ If more than two or three passengers occupy the During part of 1984 and 1985, a national seatbelt 
back seat, there will be confusion with regard to campaign was carried out by the Dutch Organisation fo~ 
available seatbelts. Traffic Safety (VVN) using various ways of influencing 

In view of the age distribution, SWOV concluded that car occupants, especially on short trips where use figures 
very special attention in the legislative field as well as in are low. The campaign was considered relevant, since use 
the technical field should be given to the seating and figures appeared to be decreasing. 
restraining of children. Priority should be given to the As part of the current National Traffic Safety Plan 
implementation of ECE 44, the international regulation from the Ministry of Fransport, SWOV helped design a 
on child restraint systems, to prevent that new measures special seatbett enforcement program, to be applied in 
on back seats would interfere with the proper restraining one particular area of the Netherlands (Friesland), while 
of children according to this regulation, another specific part was used as a control area. Police 

SWOV expressed preference for the use of regular cooperation was the essential part of this enforcement 
adult seatbelts for child restraint devices, as allowed in program aimed at dramatically improving seatbelt use. 
ECE 44. Since various good child restraint designs are Before-studies (survey) were organized by SWOV in 
already available using adult seatbelts, there seems no 1984, and the special program was applied in September 
reason to seek other solutions. However, seatbelt legisla- October 1984. Fhe first series of after-surveys have bee~ 
tion on back seats should also not prevent use of child performed, and others will follow this year. At first sight, 
restraints (already available) that need special straps, a very substantial rise in use figures, far above the average 
since it is unlikely that other use is made of seating national level of use, has been established, probably 
positions where such special straps are fastened, proving that special enforcement programs, combining 

Final conclusions in the SWOV report were that campaigns with police enforcement activities, are suc- 
compulsory use (and availability) of seatbelts on back cessful. The long-term effects of this type of measure, 
seats would need many more exemptions and exceptions however, have still to be assessed. 
than the front-seat legislation has now, and would have 
to be designed very carefully to prevent misuse and Mathematical Models and Seatbelts 
interactions with those groups already using restraint 
systems (i.e., small children). Even if the government As are many other institutes, SWOV is busil5 engaged 

would decide to make only availability compulsory, some in the field of mathematical modeling of road vehicles 

of those problems, and others with regard to seating and their occupants in crashes. Iogether with others, 

565 



Experimental Sqfet3~ Vehicles 

SWOV developed models such as MADYMO (with Other Seatbelt Topics 
FNO) and VEDYAC (with S.P.A.T., Italy). VEDYAC is 

a ~ery refined and flexible model simulating many, types 
To complete the list of relevant research, another 

of vehicles moving in and interacting with all different 
SWOV report may be mentioned. Reacting on a specific 

industrial product, developed by a Dutch inventor, 
kinds of environment (such as the road itself and roadside 

SWOV made an appraisal of’the possible advantages and 
obstacles; also other vehicles, pedestriansi etc.)(3). The 

car occupant may be simulated either with or without 
disadvantages of an automatic opening system for use in 

seatbelt locking devices the Lassche system. 
seatbe!t, (See Figure 7 for some plot-output examples.) 

Here again, SWOV based its opinion primarily on 

accident data concerning the technical condition of 

..,. seatbelts and locking device after accidents, data on the 

~!~!i’~’~’~:)~:~°)~’~°~;#,;:~;a- occurrence of fire, and cars getting into (deep) water. 

Also the problem of occupants being unconscious or 

unable to help themselves out of a car is discussed. 

It was concluded that the device would not improve 
traffic safety figures on any great scale, but was undeniably 

useful for those fearing to be locked in by their seatbelts 

after collisions (which, in fact, does not often occur 

judging by the average good technical state of the 

seatbelts after collisions). There has been some inter- 

national pressure to allow this and other devices to 

become legally acceptable by changing ECE Regulation 

16 and the comparable Directive of the EC, The present 
......................................... .............. " situation is not clear. 

~-~ .-~ Another more practical device, allowed under inter- 

national and national legislation, is the adjustable upper 

anchorage point of the seatbelt on the B-pillar. Some car 

manufacturers already sell such systems as a standard 

provision. Though no research results are known to 

SWOV, this seems to be a proper solution for the 

adaption of the seatbelt to different postures and seating 

positions of the occupants. 

On the other hand, SWOV would like to emphasize 

that an even more proper approach of the seatbett case, 

especially on front seats, is an integral approach. In such 

an approach, the seatbelt system would be considered 

part of the total seat structure and fastened directly to it, 

as is already the case in some vehicles. At the same time, 

this integral approach should be expanded to the car as a 
Figure 7. Examples of plot-output from VEDYAC whole, regarding the seating system as part of the car 

structure and designing and testing both toward opti- 
Quite another interesting development is that SWOV mization of the restraining function for different collision 

is ~ orking on chaining these models with another mode! 
modes. Of course, this thought is not really, new, and the 

representing the traffic population at risk (for instance, 
drawback may occur when seatbelts are not used. Car 

car occupants using belts). In such a chained model, 
safety designers, therefore, also have to allow for un- 

proposed changes in polic>, legislation, design, etc. (for 
protected occupants. The point of a fully automatic 

instance, specific changes to the seatbelt stiffness, steering 
restraint system such as airbags then comes into focus, 

column, car design, or road obstacle design, etc.) may be 
and the world is still waiting for solid real-world accident 

applied b> changing relevant parameters. The conse- 
studies on this subject. 

quences on the population at risk may be predicted in 

terms of changes in injury pattern and injury severity 

le,, els~ Such results ma3 have (and should ha~e) consider- {~OllC|llSiOll 

able influence on, for instance, priorities given by Mention must be made again of those other institutes, 

policymakers to different proposed new measures in the organizations, industries, etc., working in the field of 

field of traffic safety. In view of the various and numerous traffic safety’ in the Netherlands on various different 

data needed to carry out this research successfully and aspects of this enormous problem for society. Without 

put it into practice, there is still much to be done(4), their efforts, the problem cannot be solved. 
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S.J. Ashton and. the law are reported, and it is noted the actual reduction 

G.M. Mackay in fatalities is in line with the expected reduction. 

Accident Research Unit. Department of The results of the time series analyses of all road 

Transportation and Highway Engineering, accident casualties are presented. These analyses indicate, 
with the data currently available, the changes in the 

University of Birmingham, United Kingdom 
numbers of other road users injured and killed cannot be 
attributed to the effects of the seatbelt legislation but are 

P.D. Thomas and 
m line with normal seasonal and annual fluctuations. 

M.D. Galer A brief review ~s made of studies relevant to the debate 
Accident Research Unit. Institute for Consumer on risk corn pensation, and it is concluded that available 

Ergonomics. Loughborough, United Kingdom evidence indicates that risk compensation probably does 
not occur when drivers are compelled to wear seatbetts. 

P. Harms Some preliminary results of a study examining changes 

Transport and Road Research Laboratory, m injury frequenc5 following the mandatoryseatbett use 

Crowthorne, Berkshire, United Kingdom law are presented. Data from current in-depth studies of 

accidents are used to describe patterns of injury to 

restrained occupants. Consideration is given to some of 

the factors associated with accidents in which restrained 
Abstract occupants are fatally injured, and it is shown that the 

mare characteristic of such accidents is they arc high- 

Some of the factors influencing the introduction of energy accidents with gross intrusion into the occupant’s 

mandatory seatbelt use in Great Britain are outlined. The seating position. 

effectiveness of seatbelts is considered. Pre- and postlaw Factors limiting seatbelt performance are discussed, 

seatbelt use rates are described, The reductions in front- and some possible future developments in occupant 

seat car occupant casualties following the introduction of p rotecuon are described. 
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i|niroducfion method is to calculate the probability of injury as a 

function of crash severity and then to compare the 

The Legislation probability of injury for restrained and unrestrained 

occupants at equivalent crash severities. A third method 

Although the mandatory use of seatbelts by car is to look in aggregate at the changes in frequency of 

occ~pants ~as first recommended by crash injury research different severities of injury as a result of a change in 

experts in the late 1960’s, it was not until the success of seatbelt use rates, usually as a result of legislation being 

~t~stratian legislation, enacted in 1970; that serious introduced. 

attempts were made to enact such a law in Britain. The Accident studies have shown that seatbelt effectiveness 

tirst Parliamentary Bill, introduced in 1973, was soundly is a function of collision type, the benefits being greatest 

de eated. Repeated attempts were made over the next 10 in frontal impacts and rollovers and least in rear impacts 

>ears, with the legislation almost being agreed in 1978, and for struck side occupants in side impacts. Ad- 

o~1~, failing to reach the statute book because of the ditionally, crash severity has been shown to have a 

dissolution of Parliament. During the passage of the 198 ! significant influence on effectiveness. If the accident is of 

F~ansport Bill through Parliament, a clause on seatbetts such severity that there is gross intrusion into the 

was inserted into the bill at committee stage. Members of passenger compartment of the car, there is often insuf- 

Parliament were al!owed to vote according to their own ficient space for the restraint system to work correctly 

be iefs as it \~as recognised by the Government that there and thus prevent high-energy occupant contacts with the 

~ere strong feelings both tot and against the mandatory interior. 

t~se of seatbelts. Prior to the vote, there was considerable Estimates of effectiveness vary greatly between different 

p~.~blic debate about this issue and in this debate pro- studies due to differences in samples considered. For 

fessional and specialist organisations, such as the police, instance, Huetke( 1 ) reported that in frontal collisions, 77 

the medical community, and in particular the British percent of the fatalities would have been prevented had 

Medical .Xssociation, the Automobile Association, the the occupants been restrained. However, in a later study, 

Ro?al Societ3 for the Prevention of Accidents, the which considered only rural high-speed crashes, Huelke 

Soc et3 of Motor Manufacturers and Traders, which reported an effectiveness of only 32 percent in preventing 

~epresent the car industry, together with a number of occupant fatalities(2). 

professional engineering societies and a few individual In a study on seatbelt effectiveness carried out in 1963 

academics x~ith specialised expertise in transport safety, at the then Road Research Laboratory, Lister et al., 

were almost unanimous in support of the mandatory use reported an injury reduction of about 50 percent(3). 

ot seatbelts by the front-seat occupants of cars. In 1976, from a study of 255 unrestrained car occupant 

\ further factor was that the general public was fatalities in Great Britain, Griffiths reported that ap- 

ge-~erall.~ in favour of mandatory seatbelt use. The public proximately 41 percent of the fatalities would not have 

forms its opinions by what it sees on television, hears on occurred if all the front-seat occupants had been re- 

radio, and reads in the papers, and one of the key factors strained(4). 

in forming public opinion was a television documentary Bohlin in 1967(5) reported that in two models of Volvo 

o~ road accidents entitled The Greatest Epidemic of Our cars, the effectiveness of seatbelts in preventing nonfatal 

1Time. lhat programme, which was screened twice, once injuries varied from 57 to 63 percent at lower speeds and 

or each of the BBC channels, at prime time, with the last from 48 to 54 percent at higher speeds, while for the 

screening shortly before one of the votes in Parliament, fatalities the seatbelt offered full protection up to 60mph. 

had an important role in educating the public about the Although the total sample was large, over 28,780, a large 

~oad accident problem, proportion of the accidents occurred at relatively low 

f’he vote was in favour of the mandatory use of speeds. The observation about effectiveness for fatalities 

se ~tbelts, and as a result the use of seatbelts by front-seat was based on a very small sample, there being only three 

occupants of cars and light vans has been compulsory restrained occupant fatalities in the sample. 

since January 3i, 1983. Hobbs and Mills, using data from a British study of 

towaway accidents(6), reported that seatbelt effectiveness 

is strongly related to the velocity change in the accident 

Sea,belt Effectiveness and to the severity of the injuries being considered. They 

found the effectiveness ofseatbelts in preventing nonminor 

Ihere are a number of methods ofde’,ermining seatbelt injuries (A1S > 1) in frontal impacts varied from 76 
effecti,~ eness: effectiveness being defined as the reduction percent when there was a 10mph velocity change, through 
in casualties when seat belt use goes from 0 to 100 percent. 42 percent for a 20mph velocity change and 11 percent for 
One method is to look at a sample of crashes in which a 30mph velocity change, to only 1 percent for a 40mph 
:~eatbelts have not been worn and to predict what would velocity change, This corresponds to an overall el- 
have happened had seatbelts been worn. A second fectiveness of about 65 percent. 
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Trinca and Dooley(7) reported that 4 years after the Table 2. Pre- and post-law driver daytime seatbelt use 

introduction in 1970 of mandatory seatbelt use in Victoria, by road type: Great Britain 

Australia, the first legislature to require the mandatory Pre-law Post-law 
use of seatbelts, there had been a 37 percent reduction in (June 1982) (June 1983) 
occupant fatalities and a 41 percent reduction in occupant Motorways 52% 97% 

injuries based on predicted values trend line analysis. Built-up roads 

Prior to the introduction of the legislation, seatbelt use Trunk roads 32% 97% 
Principal roads 32% 95% 

was around 25 percent, although not all cars had seatbelts Secondary roads 26% 95% 
fitted. Minor roads 27% 92% 

........... Mandatory seatbelt use by some or all of the occupants Non-built-up roads 

of cars is now required in approximately 33 jurisdictions Trunk roads 49% 95% 

throughout the world, and, although the effects of such Principal roads 37% 94% 
Secondary roads 47% 98% 

laws are still being debated, the general result of the Minor roads 34% 92% 
introduction of such laws has been an increase in the use 

of seatbelts and a decrease in the number of car occupants 

seriously injured or killed. Postlaw Use Rates 

Seatbelt Use Rates With the enactment of the law, there was a spectacular 

increase in seatbelt use to around 95 percent, and use 

rates have stayed around this level. Figure 1 adapted 

from official Department of Transport publications( 1 l, 12) 
Prelaw Use Rates shows the change in seatbelt use rates with time. There 

are, however, still slight variations in use by road tSpe, 
In Great Britain, the compulsory fitting of seatbelts for use rates tending to be slightly lower on minor roads than 

the driver and outboard front-seat passenger has been 
on other roads (Table 2). 

required since 1967 with retrofit to 1965 model year cars. 

Consequently, by 1975 virtually all cars had lap and Predicted Influence on Casualties 
diagonal seatbelts fitted to the front outboard seats and 

overall use rates were about 30 percent, although there 
Two parameters are often referred to when discussing 

were substantial variations in use by road type. Observa- 
the effects that seatbelts have on occupant casualties; 

tions conducted in and around Birmingham in 1975 

showed that use rates varied substantially by environment, 
these parameters being seatbelt effectiveness and red uction 

ranging from below 25 percent in the city centre to over 
in casualties. These two parameters are not the same, and 

50 percent on motorways (Table !)(8). 
confusion between them has occasionally led to mis~ 

understanding in the expected decrease in casualities 

following the introduction of a mandatory seatbelt use 

Table 1. Driver seatbelt use: Great Britain 1975 law. It should be noted the reduction in casualties will be 

less than seatbelt effectiveness except in the special case 
LOCATION SAMPLE SIZE USE RATE when seatbelt use goes from 0 to 100 percent. The 

City Centre 5,951 2t .9% 
relationship between seatbelt use rates, seatbelt effective- 

Rural ’A’ Road 5,742 30.1% ness, and the reduction in casualties is considered in 

Motorway 7,040 56.7% Appendix 1. 

The average seatbelt use rate in Great Britain it~ 1982 

Other counts conducted between 1975 and 1981 indi- was 37 percent, while in 1983, after the introduction of 

cated that overall use rates were essentially staticat about the law, the average use rate was about 95 percent 

30 percent in spite of Government-sponsored advertising Griffiths(4) showed that approximately 41 percent oI 

campaigns. Differences in use rates by environment were unrestrained front-seat occupant deaths could be pre- 

still evident in counts conducted in June 1982, shortly vented if all front-seat occupants were restrained. The 

before the introduction of the law (Table 2)(9). These expected reduction in front-seat occupant fatalities with 

counts indicated that the average use rate shortly before the above use and effectiveness rates is 28 percent. In 

the introduction of the law was 29 percent in built-up deriving estimates for pre- and postlaw belt use rate, it is 

areas, 40 percent in non-built-up areas, and 52 percent on necessary to take into account that occupant fatalities are 

motorways, and the overall use rate was 37 percent, more frequent on rural roads than on urban roads, and 

As the date for the introduction of the law approached, on rural roads prelaw belt use rates were higher than on 

there was a rise in belt use rates, particularly in urban urban roads. The effect of this is to reduce the expected 

areas, as people anticipated the legal requirement(10), fatality reduction to about 25 percent (Table 3). 
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Wearing rate from mid-1970’s onward believed to be 
about 30 percent from random surveys 
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Figure 1, Car and light van front-seat occu pant seatbelt use rates 

Table 3. Expected reduction in front seat December 1984. there had been. for car and light van 
occupant fatalities for differing pre- front-seat occupants. 691 (17 percent1 fewer persons 
and post-law seatbelt use rates killed and 12.153 (22 percent) fewer persons seriously 

Pre-law Post-law Belt Use injured than in the corresponding 23-month period 

Belt Use February 1981 to December 1982(12). Superficially, the 
Rate 85% 90% 95% difference between these two sets of figures appears to 

35% 23.9% 26.3% 28.7% 
suggest that the mandatory seatbelt use law is becoming 

40% 22,0% 24.5% 2Z0% less effective with time, This is not. in fact. the case: the 

45% 20.1% 22.6% 25.1% difference between the figures for the two periods being 

due to an underlying upward trend in the number of 
Note: Assumed Seatbelt Effectiveness = 41% 

casualties. 

Actual Influence on Casualties 
Consider for illustrative purposes the number of 

drivers and front-seat passengers killed each year between 

!981 and 1984 (Table 
Figure 2, based on figures in official Department of 

In 1983. there were 20 percent fewer fatalities compared 
Transport pubtications(t I, 12), shows the monthly totals 

for front- and rear-seat car and van occupants, and also 
with 1982: in 1983 and 1984 taken together, there were 15 

for other road users, seriously injured or killed in road 
percent fewer fatalities than in 1981 and 1982 taken 

accidents, Casualties with slight injuries have been ex- 
together. There was. however, an increase of approxi- 

cluded as their inclusion produces problems due to 
mately 7 percent in fatalities between 198! and 1982 and 

an increase of approximately 6 percent between 1983 and 
underreporting, particularly of bicycle accidents. It is 

1984. This suggests there might have been an underlying 
clear from Figure 2 that a significant drop in front-seat 

carand van occupant casualties occurred coincident with 
upward trend ~n car and light van front-seat occupant 

the introduction of the seatbelt law. 
fatalities between 1981 and 1984. Assuming for purposes 

of this discussion that the annual upward trend was 6.5 

percent, i.e.. approximately equal to the annual increase 
Car and Light Van Drivers and Front-Seat from 1981 to 1982 and from 1983 to 1984. then had the 

Passengers seatbelt law not been introduced there would have been 

approximately 2.380 fatalities in 1983 and 2.530 fatalities 

In describing the effects of mandatory seatbelt use in 1984. and the reduction in fatalities as a result of the 

laws, comparisons have often been made between the introduction of the law would have been about 24 

numbers of casualties in similar periods before and alter percent. This figure (24 percent) is greater than those 

the introduction of the law. obtained from simple year-on-year comparisons (20 

For example, early in 1984 it was provisionally reported percent and 15 percent). 

that, in the period February to December 1983. there had The above illustrates that simple before-and-after 

been, for car and light van front-seat occupants. 475 ~23 comparisons can be misleading if there xs an underlying 

percent) fewer persons killed and 6.947 ~26 percent] fewer trend. A further difficulty in making comparisons between 

persons seriously injured than in the corresponding 1 l- yearly totals comes from the random year-to-year varia- 

month period in 1982(1 I). Early in 1985. it was pro- tions in the data. Time series analysis, however, can be 

visionally reported that, in the period February 1983 to used to separate the effects due to different factors. 
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Figure 2. Fatal and serious casualties by month 

Table 4. Car front seat occupant casualties: The results of these time series analyses show that, 
1981 -1984 

overall, the reductions in serious and fatal casualties 

Year Slight Serious Fatal coincident with the introduction of mandatory seatbelt 

1981 99,847 28,839 2,112 use were about 20 to 25 percent for drivers and about 30 
1982 103,738 28,993 2,260 percent for front-seat passengers. It was noted there has 
1983 89,375 22,142 1,799 been a greater reduction in casualties in built-up areas 
1984 97,178 23,347 1,901 

than in non-built-up areas. This is most probably due to 

seatbelt use rates being lower in built-up areas than in 

non-built-up areas prior to the law~ there being a greater 

Scott and Willis(9)have performed time series analyses potential for injury reduction in built-up areas, but may 

in which monthly casualty data were fitted to a model also be partly due to differences in crash severity between 

that, among other features, allowed for changes in traffic, the two areas. 

The model was of the form: In numerical terms, approximately 7,000 fewer people 

C = VV.exp(k + t.T + x.dx + e) have been killed or seriously injured and approximately 

where: 13,000 fewer people have been slightly injured while 

C = the number of casualties vehicle occupants as a result of the introduction of the 

V = the traffic volume for the vehicle type mandatory seatbelt use law. 

T = time in months since December 1978 An examination of the casualty reductions by time of 

dx = a dummy variable representing the presence day showed that for car drivers only there was a greater 

or absence of the seatbelt legislation (i.e., reduction in casualties in the 2200h to 0400h time period 

dx = 0 in the before period and d~ = 1 in the than at other times of the day. While this may possibly be 

after period) due to a greater percentage change in seatbelt use rates at 

The parameters-v,,, "k’, "t", "x", and "e"were estimated night, it may also be partly due to a change in police 

by the analysis; "x" measuring the change attributable to procedures for testing drunken drivers that took place in 

the seatbelt law. Some of the results of the analyses are 1983; this change possibly influencing nighttime accident 

given in Table 5. rates. 
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Table 5. Reductions in car driver and front seat passenger casualties coincident with the introduction of mandatory 

seatbelt use: estimated from 1979 - 1983 data 

Built-up Areas Non-built-up Areas Overall 

Percent 90% Confidence Percent 90% Confidence Percent 90% Confidence 
Change Limits Change Limits Change Limits 

Driver Fatal 19% 3% - 32% 25% 16% - 33% 25% 18% - 31% 
Serious 25% 21% - 29% 18% 14% - 22% 21% 17% - 25% 
Slight 12% 7%- 17% 9% 4%- 14% 11% 7% - 15% 

Passenger Fatal 26% 9% - 40% 32% 22% - 41% 29% 20% - 38% 
Serious 33% 27% - 38% 27% 22% - 32% 30% 26% - 33% 
Slight 21% 15% - 27% 15% 9% - 20% 19% 15% - 24% 

Car and Light Van Rear-Seat Occupants Table 7. Changes in car rear seat occupant 
casualties coincident with the 

l’able 6 gives the number of rear-seat occupant casualties introduction of mandatory seat- 
belt use: estimated from 1979 - 

for the 4 years 1981 to 1984. It can be seen from these data 
1983 data 

there has been a general upward trend in the number of 

rear-seat casualties since 1982. A time series analysis Percent 90% Confidence 

using 1979 to 1983 data indicates there was an increase in Change Limits 

the number of fatalities and slightly injured casualties 
Fatal +14% - 7% - +38% 

and a decrease in the number of seriously injured Serious -5% -11%-+ 2% 
casualties coincident with the introduction of mandatory Slight + 2% - 3% - + 7% 
seatbelt use. However, the wide variation in the 90 

percent confidence limits stemming from the small 

numbers involved results in the changes being within the latter group being considered as the number of un- 

rar~ge of normal yearly variations. There is thus no protected road users struck by these vehicles form 

statistically discernible indication that the seatbelt law controls as the drivers of such vehicles would be unaffected 

has had an effect on car and light van rear-seat occupant by the seatbelt legislation. The model used for the 

casualties (Table 7)(9). unprotected road users was a modified form of that used 

for car occupants in which the respective traffic volumes 

Table 6. Car rear seat occupant casualties: of both parties were included and took the form: 

1981 - 1984 C = Vtvl.v2v2.exp(k + t,T + x.dx + e) 

where: 
Year      Slight    Serious     Fatal 

C = the number of casualties 

1981 18,127 4,308 304 V 1 = the traffic volume for the unprotected road 

1982 18,663 4,409 297 user under investigation 
1983 19,300 4,282 321 V2 = the traffic volume for the other vehicle, i.e., 
1984 21,084 4,690 372 cars and light vans or buses, coaches, and 

heavy goods vehicles 

Other Road Users T = time in months since December 1978 

dX = a dummy variable representing the presence 

or absence of the seatbelt legislation (i.e., It has been suggested that the introduction of a 

mandatory seatbelt use law may encourage drivers to dx = 0 in the before period and dx = 1 in the 

drive in a more dangerous way(13). This hypothesis, the after period) 

’Risk Compensation" hypothesis, is discussed in more The parameters "’~", "’x", "k", "t", "x", and "e" are 
detai! later in this paper. If that were the case, then an estimated by the analysis; "x" measures the change 
increase in the number of injured other road users, i.e., attributable to the seatbelt law. 
persons struck by cars, such as pedestrians! cyclists, and In performing the time series analyses, only casualties 

motorcyclists, would be expected, in built-up areas were considered as pedestrian and 

~I-o examine whether this has occurred, Scott and cyclist accidents are essentially an urban problem. Table 
Willis(9) performed time series analyses for pedal cyclists, 8 details the change in the number of casualties that 
pedestrians, and motorcyclists struck by cars and light occurred coincident with the introduction of mandatory 
vans and by buses, coaches, and heavy goods vehicles; the seatbelt use, together with the underlying in the number 
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Table 8. Changes in unprotected road user casualties in built-up areas: estimated 
from 1979 - 1983 data 

..... Possible seatbelt effect Underlying annual trend 

Percent 90% Confidence Percent 90% Confidence 
Change Limits Change Limits 

All Severities of Injury 

Pedestrians Car/van + 4% + 1% / + 9% -0.2% - 2.2% / + 1.9% 
........ PSV/HGV + 1% 6% / + 8% 7.4% 9.1% / 5.8% 

Pedal Cyclists Car/van +3% -5%/+12% +8.2% +5.8%/+10.7% 
PSV/HGV -5% -12%/+3% +4.5% + 2,3% / + 6,8% 

MotorCyclists Car/van -4% -9%/+ 1% -0.1% - 1.0%/ +1.2% 
PSV/HGV -3% -14%/+9% -8.2% -10.1%/-6.3% 

Fatal and Serious Injury 

Pedestrians Car/van + 2% - 3% / + 7% + 0.4% + 0.0% / + 0.7% 
PSViHGV +3% -10%/+18% -7.7% -10.7%/-4.8% 

of casualties, for three different road user groups-- The changes in the number of pedal cyclists injured 

pedestrians, pedal cyclists, and motorcyclists struck by were in opposite directions for the two vehicle groups, 

vehicles in which drivers have to wear seatbetts, i.e., cars there being an increase in the number of pedal cyclists 

and light vans, and vehicles in which drivers do not have struck by cars or light vans and a decrease in the number 

seatbelts fitted, i.e., PSV’s and HGV’s. struck by PSV’s or HGV’s. Again, there was considerable 

The use of PSV’s and HGV’s as a control group may overlap in the 90 percent confidence limits. 

not be entirely correct as it is likely that drivers of PSV’s Scott and Willis(9) reported that although their analyses 

and HGV’s also drive cars. It cannot, therefore, be stated showed a slight increase in the number of pedestrian and 

that accidents involving PSV’s and HGV’s are unaffected pedal cycle casualties coincident with the introduction of 

by the seatbelt law. the mandatory seatbelt use law, the changes were statis- 

The casualty series for pedestrians and motorcyclists tically insignificant. It was, therefore, concluded that the 

involved in accidents with PSV’s or HGV’s shows casualty figures did not support the hypothesis that risk 

downward trends, while that for pedestrians and motor- compensation had occurred as a result of drivers being 

cyclists struck by cars or vans shows virtually no trend, compelled to wear seatbelts but did not permit the 

Pedal cyclist collisions with cars or vans and with PSV’s suggestion to be entirely refuted. 

or HGV’s show upward trends; the upward trend for Further time series analyses, which include 1984 

pedal cycle-car/van collisions being stronger than that casualty data, are proposed, the results of which will lead 

for pedal cycle-PSViHGV collisions, to a more accurate assessment of the effects of the 

The results of the analyses indicate there was a mandatory seatbelt use law. 

reduction in the number of motorcyclist casualties struck 

by both cars or vans and PSV’s or HGV’s coincident with Pedal Cyclists 

the introduction of the seatbelt legislation. This reduction 

is likely to be due mainly to a change in the use of The greatest changes in the other road user casualties 

motorcycles following a lowering of the size of motorcycles occurred with pedal cyclists. These will therefore be 

that learners are permitted to ride; the change in the considered in more detail. In conducting their analysis, 

regulations taking place on February l, 1983, i.e., almost Scott and Willis grouped together all ages of pedal 

coincidently with the seatbelt legislation, cyclists and all types of roads in built-up areas. An 

For pedestrians, it was found there had been a slight examination of the ages of pedal cyclists killed or 

increase in the number of casualties involved in collisions seriously injured in 1982 and 1983 by type of striking 

with both cars or light vans and with PSV’s or HGV’s. vehicle shows considerable differences with age (Table 9). 

However, although the increase in the number of car or While overall there was a l0 percent increase ir~ pedal 

light van collisions was slightly greater than the number cyclists struck by cars or vans compared to a decrease of 7 

of PSV or HGV collisions, there was considerable percent for those struck by PSV’s or HGV’s, the difference 

overlap in the 90 percent confidence limits, was greatest for children, i.e., those less than 14 years old, 
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Table 9, Fatal and serious pedal cycle casualties in two-party collisions: Great 
Britain, Feb. to Dec, 1 982 and 1 983 

Cyclists hit by cars or light vans Cyclists hit by PSV’s or HGV’s 

1982 1983 %Change 1982 1983 %Change 
0- 14 years            1,384 1,592 +15% 109 87 -20% 
15-29 years 1,315 1,428 +9% 124 133 +7% 
30 years and over 1,006 1,069 +6% 135 123 -9% 
All ages (inc~ NK) 3,716 4,104 +10% 368 344 -7% 

there being a 15 percent increase in child cyclists struck by increase in car and van to pedal cycle collisions compared 
cars or vans and a 20 percent decrease in child cyclists to PSV and HGV to pedal cycle collisions, all other 
struck by PSV’s or HGV’s. This difference was statistically things being equal. There was additionally a reduction of 
significant; the changes for the other age groups were not 11 percent in car or light van traffic, and a reduction of 20 
statistically significant. This suggests that whatever percent of PSV and HGV traffic, on C and unclassified 
occurred between 1982 and t983 was predominantly due roads in built-up areas between 1982 and 1983. These 
to a change in collisions between child pedal cyclists and changes in traffic would have the additional effect of 
cars or light vans. While this could be due to a change in reducing the number of pedal cycle to PSV/HGV 
the way cars and light vans were being driven, it could accidents compared to pedal cycle to car/light van 
also be due to a change in the way pedal cycles were being accidents. As this is what actually occurred, support is 
used. given to the hypothesis that the increase in the number of 

Concurrent with this rise in casualties was a change in collisions between cars or light vans and pedal cycles is 

the use of bicycles by young people: the BMX bicycle mainly due to a change in the use of pedal cycles in 

becoming popular among children at that time. The use residential areas by young people. 

of such bicycles is likely to be greatest in residential areas, 

and thus it would be expected that the increase in pedal Risk COl~13ellSlttiOll 
cycle casualties would be greatest in such areas. This, in 

fact, was the case (’Fable 10). Adams(l 3) has suggested that when mandatory se’atbelt 

Consideration of the location of pedal cycle accidents use is introduced, the actual reductions in fatalities are 
in built-up areas indicates that the majority occur in less than the expected reductions due to an increase in 
residential areas; just over half of all fatal and serious accidents as a result of people driving more dangerously 
pedal cycle casualties in built-up areas occur on C roads when compelled to wear seatbelts. He has also suggested 
and unclassified roads. Traffic on such roads consists that, due to the increased risk-taking by drivers compelled 
predominantly of cars and light vans; the ratio of cars and to wear seatbelts, other road users, i.e., pedestrians, 
Iight vans to PSV’s and HGV’s is approximately 22:1 on cyclists, and motorcyclists, are put at greater risk. This 
C and unclassified roads in built-up areas, whereas on hypothesis is an example of the risk compensation theory 
other roads in built-up areas it is approximately !4:1. put forward by Peltzman in the mid-70’s(14). 

Thus, an increased use of pedal cycles on C and Peltzman hypothesized the introduction of safety 
unclassified roads would be expected to lead to a greater devices into cars results in drivers increasing their level of 

Table 1 O, Fatal and serious pedal cycle casualties by location of accident: Great Britain, 
1982 and 1983 

1982 1983          Change 1982 - 1983 

N % N % N % 
Motorways 3 0.0% 3 0.0% 0 0.0% 
Built-up roads 
A roads 1,908 29.2% 2,072 29.8% +164 + 8.6% 
B roads 656 10.0% 648 9.3% 8 - 1.2% 
Other roads 2,638 40.3% 2,898 41.8% +260 + 9.8% 

Non-built-up roads 
A roads 676 10,3% 708 10,2% + 32 + 4.7% 
B roads 188 2.9% 187 2.7% 1 - 0.5% 
Other roads 474 7.2% 423 6.1% - 51 -10.7% 

6,543 100.0% 6,936 100.0% +393 + 6.0% 
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driving intensity, which, in turn, leads to an increase in has been voluntary, Von Busack(22) compared foliowi~ag 
the rate at which they will be involved in accidents. He headways between users and nonusers of seatbelts on a 
argued, using time series regression analysis of traffic Detroit freeway and found that nonusers tended to 
fatalities and injury statistics, that the vehicle safety follow other vehicles closer than did users. Deutsch(23) 
regulations introduced into America in the 1960’s had no observed driver behaviour at intersections and found that 
net benefits. According to Pettzman, seatbelts, energy- nonusers of seatbelts jumped red lights more frequently 
absorbing steering columns, and other safety features do than users. Mackay(24) reported on the speeds that 
work, but the introduction of such measures compromises drivers traverse sharp curves and noted that the mean 
their injury-mitigating potential, speed for restrained drivers was slightly faster than the 

Peltzman’s work, however, has been strongly criticized mean speed for unrestrained drivers. However, it was 

by Robertson(15) and by Joksch(16,17). Robertson also noted that vehicle age and seatbelt use and vehicle 

noted that Peltzman took no account of increased age and vehicle speed were correlated: the newer the 

motorcycle usage in the 1970’s, although this was probably vehicle, the faster the curve speed and the highm the belt 

mainly responsible for the increase in nonvehicle occupant use. Ashton(10) reported on the difference in gap ac- 

casualties during that period. Joksch reconstructed ceptance between restrained and unrestrained drivers 

....... Peltzman’s time series equations and found they were turning right from a main road into a minor road. ~-hey 

either unstable or had a high degree of time dependency, found that unrestrained drivers accepted shorter gaps 

thus making them unsuitable for prediction, than restrained drivers. 

Limited support for a risk compensation theory comes There is thus strong evidence that users of seatbelts 

from a study conducted by Rumar(18) in Sweden. Rumar drive less dangerously than nonusers whe~ seatbeh use is 

and his colleagues looked at the speeds at which drivers voluntary. 

travelled around icy bends and compared the speeds of Evans(25) compared following headways in high,otlow 

vehicles with and without studded tyres. It was found the freeway traffic in Michigan, U.S.A., where seatbelt ~ise is 

drivers in cars with studded tyres travelled at a higher voluntary, with following headways o~ similar roads 

speed. There would thus appear to be some evidence for Ontario, Canada, where seatbelt use is mandatory~ It was 

risk compensation. However, a comparison between found, in both areas, the percentage of drivers 

vehicle travelling speeds and the critical speed for the at short headways was lower for drivers using seatbelts. It 

bend, taking into account the tyre road friction, indicated was therefore concluded that belt use laws did ~ot appear 

that drivers of vehicles with studded tyres had a greater to influence drivers to drive at closer and thus riskier 

margin of safety than drivers of vehicles without studded headways. 

tyres. Evans and Herman(19) found, in test track experi- There have been only two studies that ha~e di~ect~i~ 

ments, that drivers of vehicles with high acceleration examined driver behaviour before a~d after the 

capabilities accepted smaller gaps when crossing a traffic duction of a mandatory seatbelt use law, one ix~ this 

stream. However, it was also found the reduction in country(26,27) and one in Newfom~dtand(27,28). in the 

accepted gap was less than the increase in safety margin Newfoundland study, four measures of dri,~h~g behav~ 

provided by the increase acceleration capabilities of the iour were studied, these being travel speed, ~esp rose to 

car. The Transport and Road Research Laboratory has amber at signalized intersections, gap acceptance 

reported that resurfacing of roads results in higher travel turning left in front of oncoming traffic, arid f ~llowir~g 

speeds(20) headways. It was reported that there ~sas orfly 

There is thus some evidence that risk compensation statistically significant cha~ge in drixer behaviokx and 

occurs when there is direct feedback to the driver as a that was a reduction in travelling speed or~ f<m~ Ia,~e 

result of improved performance, ride, or handling of the roads in the period after the use of seatbelts became 

vehicle, mandatory. The other changes in beha,~iour, which ~e~e 

Support for the risk compensation theoryapplyingto a all nonsignificant, were split eve,~ly bet~een increised 

mandatory seatbelt use situation appears to come from and decreased risk-taking. In the B, itish study., tl~ere x~ere 

Conybeare(21) in Australia. Like Peltzman, he used a only two significant changes ii1 dri-~er behaxiour., t~ese 

regression model to predict expected casualties and being a significant reduction in speeds or~ bends a~ct 

reported that, while deaths and injuries to car occupants significant increase in the speeds at which womer~ travelled 

decreased after the introduction of compulsory seatbelt on straight two-lane single carriagewa3s. There were 

use laws, deaths and injuries to nonoccupants increased significant changes in the speeds at which males t~avetled 

above predicted values. However, the criticisms applied on two-lane single carriagewa5 s or i~ the speeds on dt~l 

to Peltzman’s models may also apply to Conybeare’s carriageways or in following headways 

model. Fhus, the available evidence from studies of driver 

A number of studies have examined driver behaviour behaviour indicates that risk compe~satior~ ~ robabl3 

as a function of seatbelt use. These studies, in the main, does not occur as a result of drivers bex~g compelled to 

have been conducted in environments where seatbelt use wear seatbelts, 
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Influence on Patterns of Injury Table 1 1. Casualties treated at a sample of hospitals 

Pre-taw Post-taw 
Preliminary results from a study of the change in injury Feb-Jul Feb-Jul 

patterns as a result of the mandatory seatbelt use have 1982 1983 % Change 
been presented by Rutherford(29). In the first 6 months Not Admitted 18 11 -39% 
after the introduction of the law, there was, at the 15 Admitted - Survived 568 367 -35% 

hospitals included in the study, a 20 percent reduction in Admitted - Died 2,062 1,699 -1 6% 

casualties attending hospital and a 35 percent reduction 2,612 2,077 -20% 

in admissions (Table t 1). It was reported that for most 

body regions, there had been a decrease in the incidence 

of injury although for some regions--for instance, the Table 1 2. Changes in injury frequency 

neck----there had been an increase in reported injuries 
Pre-law Post-law 

(Table 12). Feb-Jut Feb-Jul 
Other hospitaFbased studies have reported similar 1982 1983 % Change 

findings. Christian(30) comparing 12-month periods Concussion 434 237 -45% 
Facial Wounds 479 1-13 -64% 

before and after the introduction of the seatbelt use law, 
Fractured Skull 26 14 -46% 

reported a 54 percent reduction in front-seat occupants Internal Chest Injuries 42 1 2 -71% 
killed or seriously injured (ISS > 12). Front-seat oc- Neck Sprain 427 517 +21% 
cupants requiring admission declined by 42 percent, 

while deaths fell b} 27 percent. 

TaMe 1:3. Occupancy and seatbelt use: weighted data 

Restraint Use 

Results From Current In-Depth Acci- Not Not 
Used Used Known Total dent Studies D.ver 975 68 353 1,396 

Front Seat Passenger 401 43 210 654 

The Data Rear 0 752 0 752 
Not Known O 2 0 2 

1,376 865 563 2,804 
In-depth stu.dies of the causes of injuries to car 

occupants are currently being conducted by the Accident 

Research Units of the Department of Transportation and proportion of rear-seat occupants probably stems from 

Highwa3 Engineering at the University of Birmingham the increased relative risk of a rear-seat occupant being 

and the Institute for Consumer Ergonomics, Lough- injured compared to that for a front-seat occupant now 

borough. A detailed description of the general method- that front-seat occupants are generally restrained by 

seatbelts. ology has been published elsewhere(31). Both groups 

investigate accidents in which cars less than 5 years old 

are towed away, using disproportionate stratified sampling 

schemes based on injury severity. Seatbelt Use 
h~ this paper, ~eighted data are presented from a 

preliminar} analysis of a sample of injury accidents that Seatbelt use was determined from an examination of 
occurred in 1984 in Derbyshire, Leicestershire, Notting- the seatbelt, from consideration of the injuries sustained 
bamshire, and Durham. In this area, a total of 240 by the occupant, and from the occupant’s contacts with 
accidents involving 275 cars iess than 5 years old were the interior of the car. Police reporting or self-reporting 
investigated, and in these vehicles there were 539 oc- of seatbelt use was not used as a basis for determining 
cupants. Weighting the data to allow for the differing seatbelt use. 
percentages of accidents of each iRiury severity investi- In approximately three-quarters (73 percent) of the 
gated provided a weighted data base of 2,804 occupants, cases, it was possible to ascertain, with confidence, 
IJnless otherwise stated, all quoted results are based on whether a seatbelt had been worn by a front-seat 
ar~ anal}sis of the weighted data. it should be noted there occupant. In the remaining cases (27 percent), it was not 
ma3 be small differences between the totals of the various possible to determine if the seatbelt had been worn. Many 
tables. This arises from rounding errors in the calculation of these cases were low-speed accidents, and in these ..... 
procedures used to produce the weighted totals, accidents the forces are such that the characteristic use 

Drivers accounted for 50 percent of the occupants, marks seen on seatbelt webbing and hardware do not 
frontoseat passengers for 23 percent, and rear-seat pas- occur, and, additionally, occupant contacts with the 
sengers for 27 percent (Table 13). The relatively high interior of the car, if they do occur, do not leave any 
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evidence. Thus, in a proportion of the cases where Table 15.Overall injury severity of restrain÷d and 

seatbelt use was not known, the seatbelt would have been unrestrained front seat occ~pants according 

used although there was no evidence to indicate this. to police classification: weighted data 

The overall seatbelt use rate for front-seat occupants, Police Classification Restrained Unrestrained 
excluding those cases where seatbelt use was not positively of Injury Severity N % N % 

established, was 93 percent. If it is assumed that all those 
No Injury 281 20% 35 32% 

for whom seatbelt use was not established were not 
Slight 667 49% 37 34% 

wearing their seatbelt, then the use rate falls to 67 percent; Serious 343 25% 18 16% 
if it is then assumed that all those for whom seatbelt use Fatal 82 6% 20 38% 
was not established were wearing their seatbelt, the use 

rate becomes 95 percent. Thus, the accident data indicate 1,373 3 00% 310 100% 

that the seatbelt use rate for front-seat occupants involved 

in accidents was between 67 and 95 percent. Use rates for 

drivers were generally slightly higher than for front-seat 

passengers (Table 14). Table 1 6. Maximum AIS ot: restrained and unrestrained 
front seat occupants: weighted data 

MAIS       Restrained     Unrestrained 
Table 14. Seatbelt use rates: weighted data                                     N      %      N      % 

Excluding Including 
Not Not Knowns 0 270 20% 17 16% 

Knowns Min Max 1 552 42% 31 30% 

Driver 94% 70% 95% 2 32i 24% 32 30% 

Front Seat Passenger 90% 62% 93% 3 76 6% 3 3% 

All Front Seat Occupants 93% 67% 95% 4 22 2% 10 10% 

Rear 0% 0% 0% 5 45 3% 9 9% 
6 33 3% 3 3% 

1,319 105 
Front-Seat Occupant Injury Severity N.K. 52 

Although the data base consists of injury accidents, 1,37! 11 ! 

approximately 21 percent of the front-seat occupants 

were uninjured. This stems from the fact that there can 

be, and frequently are, injured and uninjured people in Interestingly, there were differences in the police 
the same vehicle. Table i5 gives details of the police assessment ofinjuryseverityandtheinvestigatingteams’ 

........... assessment of the severity of the injuries sustained by the assessment of the severity of the injuries, A comparison 
occupants, while Table 16 gives details of the maximum of the number uninj ured between the police classification 
AIS rating (MAIS) of the occupants. A three-point (Table t5) and the MAIS classification (Table 16), based 
injury classification system is used by the police. A on an examination of medical records and occupa~at 
fatality is a person who dies within 30 days of the questionnaire returns, indicates that a proportion of 
accident. A slightly injured person is a person with those classified as having no ir~)ury by the police ~ere in 
injuries of a minor nature, these injuries being roughly fact injured. Likewise, it was found that a proportion of 
equivalent to A1S 1 injuries. In each table, restraint use is those classed as having slight injuries by the police did not 
also considered, have an injury assessable under the AIS system. 

A comparison of the MAIS distributions for restrained 

and unrestrained front-seat occupants indicates that in Pattern of Injury to Restrained Occupants 
towaway accidents, unrestrained occupants are approx- 

imately 2.6 times more likely to receive MAIS 4 to 6 Table 17 shows the distribution of the injury severity 

injuries, 1.1 times more likely to receive MAIS 2 to 3 for each of the five body areas for restrained occupants. 

injuries, and 1.4 times less likely to receive MAIS I can be seen that, overall, the chest and legs were the most 

injuries, and 1.3 times less likely to receive no injuries frequently injured body areas: 47 percent of restrained 

than restrained occupants (Table 16). While these figures occupants sustained a chest injury and 47 percent a leg 

suggest restrained occupants are less likely to sustain injury. Head injuries were sustained by only 26 percent~ 

serious injury than unrestrained occupants, the small if, however, only nonminor it\juries are considered, the 

number of unrestrained occupants (29 in the unweighted head was the body area most frequently injured, followed 

data base) means that the relative risk of injury between by the chest and then the abdomen. AIS 4 to 6 injuries 

restrained and unrestrained occupants cannot be calcu- were sustained in roughly equal proportions by the head, 

lated with any degree of accuracy, chest, and abdomen. 
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Table 1 7. Pattern of injury by injury severity for restrained occupants: weighted data 

AtS         Head          Chest        Abdemen        Arms           Legs 
N       % N       %       N       %       N       %       N       % 

0 1,013 74% 730 53% 974 71% 926 67% 732 53% 
1 107 8% 419 30% 324 24% 370 27% 513 37% 
2 184 13% 133 1 0% 7 65 5% 81 6% 
3 18 1% 38 3% 16 1% 14 1% 50 4% 
4 7 28 2% 12 1% 0 0 
5 18 1% 22 2% 43 3% 0 0 
6 28 2% 5 0 0 0 - 

All Severities of Injury front-seat occupants seated in t00 cars: 74 of these fatally 
injured occupants were drivers and 35 were front-seat 

For each injured occupant, the most severely injured passengers. 
hod3 area has been identified. Where there were several While the data from the in-depth studies contained 
hod3 areas with injuries of the same severity, each region detailed information on the extent of the damage to the 
has been counted. Table 18 shows the rank order of vehicle, the location of occupant contacts with the 
i~olvement of different body areas by impact type interior, and the causes of injury to the occupants, the 
counting all severities of" injury sustained by those with data obtained from police records lacked this information. 
a~ay se~erit3 of injury. It can be seen from this table there Consequently, no attempt has been made to classify the 
are considerable differences in the relative importance of accidents by impact speed nor have the specific causes of 
different body regions between different impact types, injury been considered. 
Leg injuries were the most frequently sustained injury by 
occupants in frontal impacts and by nonstruck side The Representativeness of the Data 
occupants in side impacts. Chest injuries were the most 
frequently sustained injur3 by struck side occupants in 

The age distribution of the drivers was similar to that 
side impacts. Abdominal injuries were less frequent in 

occurring nationally for all fatally injured drivers, the 
~ronta~ impacts than in other impact types, 

most frequent age group being the 20 to 29 year age group 
and the second most frequent, the 30 to 39 year age 

Nonminor Injuries group. A comparison of the age distribution for fatally 
injured passengers was not undertaken due to the small 

Over half those injured sustained MA1S 1 i~\iuries. It is numbers in the sample. The ratio of males to females in 
perhaps more useful to consider nomninor it\juries (AIS the sample was similar to that occurring nationally. In the 
2+) sustained by only those with nonminor injuries sample, 81 percent ofthefatallyinjuredrestraineddrivers 
(MAIS 2+) (Table 16). When this is done, the head were males, whereas nationally, in 1983, 83 percent of all 
emerges as the body area most frequently injured for all fatally injured drivers were male. For front-seat pas- 
impact types except struck side occupants where torso sengers, the corresponding figures were49 percent for the 
inj uries were more frequent (Table 19). Serious abdominal sample and 50 percent nationally. Table 20 gives details 
in,im’ies were relatively infrequent in frontal impacts but of the age distribution of the fatally injured restrained 
~aere frequent in side impacts, drivers and front-seat passengers in the sample, together 

with the age distribution for all fatally injured drivers 
nationally. 

Seatbelt Effectiveness in Fatal Accidents 

The Collision Circumstances 

The Data The majority of the accidents in which restrained front- 
seat occupants were killed occurred on high-speed roads. 

Data from two sources have been used to examine the Only 12 percent of those accidents for which the speed 
circumstances of accidents in which restrained front-seat limit was known occurred on roads subject to a 30mph 
occupants are fatally injured. The first data set consisted speed limit, whereas 73 percent occurred on roads subject 
of 48 accidents investigated by the various teams currently to a speed limit greater than or equal to 60mph. 
conducting in-depth studies of crash injury(31); the Approximately two-thirds ofthevehicles were involved 
,~;econd data set consisted ot"49 accidents for which details in accidents with other vehicles. Jnst over half the 
were obtained from police reports. In the 97 accidents collisions with other vehicles were head-on collisions. 
available for analysis, there were 109 fatally injured HeavyGoods Vehicles(HGV’s), or Public Service Vehicles 
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Table 1 8. Most severely injured body area by impact type for injured restrained occupants - all severities of injury 
counted: weighted data 

Frontal Impacts                 Side Impacts (Occupant Location)                 Other ~mpacts 

Struck Side             Nonstruck side 

Legs 28% Chest 43% Legs 31% Head 26% 

Chest 22% Head 30% Chest 25% Chest 25% 

Head 16% Abdomen 22% Abdomen 25% Abdomen 17% 

Arms 15% Arms 4% Arms 12% Legs t 7% 

Abdomen 13% Legs 2% Head 11% Chest 14% 

Table 19. Most severely injured body area by impact type for restrained occupants with nonminor injuries - 
nonminor injuries counted: weighted data 

Frontal Impacts                Side Impacts (Occupant Location)                  Other Impacts 
Struck side              Nonstruck side 

Head 33% Chest 34% Head 50% Head 50% 

Chest 29% Abdomen 34% Abdomen 22% Chest 27% 

Legs 24% Head 31% Legs 22% Abdomen 14% 

Arms 10% Arms 0% Arms 6% Arms 10% 

Abdomen 5% Legs 0% Chest 0% Legs 0% 

Table 20. Age distribution of fatally injured restrained 
front seat occupants less than 6 years old are examined in the current in-depth 

accident studies(31). The police data indicate that roughly 
Sample half the restrained occupants killed are in vehicles more 

Age Driver F.S.P. National Data than 5 years old. 
.......... Group N % N % All Drivers* 
.......... <16 6 18% Gross intrusion was a characteristic of the accidents. 

17-19 10 14% 2 6% 11% Approximately three-quarters (74 percent) of the fatally 
20-29 16 22% 4 12% 29% injured restrained front-seat occupants were involved in 
30-39 13 17% 4 12% 17% accidents where there was gross intrusion, while a further 
40-49 12 16% 5 15% 13% 
50-59 8 11% 4 12% 8% 13 percent were involved in accidents where there was 

60-69 10 14% 4 12% 11% complete disintegration of the vehicle (Table 23). In the 

>70 5 7% 5 15% 11% great majority (93 percent) of the cases where there was 

gross intrusion, the fatally injured restrained occupant 
73 34 

was seated on that side of the car where the intrusion was 
NK. 1 1 

74 35 greatest (Table 24). 

*Note: Irrespective of seatbelt status 

Table 21. Principal collision t~/pe for accidents in 

(PSV’s) were the other vehicle in just over a third of the 
which a restrained front seat occupant 
was fatally injured 

cases where another vehicle was involved and in just 

under one-quarter of all the cases. Collision Type N 
In three of the cases, the vehicle caught fire. However, 

in all these cases, the accidents were of such severity that Head-on impact with CariLGV21 
with HGV/PSV           17 

the occupants would most probably have died from Side impact with Car/LGV 17 
injuries sustained in the initial impact had there not been with HGV/PSV 7 
fire present. Other with Car/LGV 5 

with HGV/PSV 0 

The Vehicles 
Collision with Roadside Object 

- with Narrow’ Object t4 
- with Wide Object 3 

Table 22 gives details of the approximate ages of the - Other 5 

involved vehicles. Age has been determined from the Rotlover 5 

registration letter, which changes on August ! each year. Other 4 

It will be noted there are no vehicles older than 5 years in 100 
the in-depth data. This is due to the fact that only vehicles 
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Table 22, Vehicle age for vehicles in which a restrained occupant was fatally injured 

Vehicle Age (years) 
<4    4-5    6-7    8-9     >9    N.K.     Total 

In-depth Data 39 10 1 50 
Police Data 19 5 9 9 8 50 

58 15 9 9 8 1 100 

Table 23. Level of intrusion in accidents in Just under half (46 percent) sustained maximal Injury 

which a restrained front seat Severity Scores (ISS = 75), most of these being associated 
occupant was fatally’ injured with maximal A1S ratings (AIS = 6) (Table 27). 

Level of Intrusion N % DiSCUSSiOI3 

Negligible 14 13% 
Gross 81 74% In the preceding sections, some numerical aspects of 

Vehicle Disintegration 14 13% seatbelt use, effectiveness, and the consequences of the 
109 seatbelt law on injury patterns have been considered. One 

advantage of detailed in-depth studies is that it allows the 

investigating team to make a thorough assessment of 

The Occupants seatbelt performance on a case-by-case basis. It is 

difficult to quantify such experience because every colli- 

Although there were 109 fatally injured restrained sion is in some way unique. There are many ways of 

front-seat occupants in the 100vehicles under considera- describing the impact conditions; crash severity and 

tiom these vehicles contained a total of 152 front-seat impact force direction being two of the relevant para- 

occupants. In addition to the 109 fatally injured restrained meters. Other factors relate to vehicle design, which 

front-seat occupants, there was one fatally injured un- int3uences the kinematics of the occupants and their 

restrained front-seat passenger, 16 surviving injured contacts. Finally there are parameters such as human 

restrained front-seat passengers, and 26 surviving re- tolerance, which influence the injuries sustained. However, 

strained drivers. Table 25 gives details of status of the the experience gained of seatbelt function in the real 

front-seat occupants by impact type. In approximately world of crashes examined by the various teams involved 

half the cases~ the driver was the sole occupant, these in in-depth crash injury studies(31) allows some comment 

accidents being predominantly distributed frontal or to be made about the limits to seatbelt performance and 

offside frontal impacts. In just over one-quarter of the about future deve!opments that are likely to enhance the 

cases, the vehicle was struck on the side and in the already good protection provided by seatbelts. 

majority (74 percent) of these cases the fatally injured 

occupant was seated on the struck side. 
Intrusion 

The Injuries The most important limitation on the ability of the 

seatbelt to prevent death in a collision arises not from the 

M ultipticity of inj ury was a characteristic of restrained functioning of the seatbelt itself, but from the destruction 

occupants fatally injured. The 99 fatally injured front- of the passenger compartment. This is particularly so in 
seat occupants for whom the number of" fatal injuries car/truck collisions, where there is geometrical and 

could be established sustained a tota! of 182 fatal injuries, structural mismatch between the engaging vehicles(32). 

i.e., an a~erage of t.8 fatal injuries per fatality. Over halt" Approximately 25 percent of restrained occupant deaths 

(60 percent) sustained more than one fatal injury (Table in Britain now occur in car-to-HGV and car-to-PSV 
26), while approximately one-fifth (21 percent) sustained collisions. Single-vehicle, off-road crashes with hostile 

more than two fatal injuries, roadside furniture form another important part of this 

Table 24. Seating position of fatally injured front seat occupant by location of intrusion for accidents in which there 
was gross intrusion 

Location of Intrusion 
Frontal Side Other 

Driver Side F.S.P. Side Driver Side F.S.P. Side Driver Side F.S.P. Side 
Driver 28 2 16 3 9 
F.S.P. 1 9 7 6 
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Table 25. Front seat occupant injury severity by impact type 

Status of Occupant Frontal Impact Side Impact Other Total 

Driver F.S.P, All Front Offside Nearside Right Left 

........... Killed None 13 12 3 8 5 7 48 

Killed Killed 4 2 1 1 2 10 

Killed Survived 4 3 2 5 2 16 

Survived Killed 8 3 3 1 6 5 26 

29 20 8 15 12 16 1 O0 

problem. In such crashes, the localised, unforgiving car occupants, concluded that with 100 percent seatbelt 

nature of structures such as trees, lamp posts, and sign use in the rear seats there would be a reduction of about 

supports produce levels of intrusion where seatbelt use 74 percent in the number of rear-seat occupants killed. 

becomes irrelevant to injury causation. While some This effectiveness rate is higher than for front-seat 

reduction in occupant fatalities can probably be achieved occupants as severe intrusion, which compromises an 

by improvements in vehicle structural design, issues of occupant’s seating position, is relatively infrequent for 

........... comparability between vehicles of disparate mass, and rear-seat occupants. Thus, the mandatory fitting, and 

policies on the design of roadside furniture, are of use, of rear seatbelts, assuming use rates similar to those 

importance in reducing occupant fatalities, for front-seat occupants, would result in a reduction of 
about 200 to 230 in the number of rear-seat occupants 

Rear Loading killed. Griffiths also reported that approximately 8 

Serious injury to restrained front-seat occupants is percent of fatally injured restrained front-seat occupants 

.......... more likely when the front-seat occupants are loaded would not be kililed if all rear-seat occupants were 

from behind by unrestrained occupants or luggage. Great restrained. Since the introduction of mandatory seatbelt 

Britain, unlike many other motorised countries, has not use, the number of front-seat car occupants killed has 

yet required the mandatory fitting of rear seatbelts. In been about 1,800 per annum. Assuming that seatbelt use 

our in-depth studies, evidence of additional loading to rates in the rear, with mandatory fitting and use, would 

the front seats by unrestrained rear-seat occupants is be similar to those in the front, there would potentially be 

common when rear-seat occupants are present, and in a reduction of approximately 100 to 120 in the number of 

severe frontal collisions this additional loading can cause restrained front-seat occupants killed if the fitting and 

injury to the restrained front-seat occupants. However, use of rear seatbelts was made compulsory. 

other objects besides rear-seat passengers load and injure Overall, the mandatory fitting and use of rear seatbelts, 

correctly restrained front-seat occupants. This has been assuming rear seatbelt use rates would be similar to those 

........... seen to occur in estate cars and hatchbacks where current for front seatbelts, would potentially result in a further 

designs of folding rear seats do not appear to be able to reduction of between 300 and 350 in the number of car 

withstand the forces applied to them by luggage in occupants killed. 

accidents. Injury to restrained front-seat occupants as a 

result of rear loading by luggage has been seen in those Occupant Kinematics and Contacts 
exceptional accidents in which large, heavy objects have 

been carried in the luggage area. Thus, the design of rear During a frontal impact, a restrained occupant moves 

seat backs with respect to load retention is of importance, forward and is decelerated as a result of forces applied to 
the body by the seatbelt. As the seatbelt is loaded by the 

Rear Seatbelts occupant, the belt stretches and contact with the interior 

Currently, approximately 300 to 350 people are killed can occur. 

each year in Great Britain while rear-seat car occupants, lnjuries to the chest, from the forces applied to the 

Griffiths(4), from a study of fatally i~\iured unrestrained chest by the seatbelt, have been seen. These injuries 

Table 26. Number of fatal injuries sustained 

Number of Driver F.S.P. Total 

Injuries N % N % N % 

1 27 39% 13 43% 40 40% 

2 25 36% 13 43% 38 38% 

3 15 22% 3 10% 18 18% 

4 2 3% 1 3% 3 3% 

69 30 99 
N.K. 5 5 10 

74 35 109 
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Table 27. Injury severity score by posted speed limit 

Speed Injury Severity Score 
Limit 

0-15 16-24    25-49    50-74     75      N.K. 
30 6 1 3 1 
40 8 1 8 1 
50 2 
60 1 3 14 7 17 7 
70 1 4 5 10 

N~K. 2 1 6 
1 4 34 15 46 9 

~ormally only occurred in severe collisions, particularly significant upgrading of the already good performance of 
if the restrained occupant was elderly or there was current belt systems: 
additional rear loading. The severity of these collisions ¯ Integration of the front-seat lower belt mounting 
~as such that the occupant would most probably have points into the seat structure 
bee~ more severely injured if unrestrained. ¯ Matching the dynamic response of the seatbelt 

A limit to the protection afforded by seatbelts comes and the seat to the geometrical constraint of the 
from the restrained occupant running out of space and compartment package for the actual population 
being injured as a result of contact with the interior of the at risk, which may lead to knee contacts occurring 
passenger compartment. With current car designs, the by design as a means of controlling occupant 
interior geometry, crash pulse, and belt characteristics kinematics for some segments of the population 
are such that a driver’s face is likely to strike the steering ¯ Preloading the belt system to remove slack and 
wheel in that small proportion of frontal crash where the to couple the occupant dynamically to the crash 
velocity change is greater than about 25mph. Such characteristics of the front structure 
contacts do not normally result in fatal injuries, but they ® Changing steering wMel design to either diminish 
do generate significant soft tissue trauma, concussion, the frequency of driver face contacts or to make 
a~d occasionally facial bone fractures. Thus, consideration such contacts more benign through improvements 
needs to be given to designing steering wheels for facial in hub, spoke, and rim design or developing 
contact, supplementary restraint systems such as the 

Knee contacts are also frequent for restrained occupants steering wheel airbag 
in severe frontal impacts, and thus the design of the knee In addition to the benefits that would come from the 
contact zones is stil! of importance, improvements in vehicle design outlined above, significant 

Seatbeit Design Features benefits would come from requiring that rear seatbelts be 

fitted in cars and by encouraging their use, possibly by 

A number of specific items ~)f detailed design have legislation. In designing rear seatbelt installations, the 

emerged from these current studies and from previous characteristics of the population that use rear seatbelts 

i~>depth studies carried ou~ at Birmingham University. need to be considered, a high proportion of rear-seat 

~:or example, the weakening of retraction springs has occupants being young children. 

been seen to result in belt slack and consequent poor belt 

geometD; excessive slack and incorrect belt geometry COll~21tlsion 
have been noted when swinging arms, which have been 

used on two-door cars to improve rear-seat access by This paper has reported on some of the consequences 
rotating the belt at the lower outboard mounting point, of the mandatory seatbelt law in Britain. The main 
have failed to correctly align with the belt; poor belt conclusions are-- 
geometry has also been noted for part of the car user 1. The introduction of the mandatory seatbelt use 
population, particularly when the seat is at the extreme law resulted in seatbelt use rates for front-seat 
limit of its travel; damage to seatbelt webbing under crash occupants, rising from around 35 percent to 
conditions has been observed as a result of the belt around 95 percent. 
catching on items such as seat back adjusters: All of these 2. There has been a reduction of approximately 25 
limitations to current seatbelt performance can be, and percent in the number of car and light van front- 
generally have been, improved by technical development, seat occupants seriously injured or killed coin- 

cident with the introduction of the mandatory Future Developments 
seatbelt use law. 

in terms of improving seatbelt crash performance, the 3. The actual reduction in front-seat occupant 
authors consider that the following wilt lead to a fatalities is in line with the expected reduction. 
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4. While there have been increases in the number of Appendix 1 
pedestrians and pedal cyclists killed or injured as 

a result of being struck by a car or light van, the If 
........ increases are not statistically significant. T = total deaths with zero belt use 

5. The increase in the number of pedal cyclist DB = number ofdeaths before the introduction of 

casualties coincident with the introduction of the the law 
mandatory seatbelt use law is mainly due to an DA = number of deaths after the introduction of 
increase in accidents involving child cyclists on the law 
unclassified roads in residential areas and may UB = seatbelt use rate before the introduction of 
reflect the increased use of BMX bicycles by the law 

children. UA = seatbelt use rate after the introduction of the 

6. While the changes in the other classes of road law 

casualties are statistically insignificant and are e = seatbelt effectiveness rate 

consistent with the random annual fluctuations then 
and changes in traffic volumes and patterns, the DE = U~. (1 - e).T + (1 - UB).T 
reduction in front-seat car occupant deaths and = (1 - Uu.e).T 
serious injuries coincident with the seatbelt law and 
is large, statistically significant, and not explain- DA = UA. (1 -e).T + (1 - UA).T 
able in any other way than being related to the = (1 - UA.e).T 
seatbelt taw. The expected reduction in fatalities R>. is thus: 

7. The data currently available do not support the RF = (DB _ DA)i DE 
hypothesis that risk compensation, wellaccepted = ((1-Uu.e).T) - ((1 - UA.e).T) / ((1 , U~.e).T) 
for some developments in the field of active = ((UA - UB).e / (1 - Uu.e) 
safety, applies to the mandatory use of seatbelts. 
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Collision Types and Characteristics of Bus AccidentsmTheir Consequences for 

the Bus Passengers and the Accident Opponent 

K. Langwieder, The safety of present-day bus transport is relatively 

M. Panner, and high compared to other means of transport. On average, 

Th. Hummel 
only 1.9 persons met with an accident per billion (109) 

passenger kilometers; the comparable figure with the car 
HU K-Verband, Automobile Engineering is 20 persons and with the motorcycle as high as 178(2) 
Department, German Association of Third (Figure 1). 
Party, Accident, Motor Vehicle and Legal The high safety level of the bus, however, not only 

Protection Insurers turns out to be relative, but the absolute accident figures 
also make this fact clear. In 1983, altogether 26 bus 
occupants (drivers and passengers) were killed, 523 

Abstract seriously and 3,645 slightly injured(l) (Figure 2), For 

1984, the figures were 34 killed, 563 seriously injured, and 
The omnibus occupies an important position in the 3,638 slightly injured(3). Although thenumberofinjured 

traffic scene in the Federal Republic of Germany; this persons remains faMy constant each year, with such low 
paper furnishes statistical data on this fact. In the light of accident figures one single serious bus accident can. have 
the national statistics, it is deduced that the risk of being considerable influence on the nationa! accident statistics, 
killed or seriously injured as the occupant of a bus is low. as, for example, in 1966, when 68 bus occupants were 
This study covers 97 bus accidents with a collision in killed or in 1980 when the comparable figure ws 43(1). 
which occupants were injured; for the bus occupants, the In view of the high mileage of buses and number of 
risk of injury is given dependent on theaccident opponent injured persons given above, the risk of being killed or 
and kind of collision. For bus/car accidents, the risk to seriously injured as a bus occupant is low, and today a 
the car occupants, i.e., the passengers in the opposing very high level of safety has been achieved, but this study 
vehicle, is also described. Moreover, this papercontains indicates even further possibilities for improvemenL 
142 accidents with injuries to the bus occupants without 
the bus being involved in a collision. These injuries ........ 
resulted from the driving maneuvers of emergency braking, ~a~al 
starting, and driving in a bend. per billion (10~) passenger kilom÷tr÷a 

The majority of persons killed or seriously injured in 
this study met with their accident in long-distance 
coaches; rollover accidents are of particular significance. 
On the basis of this knowledge, measures are indicated Ship 1.19 
that could achieve a further increase in the passive safety 
of buses. Aero~a~ 1,35 

As unfavorable road conditions played an essential igus1.9 
part in the available accident material, an investigation 
was carried out to ascertain whether the accident would Train 5.6 pets. 
have been influenced by the use of an antilock brake 
system. These systems turned out to be of great advantage. 
About 4 percent of the bus accidents could certainly have /.                          20 per~ 

been avoided, and probably even 15 percent. 

~//~/~iMoped 1~3 

The Bus Accident in the Federal Republic 
of Germany 

/ Motorcycle 17~ per~. 
The omnibus occupies an important place in the traffic 

scene in the Federal Republic of Germany. In 1983, 
Source: Bundesminister [iir Verke~r 

71,159 omnibuses were registered(l); thus, compared ........... 
with 1970 (47,253 registered buses), the number has Figure 1. Relative risk to users of various means of 
increased by more than 50 percent, transpo~ 
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Drivers and Passengers of Buses 
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F~g~ 2, 8~s occupant injured in accidents in the Federal Republic of Germany in 1979-83 

} ~.~{~ r,e o,r, id,:~tions, hov~ever, wilt have to take into Altogether 100 buses were involved in the 97 accidents 
~c :<}~a t~affic policies, economic aspects, and public with a collision. The 142 accidents without a collision are 

~_~:~.f ~k,: to estaMish whether these measures accidents resulting from driving maneuvers, meaning 
~.~:,p~xiaHy siace extreme, isolated cases can never be emergency braking, starting, or driving in a bend. 
~x i ec ca~ be ~stified xsith respect to cost beneft 

rH<:, g~al c~-t be carried out vmiformly on an international Accident Characteristics With and 
Without a Collision 

Acddeat Studies of the German Bus Accidenls Without a CollMon 

Motor/  surers For the sake of completeness, bus accidents without a 

collision are mentioned here, as they also constitute a 

Si~:c ~9 8, @e accidc~t researchofthe HUK-Verband problem of bus safety, especially on a scheduled bus 
~::~ d:,~ h~clt@ed                             ~’3=. 9 bus accidents with i@uries to service. In these accidents, a dominant role (both with 

:~: er-, )~ s The selection o~ these accidents is based--with regard to frequency and to injury severity of the occupants) 
c xception of a icy, serio~ s accidents ~on the random is played by emergency braking causing injuries, e.g., to 

p q "~: p c The b~s ~ccidents were recorded in the course standing passengers (Figure 3). 
t~ecc~thmous a~t~sis of traffic accidents, x~hichare If all degrees of injury severity are included, in 

n~k~ n’aHable b5 all the German motor insurers to the accidents without a collision head igjuries dominate with 
}{~ K Vc~bxnd fo~ purposes of accident research. The 27.3 percent, followed by injuries to the chest with 19.2 
c,.;~ itbn for a~-~alyzi~g an accident is that at least one of _ 

xe pe~s K~s inx otved in the accident sustained injuries of 
Accidents 

~S (4) o~ ~vorsc. ~he accidents were retrospectively Driving caused by Num~rof injured persons 
~.: a ~ Heal by the fl L K-Verba~d’s own team of engineers nan~uvre driving 

[~IS n.a ~ ~n~uvr~ MAIS*I MAIS 2 MAIS 3 

c<>opcration ~ith doctors. Fhe method of the HUK Braking 120 47 ~ ~-~[~ 93 
~is stud5 comprises ont5 accidents of buses with a Starting 13 7 ’ = 3 ~ 

>,<: ~.i~g capacit} of over 25; accidents with minibuses, bus Bend 9 4 
~ H Si }~S %@ tx~o-;~hecled vehicles or pedestrians, and 

k:c ~ e~. that oc’c~ red ~hen bus occupants were boarding Total 142 

"N-xe 239 bus accideats covered by this study are broken n.a. = not ascerlained 

~ 9~ accidents with a coJHsio~ Figure 3. Frequency and severity of ~njuries in 

accidents without a collision caused by 
~ ~42 accidents without a collision driving maneuvers by scheduled buses 
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higher injury risk simply by reason of their lower physical 
All de~rees of injury severity resistance. 

Fifty percent of the buses concerned were involved in 

............. % 96 an accident on a scheduled service, about 35 percent on 

....... ~ long-distance service, and about 15 percent on school bus 

-_,-_ service. To what extent this distribution agrees with the 

actual circumstances in the overall accident scene and 

national accident statistics cannot at present be ascertained 

for lack of comparative data, Figure 6 gives the number 

of accident victims according to the injury severity and 

the total number of bus occupants involved, again for the 

three operational functions of scheduled bus, school bus, 

and long-distance coach, in relationship to the four 

..~. 
~~~ accident groups--bus/car, bus/truck, bus/bus, andsingle_bus accidents. On a scheduled bus service, about one-third of the totat 

.......... ~~ ~ of l,990 bus occupants involved were recorded; of these 
651 occupants involved in bus accidents on a scheduled 

service, no person was found to be killed, and the number 

of seriously and slightly injured persons is relatively low, 

For long-distance coaches, the injury risk is, however, 

........... considerably higher: 38 of all 40 fatally injured persons 

........ Figure 4. Frequency of injuries to the different parts of were in long-distance coaches; the other two occupants 

the body in accidents caused by driving were killed in school buses. This means the risk of being 
maneuvers injured is altogether higher in school buses and coaches 

percent and to the arm with 14.2 percent (Figure 4).                                                        ,,,, 

Serious injuries (MAIS = 3) were observed in a total of 

......... only eight persons in 142 accidents, one case involving a 
Buses involved 

.............. Accident 
Scheduled School Long-              Opera- serious head injury: injuries of MAIS 4 to 6 were not group buses buses distance Total ttona 

" coaches iunction 
recorded in the 142 accidents without a collision. No. ~ No. ~o No. ~o L~o.l ~ ,.a.* 

In braking accidents, head injuries occurred with the Buslcar 23 71.g 3 9./1 6 , l~.l 3:2 100.0 11 
greatest frequency. In accidents resulting from starting or 

~ 

driving in a bend, injuries to the chest were the most 
Busltruck 18 /18.6 6!!6.2 13i 3~2i 37 |O0.0 3 

.... frequent. Most of these were chest bruises, although the Bustbus 1 |6.~ 116.~ 466.6 6100.0 - 

availableaccidentmaterialdoescontaincasesofmultiple Single-bus 1 9.1 3 ZZ3 7{/ 63.6 I~,I00.0I 

rib fractures. In general, only slight to moderate injuries Total 43 5O, O 13 15.1 30 i 3~.9 86 [10O.0 14 
result from driving maneuvers. When the occupants are . ’, 

standing in the regular scheduled bus, however, the long , *n.a. ,not escert~mea 
falling distances when the bus brakes may also cause 

serious injuries, such as fractured skulls, complicated 
Figure 5. Number of buses involved in the four accident 

groups independent of operational function 

Bus Accidents With a Collision s~o~,.o ~ / Sohoo, ~o~ !’~-~ .... . 
Acc dent ....... l~s l .... IguS ~ ....... ~ -~ ......... 

arouo s ~er. fat,Occupants sli. ~eL _at.~cup~ts pli. ~e~ fat ,~cupants 

Injury Risk Dependent on Operational Function of the ~.~,~., 25 I- J ~76 { I~- ~- s~ ~ I~ 3~- ] 16~ 

Figure 5 shows the distribution of the bus accidents S riFle-bus ........ 2~222- - ~ ~6= --~I~aS~-:-~ ~ I .... 832-~g{ ~;}g~yF--g~~aa a,= 

with a collision for the operational functions broken { { ’ ~ ~ }{ : 

down according to scheduled bus, school bus, and long- ~,, ,~, ~ ~,~,,,~.,.~ ~___.’~__~ ....... 
~ ........ ~ 

distance coach. ~, ,.i : ~,,’~*’*ini~rea L990 

fractures of the femur, or multiple rib fractures. Fre- 
, .... ,.tam,es ~ ..... pantsinvN,~ 

quently, the occupants ofthe bus are old people who find Figure 6. Bus occupants involved and injured in the 
it more difficult to hold tight or to support themselves four accident groups depending on opera- 

than younger ones and who are exposed to a considerably tional function 
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tha~ in buses on a regular service. [his statement, seriously injured bus occupants, although these rollover 
however, must take into account that much greater accidents amount to only 7 percent in the total material. 
distances are covered by long-distance coaches and that Very serious accidents also result from bus/truck and 
long-distance coaches travel at higher speeds, and this from the rare bus bus collisions. In the 40 bus/truck 
generally results in a higher injury risk as well. collisions recorded, 5 persons were killed and 66 seriously 

Apart from the higher risk of injury in long-distance injured. 
travel, Figure 6 also shows another very important In the case of a bus/truck collision, only those bus 
lirading, namely that in the case of single-bus accidents occupants whe are seated in the direct intrusion area are 
the~’e is i~deed a higher ~isk ot serious/fatal injuries normally affected by the risk of serious or fatal injuries. 
compared with the general bus risk. This point is dealt In contrast to this, in reliever accidents there is risk of 
with later, very serious injuries in every case for a relatively large 

number of occupants by impacting the interior side or 
roof or by being c~iected out of the bus. 

Risk of Injury Dependent on Accident Opponent and the 
Figure 7 also shows that the risk of injury for the bus 

Rind of Collision 
occupants in bus car collisions is relatively low, and this 
corroborates the findings of the H U K study presented in 

The effects of bus accidents, unrelated to the accident 
1981(6), in which this was also stated. Nor in the case of 

opponent or the kind of accident, are given in Figure 7. 
the 43 bus car accidents now available was any person 

A1 data here refer to the maximum injury severity of" the 
killed in the bus. Even in serious bus, car collisions, the 

bus occupants in each case. 
strain on the bus occupants is not so great that substantial 

!i~e central result in Figure 7 is that out of the 
risks of injury exist. 

altogether 40 persons killed in the accident material 
The risk for the car occupants is, however, serious. 

underconsideration, as man3 as 34- that is, 85 percent ........... 
Although the shape of a bus resulting from the lattice- 

x~exe killed in single-bus accidents-- to be more precise, in 
work girder structure is less dangerous than that of a 

single-bus accidents x~ith rolloxer. In the other accident 
truck, the bus front is so rigid that if the car is totally 

gr( ups (bus car, bus truck, and bus bus), not one single 
deformed, the bus front is relatively only slightly damaged 

~ol~o\ er occurred~ not e~en as a secondary event after the 
(Iiigure 8). In the accident in Figure 8, the car driver was 

collision with the accident opponent, 
killed, but the 36 bus occupants were only slightly injured 

~the high risk of injur} in rollover accidents is further 
confirmed by the equally high number of seriously 
injured bus occupants: 114 out of a total of 208 persons 
who were seriously injured sustained their injuries in 
roltover accidents. 

insofar as one would like to increase bus safety even 

further, one has to start with accidents with a reliever, 
which in ~he available accident material accounted for 85 
percent of the killed and more than 50 percent of the 

Accident Number of accidents ] Number of persons 

sii in" { " ’ ~ f t Total slLin.iser.in~]killedITotal 

0| these th 

Bus/truck 24 14    2 40 22g 66 5 300 
of these th 

roll-over 

of these 

w~thou~ ~oH-over~ 

Tota~ 

~ 3 buslbus accidents with a total of 6 buses 

s~i, in~. = siightty injured 

set. inj. = seriously injured 

fat, = fatalities 

Figure 7. Number of bus accidents and of the bus Figure 8. Bus/car frontal collision in which the car 
occupants injured in them dependent on the driver was killed and several bus occupants 
accident opponent and the kind of accident slightly injured 
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or not at all. There would therefore still seem to be room 
~/////////~/~ ~niu,ea bus oecupa,t~[ Ioiu~ea ear occupants 

for improvement with regard to partner protection in the 
~/[/~///~//~ Drivers and passengerst] Drivers and passen{lers 

case of the omnibus. 

In contrast to truck/car collisions, in bus/car collisions 

it is frequently possible to observe, however, that after the 
1:~":::::’ I 46 ~ I! 2~ I 29 { 22 , collision the car skids away from the bus, which reduces 

the strain on the car occupants. But the high-speed Figure 
change remaining is clearly reflected in the risk of injury 43 bus/car collisions 

to the car occupants (Figure 9). In 43 bus/car accidents, 
22 car occupants were fatally injured, 29 persons sustained 

serious injuries, and 21 slight injuries. In several of these 

cases, however, safety belts, if they had been used, would 

have resulted in decreasing the injuries to the car 
|~,07~ 16.3~ 31127~ 

The distribution of the collision types for bus/truck 

and bus/car accidents is shown in Figure 10. In the 

left-hand half of the bus diagram, the areas of impact in 
~E Bus/truck 

bus/car accidents are given, and in the right-hand half Busiest 

those in bus/truck accidents: the overall percentages 

refer in each case to the total front, rear, or side areas of 

the bus. Here no distinction has been made between 
I    ~ ~1,~ 

left/right, partial offset, etc. 

If all cases including every category of injury are ~-21 

counted, three collision types dominate: front/front 

(bus/truck 30.2 percent, bus car 55.8 percent), front., side 

(bus/truck 16.3 percent, bus/car 18.6 percent), and -- 

side/front(bus/truck 11 6 percent, bus. car 20.9 percent), 

the first-mentioned impact area referring to the bus in all 

Bus/truck cases. Another noticeable feature is the relatively high Buslcar 
number of rear-end collisions of trucks onto buses, which 20,9% 
represent 20.9 percent of the bus:’ truck collisions. 

As previously presented in Figures 6, 7, and 9, no bus 

bus,, car accidents in the available occupant was killed in ..... ’ 

material. The total of four seriously injured bus occupants 

in bus/car collisions sustained their injuries in front front 

collisions as a consequence of the deceleration resulting Figure 10. Distribution of the impact areas in bus/car 
from the collision and not from intrusion, and the slight and bus/truck collisions 

injuries, too, occurred mainly in frontal collisions (Figure 

8). 
In bus/truck accidents, over 50 percent of all seriously 

or slightly injured bus occupants sustained their injuries Risk of Injury in Rollm’er Accidents 
as a result of a bus being involved in a frontal collision in 

which the front of the bus ran into the front, side, or rear 

of a truck (Figure 11). The primary cause of injury here is 
The extremely high risk of injur3 in bus accidents with 

the rapid deceleration in the longitudinaldirection of the 
a rollover has already been mentioned several times. 

bus, which throws the occupants forward, and not the 
Figure 13, the consequences of the accident for the bus 

intruding bus structure, 
occupants are presented for all 7 rollover accidents based 

The bus occupants who were killed were almost on the 97 bus accidents with a collision. 

exclusively in the indirect intrusion area of the truck The following points of emphasis emerge: 

(Figure 12). The local structure loads are then so high 
¯ In 5 out of 7 rollover accidents, at least I bus 

that it seems difficult to provide any effective protection 
occupant was fatally injured, 

against intrusion. In contrast to this, in frontal collisions 
¯ The proportion of fatalities in rotlover accidents 

the bus occupants are usually not affected directly by the 
related to the total numbe~ of bus occupants 

intruding bus structure and are thus injured less severely, 
affected is above a~erage. 

¯ The risk of injury rises considerably in a rollover 

of half a turn or more. 
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® A large proportion of the fatally injured oc- by the roofbeing crushed down sideward and by 
cupants were qiected out of the bus. the bended roof posts (Figure 14). 

¯ ~Ihe occupants ~ho were ejected were also ¯ The chance of being involved in a rollover 
crushed to death b> the bus in most cases, accident without being injured is relatively low. 

¯ Exen ~hen the) remained in the bus, there was In rollover accidents with fatalities, two injury mecha- 
an increased risk of serious fatal injuries, as the nisms in particular can be ascertained: 
interior was in most cases considerably restricted * The occupant is ejected and crushed to death by 

the bus. 
The occupant remains in the bus and is hurled 
against the roof, while at the same time the 
interior is usually additiona!ly restricted by the 
intrusion of the roof. 

To further reduce the risk of injury in rollover accidents, 
the occupants in the bus would have to be prevented from 
being ejected or thrown around in the bus interior, but, in 
addition, it would have to be insured that the available 
interior space remains largely intact. 

The Avoidability of Bus Accidents 

Apart from increasing passive safety to avoid the 
results of accidents, avoiding the accident altogether is, of 
course, a better possibility of protecting the occupants of 
a vehicle. The analysis of bus accidents showed that one 
of the essential factors is the state of the road; critical 
road conditions, such as wet or icy surfaces, play a major 
role in bus accidents. The frequency distribution of the 
various road conditions presented in Figure 15 results 
from the available bus accident material (only collision 
cases and single-bus accidents). Fhe road condition"dry" 
was registered in only 51.6 percent of all cases (by way of 
comparison, in car accidents with injury to persons(5) the 
condition "dry road" occurred in 60.9 percent of all 
cases). This means that unfavorable road conditions 
(damp, wet, snow, ice) play an important part in bus 
accidents. More than one-third of all accidents took place 
on a wet/damp road, and about one in seven on snow or 
ice. In the single-bus accidents, the road condition "ice" 
was recorded in even 4 out of 11 cases. 

With regard to the avoidability of an accident, the 
available accident material was examined to see whether 
the accident would have been influenced by using an 
antilock brake system (in the material recorded, no bus 
was equipped with such a system). 

The possible useful effects of the antilock brake system 
were divided into four categories, namely: 

None, for example when the brakes were not 
applied at all. 
Possible, but slight, for example when the inten- 
sity of the accident could have been decreased by 
reducing the braking distance, although the 
accident would have occurred all the same. 

¯ Probable, if the accident could have been avoided 
Figure 1 1. Typical damage to a bus in a serious collision as a consequence of external conditions, although 

o~ a bus running into the rear of a truck, 

resulting in seriously and slightly injured bus this would have required a quick and appropriate 

occupants reaction on the part of the driver. 
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Consequences in 7 roll - over accidents 

number o| gnin ured n. ed mlured 
Fatalities 

roll-over of                                                 number of Inumbe~ of 

2 5 ~     5 _~    5 12    - 

~’~ 37 t4 ~- - ~      - 

Figure 13. Number of injured and uninjured bus 
occupants in the seven rollover accidents in 
the relevant HUK accident material 

single-bus accidents, which represent a high risk for the 

bus occupants, there would have been an above-average 

advantage. 

H U K-Verband. the association of all German motor 

insurers, has recommended, in view of the advantages to 

be expected from automatic antilock brake devices, that 

vehicles fitted with such a device should be given a 10 

percent reauction in the fully comprehensive insurance. 

This recommendation was taken up by the insurance 

companies in 1984 The insurers thus want to takemto 

account the lower accident risk of vehictes equipped with 

this system. But this reduction in the insurance premium 

is also meant to be an incentive to acquire vehicles thus 

equipped and so to make a contribution to increasin~ 

traffic safety. 

Conclusions for Possible Safety Measures 

In relation to the whole traffic scene, the risk of being 

injured as the occupant of an omnibus is vet,. slight, tn 
view of the total number of bus occupants involved m 

accidents in road traffic, it is not appropriate to demand 

addit ional cost-intensive safety measures. But the inquiries 

of this study have shown, nevertheless, there are risks for 
bus occu pants that could be further reduced u ith the help 

Figure 12. Typical damage to a bus caused by a very 
serious collision of a truck running into the of technical measures. 

rear of a bus, resulting in fatally injured bus These measures would have to be concentrated mainly 
occupants 

on long-distance coaches, as it is here that far more 

serious and fatal injurms occur coin pared with scheduled 

¯ Certain. if the emergency braking wit h an antilock 
services: moreover, safety measures ~rc also possible in 

brake system alone could have avoided the 
the case of this operational {’unction, since constantly 

accident, 
changing bus occupants and standing passengers are not 

to be expected, as on scheduled services. 
Figure ! 6 shows that in about 40 percent of the cases. 

an antilock brake device would have had an- at least Fhe injuries that occur in accidents without a collision. 

slight advantage, while it is certain that 4 percent and especially on scheduled services, could be further reduced 

probable that even 15 percent of the accidents could have by appropriate seat construction and making rote riot 

been avoided Especially in the case of bus truck and components less dangerous. 
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Figure 14, Typical damage to a bus caused by rollover accidents--roof bent sidewards, restricting the passenger 
space 

Single-bus accidents with rollover have turned out ¯ Safety belts on all seats of the coach, including 
particularly dangerous: 85 percent of all persons killed driver’s seat, as this seems to be the only 
and 50 percent of those severely injured were found in a possibility of avoiding the passengers being 
proportion of this kind of accident of only 7 percent. The thrown around in the bus or being ejected out of 
serious’ fatal i~uries are caused, on the one hand, by the the bus 
intr~,xsion of the roof and, on the other hand; by ejection Although the use of lapbelts would result in the 
of the occupants. The intrusion in the roof area often occupants being restrained in their seats, an optimum 
arises b.x the roof being bent sideways when the bus rolls protection would be provided here, too---as in the 
o,~ex, and this greatly restricts the passenger space (Figure by the use of 3-point belts, which is technically feasible 
14). but, on account of the additional costs, appears to be only 

l{’ ~he aim is, therefore, to increase the safety of buses partially possible. The question has to be asked as to how 
e’,en further, the measures must be concentrated mainly far expenses are justified in view of the cost/benefit rate 
on reducing the risk of injury in rollover accidents. Inthis and with respect to acceptance by the bus occupants. 
case, the following two measures should be aimed at in Serious injuries are frequently sustained by bus oc- 
conjunction with each other: cupants as well when the bus is involved in a frontal 

¯ A roof construction to prevent the roof bending collision and they are thrown forward and injure them- 
away sideward and being deformed from above selves on the seat backs in front of them, for example. By 
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-Accident "’~ccident I Bus/car        IBusltruck        I Buslbus ISmgle buslt Total __ 

AdvantageSposs b e 

of the_~anti-~ock ............. 
brake system 

snow                                                                                                                 -4 ...... 

Figure 15. Road conditions in the four accident groups Figure 16. Estimated advantages of an antilock brak~ 
system in the four accident groups 

constructing the seat backs so they absorb the fall of the passengers would be positively influenced by 

........... occupants, a reduction in injury risk could be achieved, such a device. Most certainly 4 percent and 

but here, too, better protection of the occupants from probably as many as 15 percent of the accidents 

injuries could be expected from the use of 3-point safety could be avoided, 

belts, ¯ Although rollover accidents amount to only 7 

percent of the bus accidents with a collision, the5 

account for 85 percent of the persons killed and 
Summary more than 50 percent of all seriously injured 

occupants. Most of the buses involved in this 
In the area of omnibus safety, there are few data and type of accident were long-distance coaches. 

studies that enable a detailed statement on the actual risk * A large proportion of the killed occupants were 
to bus occupants. The aim of this study is to identify focal ejected out of the bus. If the risk of injur> in 
points in the accident scene and possible technical rollover accidents is to be reduced below its 
countermeasures derived from them. The following present level, the occupant must be restrained 
emerged from our studies: his seat by protective measures, such as a safer? 

¯ The omnibus is the safest of all mean of road belt; in addition, it must be insured that the 
transport in the Federal Republic of Germany, passenger space remains largely intact. 
and each year few bus occupants are inj ured in ¯ The use of 3-point belts. --in conjunction with an 
view of the large number of people conveyed by appropriate roof construction-would provide 
them. bus occupants with optimum protection, but this 

¯ When discussing national statistics and bus measure has to be discussed from the viewpoints 
accidents with injuries to persons, a careful of cost/benefits and accepta~.ce. 
distinction has to be made between accidents * It has been observed that in rollovers with roof 
with and without a collision and the type of bus. impact the interior is greatly restricted by 

¯ Accidents without a collision caused by driving roof being bent away sideways; what is decisive 
maneuvers occur chiefly in scheduled bus services; is the diagonal loading of the roof posts., not the 
emergency braking plays an important part, strictly vertical impact on the roof. 
head injuries being found most frequently. The * In the case of technical innovations and their 
injuries resulting from driving maneuvers are effect on bus safety, the fact that the life of buses 
unfavorably influenced by the long distances is relatively long must, however, be considered, 
standing passengers fall or by the seats being so it will take some time before technical 
inadequately designed, improvements wilt begin to take effect on buses 

~ In accidents with a collision, there are still generally. 
substantial’ safety reserves for further bus de- This study indicates possible ways of further improving 
velopment, above all in the area of active safety, the safety of omnibuses, but the economic costs and 
although this also applies to passive safety to a especially the need to coordinate safety standards on an 
limited extent, international level will also have to be considered. 

¯ About 50 percent of the bus accidents in which 

occupants are injured occur when the road 

conditions are unfavorable. Acknowledgments 
¯ Considerable advantages are to be expected 

from the use of antilock brake devices in buses. The authors are indebted to all the member i~surance 

About 40 percent of the collisions with injured companies of the HUK-Verband, in particular, fo~ 
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Fatality Rates in Toyota Cr ssidas With Automatic Belts 

Carl E. Nash and automobile and whose inboard anchor was attached to a 

Barry Eisemann reel located between the seats. An alternative design put 

the reel at the lower door anchor. Dynamic tests of this 
National Center for Statistics and Analysis, 

system at the Transportation Road Research Laboratory 
National Highway Traffic Safety A tministration showed it to be ".. comparable with that of the conven- 

tional belt ...’(1) 
In 1973, Volkswagen showed a prototype passive belt 

Abstract system in a Beetle. For each front-seat occupant, the VW 

system had only a shoulder belt attached between the top 
At~tomatic belts in "Foyota Cressidas have increased rear of the door and a reel between the seats. For lower 

belt usage by front-seat occupants of these cars to more body restraint, VW provided an energy-absorbing knee 
~han 95 percent. "Ibis paper compares the fatal accident bolster at the lower edge of the instrument panel. 
experience of these cars with that of the lairly similar ~lhis system was commercialized in 1975 on the 
Datsun (Nissan) 810/Maxima automobiles (which are Volkswagen Rabbit and was offered on this vehicle in the 
equipped with manual belts used by about 20 percent of United States throughout its production run. The 
~heir occupants). It shows the result of the increased belt Volkswagen design has an emergency release buckle 
t~sage is a decrease in fatalities among Toyota front-seat located at the door frame, and an ignition interlock to 
occupants, in fatal accidents where no front-seat oc- prevent starting the vehicle if the belt is detached. 
cupants of the royotas or Datsuns are kilted~ theToyotas However, the ignition interlock can be disabled by 
have a higher involvement rate than the Datsuns. Also. disconnecting a wire under the seat, or the belt can be 
on average, the fatally injured front-seat occupants of the detached after starting the vehicle without affecting its 
~toyotas are 7 ?ears older than those in the Datsuns. operation. 

Belt usage in the Rabbits with automatic belts has been 
Background observed to be 76.6 percent in NHTSA’s most recent 

19-city survey(2). By comparison, belt use was observed 

The concept of an automatic safety belt has been to be 28.4 percent for manual-belt Rabbits in the same 
around since the late 1960’s. A paper presented at the survey. The overall fatality rate, per registered vehicle 
First International Technical Conference on Experimental year, in the Rabbits with automatic belts was 18.2 per 
Safety Vehicles in Paris on January 27, t970, by Mr. 100,000 vehicle-years compared with 22.6 for manual- 
R.D~ Lister of the United Kingdom discussed the develop- belt models(3). The automatic-belt cars had a fatality rate 
merit of a 3-point passive belt whose upper and lower 19 percent lower than in Rabbits with conventional 
outboard anchors attached to the rear of the door of an lap/shoulder belts. 
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Toyota Automatic Belts this is an oversimplification, using the same basis for both 

Cressidas and 810/Maximas should minimize any error. 

All 198 t and later Toyota Cressidas have automatic      We also assumed the driving patterns for the two cars are 
.... similar, although we have no direct information on this. 

......... belts. Toyota uses a track over the front door frame, a 
The total number of car-years of operation is 322,000 for 

motor, and a plastic strip to move the upper end of the 

shoulder belt forward, out of the wa3, when the front 
theToyotaCressidasand491,000fortheDatsun810/Maximas. 

door is opened and in place when the door is closed. 
Accident data for this paper are from the Fatal 

Cressidas ha~e knee bolsters for lower body restraint and 
Accident Reporting System files for calendar years 1981 

manual lapbelts. Thus, when the belts are in place, they 
through 1984(7). Front-seat occupant fatalities are shown 

....... in Table 2. The rate of fatalities per registered vehicle- 
..... are similar in configuration to the VW belts except for the 

added manual lapbelts, 
year is found by taking the ratio of front-seat occupant 

Since the Toyota automatic belts are not detachable, 
fatalities to the number of car-years of operation. The 

we expect (and observe) higher use rates with them than 
results of this analysis are shown in Table 3. 

To test whether these two vehicle populations are 
with VW automatic belts. Furthermore, because they 

otherwise alike in their fatal accident experience, we 
.......... 

automatically move well forward of the seat for entry, 

..... they are very convenient. Finally, since all Cressidas have 
compared fatal accidents in which no front-seat occupants 

~ of these models were killed. Table 4 shows the result. 
four doors, the mounting point of the upper end of the 

There were 41 such accidents for the Cressidas and 34 
belt is sufficiently forward that it does not put much for the 810 Maximas during accident ~ears 1981 through 
pressure on the shoulder of an average person (although 

1984 when 810, Maxima exposure was 50 percent greater 
it may cut across the neck of a person of shorter stature), 

than that of the Cressidas. Thus, the Cressidas were 
The purpose of this paper is to assess the front-seat involved at a much higher rate than the 810 Maximas in 

......... fatality rates in automatic-belt-equipped 1981-1984 
fatal accidents in which someone other than a front-seat 

Toyota Cressidas. In earlier work, NHTSA compared 

fatalities in the automatic-belt Cressidas with fatalities in 
occupant was killed. 

To see if there were other differences between the two 
pre-1981 Cressidas that had manual belts. The auto- car models, we looked at the age and sex of people killed 
matic-bett cars were found to ha~e a 21 percent lower in them. The occupants of the Toyotas were, on average, 
fatality rate than the manual-belt cars(4). ....... ~ 7 years older than the occupants of the Datsuns. But the 

...... For the present work, we used the Datsun (Nissan) 
difference was most pronounced for those involved in 

810 Maximas, which are similar cars with manual belts, muttivehicle accidents where the average age of fatally 
as the control fleet for comparison. Except for differences 

injured Toyota front-seat occupants was 12 years older 
in the restraint systems, Cressidas and 810 Maximas are 

than the average age of similar Datsun occupants. Figure 
similar in size, weight, pricing and market class, body 

1 shows the spread of ages of front-seat occupants of the 
styles (4-door sedan and 4-door station wagon only), 

seating configuration (two individual front seats), drive 
vehicles. 

The age spread of those killed mirrored the age spread 
train (front mounted, in-line 6-cylinder engine driving the 

of drivers of vehicles involved in all fatal accidents. For 
rear wheels), and performance. We have no direct the Cressidas, the average age of drivers was 44, while the 
information on the demographics of the people who drive average age of drivers of the 810/Maximas was 39. There 
either model, 

was little difference in the ages of male and female drivers 
or in the ages of drivers killed versus those who sur’,ivcd. 

Analysis Since it is well known that older people are more 

susceptible to accident injuries, the reduction in front- 

Belt usage in Toyota Cressidas, as measured in the seat occupant fatalities in the Cressidas is more striking. 

19-city survey, was 97.5 percent, up from 95 percent a However, since we do not have information on the 

year earlier. This was measured in 1984, a period when no demographics and driving patterns of either vehicle, we 

State had a mandatory use law, and when overall belt use cannot draw more qualitative conclusions from these 

in the survey was 14.4 percent(5). The comparable belt data. We found no particular differences in the ratio of 

usage in Datsuns was 20 percent, male to female fatalities in the two car models. 

We used car-years of operation as a measure of Ejections occurred mostly in single-vehicle accidents in 

exposure. U.S. calendar year sales figures from Auto- both models. In the Datsun 810 Maximas, 15 of the 

motive News(6) are shown in Table 1. We assumed they fatally injured front-seat occupants were ejected while 

approximate new car registrations for the same model four of the Toyota Cressida front-seat fatalities were 

year. Further, we assumed the cars of a given model year ejected. Most, although not all, ~ections occurred when 

began to go into service on October 1 of the previous year the vehicle rolled over in the accident. We do not know 

and continued to do so at a constant rate for 1 year until whether the ejected Toyota occupants were restrained b3 

all new cars of that year were sold and registered. While the lap and shoulder belts. 
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Table !. Sales of Toyota Cressida and Datsun 810/Maxima models 

Model Year 
Make and Model 1981 1982 1983 1984 
Toyota Cressida 29,583 37,448 39,755 34,456 
Datsun 810/Maxima 35,853 54,187 76,209 68,209 

Table2, Front seat occupant fatalities in Cressida and 81 0/Maxima models 

Vehicles Accident Year 
Model Involved Model Year 1981 1982 1983 1984 
Toyota one 1981 1 2 1 
Cressida muttipte 1981 2 1 

one 1982 1 1 1 
multiple 1 982 2 1 1 

one 1983 5 
multiple 1983 2 5 

one !984 1 
multiple 1984 2 

total single-vehicle accident fatalities: 1 3 

tota~ multi-vehicle ac;ident fatalities: 16 

Datsun one 1981 4 3 1 1 
81 O/Maxima multiple 1981 2 3 1 3 

one 1982 5 2 
multiple 1 982 2 3 3 

one 1983 4 1 
multiple 1983 6 4 

one 1984 1 2 
multiple 1 984 2 8 

total single-vehicle a(cident fatalities: 24 

total multi-vehicle accident fatalities: 37 

Table3, Fatality rates for Cressida and 810/Maxima front seat occupants 

Model Single-Vehicle Multi-Vehicle Overall 
Toyota Cressida               3.7 5.3 9.0 
Datsun M~xima/810 4.9 7.5 12.4 

Rates are per 100,000 vehic e-years of operation) 

Table4. Fatal accidents i{:~ which all front seat occupants of Cressidas and 810/Maximas 

survived 

Accidents with Fatalities in: 
Model Rear Seat Pedestrian Other Vehicle Total 
Toyota Ni~mber 6 16 19 41 
Cressida Rite 1,9 5.0 5.9 12.7 
Datsun Nt ~rnber 1 16 17 34 
81 O/Maxima    R~te 0.2 3.3 3.5 6.9 

Rates are accidents per 100,01)0 car-years of operation of the Cressidas or 810/Maximas) 
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Trends and Forecasts of the Japanese Traffic Accident Situation 

Keiko Takegawa from traffic accidents in 1979 was reduced to approxi- 

Traffic Safety Policy Office, Director-General’s mately 8,500 and 600,000, respectively, the former repre- 

Secretariat, Management and Coordination senting a decrease by nearly half that recorded in 1970. 

Since 1980, however, the trend has reversed, and the 
Agency number of deaths has followed an upward path; the death 

Abstract toll has exceeded 9,000 for 3 consecutive years from 1982 

through 1984. A prediction study conducted by the 

The number of people killed in road traffic accidents in Traffic Safety Policy Office of the Management and 

Japan had increased from year to year until 1970 and the Coordination Agency in 1984 estimates the number of 

deaths will continue to rise and will reach approximately number of deaths and injuries recorded in the same year 

were 16,800 and 980,000, respectively, or a total of nearly 10,600 in 1990. To suppress this increase in the number of 

1 million casualties, resulting in the introduction of the deaths, legislation that reinforces the compulsory use of 

phrase"traffic war." Under these circumstances, insuring helmets for moped drivers and seatbetts is planned for 

enactment in the near future. traffic safety became a top priority social issue, and, as 

part of a national attempt to cope with this problem, the Trends in the Traffic Accident Situation 
Fundamental Law Related to Traffic Safety Measures 

was enacted in 1970. Based on this law, the national and 
in Japan From 1960 to 1984 

regional governments pursued comprehensive and power- As shown on Figure 1, the number of deaths from 

ful traffic safety policies and measures in various areas, traffic accidents in Japan continued to increase until 

including the improvement and provision of traffic safety t970, and the annual death toll recorded in the same year 

facilities. As a result, the number of deaths and injuries reached 16,765. This figure of 16,765 is from police 
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Figure 1. Traffic accident situation in Japan 

statistics, for x~hich prompt compilation is required, and ttowever, the trend has reversed since 1980 and the 
refers to persons who die ~ithin 24 hours after the death toll, which had continued to decrease for l0 years, 

accident, lhe Ministr5 of Health and Welfare produces began to show an upward curve. In particular, the death 

dift’erent statistics based on the number of a!! those who toll exceeded 9,000 for 3 consecutive years from 1982 

die as a direct result of the accident. According to these through 1984, and the situation has been causing much 

data, the death toll in 1970 was 21,101. In addition, the concern. A slight decrease in the number of deaths has 
mm~ber of persons injured in the same bear was 981,000, been recorded in 1984, but this may be attributed to the 

tht~s approximatel5 ! million people falling victim to reduction in the amount of traffic due to heavy snow 

tr fffic accidents in that year. It ~as during this time the between January and March. Consequently, one should 

ph rase"traffic war" came to be widet5 usedl and certainly not hold an optimistic view that the trend in the death toll 

the phrase was appropriate to describe a tragic situation figure is headed downward. What has caused the trend of 

p~oducing an annual casualty toll of 1 million, the number of deaths from traffic accidents to change 

Under these ci~cumstances, insuring traffic safety from a downward to an upward curve’? 

became a top priorit5 social issue, and, as part of a Taking another look at Figure 1, one can see that 

r~ational attempt to cope with this problem, the Funda- though the number of those killed in traffic accidents has 

mental Iax~ Related to Traffic Safety Measures was begun to increase since 1980, the number of deaths per 

enacted in 1970. Based on this law, the national and 10,000 motor vehicles (excluding motorcycles) is stable. 

regional governments pursued comprehensive and power- In Fable 1, the figures corresponding to Japan not in 

ful traffic safety policies and measures in wavious areas, parentheses have been taken from National Police Agency 

including thcimprovementand pro~isionoftrafficsafet5 statistics; those in parentheses, from statistics by the 

facilities. As a result, the number of deaths from traffic Ministry of Health and Welfare. The figures correspond- 

accidents was reduced to 8,466 in 1979, or approximately ing to France and Italy represent deaths within 6 and 7 

half the number recorded in 1970. The number of injuries days, respectively, after the accident; the figures cor- 

alo decreased to 596,000. responding to the other countries refer to deaths within 
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Table !. International comparison of traffic accident situations (1983) 

Deaths per Deaths per 

100,000 10,000 motor 
Country No. of deaths population vehicles 

F.R.G. 11,732 19.1 4.2 

France 11,946 21.9 5.0 

Italy 7,685 13.5 3.6 

Netherlands 1,756 12.2 3.4 

U K. 5,445 9.8 3.1 

U.S.A. 44,600 19.0 2.7 

Japan 9,520 8.0 2.1 

(12,919) (10.8) (3,0) 

30 days after the accident. The table shows that Japan’s apply to all road user types. The frequency of deaths in 

traffic safety level ranks quite high in terms of both pedestrian and bicyclist accidents has continued to follow 

deaths per 10.000 motor vehicles and deaths per 100,000 a downward curve even after 1980. Figure 3 shows the 
population. Moreover. it can be seen from Figure 1 it total length of pedestrian/bicycle paths is presently five 

would be quite difficult to substantially reduce the times that in 1970. The number of traffic signals has also 

number of deaths per 10.000 vehicles from the current increased by nearly six times. The decline in the number 

level. Meanwhile. the number of motor vehicles owned is of pedestrian and bicyclist deaths can be attributed to 
expected to continue to climb. Will Japan have to such improvements in the provision of traffic safety 

experience another "’traffic warW A close look at the facilities, promotion of traffic safety education for young 

Japanese traffic situation follows, children, etc. 
As seen on Figure 1, the number of motor vehicles 

Why Did the Number of Deaths From      owned is now 2.4 times that in 1970 and is expected to 
continue to rise for some time. Meanwhile, as shown on 

Traffic Accidents Begin To Follow an Table2, thenumberofmotorvehicleoccupantdeathsper 
Upward Path Since 19807 10,000 motor vehicles had been decreasing since the 2.88 

persons recorded in 1970 and has stabilized since 1979 at 
Figure 2 shows the trends in the number of deaths from around 0.77 persons. U nless the number of motor vehicle 

traffic accidents by type of road user. It can be seen that occupant deaths per 10,000 vehicles is reduced, thedeath 

though the total number of deaths has been on the toll will continue to grow correspondingly with the 
increase since 1980. the tendency does not necessarily number of motor vehicles owned. 

(Pursons) 

~V/ 

qnck~des mopeds~ 

960 1f)6!~ i/( ] 97b 1980 

Figure 2. Trends in the number of deaths by type of road user 
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F{gure 3, Trends in traffic safety facilities provided 

~he problem accumulating gravity in Japan in recent nothing is done. Moreover, in addition to the rapid 
3ea~s is the growth in the number of motorcyclist increasein the frequencyofdeaths, there are other factors 
{including moped) deaths. The trend of the number of that cause the motorcycle accidents to be viewed as a 
those killed while riding motorcycles had ah’eady changed serious problem. The problem is further analyzed in the 
fore a dov~n~.ard to an upward curve in 1978, and the following section. 
death toi~ of 2,322 recorded in I984 is 1.6 times the figure 

recorded in !977, namely !,467. Why has there been such 

inc - a u  What Can Be Learned From the Number 
On ~igure 4, one can see the number of motorcycles of Deaths in Various Road User 

o,a r~ed differs substantially among the four categories of Situations by Age Group? 
n~o~o~c}cles classified b3 engine capacity: It is further 

o se~xed in lable 3 the number of those killed while Figure 5 represents the number of deaths in various 
~ting d~e %cle per 10,000 cycles also varies considerably road user situations by age group. With respect to 

<, ~c e ca~egor} 1~ the moped category of 50cc or less, motorcycles, distinction has been made between the 
~~e number of deaths pe~ 10,000 cycles is low but the motorcycles, whose engine capacity is more than 50cc, 
numbc~ o~ %cbs o,:~ ned is showing rapid growth; the and the rnopeds, which have a capacity of 50cc or less. It 
number o~ c~cles o~ ned is decreasing but the number of is observed that an overwhelming number of those killed 
dc ~d~s per 10.000 xehiclcs is low in the 2nd class moped of while riding motorcycles are boys of upper secondary 
5~ to !25cc; the number of c}cles ouned in the light school age between 16 and 19. The same sex and age 
no or%cle categoo of 126 to 250cc is still relatively tow group also make up a large portion of those killed in 

bu~ increasing in ~ecen~ }ears and the number of deaths moped accidents, but one sees a relatively large number 
per ~0.0()0 %cles is growing in the motorcycle category of elderly as well as women are also killed in moped 
of 251cc or more, the number of cycles owned is still low accidents. Hence it is the high number of deaths in 
but climbing in recent )cars and the number of deaths per youths, with long futures ahead, that adds to the gravity 
1(L000 c}cles is dramatically high. These tendencies are of the motorcycle accident problem. Concerned about 
rdlcded in the number of motor% clist deaths shown on this situation, a considerable number of Japanese upper 
PiCture4. ks in thecase of motor vehicles, thereis concern secondary schools have implemented traffic safety 
da~ ~.he number of mo~orcyc ist deaths will increase if campaigns,"Three-No-Movements,’                  "calling for the pro- 

Table 2, Number of motor vehicle occupant deaths per 10,000 motor vehicles 

1970 1971 1972 !973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 

2,88 2,55 2.33 1.88 1.40 1.34 1.16 0.99 0,89 0.78 0.80 0.77 0,76 0.77 0.72 
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With respect to bicyclists and pedestrians, the target 

No of motorcycles owned populations are the children and the elderly. With the 
~10,000/ aged population, the problem seems to be not onlv the 

decline in their physical fitness but difficulty in adapting 

to the large amount of motor vehicle traffic, due to the 1400 
P relative delay of motorization in Japan. Thus, traffic / 

13(;0t                               dI                   safety education for senior citizens is more important 
] today than ever before. With regard to children, the 

120o t 
/ number of those killed in traffic accidents has steadily 

.......... ] declined as a result of active efforts in traffic safety 

1100 -I Moped {50cc or 
education through kindergartens and children’s traffic 

~ / safety clubs for preschool children between 0 and 6 and 
/ through elementary schools for children between 7 and 1000 

-- ~ !4. Nevertheless, the death toll is still high, and drivers 

9(;(; J 1 are reminded through various traffic safety slogans to be 

....... / particularly careful with children and elderly pedestrians. 
/ 

8O0 4 / 

/ 
Forecasting Traffic Accident Trends up 

NO of deaths /T to 1990 
600 d 

/ No of motorcyclist 

,,~ /includes mopeds) deaths The Traffic Safety Policy Office of the Management 
5{)0-4          c,"                                        and Coordination Agency has been issuing every 5 years 

since 1970 forecasts of traffic accident trends for the 

4001 2,0( 0 following 5 years. Accordingly, a forecast for the 5 5ears 

ending 1990 was undertaken in 1984 using the procedure 
........ 300 d 
......... described below. The procedure is also diagrammed in 

Figure 6. 
200 1,o(o First of all, in predicting the number of accidents, 

100 ]26250cc o...o 
accidents were classified into five categories by the 

~~.. -° weaker party, namely, pedestrian accidents (al! accidents 
~-C~Z~"-~)ver 2S0cc involving pedestrians), bicycle accidents (all accidents 

0 

1975 1980 involving bicycles but excluding pedestrian accidents), 

moped accidents (all accidents involving mopeds but 

Figure 4. Number of motorcyclist deaths and number 
excluding the preceding two), motorcycle (excluding 

of motorcycles owned by cycle category 
mopeds) accidents (all accidents involving motor%cles 

but excluding the preceding three), and motor vehicle 

hibition of motorcycle purchase, motorcycle riding, and accidents (all accidents excluding :he preceding four). 

motorcycle license acquisition by their students. A multiple regression model that best describes the 

The frequency of deaths in youths applies to motor trends in the number of accidents in each prefecture by 

vehicle accidents as well. In Japan, the legal age for riding each accident category was produced, and the predicted 

motorcycles is 16 and that for driving motor vehicles is numbers were substituted for the variables into the model 

18. Consequently, the peak in the death toll shifts to obtain the predicted number of accidents in each 

between the two vehicle categories. In both cases, safety prefecture by accident category. The sum of the predicted 

measures directed toward the young and beginner drivers figures for the 47 prefectures resulted in the national total 

are in urgent need. of predicted number of accidents by accident category. 

Table 3. Number of motorcyclist deaths per 1 0,000 cycles by cycle category 

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 

Moped 
50cc or less 1.51 1.38 1.30 1.14 1.03 0.97 087 0.82 0.79 0.76 
51-125cc 1.34 1.14 1.13 1.04 1.01 0.98 0,83 0.94 !.03 1.06 
t26-250cc 1.73 1,55 1.55 1,24 1,61 t.85 231 3.38 3,96 364 
Over 250cc 17.56 13.93 10.96 12.67 11.15 11.61 10.94 10,74 9,77 8.96 
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Figure 5. Number of deaths in various road user situations by age group (1983) 

The forecast of the national death toll was calculated prefectural death totals. The sum of these prefectural 
b~ first predicting the death rate by accident category totals is the national death toll. 
(pedestrian death/pedestrian accident, etc.) in the same The national total of the predicted number of deaths by 
manner as that used for calculating the accident frequency type of road user was obtained by multiplying the 

above; then this death rate by accident category was national total of the predicted number of accidents by 
weighted by the accident category structure ratio in each accident category with the predicted death rate by 
prefecture to produce the death rate in each prefecture, accident category. In so doing, the predicted national 
These prefectural death rates were then multiplied by the death toll obtained above was established as the control 
number of accidents in each prefecture to result in the total. 
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Figure 6, Traffic accident forecasting procedure 

The result has been graphed in Figure 7. It estimates Furthermore, mopeds, as a rule, will be required to 
the total number of deaths at 10,600 in 1990. Taking a make right turns on roads with three lanes or more on one 
look at the figures by type of road user, one sees that the side by going through two traffic signals, just as bicycles 

number of pedestrian or bicyclist deaths will be reduced and pedestrians, under this new legislation. 

to 2,600 and 700, respectively. On the other hand, In addition, Tokyo has experimentally introduced 
however, the number of those killed while riding motor double-stage right-turn signals (completely separate signal 

vehicles, motorcycles, and mopeds will each climb to indications for vehicles proceeding straight and those 

4,400, 1,500, and t,400, making right turns), double stop lines at intersections (a 

To cope with this anticipated increase, a legislation to separate stop line for motorcycles located ahead of the 
reinforce the compulsory use of seatbelts for motor stop line for other vehicles, which is expected to reduce 
vehicles and helmets for mopeds will be enacted in the the number of accidents in which motor vehicles turning 
near future. The compulsory wearing of seatbelts and left entangle motorcycles, and collisions between motor 
helmets is required in the existing law. However, the vehicles making right turns and motorcycles proceeding 
scope of application under the existing law is narrow, and straight), and installation of exclusive lanes for motor* 
no punitive measures accompany its violation. Conse- cycles as safety measures for motorcycles. 
quently, the new law is designed to assign one penalty 

point upon its violation. 

The Traffic Safety Policy Office of the Management 

and Coordination Agency has also conducted a prediction Future of the Motorized Society 
study of the effect of seatbelt and helmet-wearing. The 

study estimates that a seatbelt use rate of 90 percent will Figure 8 shows that though the growth rate has 

reduce the number of deaths by approximately 2,000, and recently declined a little, the number of passenger 
a helmet wearing rate of 100 percent by moped riders will vehicles is still climbing at a rapid pace. The number of 
decrease the death toll by about 350, thus holding the trucks in recent years shows a tendency of leveling off ora 
total number of those killed at approximately 8,200 in slight decrease. The number of light motor vehicles has 

1990. started to rise rapidly since 5 years ago. 
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Figure 7. Forecast of traffic accident deaths up to 1990 

Motorization began relatively late in Japan, and, 
No. of motor vehicles owned therefore, the number of driver license holders in the 
IMmion) 

elderly age group is relatively low, as shown in Figure 9. 

However, the number of aged with a driver’s license is 

expected to rise sharply in the future. Similarly, the 

25 number of women possessing driver’s licenses had been 

relatively low hitherto but has been growing rapidly and 

is expected to continue to grow in the future. 
In the past, it was mainly the young male population 

that shaped the motorized society. However, this society 

2o is expected to change into a diversified society participated 

in by a variety of population in terms of age group and 

sex. Accordingly, the types of vehicles in demand will 

also diversify. 

With the coming of such a motorized society showing 

growth both in terms of size and diversification, it is ........ 
absolutely necessary to reduce the number of those killed 

per 10,000 motor vehicles, which seems to have stabilized. 

Trucks 
This may not be easy, as seen above; however, unless this 

~ is accomplished, it is inevitable the number of those killed 
10                             "                  in traffic accidents will continue to rise correspondingly 

with the increase in the number of motor vehicles owned. 

.o- In this context, it might be said that traffic safety 

o..~>.~_~:.-~" 
measures must now make a new turn to meet this 

5 challenge. The reinforcement of compulsory use of 

Light motor vehicles helmets for moped riders and seatbelts for automobile 

/550cc of ~ess) occupants is one of such efforts. It is important that each 

motor vehicle is safe for its occupant and, of course, for 

the pedestrians and bicyclists. Furthermore, it is essential 

, , that parties concerned develop constructive ideas in the 

1975 1980 areas of traffic regulations, road structure, traffic safety 

~ education, etc., to pursue comprehensive traffic safety 

Filiture 8. Trends in the number of motor vehicles owned    policies and measures. 
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Figure 9. Number of driver’s license holders by age group 
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Technical Session No. 5 
Occupant Protection in Side Impact 

I.D. Neilson, Chairman, United Kingdom 

The Safety Performance of Production Vehicles in Side Impacts 

.......... Hampton C. Gabler III Background 

Transportation Systems Center, Research and 
Special Programs Administration, U.S. This section presents an overview of those findings of 

the NHTSA Thoracic Side lmpact Protection Program 
Department of Transportation (TSIP) that bear on the safety performance of current 

James R. Hackney production vehicles. Two additional tests not presented 

National Highway Traffic Safety in (1), a Dodge 400 and a third Chevrolet Citation, are 

Administration, U.S. Department of included in the discussion below. 

Transportation 
Vehicle Crash Test Description 

Abstract 
The accident configuration for the TS1P crash test 

The National Highway Traffic Safety Administration series was designed to be representative of the side impact 

(NHTSA) has tested 12 current production cars in a 
environment. The National Crash Severity Study (NCSS) 

series of controlled side impacts. As measured by the 
accident files revealed that the most prevalent side impact 

impact responses of NHTSA side impact dummies, the 
angle was 90°. The NCSS files further showed the 

cars were found to vary dramatically in their capability to 
threshold for serious injuries occurs at a striking/struck 

..... provide occupant protection, l=or the median-aged side- 
vehicle velocity ratio of 30/15mph. 

struck occupant, the potential for serious thoracic injury 
Based on the statistics presented above, the accident 

was found to range from a low of 9 percent for the 4-door 
configuration chosen for actual crash testing was a 90° 

A M C Concord to a high of 97 percent for the 2-door 
impact at a striking/struck vehicle velocity of 30 15mph. 

Nissan Sentra. 
The striking vehicles in all cases were 3,000 lb movable 

This paper investigates these differences in safety deformable barriers with frontal force-crush charac- 

.... performance and reports those vehicle design parameters teristics near the upper bound of production vehicles. To 

that are key to thoracic side impact protection. From the 
represent the fleet, 12 production cars, listed in Table t, 

available data, the study concludes that the design were chosen for testing as a struck vehicle. 

parameter most crucial to occupant protection in side 
Table 1. Twelve production vehicles 

impacts is the Door Effective Padding THickness ..... 

(DEPTH). 1981 Chevrolet Citation 4 door * 

1982 Chevrolet Citation 2 door 

Problem Statement 
1981 Plymouth Horizon 4 door 

1981 DodgeOmni 2door 

1981 Ford Granada 2door 

N HTSA has undertaken a research project to charac- 1981 Ford Granada 4 door 

terize the safety performance of the vehicle fleet in side 1980 AMC Concord 4 door 
" 1982 NissanSentra 2door 

impacts and evaluate the feasibility of improving occupant 1981 Volkswagen Rabbit 2 door 
protection in side impacts. The results of the N HTSA 1982 Honda Civic 4 door 

Thoracic Side Impact Protection Program are presented 1982 Dodge 400 2 door 

by Hackney(l). In that study, 10 current production 

passenger cars were tested in side impacts and found to *Two tests were conducted on this model 

vary dramatically in their capability to provide occupant 

protection. All impacts were delivered to the occupant compartment 

The objective of this paper is to investigate these on the driver’s side of the struck vehicle approximately 

differences in safety performance and suggest design 37in forward of the centerline of the front and rearwheels 

parameters that are key to thoracic side impact protection, as shown in Figure 1. 
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Experimental Safety Vehicles 

:.,~::: :o:.~z ..... In the results that follow, the primary and redundant 

~’\~ I]~ 

channels for the rib and spine were averaged prior to use. 

]’he peak occupant responses and the thoracic prob- 

ability of injury are tabulated in Table 2 for each crash 
~ La---------~’~ test. The peak rib and spine accelerations were used to 

predict the probability of thoracic injury for 23- and 

41-year-old occupants. The 23-year-old occupant cor- 
Fi~=gure 1, Side impact test configuration responds to the median age for side-struck occupants, 

The 41-year-old occupant corresponds to the median- 

aged side-struck occupant incurring thoracic injuries of 

AIS >= 3. Both ages are based on NCSS data. 

By using the Thoracic Trauma Index developed by 
Occupant Instrumentation Eppinger(2), the S1D responses can be related to the 

probability of thoracic injury. The Thoracic Trauma 
’Io measure the dynamic response of occupants, each Index (TT1) is defined as follows for a 50-percentile 

crash test used two NHTSA Side lmpact Dummies human: 
(SID). One SID was positioned in the driver’s seat, and 

the second S ID was positioned in the rear seat behind the TTI= 1.4*Age + 0.5*(ribg + tl2g) 

driver~ The d5 namic impact lateral response of each SID 
where 

was recorded b5 the following accelerometers: 

* lower left rib (primary) Age= age of the occupant 
~ Lower left rib (redundant) 
~ Upper left rib (primary) 

ribg= max (lurg, ltrg) 

~ Upper left rib (redundant) lurg= left upper rib peak acceleration 
~ Lower spine (primary) 
~ I~ower spine (redundant) llrg = left lower rib peak acceleration 

* Pelvis tl2g= lower spine peak acceleration 
~ Head 

Table 2. Twelve production vehicles: probability of injury 

Peak Occupant G’s Probability of AIS >= n 

Teat Struck No Occupant 

no Vehicle Doors Position Rib Spine Pelvis TTI Age=23 Age=41 

Upper Lower Upper Lower Center Age=O n=3 n=4 n=5 n=3 n=4 n=5 

675 Chevrolet Cita~ior~ 4 Driver 707 787 77.8 90.4 1511 799 18 0 0 59 17 4 

Passenger 659 112.8 977 833 184 6 84.9 25 0 0 68 35 6 

575 Chevrolet Citation 4 Driver 912 880 776 !02.4 1703 89.0 3t 0 0 76 54 7 

{Repeat of Test 675 Passenger 820 ! ! 93 101.3 878 157.5 88.7 31 0 0 76 53 7 

677 Chevrolet Citation 2 Driver 741 71 9 825 114.7 185,2 909 34 0 0 80 63 8 

Passenger 548 737 58.6 587 105.0 62.8 5 0 0 29 0 0 

678 Plymouth Horizon 4 Driver 126.4 104.9 807 1000 1849 966 44 2 2 89 85 t0 

Passenger 837 862 575 69.1 131.! 71.1 10 0 0 44 2 2 

679 Dodge Omni 2 Driver !302 1213 105.2 1091 174.4 !02.1 54 9 3 96 95 12 

Passenger 984 1042 74.5 1002 121.5 91.2 35 0 0 80 64 8 

683 Ford Granada 2 Driver 75.4 936 893 1157 t91.8 963 43 2 2 89 83 10 

Passenger 37 1 46,3 27.2 42,5 120.2 44.4 1 0 0 11 0 0 

684 Ford Granada 4    Dryer 936 1353 89.2 104.1 166,1 1009 52 7 3 95 93 11 

Passenger 384 70.3 45,7 6! .0 203.6 63.1 5 0 0 30 0 0 

702 AMC Concord 4    Driver 668 656 74.1 75.5 152.4 69,5 9 0 0 41 1 1 

Passenger 50.9 549 48.2 554 98.2 55.2 3 0 0 21 0 0 

704 N ssan Semra 2 Driver 1217 1493 !10.5 150,3 213.1 127.5 97 96 12 100 100 22 

Passenger 56.2 61.9 766 731 144.0 67.0 7 0 0 36 1 1 

710 Volkswagen Rabbit 2 Driver 93,6 114.2 120.5 120.0 188.2 103,6 57 12 4 97 97 12 

Passenger 97.0 109,1 53,7 80.1 161.7 82,3 21 0 0 63 24 5 

719 Honda Civic 4    Driver 663 638 93.9 94.4 153.5 78.8 17 0 0 57 14 4 

Passenger 817 1059 84.8 809 1600 819 21 0 0 63 23 5 

744 Dodge 400 2 Driver 90.4 124.5 !12.6 115,0 2017 103,6 57 13 4 97 97 12 

Passenger 93.6 134,4 92.3 95.6 !56.1 96.4 44 2 2 89 84 10 
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For our study, the SID peak rib acceleration was first base of the B-pillar had failed during the impact. This 

adjusted asshownbelow(1,2)toapproximatetheresponse quality control problem with poor welds has been a 

that would be seen by a human: common problem seen in other experimental side impact 

ribg = SID ribg for SID ribg <= 60 tests: 

ribg = (SID ribg)*0.5 + 30 for SID ribg > 60 

The TTI was used to predict the probability of injury at 

the Abbreviated Injury Scale (AIS) levels of 3, 4, and 5. 

The relationship between the TTI and the probability of 
injury is shown in Eigure 2.                                                                              t~ 

40 -[ Figure 3. Probability of thoracic injury in 1 2 production 
I vehicles for 23-year-end drivers 

Figure 2. Thoracic trauma index 

The probability of injury for each of the crash tests is 

given in Table 2 and ranked in Figures 3 and 4. The 

probability of injury varies widely among the tested 

struck vehicles. Injuries of AIS >= 3 for a 23-year-old 

......... driver vary from a low of 9 percent for the 4-door AMC 

Concord to a high of 97 percent for the 2-door Nissan 

Sentra. lnjuries of AIS >= 4 fs4 for a 41-year-old driver 

vary from a low of 1 percent for the Concord to a high of 

100 percent for the Sentra. These findings indicate that 

current production passenger vehicles vary substantially Figure 4. Probability of thoracic injury in 12 production 

in their capability to provide occupant protection, 
vehicles for 41-year-old drivers 

Other Aspects of Vehicle Safety Performance 
Occupant Responses vs. Vehicle 

In addition to the thoracic safety performance evalua- Characteristics: Theory and 
tion of the production vehicles, other safety-related 

performance aspects were noted during the crash test Methodology 
series. In two of the cars, the Honda Civic and the 

Plymouth Horizon, the right front passenger door opened The objective of this paper is to determine what 

during the crash event and allowed ejection of the driver parameters of the struck vehicle design are most influential 

from the vehicle, in the Plymouth Horizon test, the driver in affecting the occupant impact responses. The investi- 

actually came to rest on the surface of the test track. In gation will be limited to the responses of the driver. 

the Honda Civic test, the driver was not fully ejected. In general, the occupant response to impact is a 

In the test of the 4-door Ford Granada, the driver side function of several parameters: 

B-pillar buckled significantly during the crash event. Rv = F (A, Di, Dr) 

Post-test inspection showed that the spot welds at the Re = G (Rv, Dc) 
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~,~ here design and response of each vehicle as a set of discrete 
Rv = response of the struck vehicle parameters. Second, we will use a stepwise regression 
Ro = response of the struck occupant technique to determine occupant response as a function 
,~, = accident configuration of the vehicle response. Finally, we will examine the 
Di = structural design of the impactor results of the regression analysis to identify those design 
Dv = structural design of the struck vehicle parameters most critical to occupant protection in side 
Dc = design of the struck vehicle occupant impact. 

compartment 

The response of the struck vehicle is a function of the 

accident configuration, the design of the impactor, and Vehicle Characteristics 
the design of the struck vehicle. The vehicle design 

i~cludes both the energy-absorbing capability and the For this study, the characteristics of the vehicle design 

geometry of the structure. The accident configuration and the occupant compartment design were divided into 

description includes the impact velocity, the impact three categories: 

angle, and the impact point. The response of the struck ¯ Vehicle geometry and mass 

vehicle is described in terms of its acceleration profile ¯ Vehicle structural response 

upo~a impact and the intrusion of the door into the ¯ Door structural response 

occupant compartment. 

The response of the struck occupant is a function of the 

~ehicle impact response and the design of the occupant Vehicle Geometry ~nd Mass 
compartment. In the case of side impact, the occupant 

compartment design includes both the energy-absorbing For our investigation, the geometry and mass of each 

characteristics of the door and the initial occupant-to- vehicle were described with the following 10 parameters: 

door clearances. ¯ Number of doors 

In our study, the designs of the impactor and the ¯ Vehicle weight 

accident configuration were held constant for each of the * Wheel base 

crash tests. With these constraints, the computation of ¯ Vehicle length 

the occupant responses becomes a simplified function of * Vehicle width 

the energy-absorbing capability of the vehicle and the * Vehicle center of gravity 

design of the occupant compartment, Symbolically, the * Arm to door initial clearance 

relationship becomes: * H-point to door initial clearance 

Ro = G* (Dr, Dc) ¯ Axle height 

x~here G* represents a reduced form of the function G * H-point height 

described above. These parameters are tabulated in Table 3 for each 

In this paper, we will mathematically search for the vehicle--with the exception of the axle and H-point 

relationship between occupant impact responses and height. The axle height and the H-point height are 

vehicle design parameters. First, we will characterize the tabulated in Table 4. 

Table 3~ Struck vehicle description 

Test Struck Number Vehicle Wheel Vehicle Vehicle Vehicle Arm- Hip- 
No. Vehicle Doors Weight Base Length Width C.G. Door Door 

(Ib) (in) (in) (in) (in) (in) (in) 

675 Citation 4 3045 104.8 176.8 68.8 46.0 4.9 6.7 
676 Citation 4 3060 105.0 176.5 69.1 46.3 4.3 6.3 
677 Citation 2 3100 104.9 176.7 68.1 43.3 5.4 7.1 
678 Horizon 4 2600 99.1 162.5 66.5 45.8 3.6 5.5 
679 Omni 2 2680 96.8 173.9 66.! 44,1 4.1 6,4 
683 Granada 2 3380 105.4 195.3 71.1 49.3 4.8 7.3 
684 Granada 4 3415 105.6 197.5 71.2 49.0 4.9 7.3 
702 Concord 4 3558 108.5 180.0 70.4 53.8 3.2 6.4 
704 Sentra 2 2340 94.6 167.1 63.9 44.5 3.9 6,2 ..... 
710 Rabbit 2 2403 94.9 154.4 63.0 44.7 3.5 4.9 
719 Civic 4 2488 91.3 161.4 62.2 43.8 3.4 5.8 
744 Dodge 400    2 3028 100.0 180.8 68.6 41.3 4.5 5.7 
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Struck vehicle impact responses 

Test Struck Number Delta Axle H’Point Static Crush* 

No. Vehicle Doors V Height Height @Axle @H-Point Average 

(mph) (in) (in) (in) (in) (in) 

675 Citation 4 15.2 10.0 20.5 11.3 15,1 13.2 

676 Citation 4 14.8 10.0 20.0 11.2 13.1 2.2 

677 Citation 2 15,3 11.0 22.0 10.3 15.7 13.0 

678 Horizon 4 16.2 11.0 23.0 13.4 13.5 13.5 

679 Omni 2 15.7 9.7 22.3 11.0 14.2 12.6 

683 Granada 2 15.1 10.3 20.3 11.9 16.6 14.3 

684 Granada 4 10.5 19.5 10.7 17.9 14.3 

702 Concord 4 13.3 10,1 19.6 9.1 15.4 12,3 

704 Sentra 2 14.8 ! 1,0 20.0 14.6 18.0 16.3 

710 Rabbit 2 17.2 
719 Civic 4 17.4     10.8 20,3 11.0 15.6 13.3 

744 Dodge 400 2 13.6 11.0 18.0 15,5 20.0 17.8 

*Static crush averaged over interval from 30" to 42" from impact target point 

Vehicle Impact Response Door Impact Response 

struck vehicle impact response was described with 

following three parameters: The door impact response was described with the 

Lateral Delta-V following six parameters: 

Static Crush (axle height) ¯ Door-to-pelvis contact velocity 

Static Crush (H-point height) ¯ Door-to-lower rib contact velocity 

parameters are tabulated in Table 4 for each ¯ Door-to-upper rib contact velocity 

¯ Door effective padding thickness at the pelvis 

the change in struck car velocity, was corn- ¯ Door effective padding thickness at the lower rib 

an accelerometer mounted on the front door ¯ Door effective padding thickness at the upper rib 

undeformed side of the car. Static crush, 

at axle height and H-point height, is an average The door structural parameters are tabulated in Table 

measurements taken over a range from 30in 5 for each vehicle. Door effective padding thickness 

rearward of the targeted impact point. This area, measurements are unavailable for the Volkswagen Rabbit 

of the car, encompasses the location of the as all impactor accelerometer channels were lost during 

that crash test. 

Door impact responses 

Test Struck Number Arm- Hip- Contact Velocity Thorax Depth 

No. Vehicle Doors Door Door LUR LLR Pelv Defl LUR LLR Pelv Avg 

(in) (in) (mph) (mph) (mph) (in) (in) (in) (in) (in) 

675 Citation 4 4.9 6.7 25,8 26.4 27.8 1.77 4.9 5.7 7.0 5,9 

676 Citation 4 4.3 6.3 25.6 26.7 27,7 1.78 47 6.3 7.0 6.0 

677 Citation 2 5.4 7.1 25.2 26.3 27.0 1.80 4.2 5.8 5.5 5.2 

678 Horizon 4 3,6 5.5 26.0 26.7 28.0 1.81 5.1 5.7 5.6 5.5 

679 Omni 2 4.1 6.4 26.5 26.3 28.3 1,79 4.9 4.2 6.7 5.3 

683 Granada 2 4.8 7.3 25.6 25.7 27.6 1.71 5.1 48 6.1 5.3 

684 Granada 4 4.9 7.3 25,5 25.7 27.8 1.70 5.4 5.0 6.8 5.7 

702 Concord 4 3.2 6.4 27.1 26.0 27.1 1.32 8.2 6.2 6.6 7.0 

704 Sentra 2 3.9 6.2 26.2 26.8 28.2 1.80 3.6 4.0 5.0 4.2 

710 Rabbit 2 3.5 4.9 1.72 

719 Civic 4 3.4 5.8 26.7 26.9 28.4 1.58 5.5 5.8 7.3 6.2 

744 Dodge 400    2 4.5 5.7 25.3 25.2 27.5 1.62 4,8 3.8 4.8 4.5 
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Door Kinematics Model Door Kinematics Model: An Example 

The calculation of door contact velocity and effective Following is an example of a side impact event, as seen 
padding thickness uses a variation of the method proposed by the door kinematics model. This hypothetical scenario 
by Strother and Morgan(3). In their idealized represen- will demonstrate the physical nature of the DEPTH 
ration, the side impact is modeled as a one-dimensional quantity and clarify the framework we have used to 
s3 stem that can be readily analyzed from the velocity time categorize our side impact tests. For our example, we will 
traces of the system components, use one of the rib accelerometers to represent the 

The velocity time history of the impactor center of occupant. However, the scenario applies equally to the 
g~avity, the door, and the occupant is shown in Figure 5. pelvis. The door reference point, which we discuss below, 
Door contact time, t3, is defined as the time at which the physically refers to a hypothetical location within the 
occupant velocity first becomes greater than zero. From door interior and not to either the door exterior or 
the time of door contact, the contact velocity can be interior skin. 
determined from the door velocity history. The relative The side impact event can be separated into two 
displacement between the vehicle and the occupant can sequences of events. The first is the deformation of the 
be determined by computing the area between the door interior as a result ofthecollisionwith theimpactor. 
appropriate two velocity traces over the time interval of The second is the deformation of the door interior as a 
interest, result of occupant impact. The deformation of the door 

In this paper, we define a new parameter-the door exterior begins immediately upon impactor contact with 
effective padding thickness or DEPTH. DEPTH is the door exterior at t = 0. Although the door sheet metal 
defined as the relative displacement between the door and begins to buckle immediately, the door reference point 
occupant from the time of contact, t3, until the time of does not begin to accelerate until time t = tl (typically 
separation, t4. From the crash observer,s perspective, about 3 to 4ms after impact). The door reference point 
DEPTH is the amount the occupant crushes the door. ramps up quickly in velocity until such time, t = t2, as the 

DEPTH is themaximumdeflectionmeasuredbetween door velocity and the impactor velocity are equal. 
the occupant accelerometer and the door accelerometer. Between time t = 0 and t = t2, the door exterior and 
Depending on the location of occupant instrumentation, impactor are crushing under the forces of impact. Using 
this will include a portion otthe dummy compression as our model, we assume the deformation of the door 
well as the crush of the door. As measured by the rib exterior ends at t = t2. 
accelerometers, DEPTH includes compression of the At some time later, the occupant-to-door impact, the 
dummy skin between the ribs and door surface. The effect so-called second collision, begins. Initially, the door 
of skin compression is considered negligible. Likewise, reference point and the occupant’s rib are separated by 
compression of the dummy at the pelvis contact point is the door-to-occupant clearance as well as the undeformed 
considered insignificant as the pelvis is rigid, thickness of the door. Upon impactor contact with the 

car, the occupant begins to slide laterally across the seat 
toward the inside surface of the door. At time t3, the 
occupant collides with the door inside surface. By his own 

~ inertia, the occupant proceeds to intrude into the door-- 
~.o~ 

/,.--~,~./.... 
crushing the door interior structure and compressing the 

~ 

~ 

occupant’s thorax in the process. Occupant intrusion into 

~.~’ ~0,0 ~-- ~ the door continues until t = t4 when the impact energy of 

co 
~- the occupant is expended, and the occupant velocity 

~ L ’~ equals the door velocity. The maximum intrusion of the 
~ ~0 .-. 

occupant, reached at t = t4, is defined as DEPTH. 

s~ ._~ Analysis Using the Door Kinematics Model 

~o ~.0~: × ~oo~ ~ .... ~ :in our crash tests, the inner panel of the driver’s door 
~ ~=p~o~ was instrumented with 3 to 4 accelerometers. Because of 
~ o~p~ ~ the severity of the impact to the door, few of the door 

~ accelerometers survived the crash test or provided 

-~.o~,       , ,~ ~_~_~ I~_. 
meaningful data throughout the entire event. Within .... 

oo ~0.o ,oo    ~oo    eo.o ~.o ~oo ~o.o 20ms of initial impact, the majority of the door accelero- 
TIME tMILLISECOKOS 

meters had either been physically damaged or had 
rotated in such a manner that their sensitive axis was no 

Figure 5, Door-occupant kinematics 
longer aligned with the direction of impact. 
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Examination of the door acceleration channels prior to t3, and the time of door occupant separation, t4, are 

accelerometer damage, however, does provide one im- tabulated in Table 6 for the 12 tested vehicles. 

portant clue to the door behavior. In all cases, the Door contact velocity was found to vary only slightly 

velocity of the door inner panel ramps up quickly and from car to car. Door contact velocity at the left upper rib 

......... appears to reach the impactor velocity very early in the varied from 25.2 to 27.1 mph. Door contact velocity at the 

event, i.e.,t2 = 8-13ms. Beyond t = t2, the door accelera- left lower rib varied from 25.2 to 26.8. Door contact 

tion measurements are of questionable validity. From velocity at the pelvis varied from 27.! to 28.3. 

t = t2 until the impactor and struck vehicle separate, the DEPTH, at the pelvis and ribs accelerometers, was 

door (as opposed to the door inner panel) is assumed to determined by computing the relative displacement 

move together at the same velocity. This assumption between the door and occupant from the time of contact, 
........ implies that all exterior vehicle crush and impactor crush t3, until the time of separation, t4. Once again, for t > t3, 

have occurred by the time of occupant contact. It should the door velocity is assumed to equal the impactor 

be emphasized that while these assumptions are well velocity. 

suited to our study, i.e., for 30/15mph 90° side impacts, 

their applicability to other studies is not guaranteed--- Occupant Responses vs. Vehicle 
especially when extrapolated to alternate accident 

configurations. Characteristics: Regression Analysis 

For our study, the door contact was defined to have 

taken place once the occupant velocity exceeded a 
Comparison of the vehicle characteristics versus 

threshold velocity of 0.2mph. The time of door-to- measured occupant responses suggests that lower peak 

occupant contact was computed for each of the cars and 
occupant accelerations are observed in vehicles with a 

found to vary from 17 to 27ms for both the upper and 
greater DEPTH. To statistically determine the relationship 

lower rib, and from 12.5 to 20ms for the pelvis. For our 
between the vehicle design and occupant injury, the 

study, the door is assumed to reach the impactor velocity 
vehicle structural characteristics and occupant responses 

prior to contacting the occupant, i.e., t2 < t3. Door 
were paired and examined through stepwise regression. 

contact velocity is then equal to the impactor velocity at The computed linear fits are shown below and presented 

the time of contact. The time of door/occupant contact, in Figures 6a, 7a, 8a, 9a, and t0a. 

PELG : 318.3 + -18.1*Dpel + -5.6*Dlur R**2 = .876 

LLRG = 238.3 + -26.6*Dllr R**2 = .655 

T12G : 205.0 + -9.9*Dlur + -9.2*Dllr R** = .783 

T1G = 163:9 + -14.1*Dllr R**2 : .855 

TII = 178.8 + -10.4*Dllr + -6.0*Dlur R**2 : .794 

where 

PelG = Pelvic peak acceleration(g’s) 

LLRG -- Left lower rib peak acceleration (g’s) 

LURG = Left upper rib peak acceleration (g’s) 

T12G = Lower spine peak acceleration (g’s) 

T lg = Upper spine peak acceleration (g’s) 

TII = ThoracicTrauma Index (age : 0) 

Dpel = DEPTH at the Pelvis 

Dllr = DEPTH at the Lower Rib 

Dlur = DEPTH at the Upper Rib 

R = Statistical goodness of fit measure 
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Table 6, Door impact time history 

Test Struck Number Time of Door Contact* Time of Door Separation** 
No, Vehicle Doors LUR LLR Pelv LUR LLR Pelv 

(ms) (ms) (ms) (ms) (ms) (ms) 

675 Citation 4 23.0 20.4 13.9 44.9 41.8 33.9 
676 Citation 4 22.4 17.8 13.4 42.3 39.0 33.3 
677 Citation 2 26.1 21.5 t8.5 45.3 44.3 34.8 
678 Horizon 4 22.9 19.9 14.5 44.4 42.1 30.8 
679 Omni 2 23,0 23.8 15,3 43.0 42.3 33.9 
683 Granada 2 27.0 26.4 19.0 53.6 47.3 35.8 
684 Granada 4 25.4 24.8 16.1 53.4 47.9 35.3 
702 Concord 4 17.0 21.4 17.1 46.6 47.4 36.6 
704 Sentra 2 25.8 23.0 !6.3 42.0 4t.0 30.0 
710 Rabbit 2 23.5 22.4 14.8 
719 Civic 4 20.4 19.3 12.8 44.6 42.9 33.4 
744 Dodge 400 2 26.9 27,5 19.8 45.0 44.4 33.8 

*Occupant Velocity = 0.2mph 

**Occupant Velocity = Door Velocity 

F~LVIC G~ vs D~PTH I.J~ F~.~ G’~ vs L~8 DEFqH 

Figure 6A. Pelvic peak acceleration versus DEPTH at the Figure 7A. Lower rib peak acceleration versus DEPTH 
pelvis and upper rib contact points (R2 = .876) 

{he lower rib contact point (R2 : .655) 

& 

#~:x,~m[ oo~ ( l;,~,~; ) - m~is ,;m i ’ ’ " 

Figure 6B. Pelvic peak acceleration versus average       Figure 7B. Lower rib peak acceleration versus average 

DEPTH (R2 = .817)                                DEPTH (R2 = .522) 
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After substituting the average DEPTH for the DE PTH 
at the individual body regions, the stepwise regression 

was completed a second time. The computed linear fits 
are shown below and presented in Figures 6b. 7b. 8b. 9b. 

and 10b. 

~ =~ 
//__==~ l~.~u= ,,.{us 

The Importance of DEPTH 

~ ,.~ ~ ~ These mathematical fits indicate that sufficient DEPTH 

~ ,,,- = is crucial to providing the occupant with impact protec- 
tion. l-hose vehicles with only a limited DEPTH. e.g.. the 

Nissan Sentra. force the dummy to rapidly accelerate to 
the velocity of the intruding structure--resulting in high 

..... .:. occupant responses. Those vehicles with a more generous 
’%" ’~ " ~,~÷~a-~a.~ DEPTH. e.g., the Honda Civic and AMC Concord. 

Figure 8 A. Lower spine peak acceleration versus DEPTH 
permit the occupant to ram p up to peak velocity more 

at the upper rib and lower rib contact points       gently. 

(R2 = .783) 

PELG = 308.3 + -23.8*Davg R*’2=.817 

LLRG = 249.7 + -27.2*Davg R**2= 522 

T12G = 227.1 +-21.8*Davg R*’2=.817 

Tlg = 164.8 + -13.5*Davg R*’2=.595 

TTI = 191.7 + -!7.7*Davg R*’2=.796 

where Davg = the average DEPTH 
= (Dpel + Dllr + Dlur) 3 

LC~ER ~ ffS ~’~ A~qER~SJE ~ L4:~PER ~ ~ ~ ~B ~ 

Figure 8 B.. Lower spine peak acceleration versus average       Figure 9A, U pper spine peak acceleration versus DEPTH 
DEPTH (R2 = ,817)                                       at the lower rib contact point (Rz = .855~ 
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~ SaC’l: 6"S ~ AVERa~ [XPI}t This finding is reinforced by an earlier study(1) that 

,, found that added door padding in production cars 
~ dramatically reduced the probability of injury in side 

~ 
impacts. In that study, several stock Volkswagen Rabbits 

~’ ~ were retrofitted with 3in of interior door padding and 

~" -,~,-~o~ subjected to both high- and low-speed side impacts at 

i i 

both 90°    and 60° impact angles. The supplemental 

padding was found to reduce thoracic injury by as much 

as 65 percent in high severity accidents(4). 

From an impact energy perspective, peak occupant 

forces (and hence peak accelerations) would be expected 
to be proportional to the energy absorption in the door 

structure. This energy absorption is related directly to the 

, 
stiffness (force-deflection properties) of the interior door 

~,~(~,,~-~ structure and the interior door padding thickness. The 

fact that dummy peak g’s and TTI are strongly correlated Figure 9B~ Upper spinepeak acceleration versus average 
with the available DEPTH indicates that the force- DEPTH (R2 = .595) 

deflection characteristics of the 12 doors are similar over 
...... the range of deflections observed in the tests. 

rrl ~a ~ This conclusion is reinforced by a study conducted by 

Witlke and Monk(5), which measured the interior door 

stiffness of seven different vehicles. In this study, the door 

was crushed and backed by the same honeycomb impactor 

employed in our test series. The stiffness was reconstructed 

from the acceleration time history of a rigid thorax 
propelled into the crushed door assembly. Figure 11 

shows the results of the experiment. With few exceptions, 

the force-deflection characteristics for the test group were 

quite similar over the range of crush. For comparison, 

Figure 11 also shows the stiffness of the honeycomb 

backing by itself’. 

Although this analysis appears to show that a certain 

*%*~""’,~ ,~ ,~ -,i, ~, ~ 
minimum DEPTH is essential, this finding does not 

~.~’~÷~’~ preclude the possibility that other vehicle design par~ 

ameters may improve side impact protection. The manu- Figure 10~, TT~ versus DEPTH at the lower rib and upper 
rib contact points (R2 = .794) facturer may choose vehicle designs that alter other 

30 40 70 

Figure 10B, TT~ versus average DEPTH (R2 = .796)           Figure 11, Interior door stiffness 
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factors that affect occupant protection. Two parameters Present vehicle designs do not have this luxury. The door 

that are potential candidates (and were reasonably must provide the required mechanical functions of 

constant in this study) are the occupant-to-door contact housing the window, the window-operating mechanisms, 

.......... velocity and the inner door force-deflection characteristics, and the door-opening mechanisms. Careful safety design 

............ A significant reduction in the contact velocity and/or 
considerations are required to minimize the loss of 

optimal force-deflectioncharacteristics could be expected occupant protection due to these mechanical require- 

to improve side impact crashworthiness, ments. The hardware for these requirements should 

restrict the possible DEPTH as little as possible. Any 

hard points should be located away from the potential 
DEPTH vs. Vehicle Design Parameters occupant contact zones. 

Much of the design information discussed above has 
In the previous section, the peak occupant g’s and TTI not been completely assembled and analyzed for the 

were shown to be strongly correlated with the DEPTH. tested vehicles. Therefore, no definite conclusions can be 
The vehicle design parameters that influence the DEPTH drawn as to the scope of existing design parameters that 
remain to be determined. The candidate parameters provide better safety performance. However, data from 
include the total thickness of the door, the door attach- this test series have been studied that may reflect the 
merits to the surrounding structures, the strength of these significance of the exterior door stiffness and the strength 
surrounding structures, the location and size of internal of the surrounding structure. These data include the 
door hardware (window and window-operating mecha- static crush at the axle height and the number of doors on 
nisms), and the location and size of the door beam. the subject vehicles. 

The total thickness of the door, at the occupant contact The computed linear fit between the average DEPTH 
locations, gives the maximum available DEPTH (unless and these two parameters is shown below and presented 

....... outward bending of the door occurs during occupant in Figure 12. 
impact). For crash events in which the door is not 

impacted, this total thickness, minus the space occupied 
Davg 7.2 + -0.242*AxleCrsh + 0.392*Ndoor 

R**2 = .886 
by the internal door hardware and door beam, should be where 
directly correlated to thoracic side protection. Davg = average DEPTH = Dpel + Dllr + 

The stiffness of the external sheet metal is insignificant. Dlur)/3 
............. If exterior door stiffness were solely dependent on the AxleCrsh = static crush at the axle height 

external sheet metal, an almost total loss of DEPTH Ndoor = number of doors 
would be expected for even low-speed impacts into the R = statistical goodness of fit measure 
occupant compartment. Therefore, it is very important The static crush at the axle height may be considered as 
that the side structural design provide load paths that 

maintain as much effective padding thickness as possible, 
directly proportional to the exterior door stiffness. The 
number of doors may have a direct relationship to the 

This may be accomplished by efficient use of the door 

beam and the surrounding structures. The door beam 
strength of the surrounding structure as well as exterior 

door stiffness. 
should be located as close to the external sheet metal as Although this paper computes a single value of DEPTH 
possible and must carrysome of the impact forces to the for each vehicle, DEPTH may be dependent on the 
surrounding structures. 

In our test, significant loading of the A- and B-pillars ~ ,~ v~3~ ~ ~,~ 
occurs. Similarly, the accident data show in most side 

impact events that the surrounding structure (A-pillar, 

B-pillar, sill, and roof header) is frequently impacted. To 

protect the side-struck occupants, the surrounding 

structures must provide adequate forces to maintain 

reasonable occupant compartment integrity and load 

paths for the forces that are transmitted from the door. 

Some of the production vehicles in our tests, particularly 

the Honda and Concord, appear to perform this function 

very well. The designs for the modified vehicles in (1) 

included additional methods of load transmission between 

the door, sill, and A- and B-pillars. These simple changes 
~ 

~’~,,~ 
also seemed to function very well. 

In the ideal situation, the door would perform exclu- 

sively as an energy dissipation element: lO0 percent of the 

door thickness would be maintained during impact, and Figure "12. Average DEPTH versus vehicle design pa~ 

the door would have optimum padding characteristics, rameters 
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location of occupant contact along the inner door width, test approach will have to be developed if correlation to 
it should be emphasized that the values of DEPTH real-world events is to be obtained. 
preser~ted here were computed for the contact regions Based on the results presented above, we conclude the 
experienced b3 a 50th percentile occupant. Different size fidelity of door component test is greatly influenced by 
occupants and or different seating positions will result in the fidelity of the door precrush and proper choice of the 
correspondingly different contact points. It is important contact velocity. Until adequate methods are developed 
that the maximum possible DEPTH be maintained for determining these two elements, the economicjustifi- 
throughout the potential area of occupant impacts (the cation for door component tests as an alternative to a full 
contact zone), systems tests appears tenuous at best. 

Implications of DEPTH on Component Future Studies 
Testing Approaches 

Several activities are planned by NHTSA to further 

The use of component tests or full systems tests evaluate thesafetyperformanceparametersofproduction 
cot~tinues to be a subject of considerable interest and vehicles in side impacts and to investigate potential 
debate(6) The component test with its somewhat simpler, improvements to side impact test procedures and side 
less expensive procedures and feasibility of application impact protection. These activities include .......... 

early in the vehicle design stage is very appealing Thefull 1. Continued full systems testing of production 
s>stems test with its closer relationship to the real vehicles. Additionalproductionvehicles, includ_ 
accident event provides an easier transition to benefit ing vans and light trucks, will be selected and 
calculations, tested in the 30/15mph, 90° condition. Resulting 

Ihe findings presented in this paper have an important data will be used to supplement the above studies 
bearing on the design of a component test procedure. The and more fully evaluate the importance of 
regression analysis shows a strong correlation between--- DEPTH across the complete vehicle fleet. 

~ Occupant responses and DEPTH Since the original group was tested, NHTSA has 
* DE PTH and exterior door static crush (precrush) modified the SI D dummy to improve the dur- 

1he challenge of a component test is to design an ability of the dummy leg. NHTSA has also 
experiment that avoids the expense of a full systems test finalized the side impact test procedure with 
bm faithfully replicates the impact conditions seen by the significant refinements to the seating procedure 
struck driver. The two elements from the above analysis for the SID. Based on two recent tests (May 
most relevant as input to a component test design are the 1985), preliminary results suggest that, rather 
contact velocity of the thorax to the interior door surface than mixing the pre- and postmodification SID 
and the precrush of the exterior door. tests, the two groups should be analyzed inde- 

From the presented data, the contact velocity is seen to pendently. 
be relatively constant for the tested production vehicles. 2. Collection of the vehicle parameters that are 
Door-to-thorax contact velocity for the 30/15mph 90° assumed to influence the DEPTH. Data collection 
impact condition is 26.1 +- 1.0mph. This implies the efforts on the original 12 vehicles and all vehicles 
impact velocity of a component test device should selected for testing will include these parameters 
approximate this 26mph velocity to replicate a near real- as outlined earlier. These efforts will require 
world event. However, if a manufacturer chooses to some vehicle tear down and subsystem testing. 
make changes to the side structure of his vehicle that 3. Component testing concurrently with the full 
influence this velocity, the component test will not systems testsoftheselectedvehicles. Component 
recognize these changes, tests based on the forthcoming MVMA test 

[he second element, the precrush of the door, is the procedure and utilizing the MVMA-designed 
amount the door exterior must be crushed prior to a thoracic test device will be conducted on all the 
component test to repeat the conditions of a full systems selected vehicles. The results of these tests along 
test. The static crush of the exterior door as defined here with the results of ongoing M V MA tests will be 
is the permanent deformation of the door exterior used to assist in the evaluation of the relative 
measured at the end of the crash test. Recalling our door elements between rea!-world side impact events 
kinematics model, permanent deformation of the door is and component test results. 
completed prior to occupant contact with the door. For 
our test configuration, the permanent deformation of the Conclusion 
door and the required precrush are equivalent. For side 
impacts to the occupant compartment, a method for 

This paper has examined the results of 12 side impact 
determining the correct door precrush for the component 

tests using current production cars with the objective of 
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Load Transfer From the Striking Vehicle in Side and Pedestrian Impacts 

Berfil Aldman and The results of this combined project support the theory 

Janusz Kajzer that a lower level aboveground of the leading force 

transmitting structures of the car front would be beneficial 
Chalmers University of Technology 

in both types of accident. 

Torsten Anderlind 
Saab Car Division Introduction 

Merih Malmqvist Traffic safety research in Sweden is being discussed 

National Testing Institute of Sweden continuously and coordinated by representatives from 

the Swedish Road Safety Office (TSV), the Chalmers 

Hugo Mellander University of Technology (CTH), the Swedish Road and 

Traffic Research Institute (VTI), the Saab Car Division, 
Volvo Car Corporation 

and the Volvo Car Corporation. 

The question of optimal bumper height related to side 
Thomas Turbell 

and pedestrian impact consequences has been debated; 
Swedish Road and Traffic Research Institute especially a risk of conserving the existing requirements 

governing bumper heights seemed to be impending. 

This work, initiated by these discussions, has been a 
joint project between TSV, CTH, VTI, the Saab Car 

The level at which forces are transmitted from the Division, and the Volvo Car Corporation. 
striking vehicle in side impacts may influence the response in developing and testing the crashworthiness of 
of the struck car in several different ways. A better passenger cars, the frontal fixed barrier testing at 30 and 
contact between the front bumper of the striking and the 35mph has been stressed for many years. Only recently 
sill area of the struck car has been considered to be have the side impact properties been discussed more. 

desirable in this respect. Together with the frontal impact protection, the bumper 
In side impacts, the most frequent direction of the design and height have been regulated through low-speed 

impact is from 3 and 9 o’clock, while the direction of the impact performance requirements. 
forces is usually from 2 and 10 o’clock due to the velocity Often there is a conflict between the requirement for 
of the struck car. A European car and the EEVC moving frontal protection and possible aggressiveness of the car 

deformable barrier have, therefore, been used in a front in impacts with the side of other cars and with 
crabbed mode to study the problem of load transfer at pedestrians. Therefore, there is a need to optimize the car 
different levels above the ground. Volvo and Saab cars front both for frontal and for side and pedestrian 
were used as targets in 55km/h side impact with an impacts. The bumper height is an important part in this. 
APROD-81 side impact dummy placed on thestruck side The objective of this investigation was to show that 
i~ the front seat. The results indicate that a difference in legal requirements leading to certain bumper heights may 
~he level at which the loads were applied could influence have to be reconsidered in view of their effect in side and 
the deformations, the kinematics of the struck cars, and pedestrian impacts. 
the loading of the occupant. The investigation had four phases. A literature study 

Studies of the mechanisms of injury to pedestrians hit was made (see appendix), and the bumper level was 
by cars have indicated that a reduction of the severity of measured for present cars under varying conditions. Side 
the injuries to the lower extremity could probably be impact tests were made with a mobile deformable EEVC 
achieved by lowering the point of first impact. This would barrier in a crabbed mode at varying heights against Saab 
not necessarily influence the overall kinematics of the and Volvo cars. Finally, a new pedestrian dummy leg was 
body in a negative way. An attempt has been made to impacted with a car front structure at varying heights, 
assess the influence on different injury-related parameters and several leg parameters were measured. 
by lowering the level of first contact and increasing the 

compliance of the car front structures~ As tools for this Traffic Environment and Bumper Heights 
study, a physical and a mathematical model of the 

for Stationary and Braking Vehicles 
pedestrian with particular emphasis on the lower extremity 

have been used. The results indicate a lowering of the 
It is often said that guardrails are built to be compatible 

level of load transfer would have more influence on some 
with the bumpers of passenger cars. As part of this 

injury-related parameters and changing the compliance project, an investigation was made of the traffic environ- 
of these structures more influence on others, 

ment in Sweden and to some extent in the United States. 
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It became evident that guardrails in Sweden are Side Impact Evaluation 
positioned at the hub level of truck wheels. No evidence 
was found that lowering the bumper would be unpractical 
with the exception of loading ramps for cars on trucks Test Methods 
and railroad cars. In the United States, the guardrails on 
the highways have been engineered to specific standards. 
The lowest horizontal rail is positioned level with car 

A total of 10 dynamic tests were made according to the 

bumpers. However, due to movements in the ground, this 
following description. 

level can vary _+75mm. A new type of guardrail is being 
installed in some States where the lowest nominal height EEVC MDB 

......... is 250mm. New Jersey concrete barriers have been 
designed with the existing bumper heights in mind, and a The Mobile Deformable Barrier (MDB) as specified by 
lowered bumper may create forces that tend to lift up the EEVC(4) was used in eight tests. Polyurethane foam 

front of the car and cause it to turn over. A number of blocks delivered by Fritzmeier GmbH (version II) were 

people are being killed in the United States where used as front elements (Figure 2). 
guardrails have been involved. It is essential to investigate 
carefully any negative effect of a lowered bumper. This 
brief look into the U.S. traffic environment has not 
revealed any major problems for lowering bumper heights. 

Ramp standards are considered to have very little ~ 
influence on bumper heights as the bumper seldom is the 
lowest point of the car. Many modern cars have front air 
dams (spoilers) positioned considerably lower than the 
bumper, showing the potential to lower the bumper. The 
U.S. requirements in P58l(1) set the impactor height at 

406 to 508mm. The ECE R42(2) limits it to one value, 
445mm. On a selection of current passenger car models, 
bumper (centerline) heights were within a range from 430 

to 500mm. These values could, of course, be lower in real 
traffic conditions with loaded vehicles and possible dive 
motion due to braking. The height reductions due to Figure 2, Front block of the MDB 
brake diving were measured and found to be from 70 to 

t00mm. Bullet Cars 
In many accidents, the impacting car had started to 

brake before impact. According to a French investi- In two tests, Peugeot 305 (1979) cars were used as 
gation(3), this was the case in 54 percent of the investigated striking vehicles (bullets). The reason for using this car 
pedestrian impacts. It takes, however, a considerable was that its front construction was considered typical for 
time and distance for the full vehicle dive action. As the European car population. In all other tests, theEEVC 
shown in Figure 1, the dive motion has a frequency of MDB was used. 
approximately I Hz, which means that the maximum 
amplitude is reached 0.25s after initiation. With time for 
the driver to react and apply the brakes, the vehicle will Crabbed Configuration 

travel about 8m before the dive is completed at an initial 
speed of 57km/h. It seems probable, therefore, that a full 

Although not specified by the EEVC, it was regarded 
’ as interesting(5) to find out how the EEVC MDB would 

dive is not reached in most cases, 
perform in a crabbed configuration (Figure 3). The angle 
was 27° and the impact speed was 55kmh (34mph), 
resulting in a perpendicular speed of 48kmih (30mph) 
and a longitudinal speed of 24kmih (15mph). The 

-_~!i~i~ ...... ~~. ~.. Peugeot cars were also modified to this 27° crabbed 
, configuration (Figure 4)~ 

Ground Clearance 

Figure 1. Front end dive Ipitch} at braking with 
frequency of approximately 1Hz {maximum The MDB was made with an adjustable front plate, 

dive after 0.25s~ and the ground clearance was varied at the following 
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Target Cars 

Medium-size Volvo and Saab cars were used as targets. 
The impact point was such that the left corner of the 
bullet vehicle hit the target vehicle at a point 940ram 
(37in) in front of the centerline of the wheelbase. All 
impacts were made on the driver’s side (Figure 6). 

Figure 3. Crabbed EEVC MDB 

Figure 6. Impact configuration 

Dummy 

Ar~ APROD-81 dummy(6) was used in the driver’s seat 

in all tests. [he dummy was instrumented with 3-axial 

accelerometers in the head, chest, and pelvis. Lateral 

chest deflection was also measured at two levels (Figure 

7). 
Figure 4 Peugeot prepared for crabbed configuration 

levels: 200,250, 300. and 350ram. The Peugeot cars were 

t~sed at their nomina! ground clearance, uhich is hard to 

speci~3 since there is no good definition of this value on 

the front of a real car. In one of the tests with ~he Peugeot 

cars~ the irapacted (target) car was lifted 100ram at its 

s~spensions to simulate the effect of a lower ground 

c!earar~ce of the bullet car (Figure 5). 

Figure 7, APROD-81 chest mounted on Part 572 dummy 

Instrumentation 

Apart from the dummy measurements mentioned 

above, the accelerations of the bullet vehicle and the 

target vehicle were recorded. The dynamics of the inside 

and outside door panels just behind the driver’s seat were 

measured by steel rods installed transversely in the 

Figure 5. Elevated target car compartment. All measurements were made according to 
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ISO 6487(7)(Figure 8). Photographic coverage consisted The following symbols are used in Figures 10 to 12: 

of four high-speed 16mm cameras (Figure 9). To measure In the left part of the figures, A and K] indicate values 

the permanent deformations of the impacted cars~ a fox the target cars, respectively~ when impacted by the 

........... special measuring device was built (Figure 21). EEVC MDB. 

.......... In the right part of the figures, O indicates values for 

the target car when impacted by the Peugeot. 
The chest measurements in 1Figures 10 to 13 indicate 

the loads on the chest decrease when the ground clearance 

is lowered. 

Accetero, tion 

i 

A 0 0 

Figure 8, Inside view of t~rget c~r (measuring rods tot 
acceleration of outside and inside door panels Ground 

.......... visible at bottom of picture) 0 "~z00 2s0 300 ~s0 -100 norma~ Imml 

Figure 10. Maximum chest acceleration, lateral 

Deflection 

50 

!0" [] 

Ground 

Figure 9. Target car in position for impact 0 ,z~00 z50 ~o0 350 -~ norm~ Im~l 

~dt~ IlIl[~t;~; ~s~; ~SL~;S Figure 11. Maximum chest deflection, upper 

Oeflection 
The impact speed o~the bullet vehicles was in the range          ~m~ 

of 55.0 to 56. ! km/h. In the following diagrams, the peak 
values of some significant parameters are plotted against          ~o- 

the ground clearance of the bullet vehicles. Several other ~ 

parameters have been studied, but they have not given 
~0- A [] ~ 

any additional information and are therefore not reported, z~ [] 
Head accelerations, for instance, were of such a low 

~0 
[] 0 

magnitude, due to no head impact, that the H1C values 

were below 100. In the case of the MDB, the ground 
~0 

O 

clearance is the nominal clearance to which the barrier [] 

front was installed. Because of the difficulty in determining 
~0 

the exact ground clearance for the Peugeots, when used 
eo~o~ 

0 "~200 
250 300 350 -100 normal (rnrn) 

as a bullet vehicle, the values for these tests are plotted at 

a ground clearance called normal and at a 100mm lower 

level. 
Figure 12. Maximum chest deflection, lower 
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Deflecfion velocity 
(mm) 

1o 

O 

0 

0 
20. 

Ground 
0     ~        I        I        ~ I    ~ ~                 ~     ~- deoronce 

]                                                                               200     250     ~0     350     -100            norm~ (ram) 

10 
F~gure I~. Maximum chest veloctiy, lateral 

~ ~ ~Acc.(g) ~ o 
~ 

Figur~ 1~. Relation between maximum chest accel~ra- ~ ~ ~ 0 
tion lateral and maximum chest deflection 
(mean of upper and lower defl~ction valu~)                               0 

Th~ maximum accolerado~ recordod in the p~Ms of s 
~h~ dummy shows ~h~ samo t~nd~cy as i~ the chest, i.~., a 

F~gure 18, ~x~mum pe#v~s ve#oc~ty, 

Oeformof~on 

D                       0 
0                                                  ~00 ~ 

~00~ 

0     ~ ~ ~ LH I’ ~ ~     ~ deor~nce 20~ 
~ 2~    ~00 ~    -100 norma~ (~m) 

Ground 
The maximum velocity integrated from the acceleration o u ~ , , , ~ ~ 

" 200 2~ 300 350 
measurements in the dummy is shown in Figures 15 and 

i6. The pelvis velocity is higher than the chest velocity, Figure ~7. Permanent vehicle deformation at the 
pillar 3~mm above 9round level 

and the relationship between the ground clearance and 
In these figures, there is also a tendency that the these variables is more pronounced for the chest, 

deflection has a peak at the 250mm ground clearance The permanent deformations of the side of the impacted 
level. This may be due to the fact that the EEVC front 

xehicles were surveyed by a deformation measuring 
elements are not of a homogenous construction. There device (Figure 21). Deformations at the B-pillar at 
are calibration holes in the blocks, and in some circutn- dift%’rent levels are presented in Figures !7to 20. The 
stances these holes may coincide with strong parts of the 

tendency of these deformations in relation to the ground 
target vehicle. This microscale phenomenon is not revealed clearance is as expected, and the magnitude of the 
in the macroscale verification tests in the specifications 

deformation is approximately the same regardless of the 
where the whole segment is evaluated. Further research 

type of bullet vehicle. 
" about this problem is recommended. 
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0eformat ion 

~oo- ~ 0 

,20O" 

firound 

....... Figure 18. Permanent vehicle deformation ~t the B- Figure 2]. Deformation measuring device 

............... pillar fi~mm ~bove ground level 

Pedestrian Impact Evaluation 

O~o~.o.oo Mechanical Model 

The dummy leg used in this project is a simplified 

version of the leg in a rotationalty symmetrical adult 

~oo+ pedestrian dummy developed to measure the aggres- 

/x 0 siveness of the car front in a collision(8). 
300+ ~ [] The main purpose of this work was to measure the 

....... ~ C) forces and torques in the lower extremities, especialh at 
zoo, ~ knee level in impacts at different bumper heights. 

The dummy leg consists of two steel tubes simulating 

the long bones of the human upper and lower legs and a 

steel bar simulating the knee. To enable comparisons of 

200 2~o ~oo ~so -loo oor~a~ I~) results from previous experiments with cadaver legs, 

parameters such as mass, length, center of gravity, and 

Figure 19. Permanent vehicle deformation at the B- moments of inertia were chosen in accordance with the 

pillar 700mm above ground level real conditions in these experiments (Figure 22) The 

forces in the vicinity of the knee were measured with 

strain gauges mounted on steel tubes simulating the 

upper and lower legs. The bending moment, the shear 
force and, if necessary, the tensile force, and the torque 

Oeformat ion 
Imm~ about the longitudinal axis can be calculated from the.~+e 

data. The steel bar simulating the knee was designed to 

withstand the same lateral bending moment as a human 
knee. The bending strength of the knee in a lateral 

tOO. 

0 
collision was calculated using strength data for the 

medial collateral ligaments, the cruciate ligaments, and 
~oo ~ the geometry of the knee(9,10). 

[] The fact that the dummy was simplified to include only 
zo0~ 

l~i ~ 
0 

three elements is not believed to seriously affect the forces 
[] 

around the knee during the first part of the events(1 

~ 
~round 

0 J~ = = = 
, , | ~ I ......... -~deorance Test Setup 

200 250 300 350’ -!00 normal (mm) 

Figure 20. Permanent vehicle deformation at the B- The concentrated mass of the body was connected 

pillar 900mm above ground level the dummy leg by a universal joint. The dumm~ was 
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of the U.S. Department of Transportation was used as 

shown in Figure 23. The point of impact was chosen very 

close to the knee (h = 0.45m). The velocity was varied 

moss ~60kg           from 30kmih down to 10kmih. 

Hip joint 

Upper teg :8kg 

Strain gauges 

o 

Knee j0inf 

Lower Ieg 5kg 
~ 

(~) 

~ Figure 23. Section of impact zone of NHTSA car front 

Ptc~sfic foam ~2cm 

Mathematical Model 

¢ 44.~ The MADYMO Crash Victim Simulation Programs 

’ were validated using the laboratory impact tests made on 

Figure 22. Mechanical model of rotationally symmet- the rotationally symmetric dummy leg. The problem was 
rical pedestrian leg dummy to simulate a dummy leg with a knee joint consisting of a 

steel bar by means of a mathematical model intended 
balanced on a platform in an upright position by means primarily for ball-and-socket joints. The standard model 
of wires until a few milliseconds before collision. The in MADYMO describing the resistance in a joint against 
impact height was varied by lowering or raising the the relative movement of the two connected elements 
platform supporting the dummy leg. The data from the consists of a nonlinear spring, a viscous damper, and a 
strain gauges were registered according to SAE 32116, dry friction component connected in parallel with each 
and the collisions were filmed with a 16mm high-speed other. With this construction, it is not possible to 
camera at 500fps, simulate the elastic part of an elastic-plastic material 

Two test series were made with the same dummy leg, having hysteresis in the unloading phase (Figure 24). 
During the first series of tests, only two types of bumpers Such a simulation requires a series connection between 
were used: a dry friction and a nonlinear spring or a differential 

e Rigid nondeformable steel bumper, 30mm high description of the material. However, if the elastic region 
~ The same bumper with 150mm plastic foam (Figure 24) is small compared with the total region used 

The tests were performed at a constant velocity of in the simulation, it may be sufficient to use the dry 
26kmh at four different impact heights: friction component of the total moment. In the simulations 

~ Very close to the knee (h = 0.45m above the presented, the knee joint has been described using only 
ground) 

the dry friction component of the resistive moment in the 
® Between the knee and the center of gravity of the steel bar. The value of the dry friction component has 

lower leg (h = 0.28m) been estimated both from material data for standard steel 
® Near the center of gravity of the lower leg 2172 and empirically from test data from a statistic 

(h = 0.25m) bending test. The characteristics of the soft parts of the 
® Below the center of gravity of the lower leg leg, like the force-penetration function, were also deter- 

(h = 0.18) mined by means of static tests. This should be kept in 
In the second series of tests, a complete car front from mind while comparing the results of the simulations with 

the National Highway Traffic Administration (NHTSA) the results of the dynamic tests. 
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10     20    30 Time(ms)          10     20    30 Time(ms) 

h=025m                         h=018m 

Figure 26. Shea~ fo~ee about the knee fo~ different 
impact levels (solid line--so~ bumper; 

Figure 24. Relation moment (M)--deformation (~) for                 dashed line-rigid bumper) 
an elastic-plastic material with hysteresis 

Pedestrian Impact Test Results 

Forty tests were made with the mechanical model in 
Moment 
(%~ 

:: two series. 

~ 7~ 
Figures 25 to 27 show the bumper force (at the point of 100 

impact), the shear force, and the bending moment about 
~ 

~ ~ ~ ~ 
the knee for.various impact heights in the first series of ~ 20 ~ ~ ~ Time 

q00~                  h = 0.~ m 
tests. 

The bending moment about the knee in both series is Moment 
..... expressed as a percentage of the maximum bending (%) 

moment a living human knee can withstand without 
]00 

Force Force 

[ 
~O’I’~~~-- 

60 Time (ms} (kN) (kN) 
. , i ~--’--- ~ 

100 
16~a 

h: 0.28 m 

Moment 

,-, 

~’~ l 20 ~ 60 Time (ms) 
h: 0,~5 m h:0.28 m 

-100¯ h= 0.25 m 
Force Force 
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41’, 12 l] 
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Figure 25. Bumper force for different impact I~vels Figure 27. Bending moment about the knee for differ- 

(solid line--soft bumper; dashed line--rigid ent impact levels (solid line--soft bumper; 

bumper) dashed line--rigid bumper) 
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being injured. Bending moments exceeding t00 percent sphere, the upper, and lower leg. The concentrated mass 
can tear the ligaments and/or result in fractures, e.g., the of the body is connected to the leg by a ball joint. The foot 
tibiai condyle, and the ankle are integrated in the lower leg. There is no 

Figure 28 shows the bending moment about the knee as frictional force between the leg and the ground. The 
a function of the impact velocity in the second series of impactor represents a hard bumper without a car front, 
tests, and the bumper is rigid. All three simulations (Figures 29 

The peak bumper force varied between 13.5 and 
to 31) are made with a constant vetocity of26km/h. The 

I5.0kN for the rigid bumper and between 6.0 and 9.5kN impact heights were h = 0.45m (Figure 29), h = 0.25m 
for the soft bumper (Figure 25). The force pulses were (Figure 30), and h = 0.!Sin (Figure 31). 
somewhat more extended in time for the soft bumper. As expected, the best correlation between the experi- 
Fhe time histories of the shear forces about the knee mental results and the mathematical simulations is 
(Figure 26) were similar to those of the bumper forces, obtained for the case where the deformation in the knee 
The peak values were 50 percent lower for the soft joint (steel bar)is plastic during the major part of the 
bumper. The bending moments (Figure 27) were !00 event, i.e., the case where h = 0.45m (Figure 29). In both 
percent when the bumper levels were 0.45m and 0.18m of the other cases (Figures 30 and 31), the deformation is 
above the ground. The bending moment is low (30 to 40 either elastic or in the vicinity of the elastic limit, thus 
percent) only at impacts near the center of gravity of the 

lower leg. , ......... 
The inertia of the lower leg and foot are probably the 

most important injury-causing factors when the impact 

point is high (h = 0.45m). The injury-producing effect of 
~.50- the inertia is seen even at low velocity (!0kin/h) (Figure 

1.00- 

 o.ys- 

~ ~ ~ ~ ~ ~ 0.~- 
~ ~ ~ Time(ms) 

v=300 km/h 0.25- 

Moment 
% 0,~- 

-0,75      -025      0 25      0.75 
Meters 

0 ~0 60 ~ Time (msl 
v= 21.0 km/h 

/% 1.7S- 

~o0~ 

I.~- 

20 80 Time (ms) 1.25- 
v=13,9 kmih 

Figure 28. Bending moment about the knee for different           0.~ 
velocity Ih : 0.48m} 

-0.75 -0.25 0.25 O. 5 
Figures 29 to 31 show the results of the mathematical ~e~ers 

simulations and the evaluation with the mechanical Figure 29. Mathematical andmechanicalsimulationsof 

model. Despite the misleading graphics, the struck o~iect pedestrian impact--impact point h = 0.45m 
above 9round (upper segment--body; middle does not represent the general shape of a complete 
segment--upper le~; lower segment--lower 

d~mmy but only the simulated mass concentrated in a leg; ~t = lOres) 
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falling in the region where the chosen approximation of vertically. It is uncertmn whether a future car with a 

the knee proves insufficient. However. the tendency ~s lowered bumper will also lower its entire front face in the 

quite obvious, and deformation of the knee joint is in the same magnitude. In spite of this problem, it was decided 

same direction as that of the laboratory experiments to use an MDB to enable general conclusions that would 

When the first point of impact was near the center of have been difficult if a specific car had been used as a 

gravity of the lower leg, the knee deformation was low. bullet vehicle. 

It is disappointing the APROD dummy did not 

discriminate to a higher degree between the different 

levels of violence. It is clear from the results that the 
1.75- lowest ground clearance produced significantly lower 

1.50- 
chest deflections than any of the other clearances. These 
results suggest that the lateral deflection characteristics 

125. of the dummy are extremely progressive in the upper half 

of the 50mm stroke. It could be questioned if this 

j~l.00, response is humanlike. Another possible explanation 

~0.75. 
could be that the shoulder bottoms out and transfers 

much of the loading to the spine. This is. however, not 

0.~ 

0.25 1.75-1 

o.oo 150-t 

-o.7s o o 
1.oofl 

0.75~ 
1.75-1 

1.50-t 
o.25- / 

1.25"t 

~ -0.75 -0.25 0 25 0.75 

~ 0.75-1/ 
]~ 

Meters 

05O4 

0.25-1 L-"----I 1.75-t 

0.004 1.504 

-0.75               -0.25                 0 25                035                                         1.25-t 
Meters 

Figure 30. Mathematical and mechanical simulations of ,~ 1.00"~ 

pedestrian impact--impact point h = 0.25m 
above ground (upper segment--body; middle ~- 0.754 

segment--upper leg; lower segment--lower 
leg; At = lOms) 0.Se- 

0.zs- 

Discussion o.oo- 
The intention of this project was to simulate the effect                   -0.75      -0.25       0 25       0.75 

Meters 
of lowering the bumper of a passenger car. 

When the choice was made to use the EEVC MDB as a Figure 31. Mathematical and mechanical simulationsof 
bullet vehicle in the side impact tests, it was obvious this pedestrian impact--impact point h : 0.18m 

would lead to some s~mplifications. As the face of the above ground (upper segment--body; middle 

barrier has a defined height, the only way to simulate the segment--upper leg; lower segment--lower 

different bumper levels was to move the entire block 
leg; At = lOres} 
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~ery probable since the dummy was positioned so that It is therefore recommended these findings be used to 
contact between the B-pillar and the shoulder was demonstrate the need for further development of test 
prevented, methods and equipment and evaluation of how much 

The accelerometer maximum readings in the pelvis lower the optimum bumper or load transfer level should 
show a clear trend toward a decreasing magnitude with be. 
decreasing ground clearance, This supports the theory Measurements of present car bumper levels showed 
the chest deflection should have had a larger variation for that most are at about 450mm. At full braking at urban 
the different test heights, speeds, this level decreases approximately 90mm after a 

The high-speed films show the roll angle of the braking distanceof8m. Consequently, in most urban side 
impacted car is influenced by the ground clearance. From collisions, a fully developed dive seems very unlikely. 
this project, it is not possible to quantify the effect of this A general comparison between the EEVC MDB and 
phenomenon, but it points out the importance of further the Peugeot 305 used as bullet vehicles shows that the 
in~ estigation of this matter. EE VC M DB can be used as an acceptable test device even 

The velocity profile of the intruding door is known to in the crabbed configuration. The value of using the more 
be an injury-explanatory parameter. The methods used complex crabbed mode should be investigated further. 
in this project to assess this velocity were not satisfactory Possible problems with the performance of the EEVC 
and, therefore, these results have been omitted. It is, front elements at local loads have been observed, as well 
however, recommended that feasible methods to record as problems with the deflection measurements in the 
this velocity be developed, chest of the APROD dummy. Further research in these 

This work has shown that changes in ground clearance areas is recommended. 
of 50ram can int]uence the results. It is uncertain to what The pedestrian impact evaluation part of this project 
degree the nominal ground clearance could be kept at the indicates the following: 
time of impact in this type of testing. If the barrier is 

pitching up and down due to irregularities in the paving ¯ For each impact velocity, the soft bumpers 
of the test track, the actual ground clearance at the time 

caused lower forces than the rigid ones. The 
of impact may vary within a couple of centimeters. The 

bumper forces were highest at impact points 
target cars will also vary in height due to equipment, 

near the center of gravity of the lower leg. 
loading, tire pressure, etc. If entirely controlled test 

conditions are desired, the parameter that should be ¯ The bending moment about the knee was lowest 

defined is the barrier location in relation to the car at at impacts near the center of gravity of the lower 

impact, leg. The use of soft or hard bumpers did not 

Fhis report shows experiments with a pedestrian significantly change the maximum value of the 

durum} leg with sophisticated instrumentation can provide bending moment about the knee. 

"~aluable insight into the effect of changing the impact ¯ The shear force about the knee was diminished 
point. It is planned to mount this leg on a complete with decreasing impact height and was lower in 
pedestrian dumm3(l). Further testing with this dummy collisions with soft bumpers. 
ma} confirm the findings in this report and also demon- 

st~ate the influence of the bumper level on gross kinematics * When the first point of impact was close to the 

a~d head and chest impact violence. AS pointed out knee, the bending moment exceeded the 

above, the description of the knee in the MADYMO maximum tolerable level. This was true even at 

model is not suitable for simulation of the mechanical very low impact velocities. 

model of the leg used in this project. It is necessary to 
The results from both series of tests confirm the 

change the MADYMO model slightly to develop a 
previous clinical and experimental observations that 

versatile toot for engineering pedestrian leg injury 
there is a correlation between both the level and the 

mitigating car fronts, 
compliance of the bumper and the seriousness of the 

injuries to the knee(12,13). 

Problems with the use of conventional mathematical 

models for the simulation of an advanced leg model have 
Conclusion and Recommendations been recognized. 

It is evident from these test results there is a correlation 

between the collision load transfer height and the injury Rt~f~rl~nt2t~s 
level of the struck occupant in side impacts. The new test 

methods used, and the limited number of teSts that could 1. Federal Register, 49 Transportation, NHTSA Part 
be made, limit the confidence level of the results. 581, Bumper Standard, 1981. 
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2. ECE Regulation 42,"Uniform provisions concerning Appendix 
the approval of vehicles with regard to their front and 

rear protective devices (bumpers, etc.)," 1980. 
Review of the Bibliography Concerning 

3. Thomas, et al., "A synthesis of data from a multi- 
purpose survey on pedestrian accidents," Proceedings Vehicle Front Structure Characteristics 
3rd IRCOBI Conference, Amsterdam, 1979. and Their Consequences for Pedestrian 

4. EEVC Working Group 6, "Structures," Final report, 
Injury Mitigation and for Other Goals 

1982. 

5. Klaus, G., R. Sinnhuber, and G. Hoffmann, "Mobile 
Background and Objectives 

deformable barrier for lateral collision testing--a This review was made by T.E.A. Benjamin from 
contribution toward a harmonization of future side France during the period 1982-83 and includes 42 
impact performance requirements," SAE Paper technical papers from a total of 72, of which reference is 

..... 840888, Washington, D.C., 1984. .... stored in the OECD! IRRD retrieval system. 

6. Hue, B., Y.C. Leung, C. Tarri~re, and A. Fayon, The objectives of the review were to examine and 

"Design of APROD-dummy," Seminar on the Bio’ 
collate information cohcerning the scientific methods 

mechanics of lmpacts in Road Accidents, Brussels, 
used and the conclusions reached by the authors of these 

!983. 
papers with particular focus on-- 

The consequences, in terms of pedestrian injury 

............ 7. ISO Standard 6487, "Road vehicles--techniques of frequency and severity of various vehicle (es- 

measurements in impact tests-qnstrumentatlo , sentially passenger car) front structure con- 

1980. figurations, special reference being made to 
bumper height 

8. Aldman, B., et al., "A new dummy for pedestrian o Theconsequencesfortheoccupantsofpassenger 

tests," Proceedings Tenth International Technical cars laterally impacted by various front structure 

Conference on Experimental Safety Vehicles, Oxford, configurations of the striking vehicle 

1985 . Information concerning the possible conse- 
quences, in terms of vehicle aerodynamics (with 

9. Aldman, B., L. Thorngren, O. Bunketorp, and B. its influence on fuel consumption) of injury- 

Romanus, "An experimental model system for the mitigating changes to front structures 

study of lower leg and knee injuries in car pedestrian The conclusions drawn from this review can be used to 
accidents," Proceedings Eighth International Tech- improve the relevance of upgrading vehicle structural 
nical Conference on Experimental Safety Vehicles, standards that will reflect the best compromise between 
pp. 841-849, Wolfsburg, 1980. requirements that may be conflicting- 

¯ Between road user groups at risk: adult pedes- 
10. Kramer, M., K. Burow, and A. Heger, "Fracture trians versus child pedestrians; pedestrians as a 

mechanism of lower legs under impact load," Pro- whole versus laterally impacted vehicle occupants 
ceedings 17th Stapp Car Crash Conference, pp. 81- ¯ Between vehicle safety performance goals and 

100, Oklahoma, 1973. other goals: energy conservation (via aero- 
dynamic performance and weight reductions); 

11. Wijk, I., J. Wismans, J. Maltha, and L. Wittebrood, considerations of production costs and of repair 
"MADYMO pedestrian simulations," SAE Sym- costs 
posium Pedestrian Impact Injury and Assessment, Further, the conclusions can be used to increase the 
Detroit, 1983. relevance of tests used in research and in vehicle or 

12~ Bunketorp, O., "Pedestrian leg protection in car 
component type approval by rendering the test conditions 

accidents. An experimental and clinical study," Diss. 
maximally representative of real-world accident circum- 

Department of Orthopaedic Surgery If, University 
stances and injury mechanism and to establish baseline 

of Gothenburg, Gothenburg, 1983. safety performance data on current vehicles so the 
consequences of future upgrading can be measured, 

13. Aldman, B., O. Bunketorp, R. Eppinger, and J. Even if one considers solely the problem raised, it can 

Kajzer, "An experimental study of a modified com- be seen that the range of conditions in which pedestrians 

pliant bumper," Tenth International Conference on are impacted and in which their injuries are produced 

Experimental Safety Vehicles, Oxford, !985. includes combinations of all the following: 
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* Different vehicle front structure combinations An important feature of the hlgh leading edge profile- 

(especially bumper height width shape deform- tested alongside medium and low variants(41)--is that 

ability, bumper lead angle, bonnet height) adult and child head impact velocities are consistently 

* Various impact speeds below vehicle impact speed. The child thorax/pelvis 

* Various degrees of pitch contact problem this profile engenders can be reduced by 

* Pedestrians having various (to some extent age- increasing bumper lead. With various medium and high 

dependent) characteristics (life cycle stage and leading edges, further reductions in severity can probably 

state of health, overall knee and hip height, mass be achieved, but this will call for further study of stiffness 

and mass distribution, bone quality) and geometry. 

* Different postures in relation to the front 

structure 
® Different weight distribution on each leg caused 

by walking or running Bumpers: Energy-Absorbing; Force-Limiting 

o Different shoe/roadway friction characteristics 

o Different body segment kinematics in relation to As early as 1974(26), it was stated that bumpers should 

vehicle zones of different stiffness be energy-absorbing, their softening up being agreed to 

be beneficial(32) but seeming to accentuate the influence 

of ground reaction in the injuries sustained (net result: 
Review of Conclusions Concerning Pedestrian injury severity seems not to be reduced). It is suggested(40) 

Injury Frequency and Severity that bumper and grille padding significantly reduce lower 

body injury (pelvis acceleration and knee force) it being 

considered(2) that while bumper force can be reduced by 

a deformable bumper structure, not all the knee reaction 
Bonnet Height, Leading Edge, and Other Characteristics 

forces can be so reduced. 

One group of papers(!7,19), Fifth ESV Conference 
I~ the earliest paper(22), it is stated that the selection of 

(various authors)(25,30,33,34,35) is mostly concerned 
an optimal bonnet height involves a dilemma: a high 

with the U.S. FMVSS 215 standard, that is to say, with 
front ma} knock an adult under the car at low speeds and 

throx~ a ci~ild forward at most speeds with a high risk of 
very low (up to 8km! h) impacts. 

head-ground impact. A low front reduces these risks but 

ir~creases the possibility of head-windscreen surround Bumper Height 
impact (particularly for adults). A long bonnet--1,100mm 

or more reduces this latter possibility. The bonnet In the earliest paper(32), attention is drawn to what 
leading edge should be made of an energy-absorbing sometimes seems to be a difficulty. In experiments, the 
n a~erial (?ield: at least 150ram and preferably much lowered bumper height (from 508 to 355.6mm) reduces 
n?ore) that matches adult pelvis and child thoracic adult knee injury and limits pelvic and abdominal 
~:olerance levels, involvement--head velocity for the lowered profile, 

Optimal bonnet shape is very sensitive to bonnet however, being almost twice as high as for the standard 
parameters(40): the principa! design problem being that profile. In other experiments(13), bumper heights of less 
of a~oiding head contact (see also below: Devices: than 400mm did not produce head impact more frequently 
Induced Kinematics). Bonnet propertiesshouldassociate than higher bumpers. The FMVSS 215 standard is 
appropriate stiffness with crush depth (idem). It is sta~ed(7) to require a minimum bumper height of400mm; 
recalled that head i~\iuries are the main cause of death it is also being pointed out(36) that adult knee height 
(N:211), the windscreen frame being the main fatal (500ram) coincides with the top of bumper height 
contact point(8), standardized by FM VSS 2!5 and ISO. An upper edge at 

The same author(10) found that pelvic fractures were 400mm would, in that author’s opinion, produce a gain of 
mostly likel} to occur when the relative bonnet height 25 percent. 
~as in the range 0.46 to 0.50, and suggested the interesting Looking at Swedish work in sequence, we see(l) that 
concept of bonnet effective height: the height acquired by the 450mm bumper caused significantly greater injury 
~he bonnet d ue to its deformation during impact. Acting than the 250mm version and that injury would be reduced 
i~’~ combination with the bumper, the bonnet leading edge by a bumper lead angle of less than 60° and lowered static 
should minimize rotational acceleration and head velo- level from 450 to 350mm, such a bumper to be energy- 
city’(l 6). Bonnet edge height, in cases where bumper lead absorbing and force-limiting and to strike the lower half 
angle is below 60°, does not seem to influence adult leg of the tibia. This is corroborated(23): The bumper should 
injuries, but it may increase risk of injury to children’s strike near the tibia/fibula center and well above the 
heads, necks, and torsos(14), ankle joint. There seem to be other advantages: When the 
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leg is struck at its center of percussion (approximately Bumper Lead and Lead Angle 

317mm for adults and 203mm for a 6-year-old child 

dummy), negligible forces are generated in the hip but Bumper lead cannot be assessed in isolation. Reducing 

vehicle front and ground contact could still produce high lead benefits the second leg struck, but there is a 

values(11). The same author cites some effects of bumper corresponding increase in the contact loads of the hip and 

height extremes: Intolerably large knee bending moments femur with the front end. Bumper lead should mainly be 

are generated by high (about 508ram) bumpers, and a considered as a means for reducing front end contact 

height of about 254mm reduced this to zero. loads--typically, 127mm dependent on front end 

The negative effects of high bumpers are cited else- height(l 1). 

............. where(10). In a subsample of knee injury victims (N:44), Decreasing bumper lead (increasing bumper lead angle) 

70 percent were struck by bumpers in the height range 450 is associated with decreased bumper contact fractures 

to 540mm; in only 11 percent of cases was it tess than and increased leading edge contact fractures. All aceta- 

400mm. The same author(9) reports that 92 percent of bulum fractures involved elderly adults and vehicles with 

knee injuries were caused by bumpers in the relative relative leading edge height in the range 0.45 to 0.51 and 

bumper height range 0.26 to 0.33 (corresponding to 420 short bumper leads(9). 

to 530mm, taking 1.6m as average pedestrian height) and Conflicting goals appear to exist from a reading of the 

raises another complicating factor: that lowered bumpers following: While it is stated that risk of knee injury will be 

reduce fracture probability but, at a relative bumper reduced if bumper lead angle is below 60° (that is, if 

height in the range 0.16 to 0.20, ankle injuries--especially bumper lead is long) and found in conjunction with a 

at high speed--can occur, force-limiting and energy-absorbing bumper(14), it has 

Some of the proposals made are as follows. To reduce also been concluded(28) that, independently from bumper 

adult leg injury severity, a bumper lower than the 380mm height, increasing bumper distance brings head impact 

knee height (60 percent of a British sample) would reduce areas nearer to the windscreen. 

leg impact forces and bending moments across the 

knee(23). A height in the range of 305 to 356mm has been 

proposed(11). Optimum static bumper height for adults 

should be 340mm(14). The last mentioned author also 
Bumper Width and Shape 

reports that in a follow-up of disability, six out of seven Broad, flat-faced, or slightly rounded surfaces with 
cases of walking impairment were due to bumper heights rounded top and bottom edges would reduce bumper leg 
at or above 400mm. In an anthropometry-dependent forces, maximum bending and crushing stresses, and leg 
proposal, it is suggested(26) that the bumper should be rebound velocity(22). 
below the height of the adult knee and below that of the 

child’s pelvis (6-year-old’s height). This indicates the need 

for anthropometric data on the population at risk 

(Writer’s note). Devices: Head Injury Mitigation 

A height of 375mm from ground to top of bumper in 

semi-laden conditions is proposed(22). Such a bumper It is stated(29) that pedestrian kinematics can be 

should have energy-absorbing characteristics with a yield controlled so impact is as close as possible to the bonnet 

of at least 100mm. The same author(24) later suggests, center, which has a built-in honeycomb structure for 

however, that the following configuration (bonnet height: impact energy absorption. No results, however, are 

700mm, combined with either a bumper at 375mm or a provided: 

bumper lead of about 150mm or more) may allow 

excessive torso rotation and increasing risk of head, 

ground impact. It is stated that, in experiments, the 

500mm bumper always reduced risk of head-windscreen Devices: Induced Kinematics 

surround impact. The combination finally proposed is as 

follows: For thoracic/head impacts to the bonnet, both A low-mounted energy-absorbing bumper (yield: at 

adults and children would seem to benefit from the least 100mm) and bonnet leading edge (yield: at least 

700mm bonnet height, a 50mm bumper lead, and, to 150mm; preferably much more) would help direct the 

reduce leg injuries, acrushable 500mm bumper(combined pedestrian head toward a suitably designed energy- 

with a crushable secondary bumper mounted at 300 to absorbing bonnet(23). A device has been developed to 

350mm and below and about 50mm behind the primary retain adult pedestrians on the bonnet and to help lift a 

bumper), child onto it(22). It is also suggested(40) that a hood with 

From epidemiological research(13), it was established a high coefficient of friction of its surface could increase 

that the bumper level parameter has no effect on healing head protection when the pedestrian’s arm or elbow 

time. interacted with it. 
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Epidemiology (Related to Test Conditions) injuries appear to be age-dependent(8). In a later study(9), 

the same author reported (N:211) assessed impact speeds 

~mpact Direction--Pedestrians are normally struck from as less than 20kmi h: 12 percent; 21 to 40ki!!h: 57 

the side (79 percent of a sample of 211 at ~22.5° to the percent; 41 to 60kin/h: 25 percent; and above 60kin/h: 4 

vehicle’s path(8); almost always laterally(5); laterally in percent. 

84 percent of cases (N:87)(39). NB Cadaver experiments 

indicate(15) that, when laterally impacted, pedestrian 
Research Needs 

head impact speed is approximately the same as car 

impact speed; when impacted to their front; it is higher. Epidemiological--With so much attention directed at 
Pedestrian Pace at Impact---Two epidemiological narrowly limited body segments and injury mechanisms, 
studies(39,8) provide data: for the former, 42 percent 

it is not surprising that there is a ca11(32) for close 
walking, 47 percent running, and 8 percent standing. For 

examination of overall injury potential. A part of this 
the latter, 25 percent of adults less than 60 years old and close examination should apparently be long-term effects: 
76 percent of children were running. Leg injury effects are not well correlated with primary 
Average Vehicle Proflle~--In (39) this was unloaded injury severity nor impact speed(!3), and more research is 
bumper height 420ram, front face upper edge 730mm, 

needed. The same theme is cited(31) in relation to knee 
and distance from front face to windscreen 1,110mm. i~iuries that may lead to degenerative arthritis. He states 

that recognition and early treatment of extremity injuries 

~mpact Speeds should decrease long-term disability. 

In another area, it is suggested(7) more data are needed 

It is thought worthwhile to draw up these data in a to resolve areas of conflict (quantification of trade-off 

collated form in spite of the fact the source documents factors such as those in the field of bumper height 

reporting on experimental and epidemiological studies optimization for adult versus child pedestrian protection). 

and the data are of different types (based on samples of Methodological-There is a call for more complex test 

different size and representativity for the accident data procedures that take account of hip reaction forces and 

and on different test conditions for the experiments). The knee joint angulation(10) and for a more precisely 

following has been noted: defined injury-scaling method for bumper-leg contact(1). 

Speed or Test Conditions (See Also Epidemiology) 

speed b and Remarks and source 
(kin h) Dummy!Cadaver Posture--The portion of the walking 
t 7 AIS 3 injuries occur at speeds as low as cycle that gives the most serious impact loading is with 90 

this(1 ) 
20 No vehicle contact injuries (N:211 ) at less percent of body weight on the fully extended leg closest to 

than this(8) the vehicle(32). Dummies should be free-standing due to 

20~25 Risk of severe injury exists laterally and the influence on kinematics of foot friction(11); the 
frontally(15) reduction of ground contact forces increases angular 

20-35 Ligament strain noted(10) rotation, which can sometimes lead to greater head 
24.8 Side impact leg fracture threshold(*)(18) 
32 Frontal impact leg fracture threshold(*)(18) impact velocities (idem). 

Speed arbitrarily selected for experiment as Vehicle Pitch (Influence on Bumper, Etc., Dynamic 

being the fatal impact speed threshold(40) Height) ~ -The vehicle had started to brake in 54 percent 

N 33 tn a pedestrian accident sample (N.72)50 of cases (N:87)(39); in 30 percent of cases (:363)(t0), 
percent were at impact speeds below Bumper mismatch, caused by vehicle pitch, can increase 
this{37) 

vehicle damage but may mitigate pedestrian injuries(7). 
34 Mean impact speed in fatal and nonfatal 

accidents(5) Other Points-- In mathematical simulations, the method 

35-45 Complete ligament rupture noted(lO) of modeling joint dynamic and static properties is 
36 Average impact speed(N:87): 29km/h for critical(40). 

injured; 51 km/h for killed(39) 
40 Probable limit to pedestrian protection(24) 
50 No adult life-threatening/fatal contact injury 

at less than this(8) Vehicle .Aggressiveness: Ranking Methods 

No cadaver age or bone condition da’~a were given. The mechanical leg model developed(2) can probably 

become an instrument for ranking bumper aggressiveness. 

The demographic/anthropometric scatter of the pop- The development is also reported(24) of a local impactor 
ulation at risk takes on its full meaning when one reads device for use horizontally (bumper-knee) or vertically 
that at comparable impact speeds vehicle front contact (head-bonnet). 
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Vehicle Aggressiveness and Upgrading Priorities 
prevention by vehicle design," Chalmers Tekniska 

HiSgskola G6teborg, Transport Research Delegation 

While the bumper has been stated to be the most 
Stockholm, Commission of the European Corn- 

......... aggressive zone for adults and the bonnet for child 
munities, Brussels, 1981. 

injury(5), the point is made(13) that car front aggressive- 
4. Anonymous, One-page summary in"The voice of the 

hess cannot finally be judged without noting long-term 
pedestrian’(international Federation of Pedestrians) 

effects of injury. In accident samples, the bumper is 
of: Fosser, Stein, "Under-run guards and lorries--an 

reported on as follows: Among lower extremity/vehicle 
investigation into the feasibility of reducing the 

........... injuries, the bumper was responsible for 70 percent and 
severity of injuries resulting from collisions between 

............ the top part of the front end for 30 percent(N:87)(39), 
heavy vehicles and other road users," Institute of 

Also, 55 percent of nonminor leg injuries (N:211) were 
Transport Economics, Oslo, 1980. 

attributed to the bumper and a further 36 percent to the 
5. Appet, H., G. Stuertz, and I~. Gotzen, "Influence of 

front structure above the bumper(9), 
impact speed and vehicle parameters on injuries of 

children and adults in pedestrian accidents," Pro- 
From an analysis (N:292) of accidents, the requirements 

of the age groups less than 15 years old and t5 years or 
ceedings Second IRCOBI Conference, 1975. 

6. Appel, H., G. Stuertz, and S. Behrens, "Influence of 
........... more were stated(38) to be different and to suggest the 

need for two levels of reaction forces for some vehicle 
front-end design of pasenger cars on injuries of 

exterior elements (such as bumper contact stiffness). The 
pedestrians on car-to-pedestrian collisions," Pro- 

same author(37,38) more generally suggests that vehicle 
ceedings Third 1RCOBI Conference, 1976. 

features, including their deformation characteristics, 
7. Appleby, Bintz L.J.,"Realworld relevanceofbumper 

should be adapted to the biomechanical load values of 
standards," Automobile Club of Southern California, 

........... SAE Paper 760063, 1976. 
........... victims’ body segments contacted and that vehicle layout 

upgrading priorities should be based on such capacities in 
8. Ashton, S.J., J.B. Pedder, and G.M. Mackay, 

"Pedestrian injuries and the car exterior," SAE 
an age-dependent way. 

The problem is shown as being not only to upgrade 
Paper 770092, 1977. 

vehicle features but also to combat the deleterious effects 
9. Ashton, S.J., J.B. Pedder, and G.M. Mackay, 

of some add-on items: Bullbars (as used in Australia)(16) 
"Pedestrian leg injuries. The bumper and other front 

........ structures," Proceedings Third IRCOBI Conference, 
........ amplify front end aggressiveness and negate the effects of 

1977. 
positive design features. 

10. Ashton, S.J., J.B. Pedder, and G.M. Mackay, 
"1 nfluence of vehicle design on pedestrian leg injuries," 
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Impacts 11. Bacon, D.G., et al., "Bumper characteristics tor 

improved pedestrian safety," Proceedings 20th Stapp 
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occupants, achieved by side door reinforcement beams, and B. Roos, "Experimental studies on leg injuries in 
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Side Impact Aggressiveness Attributes 

Michael W. Monk problem definition, surrogate development, and demon- 

U.S. Department of Transportation, National 
stration of improved performance. The improved perfor- 

Highway Traffic Safety Administration 
mance was achieved by strengthening the side structure 

and adding interior padding to the side interior. 
The effort described here was a first step toward 

Donald T. Willke understanding potential alterations to the fronts of 
The Transportation Research Center of Ohio vehicles that would reduce the potential for occupant 

......... thoracic injury when these vehicles strike other vehicles in 

Abstract the side. It represents a recognition of the long-range 

nature of the front/side compatibility issue. 

Three specific alterations to vehicle frontal charac- 
Thoracic injury to the near side occupant in a side 

teristics were included for consideration in this research: 
collision is normally caused from contact with the struck 

vehicle’s crushed side structure engaged by the striking 
reduction of the frontal crush strength; lowering the hood 

vehicle’s front end. Extensive research has already been 
height; and lowering the bumper height to allow side sil~ 

done to investigate the effect that strengthening and 
engagement. 

padding struck vehicle side structure has on occupant 

safety. This study investigated the effect that altering the Objective 
striking vehicle front end characteristics has on occupant 

safety in a side impact, The objective was to identify which of the three 

The National Highway Traffic Safety Administration’s candidate characteristics could provide the most benefit 

(N HTSA) moving deformable barrier (MDB) was used to occupants in side-impact collisions. The characteristic 

to conduct 12 crash tests. Three different types of that, when altered a reasonable amount, caused the 

honeycomb barrier faces were used, each representing a largest reduction in occupant thoracic injury potential 

front end characteristic change. These were a reduction in was the one to be recommended for future research. 
stiffness, a lowering and tapering of the hood profile, and 

a lowering of the bumper. The alterations were believed Background 
to represent achievable production vehicle changes. 

Each of the altered frontal designs were tested four 

times, striking baseline and padded Volkswagen Rabbits 
The research described used a dynamic crash test to 

at both 60° and 90° configurations. In each case, the 
measure the level of safety of a vehicle. This type of 

simulated striking and struck velocities were 35 and 
testing is relatively complex and was performed in an 

17.5mph, respectively. The occupant responses and 
attempt to simulate in the taboratoryas many aspects of a 

relative benefits from each of these concepts are shown 
highway accident as possible. The test involved the 

and discussed, 
placement of two Side Impact Dummies (SID’s) in the 

struck vehicle (one in the driver and the other in the left 

rear seated positions). The SID has been documented in 

Introduction other presentations(!,2). Measurements of acceleration 

and displacement were taken at the following locations in 

In May 1984, NHTSA summarized the results of the the SID: 

near-term research toward improved side-impact thoracic ¯ Lateral accelerations--left upper rib, left lower 

protection(1). This near-term research effort consisted of rib, upper spine, lower spine, head, and pelvis 
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® Longitudinal accelerations--upper spine, lower achieved through modifications to the struck vehicle will 
spine, head, and pelvis be compared with those achieved through changes to the 

o Vertical accelerations--upper spine, lower spine, striking vehicle in a later section. 
head, and pelvis 

Lateral displacement --left ribs relative to spine 
Test Conditions 

&It of the lateral accelerations in the thorax were 

measured redundantly to assure capture of these data. 

The lateral accelerations of the ribs and lower spine were Selection of Test Conditions 
used to estimate the thoracic injury potential of the test 

environment using the Thoracic Trauma Index (TT1) In the previous section, the crash configuration was 

criterion presented at the 1984 SAE Government/Industry reviewed. Two angles, 60° and 90°, a speed combination 
Meeting(2). of 35/17.5mph, and an impact area were derived. In 

The crash test mode and the severity level were the formulating the project, it was further decided the testing 

same as derived for Crash Test Matrix II(1) and will be would be conducted in both padded and unpadded 
re~ie~ed briefly here. All conditions were derived from a interior conditions. The reason for this was to allow 

study of thoracic injury-producing side-impact accidents application of these test results as to whether or not 
in the National Crash Severity Study. It was found that future vehicles use interior padding such as that tested in 
for the serious-to-fatally injured cases, roughly the same earlier programs. This resulted in !2 tests being planned 

numbers of oblique and near perpendicular impact for the evaluation of frontal characteristics of striking 
orientation were present. Impact angles of 60° and 90° vehicles. The test conditions are shown in Table 1. Note 
have been used to represent these two groups of impact that each test at an alternate level has a corresponding 
orientations. An impact area was also derived from the test at the standard level for comparison. The comparison 
file. Basicalts, the left edge of the striking vehicle was tests were conducted under earlier agency test programs, 
aligned with a vertical line on the left side of the struck with the test number shown on Table l. 
,.chicle. The vertical line was 37in forward of the 

Table 1. Test conditions for evaluation of frontal char- 
midpoint of the wheel base. The severity level was derived 

acteristics 
in tae form of traveling velocities for the striking and 

struck vehicle. A 35 and 17.5mph velocity combination 600 .90o 
,aas found to be an average among the serious-to-fatally MDB 
injured cases. Front Padded Unpadded Padded Unpadded 

The striking vehicle used for the study was the NHTSA Reduced 
MI)B. Yhe barrier design was reviewed in (!). The MDB Stiffness 840905 840713 840913 840621 

was configured to a weight of 3,000 lb to represent a Lowered 
median x~ eight of the striking vehicle for inj ury-producing Hood 84~ 008 841001 841015 840919 

side impacts in the United States. The wheels of the M DB Lowered 
~ere adjustable to allow the simulation of two-vehicle- Bumper 841 204 841109 841120 841026 

moving collisions when, in fact, the struck vehicle is Standard 
stationary. A wheel setting of 26° was used in the 90° Matrix II 8310t3 830505 830930 3144-6 

impact orientation and a ~heel angle of 199 for the 60° 

orientatiom Derivation of Frontal Characteristics 
Fae above test conditions, derived for the Matrix II 

tests, were used for testing in this effort. Most of the This section describes how the improved levels of each 
Matrix II tests and all of the tests for this research were of the three frontal characteristics were chosen and 
performed at the Transportation Research Center of reviews the fabrication procedure used. As stated earlier, 
Ohio (FRCO). A test report (available upon request) it was the intent of the project to use reasonable values for 
documenting the conditions and results of each test was each of the alterations, that is, to attempt to select 
submitted by TRCO. These results are summarized in alternate levels that were believed to be within the present 
this report, or near future state-of-the-art. It was decided the baseline 

It was found from the Matrix II testing with VW for comparison of frontal characteristics would be the 
Rabbits that interior padding alone resulted in a significant NHTSA MDB. The primary reasons for this decision 
reduction of rib accelerations, but that both padding and were the ease and repeatability of testing. The various 
structura! reinforcement were required to significantly types of alterations were then accomplished by the use of 
lower both rib and spinal accelerations. "Fo allow the various types of honeycomb fronts for the MDB. 
results of the previous work to be compared with the The standard front for the MDB is documented in a 
frontal modification work, the VW Rabbit was again series of drawings, which are in NHTSA Docket No. 
used as a target vehicle. The relative improvement 79-04. Figure 1 gives most of the frontal geometry and the 
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Figure 1, Standard MDB honeycomb face assembly 

specified crush properties. The alterations of frontal m(v~ - v~) 

characteristics wil] be presented relative to the standard F = 

geometry and crush properties. 2x 

Frontal Crush Strength 
x = amount of crush 

The core material of the MDB is made of aluminum m = test mass 

honeycomb and has a specified level of crush strength of vo = initial velocity 

45 + 2.5psi. It should be pointed out that the term crush v~ = velocity at crush x 

strength is used here in the same context that most of the 
honeycomb manufacturers use it, i.e., an average force The relationship used to derive the average "k" for an 
level divided by the average area. Thus, it is given units of assumed ramp shape was as follows: 
pressure or stress. 

The present barrier face was shown in (1) to represent 
the stiffness of a vehicle such as the AMC Concord. The m( v02 - v~2 ) 
Concord was found to be relatively stiff in laboratory k = 
crash testing. The Chevrolet Celebrity was found to be x2 

one of the softest vehicles. It seemed reasonable, therefore, 
to select a barrier face stiffness that approximated the These equations were applied to crash test results of the 
stiffness of the Celebrity. One simplified basis formaking Concord, MDB, and Celebrity. Since the MDB face 

this selection was to use the energy equation and assume a "bottomed out" beyond 15in of crush, the values for each 
square wave pulse shape. The average properties for an pulse shape were derived at 15in. The Concord and 
assumed ramp shape pulse were also computed. They Celebrity values were also derived at maximum crush. 

were not used in the selection process but were of interest Table 2 contains a summary of this analysis. 

because the force versus deflection curves were somewhat An approximation to honeycomb crush strength 

ramp-like. The relationship used to derive the average representative of the Celebrity was obtained by dividing 

"F" for an assumed square wave was as follows: the square wave force value by the surface area of the 
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Table 2. Front end stiffness analysis 

Force, based on Stiffness, based on 
Square Wave Ramp 

Vehicle Test 

Number 15" Max Crush 15" Max Crush 
(lb) (Ib) (Ib/ft) (Ib/ft) 

Concord Cal-30829470 69,000 78,000 110,000 81,000 

MDB TRC-820528 69,000 N/A 110,000 N/A 

Celebrity, DOT-HS-9-02274 27,000 47,000 44,000 31,000 

MDB face (1,452in2). The values obtained for 15in crush 25in off the ground would be representative of one of the 

arid maximum crush were 18.6 and 32.4psi, respectively, lowest hood profiles currently produced. In addition, as 

(Values representing the Concord, derived similarly, reported in (3), a striking vehicle with this hood height 

were 47.5psi and 53.7psi, which were close tothe specified would contact the door of a VW Rabbit (the struck 
barrier face crush strength of 45 +_ 2.5psi.) A value of vehicle in this study) below the ribcage of a normally 

25psi was selected as the crush strength for the reduced seated SID dummy. 

stiffness barrier front. Many of the vehicles sampled had hood profiles that 

sloped upward from the front to the rear. This was 

Lov~ering the Hood Height especially true for vehicles with relatively low front edge 

hood heights. For this reason, the lowered profile barrier 

fronts were also designed to slope upward. Over the 15in A sampling of the front end profiles of 20 passenger 

~ehicles was done(3). The results are given in Table 3. depth of the barrier fronts, the hood profile would rise 

From this, it was judged that a front edge hood height of from 25 to 29in. 

Table 3. Hood profiles 

ht* Distance from Front 
(in) of Bumper* (in) 

~ Datsun 280 Z 22.7 (29.5) 6.3 (19.3) 
~ Isuzu Impulse 25.9 5.5 

Honda Prelude 25.9 6.5 
~ Toyota Camry 28.6 5.4 
~ Plymouth Turismo 288 10.0 
~ M~tsubishi Starion 28.9 10.1 

Nissan Sentra 29.4 8.0 
Toyota Celica 29~4 10.0 

Chevrolet Cavalier 29.8 6.5 
Plymouth Horizon 30.1 7.0 

Mercury Lynx 30.4 6.8 
Dodge 600 30.6 6.8 

Chevrolet Chevette 30.9 6.6 
Buick Skylark 31.0 5.0 

Ford Thunderbird 31.4 7.8 
~ Datsun 810 Wagon 31.6 4.0 
~ AMC Spirit 31.9 7.8 

Ford LTD Wagon 32.4 (34.6) 4.5 (9.0) 
Volvo GL 33.2 5.0 

Ford Bronco 39.6 (42.5) 2.3 (5.8) 

~    Average 30.1 6.6 

L ~ Current MDB 
33.0 4.0 

*Measurements taken at major bend in front end of vehicle 

()Measurements taken at second bend, if present 
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Lowering the Bumper Reduced Crush Strength Barrier Faces 

Federal Safety Standard 215 specifies a zone in which Four faces were constructed that had a crush strength 

an impact surface will hit the front of a vehicle. This has of 25psi +--- 10 percent. To accomplish this, the honeycomb 

the effect of regulating bumper heights. A sampling of material that comprised the main core of the face had this 

bumper heights is shown in Table 4. This sample placed reduced stiffness. The bumper honeycomb material had 

the center of the bumpers for passenger vehicles between the standard crush strength of 245psi. Finally, the 

17 and 18in above the ground. The bottom of the geometry of these faces had the standard dimensions. 

bumpers ranged from 13 to 16in. 

Table 4. Bumper profiles _ Lowered Hood Height Barrier Faces 
=all= 

Vehicles Bumper Height (inches) The main core and bumper honeycomb materials for 

Bottom Center Width these four faces had the standard crush strength of 45psi 

Datsun 280 Z ! 5.0 16.8 3.6 and 245psi (+10 percent), respectively. Figure 2 shows 

lsuzu Impulse 14.9 17.4 4.9 the cross-sectional shape of these faces compared to those 
Honda Prelude 1 6.1 18.3 4.3 
Toyota Camry 1 5.6 18.3 5.4 with the standard geometry. Note the bottom edge of the 

Plymouth Turismo 1 2.9 17.2 8.6 face and the bumper remained the same distance from the 
Mitsubishi Station 14.3 17.9 7.1 

Nissan Sentra 14.1 1 7.6 6.9 ground as the standard. The front hood edge, though, 

Toyota Celica 14.4 18.1 7.3 was lowered by 8in and the rear hood height was 4in 
Chevrolet Cavalier 14.8 17.6 5.6 
Plymouth Horizon 1 5.2 17.6 4.7 lower than the standard. 

Mercury Lynx 15.3 18.0 5.3 
Dodge 600 13.0 17.0 7.9 

Chevrolet Chevette 13.8 16.8 6.0 Lowered Bumper Barrier Faces 
Buick Skylark 14.5 17.0 5.0 

Ford Thunderbird 13.9 17.7 7.6 
Datsun 810 Wagon 14.4 17.0 5.1 As with the lowered hood height faces, the main core 

AMC Spirit 13.6 16.9 6.5 
Ford LTD Wagon 13.4 17.4 8.0 and bumper honeycomb materials had the standard 

Volvo GL 14.4 17.2 5.5 crush strengths. As Figure 2 indicates, the hood height 
Ford Bronco         18.5 21.6    6.1 and profile were also standard. Note, though, that the 

Average 14.6 17.7 6.1 bottom edge of the face was lowered by 4in while the 

Current MDB 13.0 17.0 8.0 bumper position was !owered by 5in. The actual dimen- 

sions of the bumper did not change. 

The centerline of the bumper of the M D B is 17in above MoviD0 Deforrn~lbl.__e 

the ground, which matched well with the vehicles 

measured. Since there was a 5in offset between the ~°’~ 

alignment ofthe MDB bumper and the side sill ofthe VW 

~ 
t 

~ 

Rabbit, the alternate bumper height for the MDB was 

then set at 5in lower than the standard. The lower portion 

of the altered bumper was then 8in above the ground. 
20. 

The hood height was kept the same for these fronts, so 

as not to confuse the results with the lowered hood height 

fronts. These fronts were thus larger in cross-sectional 

area than the standard fronts. 
Figure 2. Altered MDB honeycomb face profiles 

Simulation of Frontal Characteristics 
Crash Test Results 

Each of the frontal characteristic alterations mentioned 

in the previous section was incorporated into the design Twelve crash tests were performed to investigate the 

of an MDB honeycomb face. The surface area of the effect that altering strikingvehicle front end characteristics 

lowered hood and lowered bumper fronts was different has on struck vehicle occupant safety in side impacts. 

than the standard. Because of this, either the localized 
Each of the three different MDB front designs were 

unit crush strength or the overall crush force had to be involved in four different crash tests. For each test, two 

different from the standard front. It was judged more SID’s were used: one as a driver, the other as a left rear 

important to maintain the unit crush strength (i.e., use passenger. 

45psi core materia!) and let the total load on the struck Tables 5 through 7 list the lateral rib, spinal, and pelvic 

car vary. The effect of this will be discussed later, accelerations (in g’s) as well as the calculated HIC values 
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for each dummy of each test. Table 8 lists these same Table 7. Lowered bumper barrier face 
results obtained from similar Matrix II tests using the 

standard MDB fronts. 90o 60o 90o 60° 

Driver baseline baseline padded padded 
Table 5. Reduced crush strength barrier face 

"~""" Up. Rib 132.6 241.3 102.7 83.4 
90° 60° 900 60° Lo. Rib 168.1 258.6 91.1 103.1 

Driver baseline baseline padded padded Up. Spine 111.3 205.8 105.2 126.8 
Lo. Spine 208.1 217.7 128.0 160.0 

Up Rib 110.1 165.9 91.9 132.6 Pelvis 216.6 * 107.2 204.1 
Lo. Rib 118.0 202.7 81.9 117.2 HIC 616 1831 852 1440 

Up~ Spine 117.0 187.6 76.2 167.0 
Lo. Spine 157.1 159.5 97.7 180.7 Passenger 

Pelvis * 239.6 92.3 322.5 
HIC 1220 3990 1067 3414 Up. Rib 77.7 144.3 75.5 122.9 

Lo. Rib 67.6 135.4 72.5 94.5 
Passenger Up. Spine 64.1 164.2 81.8 77.1 

Lo. Spine 76.2 145.7 98.6 121.5 
Up. Rib 63,2 131.0 46.7 68.9         Pelvis * 102.7 87.5# 89.4# 
Lo. Rib 83.4 162.8 54.5 79.1 HIC 1583 1236 1066 745 

Up Spine 69.6 159.0 42.7 73.0 
Lo. Spine 72.8 109.8 56.7 95.8 , 

Peak acceleration not available due to intermittent rattling of the 
Pelvis 158.1 142.7 * 110.6 accelerometer 

HIC 657 2545 477 1173 # Peak acceleration is an estimate only, due to intermittent rattling of the 

- accelerometer 

Peak acceleration not available due to intermittent rattling of the 
All tests simulatea 35/17,Smphcollision 

acceterometer 

AI test simulate a 35/17,5mph collision 

Table 6. Lowered hood barrier face 

90° 60° 90° 60° Table 8. Standard barrier face 
Driver baseline baseline padded padded 

Up. Rib 74.1 84.6 54.4 87.0 90° 60° 90° 60° 
Lo. Rib 93.5 72,7 55.2 67.1 Driver baseline baseline padded padded 

Up. Spine 67.8 73.1 73.3 95.8 
Lo. Spine 72.2 67.5 96.7 115.2 Up. Rib 185.6 185.7 102.3 93,9 

Pelvis 234.0 * 142.5 264.2 Lo. Rib 171.8 241.3 114.6 117.6 
HIC 3008+ 5147+ 946+ 3569+ Up. Spine 153.6 217.1 115.1 166.0 

Lo. Spine 127.9 151.9 135.5 160.1 
Passenger Pelvis 220.5 2 ! 7.8 187,7 326.7 

HIC 681 3322 944 3691 
Up. Rib 52.7 80.6 43.3 55.4 
Lo. Rib 82,1 83.4 47.3 88.2 Passenger 

Up. Spine 56.1 72.8 53.4 68.7 
Lo. Spine 52.2 98.5 65.2 103,1 Up. Rib 128.4 149.4 57.0 79.0 

Pelvis 17 t .6 189.5 126.9 198.4 Lo. Rib 179.1 188.2 67.0 99.2 
HIC 484 2724+ 855 590 Up. Spine 75,2 139.9 57.5 85.5 

Lo. Spine 110.3 115.4 86.0 98.3 
Peak acceleration not available due to intermittent rattling of the Pelvis 147.6 183.5 174.1 176.4 
accelerometer HIC 988 1810 1012 884 

÷ Va~ue artificially high due to the head impacting the MDB face mounting 

p~ate All tests simulate a 35/17.Smph collision 

Alt tests simulate a 35*17,Smph collision 

Several of the pelvic responses were not reported on the rattling occurred at the peak. An estimate was 
these tables. The reason for this was that an unexplained possible for a couple of them since the rattling occurred ............. 
rattling occurred on these acceleration signals. This near, but not at, the peak. As can be seen in these tables, ...... 
problem was not new to this study for it appeared the reduced stiffness MDB faces produced peak driver. 
frequently in crash tests of previous projects. For most of pelvic accelerations that were 0,3 percent higher on 
these, it was not possible to estimate a pelvic response as average than those of the corresponding standard MDB 
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face tests. Similarly, the lowered hood fronts produced a percent chance of receiving an AIS 3 or greater thoracic 

2.2 percent decrease while the lowered bumper fronts injury. The introduction of door padding alone reduced 

resulted in a 19.4 percent decrease, this average possibility to 82 percent, while the combina- 

....... It is also noted that the driver H1C values listed in tionofpaddingwithsidestructuralmodificationsreduced 

....... Table 6 (lowered hood crash tests) are unusually high. this to 61 percent. All these tests were performed using a 

These barrier faces had two effects. The first was that the standard honeycomb front on the MDB. 

striking vehicle front end penetrated the occupant com- Presently, an upgrade to FMVSS 214 is under con- 

partment further than it did in the other crash tests. The sideration. Based partially on the results of Matrix II, this 

second was that the submarining of the lowered profile upgrade would require a certain level of occupant safety 

............ front end caused the dummy to rotate, pelvis toward the to be maintained in a side impact crash test. Since the 

............ roof, rather than just pushing the entire dummy across future of this upgrade is at this time undetermined, two 

the arc. The result of these effects was that the dummy’s separate cases are examined. In case A, it is assumed that 

head struck the barrier face mounting plate. Although no no FMVSS 214 upgrade has been enacted. Consistent 

such structure is present in a real car, the rotation of the with that assumption, effects of the MDB front alterations 

dummy did cause the head to contact the hood of the have been determined on unpadded baseline cars. In case 

........ striking vehicle, which was an infrequent occurrence in B, it is assumed that an upgrade to FMVSS 214 is in 

.......... tests using standard MDB faces. This may indicate that place. Accordingly, effects of barrier modifications have 

additional head protection would be required if future been determined on cars containing additional interior 

cars are built with lowered front end profiles, padding. 

As mentioned, Matrix II explored the possibility of Again, averaging the results of the 60° and 90° tests, 

reducing the thoracic injury to an occupant of a car Figure 4 presents the results of the tests done with no 

.......... struck in a side impact collision through structural and additional padding (case A). In this and the following 

...... padding modifications to the side of the struck car. figure, the Matrix II results from structurally modified 

Figure 3 shows a summary of these tests, averaging 60° and padded struck cars are shown on the left of the figure, 

and 90° test results. As an average, a 23-year-old driver in while the results of the frontal alterations are shown on 

the baseline vehicle (VW Rabbit) would have had a 97 the right. This provides a direct comparison of benefits 

Stan~a~l ~DB F~onts Case ~ - no u~,ade in si~e i~aot ~e~ire~ent 

o 

Figure 3. Struck vehicle study--matrix II results--dri’      Figure 4. Comparison of striking and struck vehicle 
ver                                                        studies--driver--case .~ 
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derived from altering the front of the striking vehicle with The most important portion of Figure 5 deals with the 
those derived from modifying the struck vehicle. The lowered hood tests. Even withoutstructuralmodifications, 
reduced stiffness and lowered bumper tests showed little these tests produced a much lower thoracic injury 
change in the thoracic injury probability from the potential than the fully modified vehicle tests of Matrix 
baseline tests done with standard M DB fronts. However, I1. For a 23-year-old driver, the probability of an AIS 3 or 
the lowered hood tests produced a large reduction in greater thoracic injury fell from 61 percent to 28 percent: 
injury probability. For a 23-year-old driver, the average The effect of the addition of structural modifications, 
chance of receiving an AIS 3 or greater thoracic injury although not known, would probably be to reduce this 
went from 97 percent for the standard MDB front to 11 injury potential further. 
percent for the lowered hood MDB front. This was an The appendix contains complete listings of the proba- 
even lower injury potential than that from the least severe bilities for receiving an AIS 3 or greater, 4 or greater, and 
tests of Matrix II (modified structure and additional 5 or greater thoracic injuries for both 23- and 41-year-old 
padding- 6l percent), drivers and passengers. 

Case B is presented in Figure 5. The altered MDB front From these results, it appears that since the lowering of 
test results represented here aretheaverageofthe60° and the striking vehicle hood height reduced the dummy 
90~ padded tests of each type. Again, based on average thoracic responses substantially, the injury an actual 
thoracic injury probabilities, the reduced stiffness and occupant receives should also be reduced. While it is 
lowered bumper tests did not perform :as well as the likely this is true, there was an oddity in the data that 
modified vehicle tests of Matrix II (64 percent and 73 merits discussion. The following addresses this point. 
percent versus 61 percent). Although no vehicles with Table 9 lists the lateral chest deflections for the 12 crash 
structural modifications were tested in this project, it is tests performed for this investigation as well as for the 4 
reasonable to assume that the addition of such modifica- comparable tests from the Matrix 11 study. A standard 
tions for the reduced stiffness and lowered bumper tests deflection ranges from 1.8 to 2.0in. The reduced stiffness 
would further reduce the above injury potentials The and lowered bumper tests resulted in chest deflections 
extent of this is not known, that were within this range. The !owered hood tests, 

though, had much lower values for this measurement. 

Particularly low was that from the 60° baseline test. 

c~, ~ - ~a, ~o ,~a, ~,~o~ ,o~ .... ~ One explanation for this was that the thorax may not 

............... have been loaded directly due to the submarining action 
~ 

N] .......... described previously. This could have reduced deflection 

’~ ......... and acceleration of the ribcage and spine. In this case, the 

actual thoracic injury an occupant would have received 

would indeed have been reduced. 

~ 
Another possibility was that the lowered hood MDB 

fronts caused an unusually large amount of nonlateral 

loading on the SID ribcage and spine. Since the chest 

....................... deflection potentiometer and rib accelerometers were not 

~ ~ ~ omnidirectional, they may not have measured a significant 

: ~ ~ ~ t portion of the total responses. 

Nonlateral accelerations were measured at the upper 

and lower spine locations. Table 9 lists the lateral and 

resultant peak accelerations (in g’s) for the upper and 

lower spine of the driver dummy for each of the tests. As 

an indication of the magnitude of the effect of the 

[ nonlateral responses, the percentage increase of the 

~° i ,~ resultant as compared to the lateral peak is also included. 

This table would seem to indicate, with one exception, 

~°, the effect of nonlateral loads on the spine was no greater 

~o ! 
for the lowered hood crash tests than they were for the 

others. This exception was the baseline 60° test, which, as 

} ! ~ 

~ 
! 

mentioned previously, also had a very low chest deflection. 

- ~ -~ I 
I n the lowered hood crash tests, there was no structure 

1 ~ -’ -’ _, immediately contacting the upper door as there was in the 

tests involving the other MDB fronts. Since the thorax of 

Figure 5. Comparison of striking and struck vehicle the dummy contacted this portion of the door, the door- 
studies--driver--case B to-thorax impact caused the door to indent around the 
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Table 9. Comparison of lateral and nonlateral responses 

Test Latera! Driver Spinal Accelerations (g) 

Chest 
Type Deflection Upper result. Lower result. 

(in) lateral delta lateral delta 

25psi 
....... has,90 2.01 117 126 7.7% 157 161 2,5% 

bas,60 1.82 187 203 8.6% 159 169 6.3% 

pad,90 1.96 76 77 1.3% 98 99 1.0% 

pad,60 1.92 167 172 3.0% 181 181 0% 

Low Hood 
bas,90 0.91 68 73 7.4% 72 78 8.3% 

..... bas,60 0.19 73 131 79.5% 68 69 1.5% 

pad,90 1.07 73 74 1.4% 96 105 9.4% 

pad,60 0,77 96 98 2.1% 115 116 0.9% 

Low Bump 
bas,90 1.91 111 ] 20 8.1% 208 224 7,7% 

bas,60 1,92 206 209 1.5% 218 221 1.4% 

........ pad,90 1.83 106 110 3.8% 128 130 1.6% 

pad,60 J 127 128 0.8% 160 164 2.5% 

Standard 
has,90 1.88 154 157 1.9% 128 135 5.5% 

has,60 1.91 217 223 2.8% 1 52 160 5.3% 

pad,90 1.80 115 116 0.9% 135 136 0.7% 

...... pad,60 1.82 166 169 1.8% 160 161 0.6% 

thorax. As is often the case for 60° impacts, the hinges would receive an A1S 3 or greater thoracic injury in both 

tore away from the A-pillar in both the padded and 
this study and in the Matrix I1 study. As before, 60° and 

unpadded 60° lowered hood tests. The combination of 90° tests are combined and two cases are considered. In 

the door being bent around the thorax and the loose door case A, the lowered hood M DB fronts pr, 0duced the most 

being forced rearward may have caused the unusually benefit to the occupant as compared to the other MDB 

high amount of nonlateral loading on the thorax for the faces. Thoracic injury probability was reduced from 82 

unpadded test. Although the damage to the doors was percent for the standard front to 15 percent for the 

similar in the two tests, the additional padding may have lowered hood front. 

lessened the effect of this indentation to cause nonlateral In case B, the reduced stiffness MDB faces produced 

loads on the thorax. If this was true, the lateral results of 
the lowest chance of serious thoracic injury for the 

this test do not give the complete picture. Even if this were vehicles without structural modifications (13 percent). 

so, the overall findings of this study would not change. The lowered hood fronts were only slightly higher (17 

It is also possible, however unlikely, that nonlateral percent). Both of these MDB fronts performed better 

loading occurred on the ribcage, not measured by the than the standard front did under the same level of struck 

chest potentiometer or the rib accelerometers, that did 
vehicle modification (22 percent), tf these tests were 

not translate through to the spine. Since the ability of the repeated using structurally modified cars, it is reasonable 

SID to measure nonlatera! loading on the ribcage is to assume that these probabilities would be reduced 

uncertain, no judgment was made as to which of the further. The extent of this reduction is not known. 

preceding explanations is correct. A further investigation Finally, the results of the reduced stiffness tests helped 

would be necessary to make this determination, to evaluate the decision to use 45psi honeycomb in the 

Since the passenger dummy responses are generally lowered hood and lowered bumper MDB faces (see 

used less frequently than those of the driver, these results previous section). The 25psi fronts used for the reduced 

are only summarized here. Complete responses are listed stiffness tests represented a 44 percent reduction in both 

in Tables 5 through 8 and in the appendix, 
overall and localized (adjacent to occupant) stiffness. The 

Similar to Figures 4 and 5, Figure 6 shows the response changes due to this reduction were minima!. 

probability that a 23-year-old rear left seat occupant The lowered hood profile tests and lowered bumper tests 
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c~s,, - ,0 u,~,~ao io ~iao i.,,o~ ,,~i .... , year-old occupant receiving an AIS 3 or greater thoracic 
,~,~, or t~ ~,m - ~o ~ ~ a,~ .... injury from the 60° and 90° tests of each type. 

"~°: ~ ~ .... I. When considering thoracic injury to a driver in a 

~°~ 
] subcompact car, when struck in the left side, 

~t~ 
/ 

there appeared to be more potential benefit in 

’°I °= 

altering the front end characteristics of the 

,o striking vehicle than in modifying the side of the 

f struck vehicle. The best performing vehicle of 
"° the Matrix I1 tests, which had both structural 

~° i and padding modifications, resulted in a thoracic 

o injury potential of 61 percent. This compared to 
{    i ~    ~    ~ 11 percent for baseline vehicles struck by the 

i    1    ~ !    {    I MDB with lowered hood fronts. 

2. For the three types of MDB fronts tested in this 

c~. ~ - ~a. i. ~ia. ~.~o, .o~..o~ project and the standard fronts tested previously. 
~.: aa ~ the lowered hood MDB fronts produced the 

...................... least severe thoracic injury environment for the 
driver of a subcompact vehicle struck in the left 

side. The injury potentials were as follows: 

For unpadded tests: 

~°~ Standard- ~97 percent 
¯ o Reduced stiffness .96 percent 

Lowered hood--! 1 percent 

Lowered bumper--100 percent 

i ! { 
~ For padded tests: 

~    ]    i ~    _~ I Standard-- 82 percent 

-’ Reduced stiffness--64 percent 

Figure 6, Comparison of strikino and struck vehicle Lowered hood---28 percent 
studies--passenoer Lowered bumper--73 percent 

resulted in a 36 percent decrease and an 18 percent 3, Of the three types of MDB fronts tested in this 

increase in overall stiffness, respectively due to the project, the lowered bumper fronts showed the 

differences in impacting surface area. Since a 44 percent largest improvement in the peak lateral driver 

decrease in overall stiffness did not significantly reduce pelvic responses as compared to the standard 

occupant responses, the large reduction in thoracic front. The average driver peak pelvic acceleration 

responses in the lox~ered hood tests was judged to be due from three lowered bumper tests was 19.4 percent 

primarily to the lack of localized external structure at the lower than that from the same three standard 

thoracic level. It was not believed to be caused by the MDB front tests of Matrix 11. Similarly, the 

reduction in overall stiffness. It was also judged that the reduced stiffness fronts showed a 0.3 percent 

~8 percent increase in overall stiffness for the lowered increase, while the lowered hood fronts produced 

bumper tests did not significantly affect occupant a 2.2 percent decrease. 

response. 4. If lowered front end profiles were required on 

All aspects considered, the concept of lowering the vehicles, additional protection for the head may 
striking vehicle’s hood shows much promise as a means to also be needed. The submarining of the lowered 

reduce struck vehicle occupant thoracic injury in side hood MDB fronts caused the driver dummy to 

impacts, rotate, pelvis toward the roof, much more than 

did the other three MDB fronts. This rotation 

caused the head to contact the hood of the 
Conclusion and Recommendations striking vehicle, thereby increasing the risk of 

serious head injury. 

NHTSA has completed a preliminary study of the 5. The lowered hood MDB fronts produced the 
effects that altering the front end characteristics of lowest thoracic injury potential for a left rear 
striking vehicles has on the safety of an occupant of a occupant in the unpadded tests, while the reduced 
vehicle struck in a side-impact collision. The following stiffness fronts resulted in the lowest for the 
are conclusions from this investigation. Each injury padded tests. These injury potentials were as 
potential listed here is the average probability of a 23- follows: 
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For unpadded tests: Highway Traffic Safety Administration’s thoracic 

Standard--82 percent side impact protection research program," SAE 

Reduced stiffness--40 percent Paper 840886, May 1984. 

Lowered hood-o 15 percent 2. Eppinger, R.H., R.M. Morgan, and J.H. Marcus, 

Lowered bumper--52 percent "Development of dummy and injury index for 

For padded tests: NHTSA’s thoracic side impact protection research 

Standard--22 percent program," SAE Paper 840885, May 1984. 

Reduced stiffness--13 percent 3. Monk, M.W., and D.T. Willke,"Side interior stiffness 

Lowered hood--t7 percent measurement," Report No. DOT-HS-806-708, 

Lowered bumper--43 percent available from the National Technical Information 

Based on the results presented in this paper, it is          Service, September 1984. 

recommended that future aggressiveness studies focus on 

the relative placement of the striking vehicle hood to the 

occupant thoracic region. This should include an investi- 

......... gation of the SID thorax dynamics in this type of testing 

....... as well as an attempt to determine an optimum hood 
Appendix 

design, considering all factors. Finally, an investigation 

should be done to determine whether the findings of this 

study apply to other vehicle size! weight categories. 

Thoracic Injury Probabilities From 

References Analysis of Aggressiveness Factors Crash 

t. Hackney, J.R., M.W. Monk, W.T. Hollowell, L.K. 
Testing 

Sullivan, and D.T. Willke, "Results of the National 

Table A-1. Aggressiveness factors crash testing--driver probability of AIS>-n 

60° 90° 

Driver 
padded              unpadded              padded              unpadded 

Age: 23 yrs 
n=3 n=4 n=5 n=3 n=4 n=5 n=3 n=4 n=5 n=3 n=4 n=5 

Reduced 
Stiffness 100 100 17 100 100 19 28 0 0 91 88 IO 

Lowered 
Hood 40 1 1 9 0 0 15 0 0 13 0 0 

Lowered 
Bumper 88 81 10 100 100 39 58 16 4 100 100 26 

Age: 41 yrs 

Reduced 
Stiffness 100 100 27 100 100 30 72 44 7 100 100 21 

Lowered 
Hood 86 77 9 42 2 1 54 9 4 50 6 3 

Lowered 
B u mper 1 O0 1 O0 20 1 O0 100 100 98 98 13 100 1 O0 37 
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Table A.2, Aggressiveness factors crash testing--passenger probability of AIS _> n 

60°                                             90° 
Passenger 

padded unpadded padded unpadded 
Age: 23 yrs 

n=3 n=4 n:5 n=3 n:4 n=5 n=3 n=4 n=5 n=3 n=4 n:5 

Reduced 
Stiffness 22 0 0 69 38 6 3 0 0 11 0 0 

Lowered 
Hood 30 0 0 25 0 0 4 0 0 5 0 0 

Lowered 
Bumper 62 21 5 92 90 11 23 0 0 11 0 0 

Age: 41 yrs 

Reduced 
Stiffness 64 26 5 100 100 15 21 0 0 46 3 2 

Lowered 
Hood 75 53 7 69 36 6 25 0 0 28 0 0 

Lowered 
Bumper 99 99 14 100 100 21 65 28 5 46 3 2 

Table A,3. Matrix II crash testing probabi ty of AIS _> n 

60°                                                    90° 
Driver 

padded unpadded padded unpadded 
Age: 23 yrs 

n=3 n=4 n=5 n:3 n:4 n:5 n:3 n::4 n=5 n=3 n=4 n:5 

Baseline 
Structure      93 91 11 100 100 22 71 42 71 94 92 11 

Modified 
Structure 85 74 9 98 98 13 37 1 1 100 100 24 

Age: 41 yrs 

Baseline 
Structure !00 100 21 100 100 33 100 100 16 100 100 22 

Modified 
Structure 100 100 19 100 100 24 83 72 9 100 100 35 

60°                                             90° 
Passenger 

padded               unpadded               padded               unpadded 
Age: 23 yrs 

n:3 n:4 n=5 n=3 n=4 n:5 n:3 n=4 n:5 n:3 n:4 n=5 

Baseline 
Structure      31 0 0 86 78 9 13 0 0 78 58 8 

Modified 
Structure 6 0 0 39 1 1 12 0 0 18 0 0 

Age: 41 yrs 

Baseline ..... 
Structure 76 54 7 100 100 19 50 6 3 100 100 17 

Modified 
Structure 34 0 0 85 75 9 49 5 3 58 15 4 
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Volvo Side Impact Testing 

......... Mats Nilsson, Side impact collisions have been focused on for several 

Kjell Andersson, 
years, and a broad analysis of the Volvo accident material 

was published in 1982(3). Here the complexity of the 
Johnny Korner, and problem was enlightened, for instance, the varying injury 
Anna Nilsson-Ehle patterns due to different collision objects, and it was 

Automotive Safety Centre, Volvo Car recommended, to cover different types of side impacts, 

Corporation that a car-to-car simulating full-scale test should be 

accompanied by complementary subsystem testing. 

Since then, further in-depth studies of side impact 
Abstract accidents have been conducted to improve the input data 

for the development of test methods. 

The improvement of side impact protection is today a This paper focuses on the simulation of car-to-car 

.............. major concern to the crashworthiness community. A accidents and the establishment of a corresponding test 

prerequisite for making this development possible is the method. Irrespective of the severity of lateral collisions 

establishment of a common side impact test method, with poles and trucks, car-to-car side impacts still 

representative of several traffic environments, constitute an essential problem to be dealt with. 

Volvo has made a study aimed at determining the Volvo has followed the development of the CCMC 

suitability of a moving barrier test as a tool for the moving deformable barrier, the MDB 76(4). This barrier 

development of side impact protection. Traffic accident is thought to be a good representative of modern cars, not 

data from car-to-car accidents have been used as references only European but also American(5). It has a good 

to full-scale tests. Certain test parameters have been repeatability and makes a suitable substitute for actual 

varied to find out if an improved correlation is possible cars. However, comparisons with struck Volvo cars in 

between real-world accidents and laboratory collisions, real-life accidents have shown certain discrepancies that 

To further understand the interaction between the 
have initiated part of the Volvo study presented here. 

occupant and the car structure, sled testing has been used The objective of the study has been to find the effect of 

as a complement, variations of certain test parameters and to establish a 

The conclusion of the study is that a suitable side test configuration corresponding to real-life experience. 

impact test method is a moving deformable barrier 

(MDB) impacting in a 90° noncrabbed configuration. A Side Impact Accident Studies 
good resemblance to real-life accidents is achieved with a 

CCMC MDB 76, mass 1,400kg, ground clearance 250mm, The side impact test procedure described in this paper 
and impact speed 35mph. has partly been chosen on the basis of a comparative 

Future work at Volvo will include further accident analysis of Volvo 240 field accidents and laboratory 
investigations, improvement of measurement techniques, collisions in corresponding crash configurations. 
development of subsystem testing, and evaluation of Two different investigation levels were used in the 
different MDB front faces in terms of force-crush . ’    ’ " 1 accident sample. From Volvo s statlstlca accident material 
characteristics. (large number of accidents, limited investigation depth), 

645 car-to-car side impact cases were chosen for analysis, 

Background the selection criteria being that the occupant compartment 

was impacted and an occupant was seated nearside. 

Volvo strives to continuously improve the crash- To these accidents were added 23 side impact cases 

worthiness of Volvo cars by a conscious development and investigated by Volvo’s multidisciplinary in-depth study 

design strategy, the Volvo Safety Design Philosophy(i,2). team and chosen to insure accident conditions comparable 

In short, this means the experience from traffic accident to the laboratory crash tests. The selection criteria were: 

studies is used as an important source for establishing Volvo 240 accidents where the compartment was run into 

crashworthiness requirements, which, in combination by a medium-size car or a van at 60° to t 20° (orientation 

with other requirements, form the input to the establish- angle) and with an occupant seated on the near side. The 

ment of laboratory test methods. Requirements on in-depth study cases were analyzed thoroughly with a 

performance in these tests are established and further view to the degree and shape of deformation (B-pillar 

developed into requirements on systems and subsystems intrusion) and the degree of injury severity (MAIS) to the 

in the car. These requirements provide the basis for the near side occupant. 

actual design work of the car structure and the interior In spite of the absence of reliable crash severity 

safety systems, calculation methods for side impacts, it has been possible 
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to establish a fairly reliable assessment of the connection 

between the degree of deformation, the impact speed (for 

a homogenous group of specified striking cars), and the 
I 

resulting injury to occupants, since laboratory crash tests             ~ 

corresponding to the field accident conditions were 

available. 
~.=scasesN°°f 

]    beltlineB pitlar intrusiOnheight 

The results are shown in Figures 1, 2, and 3. A,e,~ 
{cm~ ( c9m_!41 

Both the accident statistics (Figure 1) and the analysis 1-2 12 21 - 

of the in-depth study cases (Figure 2) show that serious 4-~a     4~        52a~ ~-5~3~-~2 

iviuries (AIS 3+) start to occur more frequently at 

deformations corresponding to impact speeds exceeding Figure 3. Injury severity as a function of B-pillar 
30 to 35mph. This does not mean that AIS 3 injuries intrusion-summary of 23 in-depth study 
necessarib occur in such collisions. Occupants sometimes cases--Volvo 240 

escape with minor or moderate injuries (AIS 1 to 2) at 

B-pillar intrusions corresponding to approximately 35mph 

(see Figure 3). Full-Scale Tests 
tt should be pointed out the deformation pattern 

analysis described here does not necessarily imply that a 
The traffic accident experience shows the necessity of 

mere reinforcement of the side structure~and conse- 
improving the resemblance of today’s laboratory tests to 

quently a reduced deformation--would reduce the severity 
actual side impacts. The basis for this study has been the 

of injuries. 
CCMC test method(4). At present, the CCMC test 

The deformation shape of a Volvo 240 run into by the 
configuration and barrier are felt to be the most repre- 

CCMC barrier does not satisfactorily correspond to the 
sentative setup. Volvo cars have also been tested earlier 

deformation shape in the field accidents investigated. The 
according to this. 

barrier causes a considerably greater deformation at 

shoulder/head height, (see Figure 2). 

Test Matrix 
INury rate 
% Six full-scale tests were conducted in Volvo’s crash 

50 Al$ ~-~ 
testing facility, (see Table 1). 

In all tests, the target was standing still and was run 
~ into by the bullet vehicle on the driver’s side. In tests 1 to 

30 
~ 

5, the bullet hit the target perpendicularly with centerline 

20’ AIS 4-6 in bullet at SRP-position in target. Test 6 was conducted 

10, AIS 6 in a 90° / 27° crabbed configuration. The varied parameters 

were-- 

Type of bullet 

Crush-,~-~30 mphin Crush ¯ Mass of bullet 
car tocar labtests. ¯ Ground clearance of barrier 

Figure 1. Injury rate as a function of deformation-- ¯ Structural reinforcements and padding 

Volvo 240 accidents from 1974 to 1 976 (645 ¯ Crash configuration 

cases) Based upon experience from a previous side impact 

study of the Volvo 240, the Volvo 760 -the most recent 

production car--was chosen as the target vehicle in this 

study. In tests 5 and 6, the target was an experimentally 

[~ reinforced Volvo 760 (see Table 1). Volvo 240 -- Vol¥o 240 

B pillar intrusion 

at 35 mph, lab test. 

[ *tee. CCMC-barrier~- Votvo240 Choice of Varied Test Parameters 
B pillar intrusion 

at 35 mpl~ lab test 

[ II~ll Real Volvo 240 accidents, MAIS 3 
- average B pillar intrusion 

iation                         Type of Bullet 

The comparison between cars and MDB’s as bullets 

Ngure 2. Comparison between laboratory tests at was made to give an idea of the difference between a 
35mph and real-life accidents--MAIS 3 mid-size car with US-bumper system, such as a Volvo 
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Table 1, List of conducted full-scale tests 

...... Bullet Target 

Test Type Mass Ground Type Mass Test Impact 

No. (kg) Clearance (kg) Type Velocity 

(mm) (mph) 

1 Volvo 240 1400 -- Volvo 760 1690 90° 35 

...... 2 MDB 76 1400 300 Volvo 760 1690 90° 35 

....... 3 MDB 76 950 300 Volvo 760 1690 90° 35 

4 M DB 76 1400 250 Volvo 760 1690 90° 35 

5 MDB 76 1400 250 Volvo 760 1690 90° 35 

reinforced 

6 MDB 76 1400 250 Volvo 760 1625 90°/27° 35 simul. 

reinforced 39 resulting 

240, and an MDB 76(4) regarding intrusions, wall speeds, Crash Configuration 

and dummy responses. The bullet had a mass of 1,400kg 

in both cases (tests 1 and 2 in Table 1). A comparison was It was also decided to study the effect of testing in 

also made with the previous study of the Volvo 240 as crabbed configuration, as it is generally considered this 

....... target and with field cases, type of test better simulates side impacts in the field. The 

same test configuration was chosen as is used in the joint 

N HTSA and VW(5) project M IV, i.e., a 90° /27° crabbed 

configuration. 
Mass of Bullet 

..... The mass was varied to ascertain the effect on wall 
Nonvaried Test Parameters 

speeds and dummy responses. The levels chosen were 

950kg in accordance with CCMC specifications and 

1,400kg, a typical medium-size car mass close to the MDB 
NHTSA barrier(6). Ground clearance in the compared 

tests was 300mm (tests 2 and 3 in Table 1). No comparative testing was made on the different 

deformable fronts available. The CCMC MDB 76 was 

chosen as the bullet due to its force-crush characteristics 

Ground Clearance of Barrier and good repeatability. 

The barrier’s ground clearance was reduced in test 4 to Test Speed 
250ram, as the basic MDB 76 ground clearance of 300ram 

turned out to give greater loads on the structure and the The speed of the bullet at right angles to the target was, 
dummies at chest height as compared with the Volvo 240, in all cases, 35mph. The reason for this is that severe 
and poor resemblance of intrusion profiles in the field injuries (AIS 3+) in the Volvo 240 field accidents start to 
cases. The bullet in the full-scale tests compared had a occur more frequently at impact speeds exceeding 30 to 
mass of 1,400kg (tests 1, 2, and 4 in Table t). A 

comparison was also made with the earlier tests where the 
35mph. To improve side impact protection, the relevant 
test criteria, therefore, must be met at an impact speed of 

target was a Volvo 240. 35mph). 

Structural Reinforcements and Padding 
Choice of Structure-Related Evaluation 

The target was reinforced primarily to permit investi- Parameters 
gation into how an MDB 76 reacts, regarding its 

resistance to bottoming out when put up against a test In the full-scale tests, a large number of parameters 

object that is essentially stronger (test 5 in Table 1). The were measured with the aid of accelerometers and high- 

target vehicle was also equipped with padding, speed cameras. Some of the relevant structure-related 
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parameters were chosen for a comparative analysis of the biomechanically better related to injury than acceleration 
various tests, is. However, during testing it was found that imperfect 

The injuries affecting the nearside occupant in a side design of the chest, especially the shoulder part, has 
impact depend to a large extent on the speed of the reduced the information from the chest deflection readings 
intruding side structure. It is therefore essential that and the reliability of these measurements. 
intrusion speeds are correctly simulated. In traffic The following parameters are used for the evaluation 
accidents, only postcrash data are available. A comparison of test results: 
between laboratory tests and traffic accidents must rely o Maximum head acceleration (>3ms) 
on such data, e.g., residual deformation. F’or the evalu- o Maximum chest acceleration (>3ms), center of 
ation of the full-scale tests, comparison is made for----- gravity 

~ Wall speed at chest height o Peak resultant chest acceleration 
~ Wall speed at pelvis height ~ Peak acceleration upper rib 
o Residual internal deformation of B-pillar * Peak acceleration lower rib 

A further indication of the fundamental side impact * Maximum hip acceleration (>3ms) 
mechanisms is also the velocity increase to which the 

target is exposed in relation to the velocity increase of the 

side structure, i.e.- Sled Test Method 
The target’s rigid body movement pattern 

® The movement pattern of the side structure As a complement to full-scale testing, a test method is 

¯ The relation between these two required for studying the interaction between the car side 

The velocity, in chest- and pelvis-level, of the intruding interior and the occupant. This test method must simulate 

side structure is graphically established from high-speed the desired dummy contact speed and also provide 

film of the B-pillar at the time of dummy impact. This further acceleration for the dummy as long as it is in 

method of measuring the wall speed is more reliable than contact with the wall. 

In the sled test, a test rig is mounted on an HYGE crash using accelerometer readings from the structure that 
simulator. Padding is fastened to two steel plates attached actually impacts the dummy. The wall speed is looked 

upon as a structural parameter since its importance as an to the rig by six load transducers. Two bars project from 

injur3-producing parameter is reduced when padding is the rig, and the seat with the APROD dummy moves 

introduced. The time of dummy impact is assessed by along these (see Figure 4). 

using the chest acceleration resultant graph. 

Since this is a comparative analysis, the different 
evaluation parameters are normalized so that values in 

Load I~ansducers 

one test are set to 1.0. The values in the tests to which the 

first test is compared are all in relation to this. 

Comments 

The wall speeds must be interpreted with care due to 

both the inaccuracy of the measuring method used and Figure 4. Side collision rig mounted on HYGE 
the fact that the dummy responses are not only dependent 

on wall speed at the time of contact, but also on the wall The rig is geared to the desired impact speed and 

speed history during the total period of contact. Thus, acceleration after dummy impact. The dummy seat 

wall speeds and dummy response in some cases may remains still until the wall hits the dummy. 

appear to be contradictory. Three load transducers and an accelerometer are 

mounted on each steel plate to which chest padding and 

pelvis padding are fastened (Figure 5). They measure the 

Choice of Dummy-Related Evaluation load and rate of acceleration at pelvis and chest when the 

dummy is hit. Impact times for chest and pelvis padding 

are recorded by means of two zero triggers. The 

The APROD-81 dummy has been usco as a measuring accelerometers on the steel plate and on the far side of the 
device. This dummyis basicallya Part 572dummy witha ribs record the intrusion in the padding after two 
special chest designed to measure chest deflection at two integrations. As an extra check on the padding intrusion, 
levels(7), a sliding potentiometer is also used. With a few additions, 

This dummy was preferred to the American SID the rig can easily be adapted for simulation of B-pillar 
dummy because the deflection and deflection rate are impact. 
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Steel plate               Padding Accelerometers 

Load transducer 

/~ 
~t 

| 

Accelerometer Accelerometer 

Sliding potentiometer ~ Volvo 240 - Volvo 240 

|                  MDB 76 - Volvo 240 

Pistons 

Figure 5. Transducer positioning in wall and durum’ 
chest I 

0 500 mm 

Results of Full-Scale Tests 
Figure 7. Internal deformation of B-pillar in earlier 

Volvo test series 

Type of Bullet 76 loads the target’s side structure more than the Volvo 

240, and the load is more evenly distributed. 

The dynamic intrusion process illustrated in Figure 8 
Structure shows there is no difference, at the time of dummy 

Tests 1 and 2, i.e., Volvo 240 versus Volvo 760 and 
impact, between the Volvo 240 and MDB 76 at the point 

MDB versus Volvo 760 (see Table 1), show the residual 
in the structure where measurement was made. 

deformation is considerably greater at chest height in the 

case of an MDB 76 than in that of a Volvo 240. At pelvis vc Vp 

height, on the other hand, the deformation is greater for Distance 
the Volvo (Figure 6). The same results are obtained using 

~~ 1 Volvo 240 
Volvo 240 

MDB 76 300 mm 

~ 
300 mm 

Time 

Time of dummy impact 

L_, ~--., , _j Figure 8. Comparison of intrusion patterns and wall 
"~0~ o soo mm speeds (v) in tests 1 and 2 

Figure 6. Internal deformation of B-pillar in tests I and 2 Interior 

a Volvo 240 as target in the 90° test configuration (Figure The load on the dummy, like the residual deformations, 

7). The Volvo 240, however, is relatively rigid in the varies greatly regarding chest and pelvis from test 1 to test 

bumper region compared with other car models, which 2 (see Figure 9). 

can also be seen from the field accidents that have been The different evaluation parameters are for the corn- 

analyzed, parative analysis normalized so that values in test 2 are 

The field cases (Figure 2) also show the residual set tol.0, and the values for test l are given in relation t° 

deformation of the B-pillar caused by the MDB 76 is this. 

greater at chest height, the difference being equivalent to The level of acceleration at the ribs depends on the 

that in Figure 6. impact speed, and maximum acceleration occurs soon 

Figure 8 shows the wall speed on impact with the after the dummy is hit. Max Cr occurs when the dummy’s 

dummy is the same both at chest and pelvis height in test deflection pistons bottom out, since the dummy is 

2. It can also be seen that vc (wall speed at chest height) relatively compressible to begin with before going too 

and vp (wall speed at pelvis height) are somewhat lower in rigid. The Cr level is thus extremely dependent, at a later 

test 1, and also that vc < vp. This suggests that the MDB stage, on the intrusion speed. 
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Chest 

a3 ms CR a3 ms lower 2 I 1,0 I1-0I 
rib 

’rib 

10        ~    1.O      ~          1.C               ~                              1.0 

~ ! 2 1400 kg 

1 2 12 12 12 12 

Test no: 1 Bullet Volvo 240 Time 

Test no: 2 Bullet MDB 76 ground clearance 300 mm Time of dummy impact 

mess 1400 kg 

Figure 9. Dummy response in tests I and 2--normalized     Figure 10. Comparison of intrusion pattern and wall 
values                                                    speeds (v) in tests 2 and 3 

Fi,gure 9 shows that the Cr in the dummy is higher with 

an MDB 76 with a ground clearance of 300mm as the 

bullet than for a Volvo 240, while the acceleration levels 

at pelvis height are lower, 

Comments I ......... MDB 76 950 kg 
I 
| MDB 76 1400 kg It is clearly unsuitable to model a car’s side impact 

protection on the basis of a specific car model as the 

bullet. The above results suggest, however, that the MDB 

76, 300ram, does not satisfactorily represent either the 

Vo]vo 240 or the colliding vehicles in the field accident 

analysis. It is our opinion tests should be carried out with .... 

a bullet that, in respect of the decisive criteria, is more Figure 1 1. Internal deformation of B-pillar in tests 2 

representative of the average car. Certain modifications and 

to improve the resemblance of the CCMC barrier to the impact is lower, thus giving less severe head impact (see 

average car are discussed further on. Figure 12). 

Mass of the Bullet Head ~ 
Chest 

~ Pelvis 
a3 ms CR A3 ms a3 ms 

upper lower 

Structure ~ rib rib 

A reduction of 450kg in the mass turned out to have 
little effect on wall speed at chest and pelvis level on 

impact with the dummy (Figure 10). 

not affected Figure 10 shows that dynamic intrusion is 

appreciably until after impact with the dummy, when the ’ 
23 23 23 23 23 

greater kinetic energy in test 2 results in a greater 
Test no: 2 Bullet MDB 76300 mm, 1400 kg 

acceleration and, in the end, a greater residual deformation 
Test no: 3 Bullet aDS 76 300 mm, 950 kg 

(Figure 1 

Figure 12. Dummy response in tests 2 and a--normal- 
~nterior ized values 

The speed of the intruding wall at chest and pelvis Comments 
height at the time of impact is the same in both tests (see 

Figure 10). However, in the case of the lower barrier Greater mass means greater deformation of the target 
mass, the speed of the intruding wall at the time of head but no decisive difference in the loading of the dummy. 
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We find it preferable, for development reasons, to Intrusion at pelvis height is, however, considerably 

maintain a high mass in the bullet: first, to cause greater greater with the Volvo 240. This car is stiffer than average 

deformation in the target enabling us to pinpoint weak- in the bumper region, as was mentioned above, and this is 

.... nesses in the structure, and, second, to take into con, also shown in Figure 15. 

sideration the heavier vehicles in the field. -- ~ 

~ Volvo 240 - Volvo 240 
Ground Clearance of the Bullet (15 % higher kinetic energy) 

Structure                                                                          BMW 528 - Volvo 240 

Lowering the ground clearance from 300 to 250mm I 
means the overlap of the deformable foam front over the 

door sill structure of the target is bigger. This, however, 

has little effect on the wall speeds at chest and pelvis I ~ ~ ~ ~ ........... 

height on impact with the dummy (see Figure 13). 
o see mm 

~ ....... t of side st ....... Vc Vp Figure 15. Internal deformation of B-pillar from Volvo 

Distance 
at pe~-~,~o~ 

~ 

test series in 1978 

Interior 

Lowering the ground clearance by 50mm resulted in a 

lower load on the chest. The load on the pelvis, however, 

was a little higher than with a 300mm barrier (see Figure 
2 300 mm 

16). The chest value shows a good resemblance with the 

Volvo 240 as a test bullet, but the difference at pelvis 

height still remains. It should be pointed out the Volvo 
Time of durnmy impact 240 is representative of the average car at chest height but 

is more stiff in the bumper region (see Figures 2 and 15). 
Figure 13. Comparison of intrusion pattern and wall 

speeds (v) in tests 2 and 4 Chest Pelvis 
Head          ~ 

The residual deformation of the B-pillar at chest height name CR aams aams 

is less than the intrusion caused by a barrier height of 
u~pe, ~ow~r 

300mm. Thus, the 250mm barrier height better resembles 
rib rib 

the situation for a Volvo 240 (see Figure 14). r-r~ ~-I 1.0 ~ !.0 1.0 1~0 

I 

Volvo 240                          1 2 4      1 2 4      1 ;2 4 1 2 4         2 4 

Test no: 1 Bullet Volvo 240 

Test no: 2 Bullet MDB 76 ground clearance 300 ram, mass 1400 kg 

4 , MDB 76 250 mm Test no: 4 Bullet MDB 76 ground clearance 250 ram. mass 1400 kg 

2 ------- - "------ MDB 76 300 mm Figure 16. Dummy response in tests 
normalized values 

]                                                Comments 

I ~ i ~ ~ I Figures 2, 14, 15, and t6 together indicate that 
0 500 mm 

lowering the ground clearance to 250mm provides a more 

Figure 14. Internal deformation of B-pillar in tests 1, 2, 
realistic load on the target’s side structure and therefore a 

and 4 more realistic dummy response. 
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Structural Reinforcements and Padding the intruding side structure. The result of this could be a 

reduced effect of the reinforcement. However, this increase 

The residual deformation is appreciably less in test 5 of velocity is very small at the moment the dummv is hit, 

than in test 4, which means the bullet must absorb more and the reduction in velocity of the intruding side 

deformation energy (Figure 17). Despite this, the MDB structure predominates, as can be seen from Figure 18. 

76 functions welt and shows no tendency to bottom out. The dummy response in Figure 19 shows the accelera- 

It should be mentioned that the target’s mass, which tion levels in the chest are considerably lower when 

amounts to 1,690kg with the two dummies, is considerably padding is added together with a substantial reinforcement 

greater than that of many car models on the market, of the body structure. 

~ 
Head ~ 

Chest 
! 

Pelvis 

a3 ms CR A3 ms a3 ms 

~ upper 

~ 
2,0- O- 2.0- rib lower 2.0- 

|    5 reinforced 

/ 0 500 mm 4 5 4 5 4 5 4 5 4 5 

Test no: 4 Bullet MDB 76, 1400 kg, 250 mm 
Figure 1 7. Internal deformation of B-pillar in tests 4 Target Volvo 760 

and 5 Test no: 5 Bullet MDB 76, 1400 kg, 250 rnm 

Target Volvo 760 reinforced 

Comment                                                 Figure 19. Dummy response in tests 4 and 5--normal- 
ized values 

A structural reinforcement as extensive as that in test 5 

considerably reduces wal! speeds on impact with the 

dummy (Figure 18). This reinforcement leads to an Crabbed Configuration 
increase of the velocity in the nondeformed parts of the 

target, which, in general, causes an increase in the relative Test 6 was carried out in a 90° / 27° crabbed con- 
vetocity of the occupant’s body as compared with that of figuration(5). Compared to test 5, the wall speeds with 

this configuration are affected to the extent that a small 

increase occurs at chest height and a slight decrease at 

pelvis height. Impact with the dummy takes place at 

about 20ms. Figure 20 shows no appreciable rotation of 
~to~o 

the target occurs until after about 40ms. However. the 

,- target is moved in parallel along a line about 10° from its 
~c v~ lateral direction. This means that during the first 40ms. 

~ target exposed to a almost the same as the is load that is 
with a perpendicular configuration at 35mph. 

The residual deformation of the B-pillar is slightly less 

than in the corresponding 90° collision, due to the fact 

that a large proportion of the bullet’s kinetic energy ~s 
standata          transformed into rotational energy throughout the system 

(see Figure 21). 

Taking the cross sensitivity of the accelerometers into 

V] ~ account, it is a very difficult task to plot the intrusion 
¯ ~eo~a~.~c~ct process and target acceleration laterally, since the ~arget 

and the bullet do not move in the rectilinear manner 

Figure 18. Comparison of intrusion pattern and wall throughout the process of deformation as in the case of 
speeds (v) in tests 4 and 5 the 90° configuration. 
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j~/~=~ movement of target 

Head Chest 
~ 

Pelvis 

a3 ms ~ C~-       a3 ms lower rib A3 ms 

56 56 56 56 

C D Test no: 5 Bullet MDB 76, 1400 kg, 250 mm 

Target Volvo 760 reinforced. 

Figure 20, Movement of target and bullet in test 6 and Testno:6 Bullet MDB 76,1400 kg, 250mm 
Target Volvo 760 reinforced crabbed. 

wail speeds (v) in tests 5 and 6 (lines B and 
.......... D--center line of target and rigid part of 
...... bullet at 0ms respectively; lines A and Figure 22. Dummy response in tests 5 and 6-- 

C--center line of target and rigid part of normalized values 

bullet respectively at around 40ms) be obviated by altering the position of the seat so the 
~ 

dummy does not impact the B-pillar ill case of a 

perpendicular configuration. 

The perpendicular situation leads to greater lateral 
....... load on the structures added to improve side impact 

6 90°/27° crabbed protection, as most of the kinetic energy is used for the 
deformation of the deformable front, deformation of the 

5 90° 
target’s side structure, and acceleration of the target 

~ without any significant amount transformed into rotation 
\ in the system. The perpendicular situation is thus more 

severe than the crabbed one, as far as the structure is 

concerned, when the impact speed normal to the side is 

the same. Even if the judgment is that field accidents are 

simulated more realistically by a crabbed configuration, 

! there is, with the discussion above in view, still reason to 
I ~ ~ let the main part of the development tests be conducted in 

/    0 500 mm the 90° perpendicular configuration. 

Figure 21. Internal deformation of B-pillar in tests 5 
and 6 Conclusion 

The conclusion from this study is that a suitable side 
Interior impact test method is a moving deformable barrier 

impacting in a 90° noncrabbed configuration. A good 
The effect ofa90°/27° configuration ontheresponse resemblance to real-life accidents is achieved with a 

of the dummy is that the dummy does not impact the CCMC MDB 76, mass 1,400kg, ground clearance 250ram, 
B-pillar of the Volvo 760. The head at 3ms is lower and and impact speed 35mph. The motives for this are 
the Cr increases, since no load is transferred through the discussed above and briefly summed up below. 
shoulder part of the dummy but is entirely directed to the A moving deformable barrier was chosen as the bullet, 
chest. The greatest difference concerns the load on the since it is unsuitable to model a car’s side impact 
head, while the difference regarding chest and pelvis protection on the basis of a specific car as the striking 
acceleration is fairly small (Figure 22). vehicle. The MDB 76 used with its standard ground 

clearance of 300mm did not satisfactorily represent the 

Comments striking cars in the field accidents investigated, nor in the 

laboratory tests. Lowering the ground clearance by 

The test in crabbed configuration showed the load on 50mm gave good results, however, in terms of car 

the car body is less severe laterally compared to the 90° resemblance. Reduction of the mass to 950kg did not 

configuration, and the dummy moves somewhat dif- appreciably affect the dummy response, so the mass 

ferently. The latter difference can, in development testing, 1,400kg was chosen for development reasons to cover 
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also the American medium-size cars as striking vehicles ¯ Extending the test methods to cover accident 
and to pinpoint weaknesses in the side structure, types other than car-to-car impacts 

The chosen impact speed, 35mph, is in the upper range 

of the speed interval where severe and more serious 

injuries (AIS 3+) start to occur more frequently in Volvo References 
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Side Impact Testing 

Jo Gratadour A method is presented in this paper that uses a 
P.S.A. subsystem-type test arrangement, reproducing the physical 

lateral shock sequence while having the two parameters Abstract separated. It then becomes possible to show the role 

played by different elements involved in a real-life 
Basic parameters that determine the occupant injury impact: 

gravity, in a side crash are speed and the hit sidewall ¯ Impacting vehicle deformable front end part 
hardness. These two parameters are intimately linked * Impacted vehicle structure at the door inner 
together, and a full-scale reconstitution of a lateral 

panel, where deformability plays an energy- 
collision does not permit their separation easily, absorbing role 
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¯ Impacted vehicle structure at the body side, 3. Component Tests Component testing is a test 

where side speed is rigidity-dependent or set of tests of specific vehicle elements that 

As a result of these tests, a subsystem test procedure provide a sufficient evaluation of the ability of 

...... should take into account the impacted vehicle side these elements to provide road users protection 

structure rigidity, and use a flexible prop fixed to the without reproducing interaction of elements not 

body, for the impact phase with a side impactor, included in the test. 
Component tests are, in fact, used by all car builders 

for vehicle development and are obviously of primary 

Introduction importance for that purpose, while standard testing has 

to insure an effective level of passenger security and even 

Accident statistics generally show that lateral shock is to progress faster in it. 

the secondmost cause of injuries and fatalities, coming Component tests, however, used in the spirit of 

immediately after frontal shocks. The case of shock, regulation, would not yield this true level ofsectlrity. As a 

vehicle against vehicle, is of great importance in side consequence, they would not permit whole vehicle optimi- 

collisions. These well-established facts are acknowledged zation and could even block new and efficient systems 

...... all over the world and will not be discussed further in this applications if the latter do not enter in the regulation 

paper, frame. This is not to the benefit of users and should be 

Due to its importance, side impact is the objective in excluded. 

numerous studies, be it at the level of accident study, The only regulation tests having some value are the 

biomechanics, representative dummies definition, or test full-scale and subsystem tests. The full-scale tests’ ado 

methods, vantage is due to their holding close to reality and thus 

......... As to vehicle evaluation test methods, three main they areeasilyjustified;theyarecumbersome, costl~,and 

directions are possible. In conformity with ISO-adopted some improvement in their repeatability is desirable. 

terminology, they are Hence the idea of defining the subsystem-tspe tests. 

1. Full-Scale Tests Full-scale testing is a test or Tests described in this paper bear the ambition to 

set of tests performed on the vehicle as a whole become, in their final definition, tests of the subsystem 

with anthropomorphic dummies, and chosen as type. As of now, certain details need to be improved, and 

a reference because of its representativity for a a more complete valuation must be achieved. 

range of actual accidents (front or side collisions, 

for example). Notions of Wall Speed and Hardness 
2: Subsystem Tests Subsystem testing consists of 

a test or set of tests sufficiently sophisticated to The basic idea of the work presented i~ this paper is 
represent the important interactions between that "the higher the speed of blov,, the higher its 
intervening parts. A test or set of tests will be hardness" and consequently "the greater one’s injury." 
qualified as subsystem testing if the following This is conducive both to the definition of wa!! speed and 
conditions are met: 

to body-side hardness, this being said for the case 
® The assembly includes a sufficient part of 

lateral shock. 
the complete vehicle tested to emphasize the 

These are simple notions in appearance, but in reality 
interactions between various components of 

they are very subtle to understand and should be hm~dled 
the vehicle, 

with caution. 
® The test equipment allows reproduction of 

those phenomena that contribute to injuring 

road users, in particular by taking into Wall Speed 
account interactions of body segments. 

¯ The test results are expressed in terms that Let us consider a collision of two objects, the {ollowing 

can be correlated to the performance criteria assumptions being accepted: 

of a given full-scale test, i.e., criteria based ,~ The impact can be considered as a unidimensio~a! 

on human tolerance of impact (protection phenomenon, forces and inertia forces being 

criteria), distributed well enough to ignore balance coadi- 

The fundamental basis of the subsystem concept tions in all but impact direction. 

is the concept of a system that permits a repre- ® Forces related to the masses located in the 

sentation of the interaction between vehicle deformation zones are negligible in regard to 

elements and the implicated road user. Only deformation effects. 

satisfactory representation of these interactions ® Deformation effect laws in the zones where 

can lead to an optimization of the technical deformations occur are linear or at least, in 

solutions, cases, equivalent ir~ the two objects. 
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We consider the contact surface behavior of the two speed laws shown in Figure 2 relative to points B and D. 

objects (Figure 1 ) at any time the following equation is Now let us consider what is happening in a lateral crush 

true: where object 1 is the impacting vehicle and object 2 is the 

F impacted. The occupant hits a sidewall, side of the body, 

= - = - the thickness of which is small and the speed practically x;~, x° + t° v° x° + 1° 
ko uniform throughout the thickness. The speed is that of 

F the body side, and its value can be evaluated using the 

x = x^ - l^ + y^ = x2 - 1^ + above-described method. 
ko 

k,, k^ kolo - k^l^ Sidewall Hardness 
x~ = ko + k^ x° + x^ + 

" ko + k2 ko + k^ 
The sidewall that is hit by the occupant is composed of 

The speed of the contact surface is thus equal to: the side of the vehicle body and also by the front face of 

the impacting vehicle in its crushing action. Its hardness 

ko k^ will be a function of its building materials (influence of 

V~ - Vo + V^ speed of shock on its rigidity) and also of its mass effect. 
Ko + k^ ko + k^ "Io evaluate it realistically, it is necessary to come nearest 

to the true conditions of impact. 

Test Method 
A ~ ~ 

~ ~ , ~ The test method described in this paper consists of 

~ ~ ~_,-u .... 
,~ ....... 

~-u,~ ~/~ 
I 

separating the analysis of the body-side speed, and 
consequently of the rigidity of the body side, from its 
hardness. 

Body Side Rigidity 

To study this rigidity, we use a rigid punch, the outer 
configuration of which reproduces that of a 205 front 

Figure 1. section after it has hit the side of a 205 body (Figure 3). 
More precisely, the shape is that of a 205 front section, 

]his is conducive to the laws of velocity of the type carried out to fit the shape of a 205 panel after a lateral 

illustrated in Figure 2. impact. 

The same theory is applicable to any other part of the 
contact zone (B or D). If the rigidity repartition in the 
impact zone is homogenous, the fact is conducive to the 

Figure 2. Figure 
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This punch is fitted into a dynamometric movable wall 
(or barrier) facing the body being tested (Figure 4). 

Figure 6. 

Figure 4. 

The latter is fixed securely to the ground through its 
suspension system and moreover is buttressed on the 
opposite side by a prop. height; both the punch and side 
panel facing it are adjusted to the relative lateral post- 
impact positions 205 against 205 (Figure 5). 

Figure 7. 

Sidewall Hardness 

The evaluation is performed dynamically (Figure 8). 

The impactor is a dummy APROD-82 (the same as used 
in full-scale reference tests). 

Figure 5. 

This requires a slight engagement on a frame member. 
The punch is centered on point H of the driver as it is in a 
full-scale lateral impact test (Figure 6). The body is then 
crushed in a pseudo-static operation until the global 
shock deformation is obtained (Figure 7). 

The applied force is measured and also the deformation 
of the body part facing the punch. The latter measurement 
is performed relative to the wall (to eliminate parasitic 
deformations of fixing bracings). Analysis of applied 
forces versus deformation curves permits the evaluation 
of the first parameter: speed of body sidewall. 

This first operation being achieved, the crushed side of 
the body is recovered by cutting it out and will serve next 
for the second parameter evaluation, namely, the sidewall 
hardness. Figure 8. 
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tmpactor ~ Figure 9t speed is obtained by dropping the In course of the impact dummy versus body-side pane!. 

durum\ { free chute ~ from the height necessary to duplicate the contact effects between the body side and foot base 
arrival the body-side speed observed in the full-scale may vary and even get inverted. To obtain a linear 

c’s~s In mture tests, speed will be dete rmined from the behavior, o r at least one close to that of a full-scale test. a 

r~smts of body-side crush tests. Impact configuration is ballast charge has been applied. This was obtained by 

:selectec~ to have d ifferen~ dummy body segments hit the distributing a charge of ! 30kg at each end of the body side 

,ame zones as in the full-scale test. (Figure 1 

fhere will be ~o problem at this level if the dummy 

,e~sor w~ring is correctlx located so as not to interfere 

w~h anything during the drop, and if the dumm~y is kept 

~?o~.iot~lcss pr or to its drop. Thus. it lands on the side~ all 

having ~he anticipated configuration. 

Figure 11. 

Tests Performed 

F~gure 9~ The above-described method has been applied in 

diffe rent configurations. The first aim was to validate the 

l nsta ilation of the predeformed body-side panel reqmres method relat ive to the full-scale testing. 

~ ~e~ ~recautions. It is installed on a foot base having the 

~redeforming punds shape (Figure 10}. This furnishes an Validation 
~ xcellent suppor~ to the body-side panel on the foot base: 

hc body side bears on the entire impact zone of vehicle 

~,ers~s vehicle full-size collision. 
The aim was to evaluate the correlation between this 

test and the full-scale test. in the case of the 205 car. for 

wh ich a number of full-scale test results are available 13- 

and 5-door versions: car against car or with moving 

deformable barrier CCMC}. 

For dummy sidewall impact, the chosen speed was 

that measured ~\ith the full-scale test. that is. 10m s 

{corresponds to a fall [rom about 5m high). The only 

unknown parameter being the rigidity of the support 

simulating the full-scale test impactor, various configu- 

rations have been tested, either with a rigid support or a 

su p port made of polyurethane foam of various rigidities. 

Although the speed of body side chosen was that of the 
full-scale test. its measurement is not immediate, and it 

was of interest to check the impact speed validity by 

means of some other parameter: the maximum ~V of the 

occupant (F’igure 12} for one. 

Figure 10. At this level, an acceptable concordance has been 

observed. One can now examine the results (Figures 13 
The foot base used is constituted, according to the case. and 14) These figures represent the pelvis and thorax 

ci~her b\’ *he punch itself or by polyurethane toam blocks. 

}~or future tests, the retained solution wilt be that of foam 
accelerations for different tested supports and full-scale 

~ocks. 
collisions. What appears most clearly is the aberrant 
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Thorax AV Pelvis AV 

Z~V ,~V 

(m/s) (m/s) 

Figure 12. 

THORAX PELVIS 

(g) 

~I 3ms ~ 3ms 
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THORAX                                        (g)                                             PELVIS 

max "~ max 

Influence of the Body-side Rigidity 

Thc influence of body-side rigidity on occupant injury ..... 

severity is a very controversial topic. This seems due to .... 

1.he fact that it is difficult to act on the wall speed without 

acting on its hardness, which generally reacts in opposite 

directions. 

To clarify the problem, a reinforcement, which, in 

principle, should eliminate it, has been defined (Figure 

15). To cope with this, no reinforcement has been added 

to the zones of impact with the dummy. Supplementary ......... 

cross members were used--- 
® Behind the dashboard 

® At the bottom of the A-pillar Figure 15. 
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manner has undergone a static crash test. The result is 

shown on Figure 16, compared with a vehicle from the 

production line. The maximum force level shows an 
increase (about 40 percent), but, more importantly, the 

mean rigidity at the start of crushing is practically 

doubled. 

I F Side Crush 

Load versus Displacement 

/ // 
Figure 17. 

~ ~/’/~/ Figures 18 and 19 show the results obtained at the 

,/,,/ thorax and pelvis levels. Thorax improvement is quite 

/ 
clear, on the order of 30 percent, but, for the pelvis, the 

improvement is less apparent. We feel two reasons clarify 

the phenomenon at the pelvis level. The CCMC mobile 

deformable barrier hardly hits the sill. Due to the great 

difference in rigidity between the body understructure 

and the door, the barrier overrides the sill, and the body 

understructure reinforcements do not perform their 

work. In spite of this, according to the measurement, the 

wall speed has notably diminished; consequently, it may 

seem that test dispersion played a false role here. 
100         200        300 

.... At this point of testing, the following conclusions have 
Figure 16. been made: 

A vehicle equipped with an identical reinforcement ¯ Structural reinforcements are capable of having 

was submitted to the full-scale test with a CCMC mobile an important influence on the results, by means 

deformable barrier (Figure 17). of wall speed. 

~ max 

PELVIS THORAX 

l - 

~ ~ "~ ~ 0 0 ~ O0 ~ ~ ~ 

~ o ~ o 

~i~ure 
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~ 3ms 

PELVIS THORAX 

~ !           m                                         m 

Figure 19, 

¯ Interactions between elements (sill overridden cumbersome, and it is not clear whether it will have much 
by the barrier) are multiple, and for any simplified to offer compared with a full-scale test. 
test it is hardly possible to take them all into One possible way to simplify it consists of a separate 

account, testing of different body segments. This has already been 
initiated by certain laboratories, but it is of absolute 
necessity to verify whether this method still permits body 
segment interactions. The problem of the abdomen, 
which has not been examined due to lack of adequate 

As stated in the introduction, component tests are not 
instrumentation, should not be forgotten. 

adapted for regulation purposes. The possibility of 
Of some points brought to light in this paper, two at 

choice remains between full-scale tests and subsystem 
least are important: 

tests. 
In a subsystem test, the support to be placed 

The above-described method is intended to enter the behind the body side for the test with an 
latter category. To become a true subsystem test method, 

impactor must not be infinitely rigid. 
it should be refined, particularly in what concerns the 

* The influence of structural rigidity is an important 
relationship between structure rigidity and wall speed, 

factor and should not be neglected. 
Once this is accomplished, the method wilt still remain 
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Testing the Side Impact Tests: Method and Some Initial Results 

S.E. Henson, Despite the exploratory nature of this study and the 

M. Huang, assumptions and simplifications embodied in the mathe- 

R.W. Hultman, matical solutions, we believe the results show the sub- 
stantial potential for test concept exploration this simula- 

I.S. Parekh, 
tion methodology can provide. Two test procedures were 

E.S. Grush, and chosen for simulation: the first, a simplified simulation of 

......... J.A. Pike a mobile deformable barrier-type test; and the second, an 

Ford Motor Company, Environmental and early version of the MVMA Side Impact Test Develop- 

Safety Engineering Staff, Safety Research ment Component Procedure. 
In the moving deformable barrier simulations, the 

Abstract 
results were not very sensitive to such things as the 

moving barrier weight, moving barrier face, or whether it 

........ was a S1D or APR side impact dummy. While changes in 
........... This paper addresses the general problems of selecting 

the test parameters may make substantial differences in a 
an impact test method. A test method must produce single test, they did not seem to change the overall 
results that (a) are repeatable, (b) can distinguish between 

correlation of test results with simulated real-world 
tested items that are of different design, and (c) predict 

performance. 
real-world performance of the tested item. 

The predictive power of the test procedure, in these 
The paradigm employed here is based on the notion results, was sensitive to impact severity. There appeared 

that to identify the most appropriate test method among 
to be an optimal test severity, above or below which the 

a set of candidate methods, one must compare the results 
predictive power of the test is diminished. 

of laboratory testing over a wide range of products with The comparisons between real performance and test 
the results of actual field use of the various products, 

performance on the component test procedures also 
This is difficult in a case where a new test procedure is showed a sensitivity to test severity. There was some 

......... to be evaluated and actual field data and laboratory data 
small amount of variation in the predictive power of the 

...... may not yet exist. This paper provides a methodology for 
test procedure as a function of the size of the test device 

assessing alternative test device concepts by means of (i.e., 40th percentile male, 50th percentile male, etc.). The 
simulation and applies it to the side impact test situation. results were somewhat similar among the model con- 
This is done by (1) simulation of field accident experience 

figurations that simulated the MVMA test device and 
of vehicles involved in side impacts, and (2) the simulation variations thereon as well as the simulations of a rigid 
of test devices and procedures. Simulated test results can 

impact. The component test results were rather sensitive 
then be compared with simulated field accident data. 

to car mass/stiffness, thus corroborating the frequently 
This study shows some interim results for several impact 

voiced expectation that such tests need to have an 
test device design variations, 

adjustable speed to account for variations in door gap 
The principal tasks of this study were to: develop a 

and side structure stiffness. 
vehicle occupant dynamics model suitable for estimating 

In any case, the results presented are tentative and 
field results in side impacts; develop a test device dynamic 

intended to serve as an exposition of the overall method- 
model; select a range of alternative hardware configura- 

ology. Future work will develop the speed compensation 
tions for both the simulated vehicle and the simulated test formula for the component test, expand the test par- 
device; and develop random variable exposure distribu- 

ameters studied, and introduce the effect of test-to-test 
tions of accidents, vehicles, and occupants so the simulated 

variability in test procedures into the model. 
"field" accidents cover a broad spectrum of exposure 

conditions. Approximately 90,000 simulations are run, 

using a Monte Carlo procedure, to estimate the distribu- Correlation Coefficient Measures Test 
tion of outcome over the range of exposure conditions. Performance 

Introduction How do we measure the performance of a car safety 

test? We could draw a graph with the real-world injury 

This paper is the second in a series of side impact rates of cars on the vertical axis and the test performance 

simulation papers. The first paper(l) given at the 1985 of cars on the horizontal axis as shown in Figure 1. For 

Government/Industry Meeting & Exposition described each car tested, we could plot a point on this graph 

the project background and methodology. The current representing the real-world injury rates and the test 

paper provides more detail, results of that car. We might expect to see a scatter of 
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-- different vehicles experience different exposures to 
Real I~0pld Inj tlpy Rates accidents, the measure of performance would have to be 

adjusted to take into account the different exposures. For 

example, the number of injuries or fatalities might have 

to be divided by the number of vehicles of each type in 

operation or by the number of miles driven annually by 

each vehicle. Also it may be necessary to adjust for 
@          ¯ 

¯ * demographic variables such as the age of the driver. The 

@ * next step would be to test the individual vehicles with 

" " " 
° 

each proposed test. Plots oftheinjury measure versus the 

" * test performance could be made as shown in Figure 1. 

Test Performance The calculated correlation coefficients would then be 
"- used to compare the tests--the closer the correlation 
Figure 1. Validation plot--~ow correlation example 

coefficient is to one, the better is the test. 

points if we plotted data for a number of different car There are some problems with this procedure. Large 

variations in human tolerance and crash conditions will designs. The scatter would come about because the test 

cannot possibly take into account all the different make it necessary to have alarge number of accidents for 

each vehicle to show that the performance of one vehicle accident conditions represented in the real-world per- 

formance, if the test were a perfect linear predictor of is actually different from that of another. Over the period 

real-~orld performance, then the points for different cars of time needed to collect the number of accidents 

would alI fall on a line (Figure 2). The correlation necessary, one ormoreofthevehiclesmaynotremainin 

coefficient is a measure used by statisticians of how production unchanged from, earlier models. Design 

closely these points are to forming a line. If all the points changes could add to uncertainty in the results. 

Another problem is in identifying and properly feli on a straight line, the correlation coefficient would be 

one. If the points formed a completely random pattern, accounting for all the demographic factors such as driver 

the correlation coefficient would bezero. So the correla- age, which could influence the results. Many 

tion coefficient can be used as a measure of how well the unaccounted-for demographic factors may be interpreted 

test predicts the real-world performance---the higher the as a change in vehicle performance rather than a difference 

in accident involvement rates. correlation coefficient, the better the test, 
Also, it would be necessary to test several samples of 

Real World Irlj ury Rates each vehicle to account for test-to-test variability in test 

performance. The large number of tests required could 

¯ * economically limit the number of alternative candidate 

o test procedures that could be included in the study. 
¯ Finally, there may not be vehicles currently in produc- 

" tion with a wide enough range of side impact performance 
o 

o to allow discrimination among the vehicles in injury rates 

" or in test performance. In that case, correlation coefficients 
° 

for different tests would be effectively zero, and the 
o 

o performance of one test would be no different than 

another. 
Test Performance All things considered, the data analysis approach 

gigure 2. Validation plot--high correlation example would be expensive, time-consuming, and would produce 

uncertain results. If vehicles are expected to be sub- 

stantially changed by a new side impact standard, then 

A Data Analysis Approach results obtained from cars already on the road may not 

apply to these new vehicle designs. 

How would one actually go about testing the pre- 

dictability of a side impact test’? One way might be 

through accident data analysis. Several vehicles could be 

chosen that are thought to have a range of side impact Computer Simulation Is More Practical 
performance and have been in service long enough to 

have been in a large number of accidents. A measure of Rather than actually performing the data analysis just 

performance for these cars would have to be chosen, such described, we decided to simulate the data analysis 

as the total number of injuries, total number of fatalities, approach on the computer. The computer simulation 

or some weighted measure such as harm. Because required four major steps: 
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1. Simulate a large sample of accidents for several ¯ Striking vehicle speed and weight 

different vehicle designs as if the accidents were ¯ Driver size 

randomly drawn from today’s accident data~ ¯ Driver gender 

.... 2. Establish a measure of vehicle performance in ¯ Driver age 

.... the simulated accidents. The crash model uses statistical distributions drawn 

3. Test the different vehicle designs using a variety from the National Accident Sampling System (NASS)(2) 

of computer-simulated tests, of these random collision variables. 

4. Plot the scattergrams and calculate the correlation In the real world, the safety performance of a vehicle is 

coefficients for the simulated real performance judged by the number of fatalities and injuries occurring 

versus the simulated test performance for the to occupants of that vehicle. Since there are more of some 

individual vehicle designs, vehicles on the road than others, the fatalities and injuries 

A flow chart of the simulation is shown in Figure 3. We must be adjusted according to some measure of exposure 

start with 105 distinctly different cars--15 cars in each of to accidents. Common measures of exposure are the 

seven weight classes. Within each weight class, the 15 cars number of vehicles produced or the number of miles 

are made up of unique combinations of the following driven by a vehicle in a year. 

variables: There is an element of uncertainty in predicting 

¯ Side structure strength fatalities and injuries from a computer model of crashes. 

¯ Door interior padding thickness The transformation to injury from the model output of 

¯ Door interior padding stiffness such things as chest acceleration or chest deflection is not 

The description of the hardware variables and the 15 known with a great deal of accuracy. To avoid the extra 

experiments are presented in Appendix A. complication of an uncertain biomechanical transforma- 

For each of these 105 car designs, a crash model tion, we decided to use the following outputs as measures 

........ simulates a representative sample of 850 side impact of injuryandaccidentseverityforeachofthe89,250(105 

collisions. The collisions differ in the following ways: X 850) side impact simulations: 

¯ Striking vehicle size and front structure stiffness ¯ Rib acceleration 
¯ Chest acceleration 

cm~sH ¯ Chest deflection 
ENV IRONMEI~r 

Thoracic Trauma Index, TTI(3) 

~ 
¯ Bolster force 
¯ Bolster deflection 

~ 
I 

¯ Door intrusion (for the full-vehicle tests) 

I 
CRASH MODEL Once the performance criterion levels were established, 105 (850 random 

caas =~,es) the performance of the 105 cars was calculated by finding 

the percentage of crash simulations for each car that was 

l above the performance level. In this manner, the per- 

formance of the 105 cars was calculated for each of the six 

I TEST DEVZCEI I 

H~Z outputs of the crash model. 
MODEL PERFORMANCE 

Each of the 105 cars was also tested using a test 

simulation model. The test simulation model simulated a 
! ! 

J. .L component impactor-type test and a moving barrier full- 

vehicle-type test. For each of the 105 cars tested in the test 
! / 

:rEST I ,..] CO~T:tOS model, five chest injury parameters were determined: 
~a~oru4a~c~ 

I -I 

¯ Rib acceleration 
¯ Chest acceleration (spinal acceleration) 

¯ Chest deflection 
~ 

¯ Thoracic Trauma Index 

: Since the study uses the Monte Carlo Method, the 

sc~ ~LO~ output of the model is a collection of 850 answers for each 

~,~ ~o~o~.~, car design studied--a total of 89,250 results. Since we 

l 
looked at four response measures, there was a total of 

357,000 results. If the results are grouped into ranges and 
¯ . the count of the number of results falling into each range 

.’" plotted as a bar chart for each vehicle design, the results 
~"~t ~’~ ....... form a statistical distribution as shown in Figure 4. We 

Figure 3. Flow chart of side impact simulation defined the measure of performance to be the number or 
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PROBABILITY FUNCTION 

P /~ ;~]X. OF CHEST ACCELERATION DENSITY 

O 
FUNCTION 

L 
~ - Figure 6. Monte Carlo model results--cutoff effect T 

O I00 200 :500 

CHEST ACCELERATION           ~UNCT~ON 

Figure 4, Statistical distribution--frequency counts 

percentage of occupants who felt above an optimal cutoff 

value of the injury indicator. The performance measure is Figure 7. Monte Carlo model results--effects of van- 

the area of the distribution curve above the cutoff limit, ous cutoffs 

For example, the fewer the percentage of occupants were compared for all combinations of responses by 
receiving chest acceleration greater than 50, the better the plotting the scatter plots of the real performance versus 
performance of the vehicle, the test performance (Figure 3). Scatter plots and correla- 

The remaining question then is: "How do we pick the tion coefficients were used to judge which test procedure 
cutoff limit’?" The cutoff limit was chosen to give the and test readings best predicted the simulated real 
greatest difference in performance for a range of different performance. 

ehicle designs. Choosing the cutoff limit in this way The individual elements of the model will now be 
insures that the test procedure will have the best chance of discussed in detail. 
discriminating among vehicle designs. For example, a 

different vehicle design might produce a different distri- 
A Computer Model of Side Crashes 

bution of chest accelerations on the vehicle occupants 

when exposed to the same representative crashes (Figure 
The computer simulation used in this study was a 

5). For any cutoff limit, the percentage of occupants 

above the cutoff level for Vehicle A will always be greater lumped mass model very similar to others that appear in 

the literature(4). Six masses (Figure 8) and six energy than the percentage of occupants above the cutoff for 
absorbers are used to simulate a perpendicular car-to-car eh~cle B (Figure 6). However, as the cutoff limit 

increases from 1 to 2 to 3, the difference between Vehicles 
side impact. Table 2 lists the physical interpretation of 

each mass, energy absorber, and of the torso-to-pad A and B becomes tess and less clear (Figure 7). We chose 
clearance. Mass 1 represents the weight of the striking the cutoff levels after the simulation results for all 105 

vehicle designs were completed. We tried cutoff limits at car, while energy absorbers 1 and 2 are used to simulate 

small intervals across the whole range of occupant the striking car’s crushable structure. The struck vehicle 

response until we identified the cutoff limit for each is represented by masses 2, 3, and 4, which are the door 

occupant response that made the standard deviation of 

the performance measure the greatest for the 105 vehicle Impocto r Struck Vehicle 

designs simulated. The resulting cutoff limits are shown "~Sl 

The outputs of the test device model and the crash 

model, the test performance and the real performance, 

Figure 5. Typical Monte Carlo model results Figure 8, T-type side impact model scl~ematic 
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Table 1. Optimal cutoff value, range and increments of side impact response variables 

Range Optimal 

Variable Lower Upper InCrement Cutoff 

Rib Accele ration 0 290 10 go 

Chest Acceleration 0 145 5 50 

Thoracic Trauma Index 20 310 10 120 

Chest Force, Kip 0 2.9 .1 1.4 

Chest Deflection, in. 0 2.9 .1 0.6 

Padding Force, Kip 0 5.8 .2 2.2 

Padding Deflection, in. 0 5.8 ~2 2.2 

Door Intrusion, in. 0 8.7 .3 6.0 

Table 2. Description of masses and energy absorbers The model was exercised over a range of collision 

used in the front-to-side impact model speeds, and results were compared to side impact tests 

Mass 1 -- I m pactor Body 
and the results of other computer model simulations, The 

Mass 2 -- Door (Fender or Quarter Panel in L-Type) model generally agreed with the trends and response 

Mass 3 Sill, A and B Pillars levels found in the tests and other model results (Figure 9 

Mass 4 -- Struck Vehicle and Appendix C). 
Mass 5 Rib Cage 
Mass 6 Torso 
EA 1 Impactor Front End 
EA 2 Impactor-to-Silt 
EA 3 Door-to-Sill (Side Panel-to-Sill in L-Type) 
EA 4 Door Pad (Bolster) ~-~F’-’----- 
EA 5 Sill-to-Struck Vehicle Compartment ;" 
EA 6 Torso-to-Rib Cage 
& 4 Torso-to-Pad Clearance 

and side pillars, sill. and main car body, respectively. . 

Energy absorber 3 represents the door-to-vehicle connec- 

tion and the A- and B-pillars. Energy absorber 5 is the car 

underbody. A deformable occupant upper torso is repre- 

sented bv masses 5 and 6. with an initial gap, Delta 4, Figure 9. Comparison of side crushes between crash 

between the occupant and the energy-absorbing inner 
tests and the side impact model 

door surface, energy absorber 4. 
In the study, masses 5 and 6 increase with occupant The model was revised to simulate car-to-car collisions 

size. Energy absorber 6. the thorax stiffness, depends on in which the impact point ~s near the front or the rear of 

occu pant age and wei ght. The value of energy absorber 4, the car (Figures 10 and 11). These collisions, called L- 

the energy-absorbing characteristics of the door inner type. have little or no intrusion of the side structure into 

surface, depends on the contact area of the occupant, the occupant compartment and. due to the impact point, 

which increases with increasing occupant size. have a lower speed change at the center of gravity, and 

The occupant size being simulated affects many of the higher rotational velocity than the impacts to the occupant 

other variables in the simulation. It was found that chest compartment, called T-type. The L-type collisions were 

stiffness is related to chest girth, so that larger occupants modeled by exposing the occupant to the acceleration of 

have stiffer chests. Since larger occupants are also wider, the whole vehicle rather than the door and by softening 

the gap between occupants and the door is smaller for the inner door stiffness since the door is not precrushed in 

larger occupants. These effects are accounted for in the the L-type collision. It was our judgment that the L-type 

model. The gap between the occupant and the door. model would produce a reasonably accurate simulation 

Delta 4. depends on the car size as well as the occupant of the crash event while avoiding unnecessary complexities 

size. The relationships among all of these variables will be involved in a two-dimensional model with vehicle rotation. 

discussed more completely in the next section. It is believed most of the occupant loading from the side 

Input data for the model were gathered from crashtest structure in the L-type collision takes place before 

results of various s~ze cars. Side impact models were significant vehicle rotation has occurred. We also had to 

deft ned for the seven car-s~ze categories used in this study keep the models simple so it would be practical to run the 

to represent the passenger car population. A set of tens of thousands of simulations necessary for this type of 

baseline input data can be found in Appendix B. study. 
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is influenced by such randomly occurring variables as 

collision speed, car sizes, occupant size. occupant gender, 

and occupant age. There are many other variables that 

influence the outcome of a car crash, but the foregoing 

list was believed to be important enough to be included in 

this study. The effects of these random variables can be 

either direct or indirect. Variables such as vehicle speed 

and vehicle weight have an obvious direct effect on the 

severity of the collision. However, variables such as 

occupant size can have an indirect effect since larger 

occupants are closer to the door. and the occupant 

dynamics are known to be affected by the distance from 

the occupant to the door. 

Door Gap 

The definition of the door gap is shown schematically 
in Figure 12. The procedure used to determine this gap 
was based on the driver’s elbow-to-elbow breadth, Society 
of Automotive Engineers (SAE) vehicle dimensions, and 

car size. The derivation of elbow-to-elbow breadth is 

discussed in a subsequent section, Occupant Size. Car 

size is defined as subcompact, compact, intermediate, 

and full size. The car size categories were determined 

Figure 10, L-type eoNsio~ based on wheelbases. These car size categories are 

discussed further in a subsequent section, Car Size. A 

range of cars was surveyed from 1978-82 model years to 

s~_~oc, v,~c~, determine the Motor Vehicle Manufacturers Association 

I 
I 

(MVMA) shoulder room (W3) and centerline of driver 

(W20) for each car size. The cars used were not weighted 

~ 
-~ ~ 

~ ~,- for units in operation, UIO’s (i.e., each car counted as a 

~ - o~]~. ! ? ~ 

weighting factor of one). The space available between the 

]k~ t~[-m~ ° [ 
interior of the door and the centerline of the driver for the 

, cars surveyed was determined by 

space available = .5 * W3 - W20. 

I 
w3 

door ~ ~. elbow-to-elbow 
gap ~ ~ 

breadth 

Figure 11~ L-type side impact modal schematic 

~ 
__ Centerllne 

Many Variables Considered o~ 

Car design can affect occupant dynamics in various Centerline 
ways. Our model considered cars ~vith varying amounts 

~’7~7~,o,---- ’" --~ 

and stiffnesses of energy-absorbing material on the inside : 
of the door and several levels of side structure rigidity, 

available 
~hich influences the speed of collision between the 

occupant and the side of the vehicle. A more detailed Figure 12, Door gap schematic 

description of the study variables f611ows, 

injuries to occupants in car crashes can also vary The means and standard deviations from the data were 
widely from crash to crash because of the individual calculated. Table 3 presents the results of this analysis 
circumstances of each crash, The outcome of the collision and the sample sizes used. 
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Using the statistical data from Table 3, the space the total variance of the data, is relegated to so-called 

available can be randomly determined from the following unexplained variance. 

equation: This regression equation, relating the calculated chest 

space available : mean + (number of standard stiffness (N/m) to the subject’s age (years) and chest 

deviations) * (standard deviation) circumference (m) is given by: 

Table 3. Space available versus car size logl0 Stiffness = K1 . Age + K2 . Circumference 
+ K4 

Space 
Available + K3 * Circumference2 

(in) Standard Sample 
K1 = -.014 

Wheelbase (in) Mean Deviation Size 
K2 = +33.4 

80-100 12.76 .44 11 K3 = -18.4 

101-tll 14.00 .42 20 K = -9.1 
112-117 14.60 .68 12 The calculation of chest circumference will be discussed 

118+ 15.43 .77 8 
in the next section, Occupant Size. 

No imports were included in the calculations with the Occupant Size 
exception of captive imports (e.g., Ford Fiesta). 

The gap between the driver’s torso and the interior The driver’s anthropometric data were based on the 

door panel was determined for each car and driver distribution of U.S. adult population age 18 to 79 as 

combination, documented in the 1960-62 Health Examination Survey 

gap : (space available) - .5 * (elbow-to-elbow (HES)(7). The driver’s age and weight were randomly 
breadth)                                            determined using bivariate frequency distributions. The 

In the simulation, the struck car was widened or the driver’s gender was randomly chosen based on a 69/31 

occupants were moved closer together to account for the male/female mix. These characteristics were based on the 
addition of the side bolster. Thus, the gap was kept the 1979-82 NASS data base. 

same as different size pads were simulated. However, no The anthropometric measurements ~ased in developing 

vehicle weight penalty was assessed for the side bolster or the driver’s profile are shown schematically in Figure 13 
for widening the car ........... 

Chest circumference 

A stiffness parameter was calculated(5) from the 

thoracic force and deflection measurements made on 14 

subjects reported by Tarriere(6) at the Seventh ESV 

Conference. 
Linear correlations of this stiffness parameter with - 

seven primary factors (age, sex, chest depth, chest A 

circumference, subject weight, impact surface padding, Stature Chest ¢i~-’th 
and impact velocity) and the secondary factors, consisting 

of all two-at-a-time combinations of the primary factors, 

were calculated. These indicated that stiffness was most 

highly correlated with age and that the inclusion of chest 

circumference in the regression model improved the 

correlation (R2 increased from 0.17 to 0.31 (while slightly 
~ 

improving the confidence level (85.2 to 87.2 percent). E~bow.t¢.elbow 

~II~ 

To improve the correlation of the model without breadth 

degrading its confidence level, a logarithmic transforma- 

tion was tried. It resulted in a 3-term model, which, when 

compared to the 2-term model, had a greatly improved 

correlation (R2 : 0.43, rather than 0.31) as well as a 

slightly improved confidence level (probability (of model 

being applicable) = 88.2percent, rather than 87.2 percent), mbo,,-to-mbo,, Che~ ~p~ 
Breadth 

This regression accounts for about 43 percent of the ~ 

variation of the data. The remainder, about 57 percent of Figure 13. Anthropometric measurement definitions 
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Using the driver’s age, weight, and gender, the driver’s model. This model was discussed in the section titled 
stature was based on bivariate data from HES(8). The Chest Stiffness. 
height was randomly determined based on the distribution The last anthropomorphic measurement modeled was 
within each gender, age, and weight cell. Once the driver’s the driver’s chest depth. Chest depth is used to estimate 
height was determined, the chest girth and elbow-to- driver’s contact area with door to calculate the interior 
elbow breadth were determined. Multiple regression door stiffness. The HES survey did not record this 
equations for these measurements as a function of height, measurement. Since the correlation of chest girth with 
weight, and age for men an d women were derived from weight was high (approximately 90 percent), the assump- 
the HES data(9). The regressmn equations used are tion was made that the chest depth would be the same 
shown below¯ percentile as the weight. Using the data from HES(7) of 

Chest Girth (used to calculate chest stiffness): percentiles versus weight, the driver’s weight percentile 

¯ Male: chest girth = 33.206 - .201 * height ÷ was determined. This percentile was transformed into 

.114 * weight * .015 * age standard deviation. The data from the Henry Dreyfuss 

o Female: chest girth = 30.321 - .150 * height ÷ Human Scale Manual(10) for male and female chest 

.094 * weight ~ ,020 * age depth gave means and standard deviations. The following 

Elbow-to-Elbow Breadth (used to calculate door equations present the chest depth data used. 

gap): Chest Depth (used to calculate driver contact area): 

Male: breadth = 17.283 - .169 * height + .061 *          ¯ Male: chest depth = 9.0 + .7653 * (standard 

weight + .017 * age deviation) 
¯ Female: breadth = 14.060 - .148 * height + .060 ¯ Female: chest depth = 6.5 + .7143 * (standard 

¯ weight + ~022 * age                                      deviation) 

where:                                                    where the standard deviation is the same as for the 

height in inches driver’s weight. 

weight in pounds 

age in years 
Car Size 

calculated quantities in inches 

A correlation matrix is presented in Table 4, Eighty to 
The car size algorithm for determining struck car 

90 percent of the varmtion in these measurements are 
weight versus struck car size was based on the CRASH3 

accounted for b~ " ’ 3 the driver s weight, program(11 ). The algorithm had seven vehicle categories 

]’able 4. Anthropometrie measurements correlation versus a range of wheelbases. These CRASH3 wheelbases 
matrices were needed to allow using the National Vehicle Popula- 

Mate: tion Profile (NVPP) data for determining the frequency 

Chest Elbow of vehicle size versus vehicle weight in the real world. The 
Age Height Weight Girth Breadth CRASH3 vehicle categories were also needed for obtaining 

basic structural characteristics of the struck car and 

Age striking vehicle during the side impact simulation. To 

Height -.270 facilitate using the NVPP data. the CRASH 3 wheelbases 

Weight -.058 .394 were rounded to whole numbers. The CRASH3 categories 
Chest .062 ¯189 .885 were then combined into the more traditional car sizes to 
Girth develop the gap between the driver’s elbow and the 
Elbow .156 .069 .804 .833 interior door trim. The gap categories were based on an Breadth 

algorithm of car size used by NHTSA and MVMA for 
Female: the MDAI (Multidisciplinary Accident Investigation 

Data File)(12). Table 5 shows the relationship of these 
Chest Elbow categories. 

Age Height Weight Girth Breadth 

Age 
Height -.270 Accident and Vehicle Exposure Variable 
Weight -.058 .394 Distributions 
Chest .062 .189 .885 
Girth 
Elbow .156 .069 .804 .833 Data Base 
Breadth 

NASS data files from 1979 to 1982 were used for the 
The driver’s chest girth (chest circumference) and age acci dent and vehicle crash exposure variables, The NASS 

were used as inputs to the chest stiffness regression data are a probability sample of each year’s nationwide 
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Table 5. CRASH3 category wheelbase comparisons 

CRASH3 Rounded Traditional 

.... CRASH3 Wheelbase Wheelbase NHTSA & MVMA Wheelbase 

...... Category (in) (in) Category (in) 

1 80.9- 94.8 81- 95 Subcompact 
80- 93 

2 94.8 - 101,6 96 - 102 94- 100 
3 101.6 - 110.4 103 - 110 Compact 101 - 111 

4 110.4 - 117.5 111 - 117 Intermediate 112 - 117 

5 117.5- 123.2 118- !23 Full Size 118+ 
......... 6 123.2 - 150 124+ 

7 109 - 130 Lt. Truck Lt. Truck Lt. Truck 

motor vehicle accidents for which candidate accidents statistical package. SAS has been implemented for 

were chosen with varying probabilities. The selection of NASS files by storing each year’s NASS file as a SAS 

the final side impact data base was made by applying the data base. When the side impact study was launched in 
.... following filters to NASS data files, early February 1984, SAS was implemented for 1979 and 

¯ Accidents involving two vehicles 1980 NASS files only. So, the first estimates of the 

¯ Struck cars--direction of force (highest) 2 to 4 correlations were made from 1979 and 1980 NASS files. 

o’clock or 8 to 10 o’clock These estimates were twice updated since then, once in 

¯ Striking vehicles--either cars or light trucks June when the NASS 1981 file was added and again in 

The detailed NASS vehicle selection criteria are given July when the NASS 1982 file was added. 

in Appendix D. Unless stated otherwise, the analysis of The analysis of NASS 1979 and 1980 data was 

each NASS variable was performed on weighted data by performed on the combined sample of male and female 

using National Inflation Factors as weights. Background drivers. The results of their analysis are shown in Table 6 

information on the NASS files is given in Appendix E. (raw data) and Table 7 (weighted data). They include the 

NVPP data files from 1979 and 1980 were used to summary statisticsandthecorrelationcoefficients. When 

obtain the distribution of vehicles in use by weight and more data were added from NASS 1981 and 1982 files, 

size (wheelbase). The NVPP data are compiled by R.L. the analysis was also performed by driver’s gender, in 

Polk from State registration files as of July 1 of each addition to the analysis of the combined sample of male 

calender year for model years back to 1966. and female drivers. The results of the analyses by driver’s 
gender are shown in Tables 8A-8B (raw data) and Tables 

Exposure Variables 9A-9B (weighted data). 

The results from NASS 1979 through 1982 weighted 

The following variables described the individual data showedsomedegreeofdependencybetweendriver’s 

accident simulations: age and weight parameters. The correlation coefficients 

¯ Weight of struck car for male and female drivers were 0.13 and 0.30, 

¯ Weight of striking vehicle respectively. 

¯ Vehicle wheelbase 
¯ Delta V of struck car and striking vehicle--used Bivariate Frequency Distributions 

in estimating impact speed of striking vehicle * Bivariate frequency distributions of driver’s 
¯ Driver’s age age*weight were generated separately for male 
¯ Driver’s height and female drivers (Tables !0 and 11). 
¯ Driver’s weight * Struck passenger cars’ wheelbase*weight distri- 

bution (Table 12) was obtained from NVPP 
Method of Establishing the Collision Sample passenger car units in operation data. The data 

showed a high correlation between car weight 

The NASS and NVPP data were analyzed to establish and car wheelbase (r = 0.93). 

the frequency distribution of each variable. Some of the ¯ Striking vehicles’ (cars + light trucks) wheel- 

variables were believed to be correlated, that is, certain base*weight distribution was developed by 

combinations of their frequency distributions would adjusting the Polk passenger car data distribution 

occur more often than others. To determine the degree of downward by an estimated truck portion of it. 

their dependence on each other, the correlation coefficients The truck portion for each weight group was 

between them were estimated and tested for their being estimated from NASS 1979-1980 data (Table 

different from zero. The analysis was performed by using 13). Truck portion for each weight group was 

the Statistical Analysis System (SAS), a highly flexible then assigned to one category of wheelbase. 
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Vehicle Speed at or near the center of gravity of both vehicles. Comparing 

the speed distributions of the T- and L-type collisions 

shows that the d elta V sum for the L-type is less than the 

The sum of CRASH3 delta V’s for the striking vehicle delta V sum for the T-type. This is consistent with 
and struck car were used as an estimate of impact speed collision theory, which indicates that for the same vehicle 
for the striking vehicle. The speed distribution was striking speeds, thedeltaVatthevehiclecenterofgravity 
obtained by type of vehicle damage: occupant compart- will be less in the L-type collision than in the T-type 
merit (T-type) and nonoccupant compartment (L-type). collision due to vehicle rotation. The difference in the 
The T-type is defined as P + Y * Z + D. while the L-type means of the two speed distributions was found to be 
is B * F using the Collision Deformation Classification consistent with collision theory when the amount of 
(CDC)(!3) Specific Horizontal Damage Area. offset of the impact point from the center of gravity in the 

Collision theory shows that for pure one-dimensional L-type collision was taken into consideration. Therefore, 
impacts (no rotation), the sum of the speed changes of it was decided to use the 1979-82 NASS distributions for 
two vehicles is equal to the closing speed of the vehicles the T- and L-type impact speeds. 
prior to the collision. Since the struck car in a side impact The cumulative percentage distribution of striking 
collision essentially has a zero velocity relative to the speed of NASS data (unweighted) were compared with 
direction of travel of the striking vehicle, then the striking that of Highway Safety Research Institute CPIR3 accident 

vehicle speed at im pact should be equal to the sum of the data files as of September 1974 The results were 
speed changes of the two vehicles, provided the impact is consistent (see Figure 14). 

Table 10. Driver’s age/weight bivariate frequency distribution--male sample 

NASSDATA Data File 
Weighted by National Inflation Factor 

Occupant’s Sex=Male 
Table of Occ Age by OWGT 

Occ Age Occupants Age OWGT         Occupant’s Weight 
Frequency 

Percent 
Row Pct 

Cot Pct -119    120-139 140-159 160-179 180-199 200- Total 

15-24 2726 15716 52613 72298 22545 15430 181328 
0.63 3,62 12.12 16.65 5.19 3,55 41.76 
1.50 8.67 29.02 39.87 12.43 8.51 

49.34 70.76 47.58 44.88 25.90 32.33 
25-34 988 2819 28638 46758 29341 9935 118479 

0.23 0.65 6.60 10.77 6.76 2.29 27.29 
0.83 2.38 24.17 39.46 24.76 8.39 

t 7.88 12.69 25.90 29.03 33.71 20.81 
35-44 0 3107 6810 14490 10512 7004 41924 

0.00 0.72 1.57 3.34 2.42 1.61 9, 66 
0.00 7.41 16.24 34.56 25.07 16.71 
0.00 13.99 6,16 9.00 12.08 14.68 

45-54 0 0 7074 14565 12674 7857 42170 
0.00 0.00 1.63 3.35 2.92 1.81 9.71 
0.00 0.00 16.78 34.54 30.05 18.63 
0.00 0.00 6.40 9.04 14.56 16.46 

55-70 1811 312 7033 11776 10032 6333 37297 
0.42 0.07 1.62 2.71 2.31 1.46 8.59 
4.86 0.84 18.86 31.57 26,90 16.98 

32.78 1.40 6.36 7.31 11.52 13.27 
71- 0 255 8400 1196 1943 1171 12965 

0.00 0.06 1,93 0.28 0.45 0.27 2.99 
0.00 1.97 64.79 9.23 14.98 9.03 
0.00 1.15 7.60 0.74 2.23 2.45 

Total 5525 2221 0 110568 161083 87046 47730 434162 
1.27 5.12 25.47 37.10 20.05 10,99 100.00 
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Table 1 1. Driver’s age/weight bivariate frequency distribution--female sample 

NASSDATA Data File 

Weighted by National Inflation Factor 

Occupant’s Sex=Female 
Table of Occ-Age by OWGT 

Occ-Age Occupants Age OWGT        Occupants Weight 

Frequency 

Percent 

........ Row Pet 

Cot Pct -119    120-139 140-159 160-179 180-199 200- Total 

15-24 32263 35404 19692 8446 3184 0 98989 

14.80 16.24 9.03 3.87 1.46 0.00 45.41 

........ 32.59 35.77 19.89 8.53 3.22 0.00 

....... 58.31 44.83 44.06 32.30 27.95 0.00 

25-34 17307 18396 2828 3645 489 647 43312 

7.94 8.44 1.30 1.67 0.22 0.30 19.87 

39.96 42.47 6.53 8.42 1.13 1.49 

31.28 23.30 6.33 13.94 4.29 44.47 

35-44 3222 10594 6089 2803 4861 0 27569 

1.48 4.86 2.79 1.29 2,23 0.00 12.65 

11,69 38,43 22.09 10.17 17.63 0.00 

5.82 13.42 13.63 10.72 42.68 0.00 

45-54 698 5118 4278 6461 477 809 17840 

0.32 2.35 1.96 2.96 0.22 0.37 8.18 

3.91 28.69 23.98 36.22 2.67 4.53 

1.26 6.48 9.57 24.71 4.18 55.53 

55-70 1250 6744 6382 1145 2380 0 17901 

....... 0.57 3.09 2.93 0.53 1.09 0.00 8.21 

6,98 37.67 35.65 6,40 13.30 0.00 

2.26 8.54 14.28 4.38 20.90 0.00 

71 - 588 2709 5420 3651 0 0 12369 

0.27 1.24 2.49 1.68 0.00 0.00 5.67 

4.75 21.90 43.82 29.52 0.00 0.00 

1.06 3.43 12.13 13.96 0.00 0.00 
Total 55327 78964 44690 26151 11390 1456 217979 

25.38 36.23 20.50 12.00 5.23 0.67 t00.00 

F. The preprocessor generated two sets of univariate and 

Sample Selection From Two Correlated bivariate frequency distributions using sample sizes of 

Variables 400, 600, 850, and !,000 cases. The results of each sample 
were compared with those from the NASS data. The 

A sample selection of pairs of two correlated variables results of the chosen sample size were then compared 

can be made by using the matrix of random numbers with the second sample ofthe preprocessor output for the 

constructed from the bivariate frequency distribution. A reliability, that is, the repeatability of the results based on 

method of constructing such a matrix and its use in the same sample size. 

sampling procedure is outlined in Appendix F. 

Sample Size To Validate Vehicle/Occupant     Method of Comparison 

Model 

The exposure variable set developed above was input NASS Versus Preprocessor 
into the preprocessor computer program (discussed in 

section, Monte Carlo Method) to exercise the vehicle/ The percents of cell frequencies of the driver’s 

occupant model of an impact test method. For bivariate age*weight distribution generated by the preprocessor 

variables, the sample selection of random pairs was made were compared with those of the NASS data. Table 14 

by employing the sampling method outlined in Appendix shows the summary of these results. The results showed a 
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Table 12, Struck car wheelbase/weight bivariate frequency distribution 

R.L. Polk July1,1979 ÷ 1980. model years 1966+ 

car units in operation detailed long file 

Table of PWB by PWT 

PWB PWT 
Frequency 

Percen~ 

Row Pct 

Co~ Pct 15-19 20-24 25-29 30-34 35-39 40-44 45-57 Total 

80- 95 7718765 12893944 3881826 32703 0 0 0 24527238 
4.54 7.59 2,29 0.02 0.00 0.00 0.00 14.44 

31.47 52 57 15.83 0,13 0.00 0.00 0.00 
94.93 66.84 17.17 0.11 0.00 0.00 0.00 

96-102 412041 6285805 9211799 1123131 411432 860 0 17445068 
0.24 3.70 5.42 0.66 0.24 0.00 0.00 10.27 
2.36 36,03 52.80 6.44 2.36 0.00 0.00 
5.07 32 58 40.75 3.68 1.27 0,00 0.00 

!03-110 0 111919 8558831 15431201 4018098 14933 0 28134982 
0.00 0.07 5,04 9,08 2,37 0.01 0.00 16,56 

~ 0.00 0.40 30.42 54.85 14.28 0.05 0.00 
~ 0.00 Q58 37.86 50.53 12.43 0.04 0.00 
"~ 111-117 0 0 951833 13745896 21510544 13885313 493689 50587275 
~. 0.00 0.00 0.56 8.09 12,66 8.17 0.29 29.78 co 

QO0 0,00 1.88 27.17 42.52 27.45 0.98 
0.00 0.00 4.21 4501 66.53 36.25 2.64 

118-123 0 0 2516 204976 6393730 18516176 6833263 31950661 
0.00 0.00 0,00 O. 12 3.76 10,90 4.02 1881 
0,00 0,00 0.01 0,64 2001 5795 21 39 
0.00 0,00 0.01 0.67 19,77 48.34 36.59 

124-152 0 0 0 0 0 5885090 11348520 17233610 
0.00 0.00 0.00 0.00 0.00 3.46 668 10,14 
0~00 QO0 0,00 0.00 0.00 34.15 65.85 
0.00 0.00 0,00 0.00 QO0 15.36 60,77 

]otat 8130806 19291668 22606805 30537907 32333804 38302372 18675472 1.7E+08 
4.79 11.36 13.31 17.98 19.03 22.55 10.99 100.00 

~ .E 
Car 100% 96% 92% 94% 73% 83% 87% 86% 

co > Lt.Trk. 4% 8% 6% 27% 17% 13% 14% 

~djustment factors for striking ven{cle to De aoDhecl tO above struck car [able The dlstrlbut{on of strlklr~g car/It, trk. is derived from 

NASS 79 and NASS 80 data we~gi~tec~ Dv national inflation factor(see Table 131 

Table 13. Vehicle type/weight bivariate frequency distribution 

NS79 and NS80 striking car & tt truck weighted data (nat-factor) 
Table of Veh-Typ by Veh-Wt 

Veh-Typ Vehicle Curb Wei ght 
Frequency 

Percent 
Row Pct 

Col Pct 15-19 20-24 25~29 30-34 35-39 40-44 45-57 Total 

Car           t48596 446382 519085 802088 861706 725809 343425 3847092 
3.31 9.96 11.58 17,89 19.22 16.19 7.66 85.81 
3.86 11,60 13.49 20.85 22.40 18.87 8,93 

100.00 95,73 91~67 93.63 73.12 83.37 86.63 
Lt Trk 0 19909 47144 54608 316802 144814 53000 636277 

0.00 0.44 1.05 122 7.07 3.23 1.t8 14.19 
0.00 3~13 7.41 8.58 4979 22.76 833 
0.00 4,27 8,33 6.37 26.88 1663 1 &37 

Tota~ ~48596 466291 566230 856696 1178508 870623 396425 4483368 
3.31 10.40 12.63 19.11 26,29 19.42 8.84 100.00 
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NASS-B 

CPIR3-B 

CPIR3-A 

NASS-A 

~" -t ......... ~"’~’’’~’’i’" ~ ...... i’’’~"~’"~l’~ ....... ~--~--~’~i 

DI~LTR_U~ + DELTR..U2 (MPH) 

CPIR3-R OCCUPRHT CO~IP~TPIENT 
NRSS-R OCCUPRHT COHP~T~HT 

CPIR3.-B NOH-OCCUPRNT COI’IPRRTHgHT 
14R~-B NOH-OCCUP~T COP, PRRTHENT 

~SS-~ ~2 2~.7 9.7 

~S S-~ 219 17 . 1 7 . 5 

CP~R~-~ 1~0 20.3 14.1 

Note: NASS data includes 1979 thru 1982 calendar years. 

Figure 14. Cumulative percentage distributions--striking speed by type of vehicle damage 

good convergence for the samples of 850 cases and Also, a nonparametric test procedure called a sign test 

higher. Forfemaledrivers,94percentofthecelldifferences was employed to the differences of the paired cell 

had a magnitude of 2 percent or less, and the maximum 
percents of driver’s age*weight distributions of the two 

difference for any cell was 2.8 percent. For male drivers, 
samples. If the two samples are similarly distributed, then 

the differences were even smaller, and the maximum 
the number of positive and negative differences are 

difference was !.2 percent. The comparison of 1,000 cases divided evenly. Table 16 shows the results of sign tests. 

with NASS data showed only slight improvement, and, No significant difference is found, that is, repeated 

because of computer core limitations, a sample of 850 samples of the same size produce similar results. 

cases was considered adequate. 
The Monte Carlo Method 

Preprocessor Sample 1 Versus Sample 2 
The Monte Carlo Method was used in this study to 

Table 15 shows the comparison between two samples select a sample of representative side impact accidents to 

of preprocessor results based on 850 cases each. It shows simulate. Several of the key elements in our study vary 

that for female drivers, 86 percent of the differences were randomly in accidents--collision speed, car sizes, 

of magnitude 2 percent or smaller (maximum 2.9 percent), cupant age, and occupant size, for example. I n the Monte 

For male drivers, 97 percent of the differences were of Carlo Method, information about the frequency of 

magnitude 2 percent or less (maximum 2.2 percent), occurrence of values of the random variables is gathered, 
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Table 14. NASS versus preprocessor (sample) 

Analysis of Occ Age * Occ Wt Percents Analysis of Occ Age * Occ Wt Percents 
NASS vs, Sample 114 NASS vs. Sample 184 

Gender = Female Gender = Female 

Cum, Cum. Cum. Cum. 
Diff Freq. Freq. Percent Percent Diff Freq. Freq. Percent Percent 

0,00-0,50 16 16 44.4 44.4 0.00-0.50 20 20 55.6 55.6 
0.51-1.00 3 19 8.3 52.8 0.51-1.00 9 29 25.0 80.6 
1.01-2,00 1 t 30 30.6 83.3 1.01-2.00 3 32 8.3 89.9 
2.01-484 6 36 16,7 100,0 2,01-4.64 4 36 11.1 100.0 

Analysis of Occ Age * Occ Wt Percents Analysis of Occ Age * Occ Wt Percents 
NASS vs. Sample 286 NASS vs. Sample 416 

Gender = Male Gender = Male 

Cum. Cum. Cum: Cum. 
Diff Freq. Freq, Percent Percent Diff Freq. Freq. Percent Percent 

0,00-0.50 22 22 61.1 61.1 0.00-0.50 23 23 63.9 63.9 
0,51-1.00 9 31 25.0 86.1 0.51-1.00 6 29 16.7 80.6 
1.01-2.00 15 36 13.9 100.0 1.01-1,71 7 36 19,4 100.0 

Analysis of Occ Age * Occ Wt Percents Analysis of Occ Age * Occ Wt Percents 
NASS vs, Sample 245 NASS vs. Sample 296 

Gender = Female Gender = Female 

Cum. Cum. Cum. Cum. 
Diff Freq. Freq. Percent Percent Diff Freq. Freq. Percent Percent 

0.00-0,50 23 23 63.9 63.9 0.00-0.50 24 24 66.7 66.7 
0,51-1,00 5 28 13.9 77.8 0.51-1.00 5 29 13.9 80.6 
1,01 -2.00 ,6 34 16.7 94,4 1.01 -2.00 6 35 16.7 97.2 
2201-2,80 2 36 5.6 100,0 2.01-3.40 1 36 2.8 100.0 

Analysis of Occ Age * Occ Wt Percents Analysis of Occ Age * Occ Wt Percents 
NASS vs. Sample 605 NASS vs. Sample 704 

Gender = Male Gender = Male 

00 
Cum.               Cum.                                   Cum.               Cum. 

Diff Freq. Freq. Percent Percent Diff Freq. Freq. Percent Percent 

0.00-0.50 20 20 55.6 55.6 0.00-0,50 26 26 72.2 72.2 
0.51-1.00 12 32 33.3 88.9 0,51-1.00 7 33 19.4 91.7 
1,01-1,15 4 36 11,1 100,0 1.01-1.94 3 36 8,3 100.0 

Notes: 1) Diff = I NASS %--Sample % I 
2) OccAge*Weight = Driver’sAge*Weight distribution 
3) Total sample size (male + female) are: 400, 600, 850, and 1,000 cases. ........ 
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Table 15. Preprocessor sample 1 versus sample 2           and statistical distributions are constructed. Values of the 
" variables are then randomly chosen according to each 

Analysis of Occ Age * Occ Wt Percents variable value’s probability of occurring. A set of variables 
Sample 1 (245) vs. Sample 2 (273) is randomly chosen for the first simulation, then another 

Gender = Female randomly chosen set is used for the second simulation, 

the third simulation, and so on. In the Monte Carlo 

Cure. Cure. Method, hundreds or even thousands of simulations are 

Diff. Freq. Freq. Percent Percent done in this manner, and the results of the simulations 

0.00-0.50 21 21 58.3 58.3 
may be grouped into statistical distributions. So instead 

0.51-1.00 6 27 16.7 75.0 of saying that the outcome of a simulation is a chest 

1.01 -2.00 4 31 11.1 86.1 acceleration of 60, one would say that the probability of a 

2.01-2.90 5 36 13.9 100.0 chest acceleration of less than 60 is, say, 35 percent. 
One of the difficulties in using the Monte Carlo 

Method is in knowing how many simulations using 
Analysis of Occ Age * Occ Wt Percents 

Sample 1 (605)vs. Sample 2 (577) 
random inputs need to be run for the results to be 

Gender = Male representative of the entire population of simulations 

that could have been run. For a number of practical 

reasons, we chose a sample of 850 simulations of side 
Cum. Cum. impact traffic encounters for one vehicle design. 

Diff. Freq. Freq. Percent Percent 

0.00-0.50 25 25 69.4 69.4 Structure of Preprocessor Model 
...... 0.51-1.00 5 30 13.9 83.3 

1.01-2,00 5 35 13.9 97.2 

2.01-2.20 1 36 2.8 100.0 The side impact simulation model preprocessor was 

developed to provide the random inputs for the side 

Notes: 1. Diff = I Sample 1%--Sample2%l impact simulation. The preprocessor program is run 
2. Occ Age * Weight = driver’s age * weight using a random seed for the random number generator or 

distributions. 
3. Total sample size (male + female)is 850         a set of previously determined uniform or normal 

for each sample, random numbers. The random seed is based on the time 

4. The number in the parentheses are and date of the program execution. 

subsample sizes. The uniform and normal random number routines are 

general computer system functions. The uniform random 
Table 1 6. Preprocessor sample 1 versus preprocessor number distribution (integer values)ranges from 1 to 100 

sample 21 sign test for repeatability with equal probability. The normal random number 
distribution ranges from -6.0 to 6.0 with a mean of 0.0 

For a given cell of two bivariate frequency 
and a variance of 1.0. 

tables, define 
difference = ’+’ if Sample t % > Sample The preprocessor starts randomly determining driver’s 

II % gender and whether the impact was a T- or L-type. A 
= "-’if Sample 1% < Sample 61 / 39 mix of T- or L-type impacts was used, based on the 

II % 1979-82 NASS weighted data base. It then randomly 
= 0 for ties. determines driver’s age versus driver’s weight. The pre- 

Let sum (+) = sum of ’+’ signs, sum (-) processor model source code is written in Fortran77 for 

= sum of ’-’ signs, the Ford Honeywell Multics operating system(14). The 

program can determine up to 1,000 random sets of side 

impact simulation inputs. Table 17 shows the output 
Resultsof Driver’sAge* CarWeight Percents 

format of the preprocessor and briefly defines each 

variable. A sampling of the side impact Monte Carlo 

Critical Values R2 input data from the preprocessor is presented in Appendix 

G. 
Sum(+) Sum(-) 90% 95% 

Male: 10 16 8 7 
Female: 18 13 10 9 A Test Device Model 

1 Each sample of 850 cases. The mate/female mix is A simple component test device was modeled using 
69/31(average of two samples), tWO masses and energy absorbers (Figure 15). For 

2 Decision Rule: 
validation purposes, the parameters of the model were 

Reject Ho: Pr {difference = ’+’ or ’-’} = 1/2, if 
smaller of sum (+) and sum (-)--<R, at that adjusted to produce force-time responses that were 

level of significance, within the response corridors developed by MVMA for a 
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Table 1 7, Preprocessor output format 

Variable 
Case number 
Driver’s gender [1 =male; 2=female] 
Driver’s weight [Ib] --- TOM 
Driver’s age [yr] r=r==Oooo~b=. 

~.o- 
Driver’s height [in] 
Driver’s chest girth [in] 
Driver’s elbow-to-elbow breadth [in] 
Driver’s chest depth [in] 
Drivers chest stiffness [N/m] o. 
Striking vehicle ,weight lib] o ~o    ao    ~o    4o ‘50 so 
Striking vehicle size (CRASH3 wheelbase categories 

with 7 = Light Trucks 
impact type [1-T-type; 2=L-type] Figure 16. Lateral rigid impact test corridor with test 
Striking vehicle impact speed [mph] device model response at 18km/h 
Gap distance from driver’s elbow to inside door interior ..... - 

[in] for each struck car weight category defined 
below: 

I / 

~ = t t,750 Ib 
2 2,200 Ib ~.o 

,~-,~ 
3 2,700 Ib ,/ 

43,2001b654,2003’7001blb 

0 t0 20 30      40 .50 $0 

Ttme ~ milllsecond~ 

Figure 17. Lateral padded impacttest corridor with test 
device model response at 22.5km/h 

Initial Results 

We simulated both component and full-vehicle type 
tests. The component tester was similar to the one 

~ developed for MVMA by MGA, Inc.(!7), and the full- 
Figure 15. Test device model schematic vehicle tests were patterned after those proposed by 

NHTSA and the Committee of Common Market 

Automobile Constructors (CCMC). In this initial study, 

component test device( 15,16). These corridors were we did not attempt to investigate fully the effect on test 

developed from human cadaver drop test data(6) and are predictability of all the possible changes in test design 

believed to be representative of living human dynamic parameters. Instead, we chose to look at a few plausible 

response. The test device response fell within the MVMA test procedure variations. 

corridors when the cadaver drop tests were simulated 

with the model. Figures 16 and 17 show the validation Component Tests 
responses for a lateral rigid impact at 16kmih and a 

lateral padded ~mpact at 22.5kmih, respectively. In the component test, we varied the size of the 
The model of a full-vehicle test procedure was also impactor from a 40th percentile mate to a 60th percentile 

developed from the computer model used to simulate male, and we also varied the impact speeds from 16kin/h 
car-to-car collisions. Since the test tries to duplicate a to 32km/h to study the effect on test predictability of 
typical car-to-car crash, the model of the full-vehicle changes in these parameters. We also looked at the effect 
crash described earlier was altered to include the stiffness of using a rigid component test impactor rather than an 
of the NHTSA and CCMC moving deformable barrier impactor with realistic thorax stiffness. All component 
(MDB) face and the effect of mass and stiffness of the test simulations were run with the door precrushed. A 
S1D and APR side impact dummies, table of the component test runs is shown in Table 18. 
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Table 1 8. Test procedure variations--component 2. The door gap is not taken into account following 

test runs (precrushed door) the precrushed door. However, the precrushed 

door stiffness of the struck vehicle was considered. 
Procedure Impactor Occupant Impact Speed 3. The component test speeds(16, 22, and 32km/h) 

1 MVMA 50% Male 22km/h are the contact speeds between the dummy and 

2 MVMA 40% Male 22km/h door interior. 

3 MVMA 60% Male 22km/h 

4 MVMA 50% Male 16km/h 

5 MVMA 50% Male 32km/h MVMA Baseline Impactor 
6 Rigid 50% Male 22km/h 

.... Validation plots for the baseline impactor are shown in 

For the component tests, we measured Thoracic Figures 18 through 21. All of the seven response 

Trauma Index (TTI), chest acceleration, chest deflection, combinations show similar scatter and similar correla- 

and rib acceleration on both the component test device tion. Note that there are 105 points (15 experiment 
and the vehicle occupant. We also looked at how well TTI designs X 7 vehicle sizes) in each validation plot. The 

on the occupant is predicted by chest acceleration on the highest correlation for the baseline impactor at 22km/h is 

test device and how welt chest acceleration on the found with chest acceleration. Note that TTt on the 

occupant is predicted by TTI on the test device. Validation occupant is better predicted by chest acceleration on the 

plots were made for each of these seven possibilities, and impactor than by TTI on the impactor. 

correlation coefficients between test results and real- 

world simulation results were calculated. 

Generally, the component tests have relatively low 
Size Variations 

correlations between real performance and test perform- 

ance due to the following: 
Different sizes of the MVMA impactor were also 

1. The component test model has only a 2-mass and simulated. Validation plots for all of the responses are 

2-energy absorber, shown for the 40th percentile and 60th percentile male 

HVHA ZHPACTOR HV~A ZHPACTOR 

........ THORACIC TRAUHA INDEX 
CHEST ACCELERATION 

Re~I Performance, ~ Area Ahoy= ~toff Value 
tO0 

Coeff, - ,47~ 

80 

~:):h,.""’" ¯ ,o ~ "? ’" ,o v.:’."" 
20 I I~act Speed = 22 ~hP 

Sub~ect - 50 ~ll 

°0 100     200     300     400 5~0 too 200 300 

Teat Performance, ~1 
Teat Performance. N~ss t Acceleration - O’S 

~4VNA IHPACTOR 
NVNA ZNPACTOR CHEST ACCELERATION 

THORACIC TRAUHA INDEX op~=al ~a~el Ch~ ~cceL cutoff vazu~ - ~o ~’~ 
Optimal Nodal ~I Cutoff Value ~ 

Real Performance, ~ Area Above Cutoff Value                                      Real Performance, ~ Area Above Cutoff Value Correl~t~o~ 

Coeff. - .55i                                                                C0eff, = .508 

80 

, 60        . %% 

",.,. 

20 I~mct ~ee4 - 22 ~v 
2 . Iapact 

~b}ect = 50 ~le Hale 
~bJect - 50 ~tle Male 

0 ~ 
~ ~ .... 500 

~00 200 300 0 t00 200 300 400 

Test Performance, Mass i Acceleration - O’S                                                 Teat Performance, 

Figure ~ 8. V~lid~ion plo~s~MVMA b~seline imp~c~or~- Figure ~& V~lid~don plo~s-- MV~A 

~hor~cic ~r~um~ inde~ 
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MVMA ZMPACTOR Speed Variation 
RIB ACCELERATION 

Reel Pevfoneance, X Anea Above Cutoff Value The 50th percentile MVMA impactor was also tested 
i00 c,~a~at~o, at 16 and 32km h to investigate the effect of different test 

e0 speeds on the correlation between test results and real- 

world performance. Validation plots for these tests are 

shown in Figures 26 through 29. The highest correlations 

~ :1 ~:, ¯ "¯ ¯ of all the component tests resulted from the MVMA 50th 
~° 

"{:’<:. "" percentile impactor run at 16km. h while the poorest 

2o z=e=~ s~a,~ - aa ~ 
correlations were with the MVMA 50th percentile male 

s~oft- ~11 ~na ~e~a impactor at 32km h. The correlation coefficients for 
o 

~ i’11o ~oo aoo ~o ~o ~o zoo a~o these tests are shown in Table 19. At least in these 
r~at ~a~ance. ~aaa ~ ~c~le~at~on - ~’e simulations, the selection of test speed is a critical item in 

- the predictability of a test procedure. 
Figure 20. Validation plots--MVMA impactor--rib 

acceleration 

Rigid Impactor 

MVMA IMPACTOR 
CHEST DEFLECTION Questions have arisen about just how biofidelic a test 

11oil=el Moael chest lJefl. Cutoff Value - 11.6 in, device needs to be. Does the impactor need to have 
Reel Performance, g Aeee Above Cutaff Value 

~ co~°ze~o, exactly the same compliance as a human? To explore this 
coef[.--.11117 notion of biofidelity, we simulated a component test 

~ 
~j.=. device that had no compliance. In all other respects, it 

~ ,"~’~       , ,,,,, ¯ 
was the same as the 50th percentile male MVMA 

" ~ ,, impactor simulation. The validation plots for the rigid 

: impactor are shown in Figures 30 through 33. Note. there 

is very little difference in the validation plots between the 
.T~IpIC t 5pmI 
s~ac~- ~o xne ~a rigid impactor and the ~V~A 50th percentile maJe 

° .......... ~ ~ 3 4 ,~ impactor. Does this mean a component test device does 

Teat Performance, E/A i Deflection - Tnchee not need to be compliant like a human? This issue needs 

further research to answer the question. The correlation 

coefficient for the rigid impactor test simulations are 

shown in the last line of Table 19. 
MVMA IMPACTOR 

CHEST DEFLECTION 
11primal MBciel Chest O=fl. Cutoff Value - 0.6 

Re.1 Performance. I; Area Above Cutoff Velum Full-Vehicle Tests 
Coeff, --.555 

The full-vehicle test simulations investigated the 
° NHTSA MDB(18) and SID dummy(19,20) combination. 

as well as the CCMC MDB barrier(21) and APR 

dummy(22,23) combination. We also looked at the effect 

: of changing the weight of both barriers to 1.100kg, the 

20~ z~,ct s~,,~-aa ~,/~ effect of raising the ~mpact speed from 32km h to 
~,ct - ~o sn, ~ala 40km! h, and the effect of using the SID dummy with the 

°~ " ~ ~ ~ " ~ ’ ~ CCMC barrier, The full-vehicle test simulation plan is 
Test Parforeance. ~/A a Deflection - Inchee shown in Table 20. 

Figure 21. Validation plot--MVMA impactor--chest Figures 34 and 35 show the force-deflection relation- 

deflection ships of the NHTSA and CCMC barriers, respectively. 

The NHTSA MDB at 0° impact angle approximates the 
sizes in Figures 22 through 25. The different size impactors front end characteristics of a typical A MC Concord(18), 
were simulated by scaling the weight and stiffness values while the CCMC MDB approximates that of a CCM C 
of the 50th percentile impactor in proportion to the average European car(21). Note, a power curve has been 
change in total body weight. In general, the 40th percentile used to fit each test curve. 
size impactor correlates slightly better with all the 

The SID and APRdummyforce-deflectioncharacter- 
responses than either the 50th or 60th percentile impactor 

istics are shown in Figure 36. The lateral stiffness of the 
sizes. The correlation coefficients are shown in Table 19. 

HSRI SID is shown compared with that of the APR. The 
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MV~A I~PACTOR HV~A IMPACTOR 
THORACIC TRAUMA INDEX THORACIC TRAUMA INDEX 

Optlm~l M~dol TTI ~utoff Value - I~0 Opt1~l Mo~ol TTI Cutoff Val~e - 

Real Performance, X Area Above Cutoff Value                            Real Performance, ~ Area Above Cutoff Value 

IOo Correlation iO0. Correlation 
Coeff. - .532 Coeff. = .583 

..... BO SO 

¯ - ¯ ~ ~ .... ,° 
........                                                        Subject - 40 %ile Male Subject - 40 %ilo Male 

t00       200       SO0       400       500                                                100              200              300 

Test Performance, TTI                                      Test Porformance~ Mass t Acceleration - 

HVHA iHPACTOR HVMA IMPACTOR 
THORACIC TRAUMA INDEX THORACIC TRAUMA INDEX 

Optimal M~del TTI Cutoff V~lue - 120 O~ti~al Model ~I Cutoff Value - 

Real Performance. ~ Area Above Cutoff Value                            Real Performance, ~ Area Above CutofP Value 
iO0 Correlotlon iO0 Correlation 

Coaff. - .433                                                              Coeff, - .504 

80                                                                                    80 

,oi .’.... ¯ 
40            .. 

Impact SPeed - 22 ~Im~r 
20 * Iepact ~ead - 22 K~hr 

Subject - 60 ~lle Male Subject - SO ~ile Mall 

iO0      200      300      4 0      5 0                                         iO0            200            300 

Teat Performance, TI"I                                         Test Performance, Noes i Acceleration - 

Figure 22. Validation plots--MVMA impactor, size variation--thoracic trauma index 

MVMA IMPACTOR MVMA IMPACTOR 

CHEST ACCELERATION CHEST ACCELERATION 

Opti~al Mod~l Chest Accel. CUtoff Value - 50 g’s Optimal Model Chest A~cel. Cutoff Value = 50 

Real Performance. ~-Area Above Cutoff Value Real Performance. ~ Area Above Cutoff Value 
iO0 Correlation ice Correlation 

Coeff. - .6ii Coeff~ 

80 SO 

~.... 

20    * Impact Speed - 22 Y~m/hr 
20 : Impact Speed - 22 Kerr 

~                              Subject - 40 ~lle Male Subject - 40 ~ile Male 

O0 100 200 ace o ~oo      200     300     ~oo 5oo 

Teat Performance, Nasa t Acceleration - g’a Test Performance, TTI 

MVMA IMPACTOR HVMA IMPACTOR 

CHEST ACCELERATION CHEST ACCELERATION 
Optimal Model Chest kceel. Cutoff Value - 50 g’S Optimal Model Chest Accel. Cutoff Valu~ - 50 

Real Performance. ~ Area Above Cutoff Value Real Performance. ~ Area Above Cutoff Value 
BO Correlation iO0 Correlation 

Coeff. - .538 Coe~f. 

BO 80 

¯ ¯ ..                                                            .’p;’~ ¯ .... 

~o £ ~):"’" 
I 

~’~’" 
"" ~ "~ . 

20 
~ Impact Speed - 22 Km/hr 20 

~ Impact Speed - 22 
Sub~ect - 50 ~lle Male Subject - 60 ~lle Male 

t00 2oo 300 i00     200     300     400 500 

Test Performance, Nasa t Acceleration - g’e Test Performance. TT~ 

Figure 23. Validation plots--MVMA impactor, size variation--chest acceleration 
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MVMA IMPACTOR MVMA IMPACTOR 
RIB ACCELERATION RIB ACCELERATION 

Opt)hzel Medal R},b Accel, Cutoff Value - 90 @’s                              ~Llmal Model Rib Acc~l, ~toff V~lue - @O @’~ 
R~ Performance, Z Area ~ove Cutoff Value                              Real Performance. ~ Area Above ~toff Value 

Coeff. - .~0 Coeff. - .474 

80 80 

... . . 
¯ 

S~bJec~ - 40 ~tle Male ~bJec~ - @O ~LIO Male 

@ tOO 200 300 ~00 500 600 700 ’ 800 t00 200 3 O 400 500 @OO 700 8OO 
Test Performance. Haas 2 AcceleretLon - @’s                              Test Performance. Mass 2 Acceleration - 

Figure 24, ValidaTion plots--~ impactor, size variation--rib acceleration 

MVh(A IMPACTOR MVMA IMPACTOR 
CHEST DEFLECTION CHEST DEFLECTION 

Opti~ai ~o~el Chest O~fl. Cutoff Value - 0.6 in.                                     Optimal Model Chest Dell. Cutoff Value - 0.6 in. 
Reel Performance. ~ Area Above Cutoff Value                              Real Performance, I Area Above Cutoff Value 

tOO                                               Correlation              lO0                                              Correlation 
Coeff, - .037 Coeff. - -,540 

80 BO 

- 

20 ImPact SPeed - 22Km/hr 20 ImPact SPeed - 22Km/hr 
S~bJect - 40 Iile Male ~b|ect - 40 Itle Male 

Test Performance, E/A i Oefleetion - Inches Test Performance. E/A 2 Deflection - Inchem 

MV~A IMPACTOR MVMA IMPACTOR 
CHEST DEFLECTION CHEST DEFLECTION 

Opti~al Model Ch~3t O~fl. Cutoff Value - 0,6 in. Opti:~al N~del Che~t Dell. Cutoff Value - 
Real Performance, ~ Area Above Cutoff Value Real Performance. ~ Are~ Above ~toff Value 

iO0~ Correlation t00 r CorPelmt 1on 
Coeff. --.16i 

~ 

Coeff. m-.~8 
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F~gure ~ Validation plots--MVMA impactor, size variation--chest deflection 
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Table 19. Correlations between real performance and test performance (component test procedures) 

Optimal 

Cutoff 120 50 90 1 20 50 0.6 an 0.6 in 

Real Chest Rib Chest Chest Chest 

Performance TTI G G TTI G Deflection Deflection 

Ea it2 

Test Mass 1 * Mass 2~ Mass 1 Ea #1 * Door-Pad 

Performance TTI G G G TTI Deflection Deflection 

Test 
Procedure 

1 
(MVMA 50%) ,479 .583 .517 551 ,508 -.047 -.555 

(Male, 22km/h) 
2 

(MVMA 40%)     .532 .611 .570 .583 .556 .037 -.540 

(Male, 22km/h) 
3 

(MVMA 60%) .433 .536 .474 .504 .461 -.161 -.578 

(Male, 22km/h) 
4 

(MVMA 50%) ,620 .699 .637 .650 .659 .188 -.432 

(Male, 16km/h) 
5 

(MVMA 50%) .018 ~076 .095 .040 ,056 207 - 643 

(Male, 32km/h) 
6 

(Rigid, 50%) .517 .539 .564 .509 .548 N/A -.441 

(Male, 22km/h) 

Mass 1: mare mass in TDM (Test Dev=ce Modeh 

Mass 2: Striking Mass in TDM 
Ea #1 Deflection: Relative Deflection between Masses #1 and #2, 

For Test proc. #6 (Rigid Impactor, with 1-mass model L 
Mass 1 Accelerat=on = Mass 2 Acceleration, 

Assumption in all cases: precrushed door. 

Table 20, Monte Carlo model test procedure variations full- vehicle test runs 

Procedure Barrier Face/Weight Dummy Impact Speed 

1 NHTSA/1361 kg SID 32km/h 

2 NHTSA/1361 kg SID 40km/h 

3 CCMC/950 kg APR 32km/h 

4 CCMC/950 kg APR 40kmih 

5 CCMC/t 100 kg SID 32km/h 

6 CCMC/1100 kg APR 32km/h 

7 NHTSA/1100 kg SID 32 k,m/h 
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Figure 26, Validation piots--MVMA impactor, speed variation--thoracic trauma index 

MVMA IIHPACTOR MVHA IMPACTOR 
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Figure 27. Validation plots--MVMA impactor, speed variation--chest acceleration 
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MVMA IMPACTOR MVMA IMPACTOR 
CHEST DEFLECTION CHEST DEFLECTION 
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Figure 29. Validation plots--MVMA impactor, speed variation--chest deflection 
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RIGID IMP~CTOR RIGID IMPACTOR 
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32. Validation plots--rigid impactor--rib            Figure 33. Validation plots--rigid impactor~chest 

acceleration                                           deflection 
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~ 
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D,f,ecfion, In. 

Figure34. NRTSA moving deformable barrier force- 0 .............. 
deflection characteristics o 

Deflection, In. 

Figure 36. SlD and APR dummy chest force-deflection 
characteristics 

200,                                     // 

.’~ CCMC ,.,, Table 22, masses 6 and 5 accelerations represent the torso 
/ F= 3.790 ....... /" and rib cage acceleration readings of the struck dummy in 

~oo. the full vehicle. 

o                                      NHTSA Impactor Speed Variation 
0         5         10        ~5        20 

Deflection, In. As shown in Table 22, test procedures 1 and 2 used the 
NHTSA MDB impactor weighing 1,361kg at 32 and 

Figure 35. CCMC moving deformable barrier force-de- 
flection characteristics 40km/h, respectively. Both procedures assume a SID test 

dummy in a struck vehicle. In general, test procedure 1 at 
dummy weights used were 174 lb and 166 lb for the SID lower speed exhibits higher correlations for most of the 
and APR dummies, respectively, responses than those of test procedure 2 at the higher 

..... The T-type side impact model schematic shown in speed. 
.... Figure 8 is used for the full-vehicle test procedure. Energy Figures 37 through 40 show the validation plots of rea! 

absorbers 1 and 2 of the impactor are assumed to performance versus test performance for the seven major 
represent the barrier front end structure and are equal in response correlations in the two test procedures. 
stiffness. Masses 6 and 5 represent the torso mass and the Note that the real performance of TTI is predicted 
rib cage mass of the dummy, respectively; energy absorber better by the mass 6 acceleration (torso acceleration) than 
6 represents dummy chest stiffness. The door gap, delta 4, by the TTI in the full-vehicle tests. This is true throughout 
is between the 50th percentile dummy and the door the seven test procedures shown in Table 22. 
interior of a given vehicle. The door gap values used are 
shown in Table 21. 

The correlations between the real performance and the CCMC Impactor Speed Variation 

test performance for the seven full-vehicle test procedures 
are shown in Table 22. These seven test procedures have Test procedures 3 and 4 show the effect of test speed 

impact speeds of 32 and 40km/h (or 20 and 25mph). In usingthe CCMC MDB weighing950kg on the correlation 

Table 21. Door gap for a 50th percentile dummy seated in a vehicle 

Vehicle 
Category          1 2 3 4 5 6 7 
Weight 

(Ib) 1750 2200 2700 3200 3700 4200 4800 

Door Gap 

(in) 4.45 4.45 4.98 5.93 6.39 6.83 7.09 
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NXTSA ZiqPAETOR NHTSA TNPAETOR 
1-HORACIC TRAUMA ZND£X THORACZC TRAUMA 

Optlmal MoOel ~I Cutoff Value - I~0 Opt~mal Model TTI Cutoff Value - 
Real Performance, ~ Area Above Cutoff Value                              Real Performance. ~ Area Above Cutoff Value 

)0 Correlat ~o~ t00 CoPrllat~o~ 
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Figure 37. Validation plots--NHTSA MDB impactor, speed variation--thoracic trauma index 
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Figure ~, Validation plots--NHTSA MOB impactor, speed variation--chest acceleration 
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Figure 39. Validation plots--NHTSA MDB impactor, speed variation--rib acceleration 
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Figure 40. Validation plots-NHTSA MDB impactor, speed variation--chest deflection 
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Table 22. Correlations between real performance and test performance (full-vehicle test procedure) 

Optimal 
Cutoff 120 50 90 120 50 0.6 in 0.6 in 
Real Chest Rib Chest Chest Chest 

Performance TTI G G TTI G Deflection Deflection 
Ea #4 

Test Mass 6* Mass 5* Mass 6 Ea #6* Door-Pad 
Performance TTI G G G TI’I Deflection Deflection 

Test Procedure 
MDB/Kg 

Dummy/Km/h 
1 

NHTSA/ .832 .915 ,806 .906 .848 .769 -,052 
136t/SID/32 

2 
NHTSA/ .776 .895 .771 ,879 .795 .794 -.276 

1361/S~D/40 
3 

CCMC/ .779 ,864 .727 .860 .791 .858 .114 
950/APR/32 

4 
CCMCi .821 .931 .807 .927 .826 .881 -.230 

950!APR/40 
5 

CCMC/ .772 .849 ,739 .841 .790 .722 . 161 
t 100/SID/32 

6 
CCMC/ .791 .866 .743 .861 .803 .854 .078 

1 lO0iAPRi32 
7 

NHTSA/ .831 .912 ,805 .905 .843 .798 -.022 
1100/SID/32 

Mass 6: torso mass in side impact model 
Mass 5: rib cage mass in side impact model. 

Ea #6: chest deflection between mass 6 and 5 

Mean Value of Full-Vehicle Test Reading 

Test Procedure No. 

Response 1 2 3 4 5 6 7 
TTI 218 315 162 246 168 163 211 
Mass 6 G 73 117 60 109 50 62 70 

between the real performance and test performance. The CCMC Impactor at 1,100kg--Dummy 
two test speeds are 32 and 40kin/h, and the dummy used Variation 
in the struck vehicle was the APR. 

In the seven response correlations, test procedure 4 at 

40kmih produces consistently higher correlation co- Test procedures 5 and 6 have the CCMC MDB 
efficients than test procedure 3. The main reason is that to irnpactor weighing 1,100kg at 32kin/h with the SID and 

produce the impact severity observed in the real world, APR dummies, respectively. Test procedure 6 with the 

the impactor speed would have to be higher, if the APR dummy yields a slightly higher correlation between 

impactor weight is less than the mean striking vehicle real performance and test performance than procedure 5 ..... 

weight, which is about 1,500kg. using the SID dummy. However, the difference in 

Figures 41 through 44 illustrate the correlations between correlation due to dummy type is not as significant as that 
the real performance and the test performance for the due to speed, as shown by test procedures 3 and 4 in Table 
seven responses in the two test procedures. 22. 
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Figure 41. Validation p~ots--CCMC ~DB impactor, speed variation--thoracic trauma index 
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Figure 42, Validation p~ots--CC~C ~DB i~pactor, speed variation--ches~ acceleration 
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Figure 43. Validation plots--CCMC MDB impactor, speed variation--rib acceleration 

CC~4C IHPACTOR CCHC IHPACTOR 
CHEST DEFLECTION CHEST OEFLECTION 

O~tlmat Model Chest Dell. Cutoff Value - 0.6 in.                             0primal Model Chest Dell. Cutoff Value - 0.6 in. 

Real Performance, % Area Above C~toff Value                            Real Performance. % Area Above Cutoff Value 

ioo                                            Cnrrelm~lon             ~OO                                            Correlation 

Coeff. - .t14 Coeff. - 

SO 60 

.- .’:::’, ¯ ¯ ~"~ 
.. ~. :.....-,,., 

¯ ..... ¯ . 

20 Z~act ~eed - 3~ ~r ~O ~mct ~eed - ~ ~r 

3            4O                                              ~            2            @            4 

Teat Performance. ~A ~ Oaf lock,on - Inches                          Tes~ Performance. ~A @ ~flectton - Inches 

CCWC IRPACTOR CCHC IHPACTOR 
CHEST DEFLECTION CHEST DEFLECTION 

Opti~al Ho~ei Chest Oofl. Cutoff Value - 0.6 in.                                     Optimal H~del Chust Oefl. Cutoff Value - 0.6 in. 
Real Perforeence, % Aree Above ~toff Value                            Real Performance, % Area Above ~toff Value 

)O                                               Correlation              tO0                                               Correlation 

Coaff. --.2~ Comff. - .60% 

DO 
~o~ 

., 
¯ .m’.*. ° ~o ..:~..’.~" 

¯ .:..." . :.;.- 
|O ° ° 40 

!0 
I~actor Height - 950 K@ I~ector Height - 950 Kg 
Impact ~med - 40 ICua/hr 20                                   I@|ct ~emd - 40 ~/hr 

~ 2 3 4 1 2 3 4 

Teat Performance, E/A ~ ~flecLion - Inches                            Test Performance, E/A 6 Deflection - Inches 

Figure 44. Validation plots--CCMC MDB impactor, speed variation--chest deflection 

struck vehicle. This procedure, for practical purposes, Figures 45 through 48 show the validation plots and 
correlation coefficients for the seven responses using test produces the same correlation coefficients as test pro- 

procedures 5 and 6. cedure 1, in which the NHTSA impactor weighs 1,361kg 
at the same speed. It is concluded that the weight of the 
NHTSA impactor is not statistically significant as far as 

NHTSA Impactor at 1,1OOkg predicting the real performance from the test performance. 
Figures 49 through 52 show the validation plot and 

Test procedure 7 uses the NHTSA MDB impactor correlations of the seven performance responses for test 
weighing 1,100kg at 32kin/h with a SID dummy in the procedure 7. 
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Figure 45. Validation plots--l,lOOkg CCMC MDB i~pactor, dummy variation--thoracic ~rauma index 
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Figure 46. Validation plots--l,lOOkg CCMC MOB impactor, dummy variation--chest acceleration 
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CCMC IMPACTOR CCMC IMPACTOR 
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Figure 47~ Validation plots--l,lOOkg CCMC MDB impactor, dummy variation--rib acceleration 
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Figure 48. Validation plots--l,lOOkg CCMC MDB impactor, dummy variation--chest deflection 
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Figure 49. Validation plots--l,l~kg NHTSA MDB 
Figure 51. Validation plots--l,l~kg NHTSA MDB im- 

pactor-- rib acceleration 
impactor--thoracic trauma index 
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0primal M~dcl Chest 4~cel. Cutoff Value - 50 g’s pactor--chest deflection 
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,o Discussion 

Although these simulations are in a relatively pre- 

~ liminary and somewhat undeveloped condition, they 

"’�;~ z=.=~,~ ~.t~t. ,~oo ~ suggest certain kinds of conclusions. There are factors to 
m .. ~a¢~ ~.a - ~a ~/n~ which the results seem insensitive and others to which SIO Ou~y 

°0 ’ *;0 ’ a;0 ’ ~;o ’ ,;o ’ s;o ’ ’~0 
they seem sensitive. 

re~t Performance. TTI One of the questions that this kind of research is 

Figuro fi0. Validation plots--l,l~k9 NHTS~ MOB 
oriented toward answering is whether it really makes 

imp~etor--eho~t aeeolor~tmn much difference if some of the test details are biofidelic 
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and realistic or not. Particularly, there has been a vehicle’s properties. 
continuing discussion and controversy as to the minute This study has not, to this point, attempted to ge~ at 

details of the crash test dummies and of the full-vehicle injury, per se, and makes no attempt at establishing any 

moving barriers. To the extent that the kind of simulation kind of pass-fail criteria. An implied criterion may evolve 

done in this study has tapped the principal phenomena, by working backwards from the population results to the 

the results indicate that some things don’t matter very test results by picking a criterion population performance 

much because the correlation of test results to population level and then finding the test result corresponding to it. 

experience seems pretty much the same. It really did not For example, one might examine any of the graphs in this 

much matter whether it was the NHTSA or CCMC report and draw a horizontalline across the graph, say, at 

barrier or what their weights were. Nor did it much the 50 percent level, and then drop a vertical to the 
matter if it was the SID or APR dummy used. Further- abscissa to identify what might be an appropriate test 

more, theimpactor used in the component test simulations criterion. This may be more easily said than done, 

produced a similar correlation to accident simulations, because the attempt to do that will immediately disclose 
whether the impactor was biofidelic or if it was just a rigid that the horizontal criterion line intersects a large scatter 

mass. These kinds of results suggest that much of the of test results. That is true even for the largest correlations 

discussion about the particulars of these kinds of tests observed in this study. Although this study is trafficking 
may be far less important than other considerations. For in correlations, it must be understood that in a regulatory 

example, the running of simulations at different test or in an NCAP environment, it is individual models that 
speeds shows there may be an optimum speed for such will be branded by the test results, and fairness then 

tests, and it is not very high. That is, if the purpose of the becomes much more of an issue than does correlation 
test is to predict what is going to happen in the field, then Individual makes having the same population experience 

it may be self-defeating to run these tests at too high a (they are all the points intersected by any horizontal 

speed, because such tests may not predict what goes on in iso-level) can really have quite a range of different test 

the field, results. 

There are certain sensitivities in the findings. Particu- There are other factors to be considered such as 
larly, it was found the weight of the test car (and!or its repeatability, reproducibility, and text complexity and 
stiffness, which in these simulations was set proportional cost, but, in the end, a test’s ability to rank cars in order of 

to the weight) had a very noticeable effect on the safety performance is very important. The results of this 
correlation between component test and field simulations, study must be considered as mainly suggestive. It is our 

The correlation plots for the component tests show a very wish that those who have ideas about improving the 

distinct patterning of the data points. This came about simulations or trying other conditions would communicate 

because each point represents a particular vehicle design, with us so we might incorporate them into our continuing 
and the vehicle designs were systematically configured work. 
according to their weight and other parameters. One 

must not jump too quickly to conclusions about the 

relative quality of the correlations found with the com- Future Plans 
ponent test as opposed to the lull-vehicle test by superficial 

comparison of the plots. For example, see Figures 53 and We plan to continue the development and use of the 
54. These are repeats of the upper left plots in Figures 27 model described here and report our findings in future 

and 38, respectively, shown earlier in the report. The first papers. Future work will be initially concentrated in the 

one relates to the component tester, and the second following areas: 

relates to the full-vehicle test, both of them for chest g. ® The test parameters explored for the full-vehicle 

The tested vehicles have been segregated according to and component tests will be expanded to include 

their weight (and corresponding stiffness) in these plots, all combinations of the parameters. This will 

It is seen that once the data are segregated by weight of allow an analysis of the effects of the individual 

the test vehicle, the correlations were similarly high with test design parameters such as impact speed, 
either type of test. But it also shows the component test barrier weight, etc., and possible interaction of 

must be further developed. There had already been those parameters. 
considerable discussion about the necessity of taking into ¯ We will explore various proposals for improving 

account the twin factors of structural energy absorption the predictive power of the component test. It 

and occupant nearness to the door to standardize side may be possible to improve the performance of 

impact component tests. The results in this report verify the component test by adjusting the speed of the 

the need to do that. In further phases of this investigation, test to account for variations in door gap and 

we will be developing an adaptive component test side structure stiffness. 
procedure, i.e., the speed of impact in the component test ® The effect of test-to-test variability will be 

will be set after appropriate consideration of the test introduced into the model. Test variability will 
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Figure 53. Vehicle weight effect on correlations--component tests 
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one at the center ofthe sphere (center point 1), (2) six at 
Appendix B the intersections of the three mutually perpendicular 

coordinate axes and the spherical surface (star points 
10-15), and (3) eight points on the corners of the cubes 
(corner points 2-9) that are inscribed in the sphere. Note Baseline Energy-Absorbing Force 
that the eight corner points are also on the spherical Deflection Characteristics 
surface. 

F ~ KI~ D<Db 
F = K (Db)n + (D - Db) . Sb D > I~ 

Hardware Variables                                    ~ . ~t~-~t ~ti.o~, lb/~ 

The three side-struck variables are defined as follows: 

X: padding thickness, in 

Y: modulus of elasticity of padding (E), psi 

Z: nonprecrushed door stiffness, kip/in 

Using the axial loading relationship in the strength of 

material, one has: 

PL 2 ~.     2.0    ~oo.    20°°.    ,~ 
6 =’AE 

~: axial deflection of a material 

P: applied axial load ¯ c. 

L: length (or depth) of a material 

A: constant cross-sectional area 

E: modulus of elasticity 

Rearranging Equation (1), it becomes:                 Appendix C 

K=AE 
Side Impact Model Validation 

where K: material stiffness 

Equation (2) computes the equivalent stiffness of a 

padding provided that the padding thickness, the contact 

area between the side of the occupant and the pad, and -- s~o~ 
Mass #3 the modulus of elasticity of the padding are given. It is (sin, 

assumed in the side impact model that the height of the -- c~ T~s~ 
padding on the interior of the door is 6in and the padding 

zo! 
--~- zlo~ 

Car) is wide enough that the impact load of the occupant on 
i’~ ~’" the pad is evenly distributed. The contact area is then 

computed as follows: 

A = effective chest depth X padding height 
o~ 

,~, ~’ ,~o ,~o ,~’o = (.5 X chest depth) )< (6) ~n2 ....... 
Time (milliseconds) 

Note that due to the protrusion of the upper arm and 
shoulder, the effective chest depth that is in contact with Figure C-1. Side impact model validation--mass #3 
the padding is assumed to be 50 percent of the chest depth 
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-- Simulation 50, 

Mass #i -- Simulation 
(Impactor Body)                                                                                         Mass #6 

(Torso) 
-- Crash Test 

...... Left/Right Rocker I~~ -- Crash Test 

(Bullet Car) 
~’ (Target Car) 

Figure C-2. Side impact model validation--mass #1 

Figure C-3. Side impact model validation--mass #4                            Time (milti ..... 

Figure C-5. Side impact model validation--mass #6 

Figure C-4, Side impact model validation--energy 
absorber#5 

Appendix D Striking Vehicles 

includes struck cars plus: 

NASS Vehicle Selection Criteria veh = 5 On/off road vehicle (e.g., Jeep, Scout, 

Bronco, Blazer) 
1979 = 11 Pickup 

= 12 Van (passenger, cargo van-based station 
Struck Cars wagon) 

= 13 Station wagon, truck-based (e.g., IH 
veh = 1 2-door passenger car Travelall) 

= 2 4-door passenger car 

= 3 Stationwagon(excludesvan-ortruck-based) 1980 
= 4 Convertible 

= 6 Car---pickup body (e.g, E1 Camino) Struck Cars 

= 8 Other automobile type 

= 9 Unknown automobile type veh = 1 Convertible 
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= 2 2-door sedan, hardtop, coupe = 10 Auto-based pickup (includes E1 Camino, 
= 3 4-door sedan, hardtop Cabellero, Ranchero, Brat) 
= 4 3-door or 5-door hatchback coupe 
= 5 Auto with pickup body (e.g.i E1 Camino, 

Ranchero) Striking Vehicles 

= 6 Station wagon (not van- or truck-based) 
= 8 Other automobile type Includes struck cars plus: 

= 9 Unknown automobile type veh = 40 Van (including VW bus, Vanagon, Kombi, 
Beauville, Chateau, Club Wagon, Sportman; 
excludes moving van) 

Striking Vehicles = 41 Van-commercial cutaway (includes box van, 
multistop, parcel, van pickups) 

Includes struck cars plus: = 50 Pickup (includes open box and caps) 
veh = 50 Pickup (includes stake and small dump = 53 Cab chassis-based (includes rescuevehicles, 

bodies and campers) light stake, dump, and tow trucks) 
= 51 Van (VW bus, small Dodge van, van-based = 54 Truck-based panel 

station wagon, but not movingvan or horse = 55 Truck-based station wagon (4-door;includes 
van) Suburban, Travelall, Wagoneer) 

= 52 Station wagon, truck-based(e.g.,IHTravelall) = 56 Truck-based utility (2-door; includes Blazer, 

1981 Bronco--78 on, Jimmy) 

Struck Cars                                       Appendix E 

veh = 1 Convertible 
= 2 2-door sedan, hardtop, coupe National Accident Sampling System 
= 3 4-door sedan, hardtop 
= 4 3-door or 5-door hatchback coupe 

The National Accident Sampling System (NASS) is a 
= 5 Auto with pickup body (e.g., E1 Camino, continuous nationwide accident data collection program 

Ranchero) sponsored by the U.S. Department of Transportation. It 
= 6 Station wagon (not van-or truck-based) 

is operated by the National Center for Statistics and 
= 8 Other automobile type 

Analysis (NCSA) of the National Highway Traffic Safety 
= 9 Unknown automobile type 

Administration (NHTSA). 
NASS was developed to provide an automated, 

Striking Vehicles comprehensive national accident data base for use by 
regulatory agencies and accident researchers. The acci- 

Includes struck cars plus: dents investigated in NASS are a probability sample of 
veh -- 50 Pickup (includes small stake and small dump all police-reported accidents in the United States. A 

bodies and campers) NASS accident must fulfill the following requirements: 

= 51 Van (VW bus, small Dodge van, van-based must be police-reported, must involve a harmful event 
station wagon, but not moving van or horse (property damage and/or personal injury) resulting from 

van) an accident, and must involve a motor vehicle in transport 

= 52 Station wagon, truck-based (e.g., IH onatrafficway. Every accident that meets these conditions 

Travelall) has a chance of being selected. This type of sample design 

1982 makes it possible to compute not only national estimates 
but also probable errors associated with these estimates. 

Struck Cars 
Sample Selection 

veh = 1 Convertible (excludes sun roof, t-bar) 
= 2 2-door sedan, hardtop, coupe The selection of sample accidents for NASS is 

= 3 3-door/2-doorhatchback accomplished in three stages: selection of primary 

= 4 4-door sedan, hardtop sampling units (PSU’s), selection of police jurisdictions, 

= 5 5-door 4-door hatchback coupe and selection of accidents. The three stages of sample 

" 6 Station wagon (excludes van- and truck- selection are briefly discussed below. Greater detail can 

based) be obtained from the technical report on NASS sample 

= 8 Other automobile type design(2). 

= 9 Unknown automobile type The first stage is selection of geographic areas called 
PSU’s. Each PSU is composed of a large city, a county, or 
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a group of continuous counties. The Nation was divided factor. If sample accidents in a given PSU are multiplied 

into 1,279 PSU’s. The PSU’s were then grouped into 75 by this factor, an unbiased estimate of the number of 

strata, and one PSU was then selected from each strata. It NASS accidents in the PSU is obtained. The inverse of 

....... is not practical to investigate every accident in each the probability of selecting PSU (Stage I of sampling 

...... sample PSU, so a second stage of sampling is performed procedure) multiplied by the PSU inflation factor provides 

on a list of police jurisdictions within each PSU. The final the National Inflation Factor. Using the National Inflation 

stage of sampling is the selection of accidents from all Factor, an unbiased estimate of the national frequency of 

accidents recorded in the sample police jurisdiction. A the specific type of accident is obtained. 

probability of selection is assigned to each accident ’ 

.......... category so that high severity and rare vehicle type Appendix F 
accidents are oversampled. 

Outline of Sampling Procedure 
PSU and National Inflation Factor 

The sample accidents from a PSU have a unique Matrix of Random Numbers 
............ selection probability associated with them as a result of 

selecting a particular jurisdiction and accident. The A matrix of random numbers can be constructed from 

reverse of this probability is called the PSU inflation a bivariate frequency distribution (Table F-I). The 

Table F-1. A sample bivariate frequency distribution 

NASSDATA Data File 
Weighted by National Inflation Factor 

Occupant’s Sex=Male 
Table of Occ Age by OWGT 

Occ Age        Occupants Age            OWGT     Occupants Weight 

Frequency 
Percent 
Row Pct 

(3ol Pct -119    120-139 140-159 160-179 180-199 200- Total 

15-24 2726 15716 52613 72298 22545 15430 181328 

0.63 3.62 12,12 16.65 5.19 3,55 41.76 

1.50 8.67 29,02 39.87 12,43 8.51 

49.34 70.76 47.58 44,88 25~90 32.33 

25-34 988 2819 28638 46758 29341 9935 118479 

0,23 0.65 6.60 10,77 6,76 2~29 27~29 
0.83 2.38 24.17 39.46 24.76 8,39 

17.88 12.69 25.90 29.03 33.71 20.81 

35-44 0 3107 6810 14490 10512 7004 41924 

0.00 0.72 1.57 3,34 2.42 1.61 9.66 

0.00 7.41 16,24 34.56 25.07 16.7! 

0.00 13,99 6.16 9.00 12.08 14.68 

45-54 0 0 7074 14565 12674 7857 42170 

0.00 0.00 1.63 3.35 2.92 1.81 9.71 

0.00 0.00 16.78 34.54 30.05 18.63 
0.00 0.00 6.40 9.04 14,56 16.46 

55-70 1811 312 7033 11776 10032 6333 37297 
0.42 0.07 1.62 2.71 2.31 1.46 8.59 
4.86 0.84 18.86 31.57 26.90 16.98 

32.78 1.40 6.36 7.31 11.52 13.27 

71- 0 255 8400 1196 1943 1171 12965 

0.00 0.06 1.93 0.28 0.45 0.27 2.99 

0.00 1.97 64.79 9.23 14.98 9.03 

0.00 1.15 7.60 0.74 2.23 2.45 

Total 5525 22210 110568 161083 87046 47730 434162 
1.27 5.12 25.47 37.10 20.05 10.99    100.00 
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matrix then can be conveniently used to locate the pairs (a) Select one of the two variables at random 
of subgroups of two variables by selection of numbers. A (variable 1) (e.g., driver’s age). Then, select its 
method of constructing such a matrix is outlined below: subgroup by choosing a random number from 1 

Let (R+ 1)*(C+I)be the matrix of bivariate frequency through 100 (e.g., 75) and locating it from the .......... 
counts, where R represents the numbers of subgroups matrix of random numbers associated with the 
of one variable and C represents the other correlated frequency distribution of its marginal totals 
variable. The (R+I)th row and (C÷!)th column (e.g., Table F-2). 
represent the marginal totals. The frequency counts (b) Select a subgroup of the second variable (variable 
of (R÷ 1)*(C+ l) can be expressed as row percents or 2) by choosing a random number (e.g., 49) and 
column percents of their respective marginal totals, locating it from the matrix of random numbers 
Similarly, the marginal totals can be expressed as associated with the frequencydistribution (Table 
percents of the grand total. Such a matrix is produced F-2) of the selected subgroup of variable 2. 
by the SAS Frequency Procedure. A matrix of (c) Select a subgroup of variable 1 by choosing a 
random numbers then can be constructed by assigning random number (e.g., 98) and locating it from 
each cell within each row a number from 1 to 100 the matrix of random numbers associated with 
based on row percents as weight (Table F-2). Similarly, the frequency distribution (Table F-3) of selected .......... 
a matrix from column percents can be constructed subgroup of variable 2. 
(Table F-3). An example of a matrix of random 
numbers is given below. The subgroups selected in (b) and (c) form a random 

pair of two variables. From the example given, the weight 

Sampling Method category would be 160 to 179 lb and the age category 
would be 55 to 70yr. 

A sample selection of pairs of two correlated variables It should be noted that the selection of subgroup of 
can be made from the matrix of random numbers by variable in (a) is made independent of variable 2. Steps 
following the three-step procedure described below: (b) and (c) make their selection dependent on each other. 

Table F-2, A sample matrix of random numbers within each row 

Example: 

Matrix of Random Numbers 

Driver~’s Weight (Ib) 
Sex: Male 

90-119 120-139 140-159 160-179 180-199 200-215 Total 
~ 15-24 1-2 3-11 12-40 41-80 81-92 93-100 1-42 

<~ 25-34 t 2-3 4-27 28-67 68-92 93-100 43-69 
~ 35-44 -- 1-7 8-23 24-58 59-83 84-100 70-79 
"~ 45-54 -- _ 1-17 18-51 52-81 82-100 80-89 
¯ -> 55-70 1-5 6 7-25 26-56 57-83 84-100 90-97 
c~ 71-85 -- 1-2 3-67 68-76 77-91 92-100 98-100 

Total 1 2-6 7-31 32-69 70-89 90-100 

Note: The entries are random numbers. They are constructed from row percents of male 
driver’s age * weight distribution weighted by National Inflation Factors (NASS 1979 

through 1982 data files). 

Table F-3. A sample matrix of random numbers within each column 

Example: 

Matrix of Random Numbers 
Driver’s Weight (Ib) 

Sex: Male 

90-119 120-t39 140-159 160-t79 180-199 200-2!5 Total 
15-24 1-49 1-71 1-48 1-45 1-26 1-32 1-42 

~ 25-34 50-67 72-84 49-74 46-74 27-60 33-53 43-69 
~ 35-44 -- 85-98 75-80 75-83 61-72 54-68 70-79 
.~ 45-54 -- -- 81-86 84-92 73-87 67-85 80-89 
~ 55-70 68-1 O0 99 87-92 93-99 88-98 86-98 90-97 .... 

~ 
71-85 -- 100 93-t00 100 99-100 99-100 98-100 
Total 1 2-6 7-31 32-69 70-89 90-1 O0 

Note: The entries are random numbers. They are constructed from column percents of male 
driver’s age * weight distribution weighted by National Inflation Factors (NASS 1979 

through 1982 data files). 
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Results of the Motor Vehicle Manufacturers Association Component and 
Full-Vehicle Side Impact Test Procedure Evaluation Program 

Ronald J, Wasko impact and definition of test device response corridors 

Motor Vehicle Manufacturers Association of based on human surrogate testing conducted by the 

the United States Association Peugeot/Renault and the University of 
Heidelberg are discussed. The relationship of response 

Richard Ao Wilson corridors and accident data analyses in earlier phases of 

General Motors Corporation (Chairman, the project resulted in definition and development of a 
component side impact test device to represent the 

MVMA Engineering Research Subcommittee) 
human thorax. 

A test program to evaluate and compare component 

Abstract and full-vehicle test results is presented. 

History 
This paper presents an extensive research program 

undertaken to develop improved side impact test methods. In 1982, the M VMA undertook a comprehensive, 
The development of a component side impact test device long-term research program to evaluate both full-vehicle 
along with an associated test procedure are reviewed. The and component side impact test procedures. This program 
results of accident data analysis techniques to define was initially structured with seven tasks as shown in 
anatomical areas most likely to be injured during side Figure 1. 

MVMA SIDE IMPACT TEST PROCEDUI~E I)EVELOPMENT TASK SCHEDULE 

1982~ 

P~’ 
~ 

- 

T~ 1: ~t Data 
i 

T~ 3: ~n~y Criteria 

P~SE ~ 

Pr~u~e 

$~ 5A: Build ~ A~u~re 
C~nl Test 
Equi~t 

T~k 5B: Build or Acquire 

Fufl-Veh~ Tesl 
Equipment 

l~k 6: Evaluale Test 

Ta~k 7: ~nefit Ana~sis 

Figure ~ Side impact project task schedule 
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A Ranking of Injury Categories for All Non-Ejected Occupants 

Side Impact Accident Data Analysis-- o, Side Damaged Passenger Cars in Non-Roliover Accidents 

- Serious-to-Fatal injuries - 

Task l 

........... The primary objective of Task 1 was to analyze existing ~pper Torso/Side Surface 30.9 1 23.0 

accident data to investigate the following aspects of 
~o~en/s,~e $.r[~ce 

12.5 3 

injuries to occupants of side damaged passenger cars(l): ~ppe~ Tor~o/s .... 
¯ Define and rank the predominant side impact lopper Torsoilnsr~,entDlY 

8.6 2 7.9 

injury categories, i.e., the body areas injured and |~e~ 
4 ~.7 

the relation of these injuries to components of ~elv~,s/Sl.de Surface 
5 6.0 7 3.9 

the vehicle that were contacted 
~o,~/u~pe~ siae structures 6 5.4 6 4.5 

¯ Quantify the relationship of injury to the mode 
~o,-sp~oe/ .... C ...... 7 ~,8 

! 8 

3.2 

and severity of the collision 
,~,e~/st~o~ ~o~ a ~.6 ~ ~.~ 

¯ Determine the role of structural integrity with s~f~e ~ ~.~ 

regard to occupant injury ~’~°/~ ........ ~ 
_ [ 

Two accident data bases were used concurrently to ..................... 
develop the results of the task. The National Crash 

,,,~/s~a~ surface ’ ...... ked 4 5.7 

Severity Study (NCSS) was a major accident data 
~e~/,~,~ .... ~ ,~,~e~7o~ 

S ~S.SS’~ 
collection program of the National Center for Statistics 

o~n~ - _ __ 

and Analysis of the U.S. Department of Transportation, 
To~ ~o~ co~ 

National Highway Traffic Safety Administration 
s~ I 

~ 

....... (NHTSA). The NCSS file is a representative sample of 
Weighted 

I 
passenger car towaway accidents, and it contains - 

information on over 3,000 side impact accidents. The Figure 2. Ranking of side impact injury causes 

second is the Motors Insurance Company (MIC) Injury- while the accidents in the MIC file involve GM 
Accident File, an accident data base maintained by cars that were current models in the year the data 
General Motors Corporation. The MIC file contains were collected and in which there was an injury 
information on accidents involving GM vehicles that to at least one case-vehicle occupant. 

............. were current models in the year the data were collected * The methods used to determine and define body 
and in which there was an injury to at least one case- region injured and object contacted differ between 
vehicle occupant. The MIC file has information on more the two files---for example, NCSS uses a restric- 
than 5,000 side impact passenger car accidents. Whenever tive procedure to obtain injury information, 
possible, the results from comparable analyses of both which may bias its large category of unknown 
the NCSS and the MIC accident data files were presented, contact data, while M IC data were completed 
and the concurrence between the conclusions drawn from .... ’ "    n w~th an expert s best esumate whe thecontact 
these separate accident data sources is discussed, code was unknown. 

The serious-to-fatal injuries (AIS~ 3 or greater) to The effects of severa! variables commonly used to 
nonejected occupants of side-damaged passenger cars in characterize the mode and severity of side impact collisions 
nonrollover accidents were grouped by body region on the ranking of the side impact injury categories were 
injured and component of the vehicle contacted, each investigated using only the NCSS accident data file. The 
such pairing being considered as an injury category, results indicate the injury category rankings differ by 
Using both the NCSS and the MIC data files, the 10 accident type (single-vehicle impacts versus all other side 
leading injury categories were ranked for all side impact impacts) and struck vehicle Delta V (Delta V _> 20mph 
AIS 3+ injuries, and the results are presented in Figure 2. versus Delta V _< 20mph). The four distinct injury cate- 
The rank orderings of the injury categories using both gory rankings defined by the combinations of these two 
data files are in general agreement, but the percent of AIS side impact categorization variables are presented in 
3 injuries in many of the injury categories varies Figure 3. 
considerably between the two data bases. The differences The order of the injury categories changes only slightly 
between the results from these files have two sources: across the four injury category rankings presented in 

¯ The accident populations sampled by each file Figure 3, but the percent of serious-to-fatal (AIS 3+) 
are different--NCSS represents towaway ac- injuries to nonejected occupants of side-damaged pas~ 
cidents to vehicles of all ages and makes on the senger cars in nonrollover accidents contained within 
road in the 1977 to 1979 period of data collection, each injury category is distinctly different for each of the 

four injury category rankings. Because of their close 
correspondence in injury category ranking, AtS 3+ 

tAbbreviatedlnjuryScale--1980Revisi°n’AmericanAss°ciati°nf°rAut°m°tive injuries in side impacts with unknown Delta V were 
Medicine. 
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injury Category Rankings for Se|ected Groups of Non-Ejected 
Occupants of Side Damaged Passenger Cars in 

Non-Rollover Accidents 

- Serious-to-Fatal injuries - 

~ Vehlcie-to-Vehicle Side Impacts Gr___ou~ B: Vehicle-to-Vehicle Side Impacts 
Side Struck Vehicle Delta V ~ 20 mph* Side Struck Vehicle Delta V > 20 mph 
(Based on 456 NCSS AIS 3+ In3uries) (Based on 203 NCSS AIS 3+ In~’~ries) 

Rank In3ury Category NCSS Percent Rank Injury Category NCSS Percent 

I Upper Torso - Side Surface 40.8 I Upper Torso - Side Surface 20.7 

2 Abdomen - Side Surface 12.5 2 Abdomen - Side Surface 14.8 

3 Upper Torso - Steering Column 7,5 3 Upper Torso - Steering Column 8.9 

4 Pelv±s - Side Sur£ace 6.1 4 Upper Torso - Instru~nent Panel 7.4 

5 Upper Torso - Instrument Panel 5.5 5 Head - Upper Side Surfaces 6.4 

Other 27.6 - Other 41.8 

up C:     Sir~le Vehicle Side Impacts                       GroupD:     Single vehicle Side Impacts 
Vehicle Delta V__< 20 mph*                                       Vehicle Delta V _~ 20 mph 
(Based on 76 NCSS AIS 3+ Injuries)                              (Based on 81 NCSS AIS 3+ Injuries) 

Rank             Injury Category           NCSS Percent       Rank             Injury Category          NCSS Percent 

Upper Torso - Side Surface            22.4              I      Upper Torso - Side Surface            12.3 

2      Abdomen - Side Surface                 13.2             2      Upper Torso - Steering Column        12.3 

3      Upper Torso - Steering Column        11.8             3      Upper Torso - Instrument Panel       12.3 

4      Head - Upper Side Structures           7.9             4      Head - Upper Side Structure            7.4 

Other                                     44.7             5      Abdomen - Side Surface                  7.4 

Other                                     48.3 

* NOTE: The AIS 3+ in3uries which occurred in NCSS side impacts 
groupea with unknown Delta V were grouped with those 
from NCSS side impacts with Delta V <-~ 20 mph. 

Figure 3, Injury category rankings for side impacts ~" 

grouped with the Delta V _< 20mph serious-to-fatal within each injury category, ameaningful ranking of 

these categories with less than 5 percent of the NCSS side 
The number of injury categories ranked for each side impact injuries could not be constructed. 

impact subset was limited to those with more than 5 The major injury mechanisms associated with each of 
percent of their respective totals so the rankings presented the five most frequent injury categories were investigated 
for each category of side impact would be based on using both the MIC and the NCSS data files, and the 
e~ough serious/fatal injuries to be reasonably reliable, results of this investigation are presented in Figure 4. 
As seen in Figures 2 and 3, the injury categories with less The data analysis of Task 1 concludes that the upper 
than 5 percent of their respective totals cumulate to a torso to side surface is the predominant injury category. 
substantial percent of the total NCSS serious/fatal The major injury mechanisms result in fractured bones 
i~uries. However, due to tlhe small number of cases and internal organ damage. A comprehensive analysis of 
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the data is provided in the referenced report developed by crash testing as compared with component testing. As a 

Task t. consequence of this comparison, a list of evaluation 

...... ~ factors for different tests (both full-vehicle and corn- 
Injury Mechanisms for Predominant Side Impact ponent) were developed and prioritized, and the ad- 

injury Categories 

- Serious-to-Fa~l Injuries - vantages and disadvantages of the tests were discussed in 
detail. 

0~er Torso- s~de s~o~ ~ ~css ~ ~___~c The second issue involved the basic approach taken 

~o~t~ed ~ I’ ~ 
~ toward accomplishing safety improvements to vehicles. 

~ o~ ! ~ ~ Task 2 recognized two fundamental approaches to safety 
~ner 

%ilss 

20 
............ advancement. The incremental approach takes into 

baoraen - S.tale S~r£ac.e ~ ,~C account the spectrum of existing performance within a 

~ ~o ~o~o~o~ ~ ~ ~ given safety area as observed among the various vehicle 

spleen Damage (rUp .... ) 

~ 

~ designs in current production. This range of performance 
~ o~ ~ ..... t~o~ ~ 

can be observed by testing the various vehicles. Then, an 

! appropriate minimum performance level can be estab- 

........... ~ lished, relative to the group performance, to eliminate 
~o~.~ ~ s~ outliers. In contrast, the idealized approach uses reference 
~ o~,~e ~ 

values derived from field accident data and human 
i°~ 

~ 
tolerance data to set an absolute goal for minimum 

[;~o~ ~ ..... s .... ~o~ A .... ~ ~i,~ __~ ~css ~ ~c performance in a given safety area. This second approach 

I~ ........ ~ ~ ~ ~s may or may not affect only the outliers. It could require 
,~ D~ , 3~ ~ 

large changes to be made to a significant portion of the 

I whole group, all in a single step. Historically, the 
.~e~- ~ ~o ~ ........ ~ ~cs___~s incremental approach has tended to involve mainly 

I~ ...... ~o~ ,i ~ 
~ 

component testing procedures, while the idealized 

i~ ~ ..... ~o~ I approach has been associated mainly with full-vehicle 

i°~°~ 
~ ~ testing. These associations, however, are not necessarily 

~ tied to any particular type of test. 

Figure 4. Injury mechanisms for side impacts A key question to be answered when choosing between 

the two approaches is: which approach will provide the 

motoring public the larger overall benefit? This, of 

Side Impact Test Effectiveness--Task 2 course, will be greatly dependent on performance criteria 

that have yet to be established, tmportantly, this evalua- 

After accident data were analyzed in Task 1, a second tion must take into account both the degree of improve~ 

task on Test Effectiveness(2) was undertaken utilizing the ment and the absence of delay in getting the improve- 

output of Task 1. Factors to evaluate side impact merits actually on the road. Thus, simplicity of a safety 

candidate tests were developed and ranked according to test procedure can be an important factor in the election 

relative importance. The purpose of this task was to of the approach taken to move ahead in vehicle safety 
identify specific tests that would be able to discriminate advancement. 

among vehicle designs that should have a significant The deliberations included a review of past and current 

effect on side impact injuries, side impact research. For the full-vehicle tests, the 

In an Advanced Notice of Proposed Rulemaking on NHTSAand Committee of Common Market Automobile 

side impact protection, NHTSA had proposed a moving Constructors (CCMC) Mobile Deformable Barrier pro- 

barrier side impact test procedure using crash test cedures were reviewed. The review of the test procedures 

dummies. Comments by several U.S. manufacturers also included a comprehensive review of the anthropoo 

urged NHTSA to take a broader approach and consider morphic test devices. Component testing included an 

component test procedures as well, which may be simpler analysis of the following devices and methods: 

and a more practicable alternative than the procedure ¯ Ford’s Side Impact Body Block (SIBB) 

proposed in the Notice. Both component tests and the ¯ NHTSA’s head and thorax impactors 

full-vehicle test using crash dummies may have unique * GM’s head area impactor 

advantages when compared with one another. ¯ GM’s thorax area impactor 

During the deliberations of Task 2, two important * External crush 

philosophical issues were discussed extensively. The first ¯ Hinge and lock component tests 

dealt with the Task Group’s perceptions of the funda- Advantages and disadvantages of both the component 

mental advantages and disadvantages of full-vehicle and full-vehicle tests were developed, as well as areas 
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requiring further scientific research to support side of component tests can be conducted under a variety of 
impact test procedure development, test conditions to simulate a variety of accident conditions. 

Items addressed by Task 2 include-- MVMA did not choose one test type (i.e., full-vehicle 
o Definition of test conditions versus component) over the other, since both have merit. 
o Sufficient correlation to field data cover adequate Task 2 identified important areas for near-term 

spectrum of accident conditions research, to support both full-vehicle and component test 
* Evaluate an appropriate area of the interior procedure development. These areas are-- 
* Allow an assessment of potential ejection paths A. Full-vehicle tests: 
* Allow evaluation of components under impact 1. Determining the validity of extrapolating 

conditions results from one test condition to other 
® Exhibit injury category in question conditions 
* Validity of test output 2. Establishing repeatability and reproducibility 
* Employ a valid injury criteria of test results 
® Exhibit a relationship to field injury character- 3. Developing dummy improvements 

istics B. Component tests: 
* Discriminate levels of performance 1. Establishing correlation between test results 
® Detection of synergistic effects and field data 
* Allow interaction between interior energy 2. Determining the effects of parameters such 

absorption and structure as side stiffness and occupant seating position 
® Allow interaction between various structural on test conditions 

components 3. Determiningimportanceofsynergisticeffects 
® Allow interaction between striking object and between interior energy-absorbing panels 

struck vehicle and structure, or among various structural 
® Allow interaction among occupant body segments components 
o Acceptable degree of complexity 
* Acceptable degree of reproducibility and repeat- 

Component Side Impact Test Device-- ability 
o Permit simultaneous evaluation of multiple Task 4 and Task 5 

elements in the chosen accident condition 
* Evaluate a variety of loading conditions As shown by the conclusions of Task 1, accident data 

The Task 2 need to develop side impact tests included a analysis, the thorax to side surface was the predominant 
variety of applications such as establishing compliance injury source. Therefore, in the development of a corn- 
with possible future rulemaking, establishing crash- ponent test device, it was deemed essentialthat the thorax 
worthiness ratings, and improving product safety through be the initial part of the anatomy to be evaluated by any 
voluntary industry efforts, component test device. It is anticipated that after a 

Rankings of the relative importance evaluation factors thorax-type test device has been developed, other parts of 
resulted in the conclusion that for any given thorax to the body would then be investigated for side impact 
side interior surface test procedure, three parameters are injury mitigations. As noted earlier, desirable character- 
important: istics for a component test device should include a high 

level of repeatability and reproducibility. Also, a low 
* A highlevel of repeatability and reproducibility 

level of test complexity is desirable. It was also a 
plus low level of test complexity condition of the program that any component test device 

® Ability ’to discriminate levels of safety perform- 
have the ability to discriminate levels of safety per- 

ance in different vehicle designs formance for various vehicle safety designs. Also, a * Ability to accurately represent the injury category 
variety of conditions that reflect real-world occurrences 

and injury severity occurring in the real world 
should be represented in terms of the injury category and 

under a variety of conditions that reflect real- 
injury severity by a component test. 

world occurrences 
With knowledge of these constraints and the fact that 

The conclusion reached as a result of Task 2 was that a correlation between component test results and actual 
full-vehicle test may represent a single field accident field data need to be developed, the development of a 
condition because real-world crash conditions and component test device was undertaken. 
synergism may be more accurately duplicated in a full- MVMA contracted the development of a component 
vehicle test than in a component test. However, the full- side impact test device with MGA Research Corporation .... 
vehicle test involves considerable equipment, facilities, of Akron, New York, U.S.A. The project was to address 
and manpower to conduct; therefore, it is extremely the validity of developing a component side impact test 
complicated. For an equivalent level of effort, a number procedure by designing, fabricating, testing, and delivering 
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a side impact component test device that would be used to the ribs and outer surfaces of the human thorax, whereas 

simulate a human thorax impact to interior side the mainmassrepresentstheinertiaofthespinalcolumn 

components of a motor vehicle, and major organs. The two masses are separated by a 
The objective of the contract with MGA was to achieve spring and damper system to represent the biomechanic 

a test device capable of evaluating the energy absorption coupling within the human thorax. Figure 5 shows the 

of vehicle interior side components. Initial thoughts in two-mass impactor as finally developed by the contractor. 

defining the physical profile of the impactor for the Again, to enhance the usability and decrease the corn- 

component test device was to have it physically duplicate plexity of the device plus simplify the test procedure, a 

a human thorax. Since the test device was to represent a decision was made to constrain the movement of the 

human thorax, a decision was made to use the curvature two-mass impactor to a uniaxial relative motion along 

dimensions based on an approximation of the horizontal the impact direction. 

curvature of a semicompressed human thorax. For For realistic test speeds ofthedevice, MVMA specified 

simplicity, the vertical section of the test device was that the component impactor be capable of being 

chosen, after much deliberation, to be the same curvature accelerated to an impact speed of 40kmi h (24mph). 

as the horizontal section. The component test device Based on theaccidentdataanalysis of Task 1 and cadaver 

.... impact face physical parameters chosen by MVMA are-- tests, this velocity is representative of impact velocities 

that will cause serious to fatal injuries to humans from 
¯ Diameter 190mm 

side impacts. 
¯ Radius of curvature 305mm 

Provisions were also required to prevent relative 

These were chosen because (1) the dimensions are displacement errors between the two masses while the 

representative of areas on the human thorax that are unit is accelerated to test velocity. This was accomplished 

loaded in side impacts, and (2) being circular helps by means of a mechanical locking system that holds the 

eliminate test device positioning error in the vehicle, two masses in relative position when accelerating. At an 

permitting a variety of test conditions without increasing acceleration of 30g’s, a maximum relative displacement 

test complexities. By specifying a rounded face to represent of not more than 1 mm in any direction is achievable. 

the thorax, some biofidelity was sacrificed, but this loss One of the purposes in developing a component test 

was more than offset by reductions in test interference device is to permit a number of tests to be conducted at 

from armrests, door handles, etc. Also, test complexity is various velocities, impact angles, and occupant positions, 

reduced because orientation of the test device is not as Therefore, the propulsion and guidance system were 

critical as in the case of a more faithful representation of specified by MVMA to be capable of delivering the 

the thorax, impactor to an impact location within 5mm of the desired 

MVMA also deemed it important that theim, pactor be center of the test location at speeds up to 22kmih 

a two-mass, constrained device. The impact face represents (14mph). 

Figure 5, Two mass impactor 
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A prefiring interlock to prevent inadvertent actuation taken. The nonlinearity of the response corridor and 
of the test device was deemed necessary and is incorporated coupling effects of the two simulated masses for both 
in the device. Over-travel control, in case there is no test corridors were beyond the scope of the initial effort~ A 
specimen in front of the test device when it is actuated, is a decision was made by M VMA to initially have the test 
rmcessity, as wel! as rebound control, to absorb the device meet the 2m lateral drop response corridor 
energy from the test device after striking a test subject. It because it provided a more severe response and better 
was also deemed appropriate that a working depth for at relates to serious injuries in vehicle accidents. 
Least 300mm of target crush would be required to provide 
information relatable to real-world accidents. 

The mechanical design includes the ability to adapt the 
test device to other propulsion means to permit universal .... 
use of the device. The design of the alignment system 
provides capabilities for the device to withstand off- 
center and off-a~gle loads. 

The following measurements can be made in each 

component test: 
® Displacement between the outer (simulated rib) 

mass and main (spine and internal organs) body 

mass 
® Force on the outer mass produced from impact 

with the tested structure lO Mph Lateral Impact Teat Corridor 

~ Velocity of the impactor prior to impact and 
rebound velocity (provide energy dissipated in 

the test) ~CO~DO~ ~OUND~R~S 
.... ME AN NORMALIZED 

Velocity of the irnpactor at impact                              ~              ~          RESPONSE 
Based on the parameters that are available to measure, 

it should be possible to evaluate injury criteria related to 
the human thorax. Changes in energy dissipation from 
various structural modifications can be obtained easily 
with the component test device. 

The most difficult part of the test device to define and 
develop was the human biomechanical response corridor. 
To obtain a realistic representative response corridor, the 

0     10     20     30    40 50 worldwide cadaver data bases for side impact were 
reviewed and analyzed. Two main sources of side impact ~4 Mph Lateral Impact Test Corridor 

cadaver tests were available--the Association Peugeot/ Figure 6. Normalized response corridors 
Rer~ault(3) and the University of Heidelberg(4) data. 
Considerable analysis was expended by the U.S. motor 
vehicle biomechanics community to develop a method to 
~ormalize for the variation in weight of the test subjects Data System 
for these cadaver lateral impact test data. Normalization 
methodologies were suggested by R. Eppinger(5), H. Another important aspect for a usable component test 
Mertz(6), and P. Krause(7). The methods of Krause and device is an automatic data acquisition system capable of 
Mertz gave similar normalized force-time curves when collecting and processing dynamic impact test data. The 
applied to the APR cadaver data. A mean force-time MVMA component test device.includes a"stand-alone" 
curve was constructed and corridor boundaries were data acquisition system consisting of a digital computer, 
defined as _+_ t5 percent of the mean curve. Response disc data storage, digital plotter, and printer as shown in 
corridors for both the 1 and 2m cadaver drop data as Figure 7. The data acquisition system has many features 
shown in Figure 6 were taken from Krause’s paper(7) and that make the component test device unique. All param- 
are similar to those proposed by Mertz(6). eter changes and inputs such as test velocities and 

During the development of the component test device, measurements of parameters can be done via computer 
biomechanical response corridors for both the l and 2m control from the data acquisition system control console 
cadaver drops were to be met. H owever, upon evaluation or manually. The actual firing of the device was specified 
and modeling of the impact device, it was determined that to be a manual two-hand operation to preclude inadvert- 
only one of the response corridors could be met until ent activation due to equipment failure or operator 
further comprehensive modeling and testing were under- inattention. 
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subsequent test runs with various modifications made to 
the tested article to help in the engineering analysis. 

The data system has the capability of storing at least 15 
tests in archival (floppy disc) form. This storage feature 
permits a number of tests to be conducted, and the 
analysis can be done at a later date or more convenient 
time. Conversely, test sequence results can be compared 
even if a considerable real time period elapses between 
the tests. 

Repeatability 

Repeatability requirements were specified by MVMA 
to consist of five consecutive impact tests at 22km/h 
(14mph) into APR foam padding.2 This test condition is 
comparable to the 2m cadaver drop onto APR foam 
padding. The coefficient of variation was specified to be 

Figure 7. Component test system data acquisition less than 5 percent for each of these series of five 
i 

Operator selectable programmable gains and variable 
consecutive tests. The test device met this requirement, 
and the repeatability results are shown in Figure 8. The filter frequency responses from 60 to 1,000Hz are 

........... programmable from the computer keyboard. The fre- prototype component test device also has the capability 

............... quency response can be stepped as per SAE J211, June of discriminating between several energy-absorbing 

1980, Instrumentation of Side Impact Tests. materials as shown by Figure 9. 

The computer calibrates data channels and initiates the 
collection of test data, then the measured test data are REPEATABILITY DATA OF SiDE IMPACT DEVICE 

transferred from the data acquisition system to the digital 
........ computer. The collection portion of the data measurement 

........... sequence is performed with data acquisition software /- 

control and, after the data have been transferred into the 
computer, a second processing program processes and 
outputs the test data. 

Control software was developed to provide an inter- 
active sequence for test personnel to set up the data 10oo 
acquisition system and collect test data. The software 
program is menu-driven, and options such as determining 
and selecting gain, bandwidth, and the amplitude calibra- 
tion of conversion of measured voltage data into physical °o 
units for each channel are provided. The data acquisition 
system is capable of digitizing 10,000 samples per second Figure 8. Force-time repeatability measures 
for each of the eight data channels provided in the test 
device. To insure a complete test sequence is captured on Conclusions reached by Task 2 (Test Effectiveness) 

the digital data format, the system is capable of accessing members recognized that a side impact test may be used 

and storing data for a test sequence time of at least 300ms for a variety of applications, but three major considera- 

per channel, tions are extremely important for any test device. These 

The processing and analysis software include menu- considerations are-- 

driven functions such as filtering, scaling, integration, 1. High level of repeatability and reproducibility 

addition, and subtraction. The control software allows plus a low level of test complexity 

various plotting routines such as cross-plotting and over- 2. Ability to discriminate levels of safety perform- 

plotting of test results, ance in different vehicle designs 

Data from a test can be printed immediately or plotted. 3. Accurate representation of the injury category 

As an alternative, several tests can be conducted and the and injury severity occurring in the real world 

data stored on computer disc. These stored data can then under a variety of conditions that reflect real- 

be over-plotted showing the results of several different world occurrences 

tests on the plot. In this manner, changes to the test 
2"Ihe padding was as close as could be obtained to that used for the lateral cadaver subject can be evaluated by referencing the original and impacts in (3). 
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Component Side impact Test Device 
procedure and has recently submitted a procedure to the 

Hard to Son Surface public record. 
Surface Acceleratlen MVMA plans to use a full-vehicle side impact procedure 

that is nearly identical to the procedure being considered 
pEAK by NHTSA. The MVMA procedure specifies a crabbed 

s~ moving barrier to simulate a side intrusion obtained with 
a moving test vehicle. The impactor characteristics are 
identical to those proposed by NHTSA. The dimensions 
of the energy-absorbing impactor face are-- 

~°o ~ Width 1,676mm 
~ 

~’~ j Height 559mm 

~~’~ 

.~- Depth 482mm 
~ 

,,~ ~~ ....... 
~,~m. Ground 280mm 

¯ -,,,,,,,,,, .... ,,,,,,,,, ~s,m, Clearance 
o ~ - Surface 200mm High Bumper 

Located 330mm aboveground 
Figure 9. Discrimination characteristics of component 

test device 
The total mass of the impactor face, carriage, and 

Using existing cadaver data as the reference, the ballast, as necessary, is 1,360kg + 9kg to be consistent 
component prototype test device developed under the with the NHTSA-selected 1985 vehicle average mass of 
MVMA side impact test procedure program has begun to 1,224kg + 136kg to represent two occupants. 
meet the first two requirements. The third consideration The MVMA full-vehicle test will simulate a 90° side 
will be addressed in future research, impact with simulated speeds of 24km/h for the struck 

vehicle and 48kmih for the striking vehicle. Figure 10 

Future Research represents the test conditions for the simulation in which 
the struck vehicle remains stationary and the crabbed 
moving barrier travels at 54kin/h. 

Enhancement to Component Test Device The NHTSA Side Impact Dummy (SID) will be used 
as the human surrogate in the full-vehicle test. The 

To increase the biofidelity of the component test NHTSA SIP was selected as the dummy to be used since 
device, several enhancements will be made to the system it has been specified by NHTSA in their proposed full- 
to improve its functionality. These include-- vehicle side impact test procedure. (Selection of the 

¯ A specified deflection for both the 22km/h NH3~SA SID should not be construed as endorsement of 
force-time corridor and the 16km/h force-time this test device by MVMA.) 
corridor The parameters to be measured in the MVMA full- 

* Development of a monotonically increasing curve vehicle test are-- 
of peak force versus peak deflection from min- 
imum speed to maximum test speed 

Required Measurements Direction Ranoe 
¯ A provision to allow maximum relative deflection 

of 55mm between the main (spine and organs) Accelerations 
Test Vehicle Sill 3 Axis 50G 

and small (rib) mass to better represent cadaver Lower Thoracic Spine, Vertebra 1 3 Axis 200G 

data Lower Thoracic Spine, Vertebra 12 3 Axis 200G 
Upper Rib (Near Side) Y Axis 200G 

A contract will be issued to incorporate these changes Lower Rib (Near Side) Y Axis 200G 
ipXo the device, and these modifications are scheduled to Pelvis Sacrum 3 Axis 130G 

Dummy Clearance to Side Interior mm 

be complete within the next few months. Velocity of Impactor km/h 
Lateral Deflection of Impacted 
Ribs Relative to Spine Y Axis 75mm 

Test Procedure Evaluation 
Optional Measurements Direction Range 

MV MA is continuing the evaluation of test procedures Accelerations 

for both the full-vehicle and component testing. Efforts Sternum Acceleration X & Y Axis 150G 
Head Acceleration X, Y & Z Axis 100G 

to develop a full-vehicle side impact test have been Bett Load Tension 10kn 
underway in the United States and Europe for some time. Intrusion of the Interior 

Side Panel                              mm             250mm 

NHTSA is in the process of developing a full,vehicle test ....... 
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used in the full-vehicle test portion of the project, that is, 

doors that are-- 

Standard production 
Modified with energy-absorbing material 

Modified through increased structural stiffness 

The test velocities for the component test will be 

determined from measurements and observations made 

during the full-vehicle test portion of the program. The 
velocity the SID dummy striking the door inner panel 

Test Vehicle 
............. ,, shall be determined and utilized as the velocity the 

Figure 10. Full-vehicle test procedure representation component impactor. By using a striking velocity identical 
to the SID dummy, the component test can be compared 

Full-Vehicle/Component Tests to the full-vehicle test. The component test procedure 

specifies precrushing the door utilizing an MVMA 

Over the next several months, MVMA will undertake a specified ram to represent the front of the striking vehicleo 

comprehensive side impact test project for comparing The door to be tested will be precrushed and held in the 

full-vehicle and component tests. The objective of the crushed condition by the ram for the component test. 

full-vehicle portion of the project is to-- Three component tests are scheduled for each test 

¯ Determine the repeatability of the full-vehicle condition. A matrix of the proposed component tests is 

test procedure shown in Figure 12. 

¯ Investigate the ability of the full-vehicle test to 

discriminate between changes in vehicle occupant Spoo~’IMPNi | Bo~yeu~. 

protection TBD 

I 

:3 

¯ Evaluate the effects of dummy position, energy- 
Baseline Door 

TBD 3 

absorbing padding, and changes to vehicle TBD a 
Padded Door 

structure                                                                              TBD          3 

The objective of the component test portion of the *Testspeedstobedeterminedbasedonfullvehicletests. 

project will be to investigate the ability of the component 
Figure 12. Component test matrix 

test procedure to evaluate changes in the vehicle and to 

determine if these changes are reflected by the component After the component and full-vehicle tests are complete, 

test in a similar manner as in a full-vehicle test. an analysis is scheduled to be undertaken to compare the 

The full-vehicle portion of the project will consist of repeatability and reproducibility of the two types of tests. 

side impact tests of 16 full-size 1985 model year vehicles The component test results will be compared with the 

under a variety of conditions including spacing of the full-vehicle test results for each of the conditions tested, 

dummy from the door, changes in the energy-absorbing and a comprehensive analysis shall be undertaken to 

characteristics of the interior of the door, and changes in determine the relationship of the two tests. 

the structural stiffness of the door. Two tests with each The component and full-vehicle tests are currently 

variable are scheduled, scheduled to be complete in the late fall of 1985. The 

A matrix of the tests and conditions to be investigated statistical analysis of the two procedures should be 

is shown in Figure 11. complete and reported in the summer of 1986. 

The complete prototype side impact test system is 

shown in Figure 13. 
Baseline Door Padded Door 

Dummy Spacing                    Near Far Near Far 

Baseline Structure 2 2 2 2 AcknowLedgments 
Stiffened Side Structure         2            2            2            2 

The authors would like to thank all the people who 

Figure 11. Full-vehicle test matrix provided the time and expertise to rnake this project 

successful. Without their continuing support, it would 
The test procedure to be used is the MVMA full- not have been possible to perform this comprehensive 

vehicle test. Test conditions, dummy placement, and analysis and development. 
vehicle speeds will be those specified in the MVMA Task Group t and 2 members have been identified in 
procedure. The data from the tests will be placed in the the final reports issued by them and referenced herewith. 
NHTSA public docket for general public review. The following people have contributed to the develop- 

For the component portion of the tests, the MVMA- ment of the program: 
developed component side impact test device will be used F. Peters AMC 
to conduct tests on doors that are identical to the doors T. Hayek AMC 
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Figure 13. Prototype component test system. 
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A Comparison of European and American Test Devices and Test Parameters for 

Lateral Impacts 

G. Klaus, and the United States. It discusses the suitability of side 

R. Sinnhuber, and impact dummies as test devices and, in this connection, 

G. Hoffmann the correlation of dummy loads and occupant injuries to 

Volkswagenwerk AG, Wolfsburg, West establish occupant protection criteria for the matching of 

Germany 
dummy results with real-world accidents. 

The behavior of human subjects and HSRI, APROD, 

and Hybrid II dummies is compared in 90° latera! 

impacts at a 50kmi h impact velocity. The test subjects 

Abstract are seated in an Opel Kadett car body struck by the 

European CCMC barrier. 

European and American side impact research efforts Volkswagen investigated and compared 90° lateral 

are directed toward the realization of further increases in impacts with the struck Rabbit vehicles and five different 

existing levels of passive safety. Because side impact striking vehicles to determine which of the most commonly 

accident experience here and abroad exhibits many discussed European and American barriers could be 

similarities, governments of the European community selected within the context of the recognized need for 

and the United States should cooperate and agree on a harmonization of future side impact performance require- 

........ common test procedure including common test devices ments for the United States and Europe. 

and test parameters. The striking vehicles used were the average European 

Within this context, Volkswagen studied the deformable passenger car (VW Passat), the average American car 

side impact barriers presently under discussion in the (Chevrolet Citation), the European CCMC and EEVC 

United States and Europe. The results of this comparative barriers, and the American NHTSA barrier. 

study are presented. In addition to this comparison, the 

comparative evaluations of dummies and human subjects Objectives 
by the German Research Association for Automobile 

Technology(ForschungsvereinigungAutomobiltechnik-- The objectives of the Volkswagen research effort 
(FAT) as well as the Thoracic Trauma Index (TTI) presented are todevelop a meaningfut scientific statement 
developed by NHTSA are discussed, regarding the suitability of commonly discussed European 

With these investigations, Volkswagen demonstrates and American Moving Deformable Barriers (MDB) and 
that the European CCMC deformable element mounted Side Impact Dummies (StD) for experimental simulation 
on the chassis of the NHTSA crabbed barrier constitutes of 90° vehicle-to-vehicle side impacts through comparison 
a valuable basis for further research efforts with respect of kinematics and loads of colliding vehicles and dummies 
to a common European and American test device for 90° examined. The results of this study are intended to 
lateral impact testing that cannot be ignored, contribute to the development of test devices and a test 

The comparison of loads and kinematics of human 
procedure that should be used all over the world within 

subjects and dummies examined demonstrates that the the context of performance standard harmonization and 
biofidelity of dummies must be improved to be suitable as 

simulation of real-world accidents. 
a test device for lateral impact testing. Because of the 

present lack of a suitable side impact dummy and absence 

of correlation between dummy loadings and occupant Test Procedure for Lateral Impact 
injury, research activities must continue so as to be able Testing 
to assess the effectiveness of vehicle measures in real- 

world impacts.                                                Within the scope of its investigation into suitable test 

procedures and test devices for simulation of lateral 

Introduction collisions, Volkswagen took European and American 

accident experience into account to establish a test 

This paper presents and discusses results of Volks- configuration and meaningful test parameters. 

wagenwerk’s extensive research effort in the field of The important parameters in this context such as------ 

lateral impacts to increase further the existing levels of ¯ Impact angle 

occupant protection. It demonstrates the feasibility of o Impact force direction 

developing a universally acceptable common moving ¯ Point of impact 

deformable barrier for lateral collision testing in Europe ¯ Impact velocity 
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¯ Barrier mass 34mph. This velocity was also selected by NHTSA for the 
¯ Stiffness of the deformable element M.I.V. project, Phase II. The new Phase II test conditions 
¯ Impactor geometry resulted from a review by NHTSA of the completed 
¯ Ground clearance National Crash Severity Study (NCSS) accident file. 

are described in detail in a previously published SAE NHTSA noted that these test parameters constitute a 
paper(l). In the present paper, the parameters that life-threatening environment. This view was also sup- 
represent the basis for the simulation of actual side ported by the side impact project carried out by FAT(6). 
impacts are restated. The FAT side impact study at the Institute for Forensic 

Medicine, University of Heidelberg, sponsored by the 

Crabbed Test Configuration Arbeitsgemeinschaft Industrieller Forschungsvereinigung 

e. V., "AiF’, with the CCMC barrier as a striking and a 

Analysis of European(2) and American(3) accident car body mounted on a movable platform as a struck 

statistics demonstrates a necessity to distinguish between vehicle, demonstrates that this 90° impact with 50km/h 

impact angle and the impact force direction (Figure 1). impact velocity constitutes a very severe impact environ- 

This analysis demonstrates that the struck vehicle ment. Virtually independent of the test subject age, severe 

generally also has a forward velocity in lateral impacts, injuries (up to AIS 5) consistently result. 

Therefore, during the M.I.V. side impact project(4), These findings constitute a further basis for the 

Volkswagen performed side impact tests with a crabbed development of a common European and American test 

barrier and crabbed Citations. Under this test configura- procedure for 90° lateral impact testing as presented in 

tion, it was possible to simulate both the impact angle (1)o 

(90°) and the impact force (crabbed angle 27°) along the 

direction of the resultant impact velocity of both vehicles Test Devices for Lateral Impact Testing 
(Figure 2) with a stationary struck and a moving striking 

and Protection Criteria 
vehicle. This impact configuration is intended to simulate 

the velocity of the struck vehicle, which is half that of the 
During the discussion of test devices and procedures 

striking vehicle, 
for the evaluation of the effectiveness of engineering 

With the context of the goal of harmonization of future 
measures for the further increase of present levels of 

side impact performance requirements and considering 
occupant protection during side impact, the deformable 

available U.S. and European accident statistics, this 
barriers from CCMC, EEVC, and NHTSA will be crabbed test configuration should constitute an important 
compared. These barriers are intended to simulate the 

part of a joint European and American research program 
deformation characteristics of the average European and 

designed to develop a common test device for lateral 

collision testing. 
American striking vehicle, respectively, in simulated side 

impacts. 

Presently available side impact dummies, HSR! SID 

Point of Impact in the United States and APROD SID in Europe, were 

extensively tested and evaluated by FAT. Kinematics and 

Within the M.[.V, project, the defined point of impact loadings of the dummies were compared with those of 
of the left edge of the striking vehicles was selected by human subjects under comparable and reproducible test 

NHTSA based on American accident statistics(3). The conditions(6). One of the purposes of this research 
point of impact is 37in forward the center of the project was to generally determine the suitability of 

wheelbase of the struck vehicle, dummies as test devices for lateral impact testing. In this 

context, the correlation of dummy loads and occupant 

injuries was also to be examined to establish meaningful Impact Velocity 
occupant protection criteria. 

European committees CCMC (Committee of Common Moving Deformable Barriers 
Market Automobile Constructors) and EEVC (European 

Experimental Vehicles Committee) selected a 50km!h Various studies on the development of deformable 
impact velocity for 90° lateral impacts. According to barriers have been carried out recently. They principally 
HUK statistics(5) this test velocity covers more than 95 concern the CCMC, Fiat, NHTSA, TRRL (Transport 
percent of the impact velocities of striking vehicles(l), and Road Research Laboratory (GB)), UTAC (Union 

Simulating the velocity of the struck vehicle, which Technique de l’Automobile du Motorcycle et du Cycle .... 
may amount to half that of the striking vehicle, by taking (F)), and EEVC barriers. The CCMC research effort on 
into account the main impact force direction (Figure 1), the deformable element served as a basis for the develop- 
the velocity of the crabbed striking vehicle is increased to ment of the EEVC element. 
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The main features of the CCMC, EEVC, and NHTSA a sound basis for the harmonization of future requirements 

barriers discussed here are presented in Figure 3. with respect to vehicle performance in simulated side 

Harmonization of side impact test procedures will impacts. 
require compromises acceptable to the regulatory bodies 

that will ultimately establish performance parameters 
Ground Clearance 

and standards. 

The ground clearance of the barriers as depicted in 

Mass Figure 3 lies in the range of 250 to 279mm. A reassessment 

of the ground clearance of the CCMC barrier was 

........ The CCMC and EEVC barriers have the same mass, contemplated within the context of real-world accident 

950kg, while the mass of the NHTSA barrier is 1,360kg. experience and the comparative 90° side impacts with 

A compromiseof 1,100kg has been proposed as discussed passenger cars and the CCMC barrier as striking 

in the MVMAi NHTSA project, Side Impact Test Pro- vehicles. 

cedure Development, and the ISO document(7), Figure According to the APR sampte (2), bumper/sill engage, 

........ 3. ment occurs in more than two-thirds of all side impacts 

........... (Figure 10). The final determination of the ground 

clearance of a joint barrier should follow out of a joint 

Stiffness                                                American and European research pro~ect. 

Figure 4 shows the force/deflection (F/D) character- 

istics of the three deformable elements examined. The Side Impact Dummies 
............ characteristics were established in fixed barrier impact 

testing at a velocity of 35kmi h, Figures 5 to 7. The effectiveness of engineering measures is examined 

Although the relatively sensitive NHTSA deformable by means of experimental simulation using dummies. 

element did not withstand shipping without damage and One of the purposes of the FAT research projects was to 

was thus already deformed at the time of the test (Figure determine the suitability of available dummies as test 

8), its F!D characteristic evidences a high level of devices for lateral impact testing. 

.... stiffness. Because the first deformation phase is a very The FAT research project was initiated with the goal of 

important determinant of intrusion velocity, it is very assessing the suitability of existing HSRI, APROD, 

aggressive in lateral impacts as demonstrated in (1) (see Hybrid II, and the new Euro SID for experimental 

also the section on Harmonization of Future Side Impact simulation of lateral impacts through comparison of 

Performance Requirements).Althoughstaticdeformation dummy loading and kinematics with those of human 

of the struck Rabbit was nearly identical with the CCMC subjects. The ultimate goal of determining the biofidelity 

and NHTSA barrier as well as with the Citation as of the new European dummy could not be achieved by 

striking vehicles, the dummy loads are substantially FATbecauseoftheavailabilityofthedummyfortesting. 

higher with the NHTSA barrier (Figures 25 to 31,36, 38, The first prototype will be presented at this ESV 

40, and 42). conference. 

Figure 9 shows the F/D characteristics of the average Comparison of the acceleration/time (ai t) histories for 

European sedan (VW Passat)and the average American the three different dummies examined and the human 

passenger car (Chevrolet Citation). It also contains the subject group approximated by a 50th percentile male 

characteristics of the CCMC element and those of the was based on mean values. 

average 1976 European vehicle as calculated by CCMC. For example, the a/t histories of the 4th and 8th rib, 

The F/D characteristics specified for the CCMC MDB impacted side, as well as the 1st and 12th thoracic 

were determined by applying the test results obtained vertebrae and the sacrum are compared in Figures 1 ! to 

from dynamometric barrier impacts with 15 different 15. 

European passenger cars at 30mph. The 15 different car Analyses of these five parameters, based on lateral 

models represented approximately 1.5 million vehicle impact results of 15 dummy and 35 human subject tests, 

registrations for the calender year 1976. Characteristics clearly show there is a substantial and, therefore, unac- 

from individual cars were then weighted according to ceptable variance between data measured on dummies 

1976 sales figures and subsequently averaged, and actual data obtained with human subjects. Despite 

The characteristics depicted in Figures 4 and 9 provide the fact that the HSRI and Hybrid II dummies have quite 

a meaningful and acceptable basis for the joint develop- different chest structures, they demonstrate a nearly 

ment of a deformable element for the United States and identical ait history at the 4th rib. Because of these 

Europe within the context of the desirable harmonization findings, it is questionable whether this parameter can be 

effort. The knowledge gained in the MDBi Rabbit side used as injury indicator as discussed in (9), measured at 

collisions demonstrates that the CCMC element provides dummies examined. 
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Despite identical pelvis structures, the dummies provide The evaluation of the severity of thoracic injuries was 
different response data at the sacrum. This is probably based principally on the number of fractured ribs. In a 
caused by the interaction of the thorax and pelvis during few cases, perforations of the pleura occurred. Figures 18 
lateral impact, and 19 depict the correlation between the number of rib 

These results will contribute significantly to the fractures and accelerations measured at the 4th rib and 
development of a side impact dummy with improved 1st thoracic vertebra by means of linear regression 
biofidelity. This new dummy should be used throughout analysis. The correlation coefficients do not indicate the 
the world within the context of the recognized need for existence of a strong correlation. Injuries to the head and 
harmonization of future side impact performance require- extremities were rarely observed. 
ments. During development, particular care should be Two-dimensional Spearman correlation results have 
taken to insure the resulting dummy will not only be been evaluated to examine the correlation of loads and 
suitable for the standardized side impact testing but also injury severity. Comparison of these coefficients and 
for existing frontal impact requirements, significant levels of all parameters examined indicates 

there may well be a relationship between 4th rib or 1st 

Protection Criteria thoracic vertebra accelerations and rib fractures as there 
is between 12th thoracic vertebra or sacrum acceleration 

Knowledge of load limits and injury mechanisms of and abdominal injury severity. Figure 20, however, 

occupants is mandatory for the definition and assessment 
depicts no such correlation between sacrum acceleration 
and abdominal injury. These findings will be analyzed 

of measures to further increase existing levels of vehicle 
within the scope of a further study by performing a 

occupant protection. Therefore, FAT performed a total 
of 35 lateral impact tests with human subjects at different 

multiple, nonlinear regression analysis. The two- 
dimensional Spearman correlations should be viewed 

velocities (40 to 60kmi h) and in left and right side impact 
only as an initial effort for assessment and evaluation of 

modes to establish by iteration the loading limits on 
the extensive data collective. human subjects. The test series further sought to examine 

The relationship between loads and injury is also 
the relationship between injury severity and the measured 

discussed in (9). A relationship, called the Thoracic 
acceleration values. This constitutes a sound basis for the 

Trauma Index (TTI), has been developed by NHTSA determination of future protection criteria. Suitable 
that is intended to indicate the injury to the thoracic cage 

dummies and the relationship between protection criteria 
and occupant protection are, of course, a prerequisite for 

and the organs within it. 
TTI = 1.4 Age + 0.5 (T12Y + LURY) * Mass/165 

the application of dummy loads measured during tests to 
Subject age and mass (lb) and lateral peak acceleration 

the reaPwortd accident scene. Without such a correlation, 
of struck side 4th rib and 12th thoracic vertebra are those responsible for the establishment of meaningful 

standards will not have fulfilled their mandate, 
parameters of the equation for the calculation of TTI. 

Figures 21 to 24 depict the relationship between TTI 
The results of this FAT study are described in (6). They 

will be summarized here. 
and thoracic and abdominal injuries. Because of the lack 
of correlation and the great variance between data 

In accordance with our presentation(8), and as also 
measured with HSRI dummy and human subjects, at 

noted during the continuation of the test series, the most 
serious injuries were observed at the abdomen. These 

present the algorithm is not suitable for calculation of the 

generally consist of liver ruptures, which predominantly 
theoretical TTI from data measured with this dummy. 

occur during 50kin/h lateral collisions and where occupant 
impact occurs on the right side. In the three tests with a Harmonization of Future Side Impact 
collision velocity of60km/h, abdominal injuries occurred Performance Requirements 
during left-side impacts, consisting principally of injuries 
to the spleen, the left kidney, and the liver~ No abdominal To effectively realize further meaningful increases in 
injuries occurred at a velocity of 40km/h during right- existing levels of passive safety, the common goal of all 
side impacts. Even during left-side impacts at a velocity concerned must be to promote uniform vehicle per- 
of 45kmi h, no abdominal injuries were observed (Figures formance requirements on a worldwide basis. The govern- 
I6 and 17). ments in Europe and of the United States must demon- 

The high frequency of abdominal injuries indicates strate a willingness to cooperate and compromise with 
that side impact dummies must be developed to simulate respect to appropriate test procedure, configuration, 
these ir~uries, devices, and parameters. 

Again, it should be noted that the simulated 90° lateral To investigate the merits of this concept, Volkswagen 
impact test performed in this study represents a very evaluated and compared the behavior of five striking 
severe accident exposure, which overemphasizes the vehicles in 90° lateral impact tests with the crabbed test 
frequency of severe abdominal injury in relation to configuration and struck Rabbits (Figure 25): 
overall accident experience. ¯ Chevrolet Citation (average American car) 
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¯ NHTSA barrier Comparison Between the NHTSA Barrier and 
¯ vw Passat (average European car) the Average American Car 
o CCMC barrier 

...... ¯ EEVC barrier Comparing dummy response data from lateralimpacts 
with the NHTSA barrier with the NHTSA deformable 
element and the Citation as striking vehicles, it is obvious 

the barrier does not simulate the deformation behavior of 
Comparison Between the CCMC Barrier and the average American car as defined in any region 
the Average American Car (Figures 25 and 36). The barrier is substantially more 

........... aggressive than the Citation and will thus lead to false 
assumptions and unrealistic measures to reduce dummy 

The side impact test with the Citation (Figures 26 and loads. The NHTSA barrier does not accurately reflect the 

27) was part of the M.I.V. research project performed by effects and consequences of real accidents. 

Volkswagen(4) under NHTSA sponsorship. The Citation The static crush of Rabbits struck by the Citation and 

was selected because it is said to represent the average the NHTSA barrier is similar (Figures 27, 31, 38, 40, and 

American car in terms of dimensions, structure, and 42). Because the difference in dummy loads of these two 

mass. In addition, it was selected by NHTSA for the tests is so immense, the deformation/time history of the 

M.I.V. project, Phase II, because, according to NHTSA side structure of the struck vehicles, caused by the two 

test results, the deformable barrier, developed byNHTSA different striking vehicles, disclose substantial 

only for 60° side impacts, is too stiff in 90° impact disparities. 

........ configurations. This characteristic was also demonstrated 
............ by Volkswagen in a further test with this barrier, (Figures Comparison Between the CCMC and EEVC 

25, 30, and 31). Barriers and the Average European Car 
The essential characteristics of the deformable element 

of the CCMC barrier have been matched as closely as The design of the EEVC barrier and its deformable 
possible to those of an average, current production element is described in (10). Design parameters are 

....... European-type passenger car in terms of mass, F/D compared in Figure 3. 
....... characteristics, geometry, etc.(l). Comparison tests with the average European vehicle 

To evaluate the suitability of the CCMC barrier as a (VW Passat) and the CCMC and EEVC barriers (Figures 
test device for lateral collision testing (Figures 28 and 29), 28, 29, and 32 to 35) clearly show that the CCMC barrier 
HRS! dummy response data and the overall deformation represents a significant and acceptable compromise for 
of the struck vehicles, as well as that occurring at specific the harmonization of future vehicle performance require- 
levels, are compared (Figures 36, 38, 40, and 42).              ments in defined side collisions. 

It can be seen that the CCMC deformable element,          The F/D characteristics of the CCMC element are in 
which is in part stiffer than the average European car, some areas stiffer than those of the average European car. 
closely simulates the deformation behavior of the front The F/D characteristics of the EEVC element are softer 
structure of the average American car, the Chevrolet as demonstrated by a comparison of the dummy values 
Citation, as defined by NHTSA. (Figures 25 and 37) and characteristics (Figure 9). A 

The driver dummy loads are nearly identical in the stiffening of the element has been discussed(10), thus the 
thoracic area when side impacts with the Citation and the characteristics of the updated CCMC and EEVC elements 
CCMC barrier are compared (Figures 25 and 36). Loads will ultimately be quite similar. 
are higher in the head and pelvic region for the Citation/ The side impact test with the crabbed chassis of the 
Rabbit side impact test. Because thoracic injuries domin- NHTSA barrier and the EEVC elements (Figures 34 and 
ate according to U.S. and European statistics(2,3), 35) demonstrates this element can also be used for the 
mainly thoracic loads should be taken into account, crabbed test configuration that is intended to simulate 

The higher pelvic loads were caused by the 5mph real-world side impacts. 
bumper layout of the Citation. The CCMC deformable Comparison of driver dummy loads (Figures 25 and 
elements closely simulate the 2.5mph bumper layout. 37) demonstrates that the CCMC deformable element 
Here the negative effect of the more aggressive 5mph mounted on the crabbed chassis of the NHTSA barrier 
layout on occupant protection in lateral impacts is clearly appears to represent an excellent and most realistic 
evident, compromise for the harmonization of future side impact 

With the exception of the bumper region, deformation performance requirements intended to further increase 
of the struck vehicles is similar when lateral impacts with existing levels of passive safety. This combination should 
the Citation and the CCMC barrier are compared. They constitute the basis for further research efforts with 
are, however, equal in the thoracic area (Figures 38, 40, respect to a common European and American test device 
and 42). for 90° lateral impact testing. 
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15 MPH 

27° CP~BBED BARRIER 

(NHTSA BARRIE~ CHASSIS 
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Figure 2. 
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COMPARISON OF MOBILE DEFORMABLE 

CCMC EEVC        NHTSA        ISO (7) 
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Figure 3. 
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Figure 4. 
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CCMC MDI3 ELEMENT 
FIXED BARRIER IMPACT AT 35 KM/H 

PRE-CRASH POST-CRASH 

Figure 5, 

EEVC MDB ELEMENT 
FIXED BARRIER IMPACT AT 35 KM/H 

PRE-CRASH POST-CRASH 

F~gure 6. 
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NHTSA M:DB ELEMENT 
FIXED BARRIER IMPACT AT 35 KM/H 

PRE-CRASH POST-CRASH 

Figure 7. 

NHTSA ELEMENT 
PRE-TEST CONDITION, DEFORMATION CAUSED BY SHIPPING 

Figure 8. 
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Figure 9. 
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Figure 11. 
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Figure 12. 
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1ST THORACIC VERTEBRA 
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Figure 13. 

12TH THORACIC VERTEBRA 
COMPARISON BETWEEN DUMMIES AND HUMAN SUBJECTS 

MEAN RESULTANT A/T HISTORIES 

150 ’" HUMAN SUBJECT 

HSRI-DUMMY 

/i ’~~\ 

--.-- APR-DUMMY 
i00 

"\ ......... HYBRID II-DUMMY 

0 ~ 
~ I ~ ~ 

20 30 40 50 60 

TIME (MS) 

Figure 14. 

738 



Section 4, Technical Sessions 
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Figure 15. 
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RESULTS FROM 
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Figure 16. 
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Figure 20. 

741 



E&verimental SEfety Vehicles 

TTI AND RIB FRACTURES 

NUMBER 
OF 30 
RIB- 
FRACTURES 

oo 
¯ ¯ ¯ 

¯ 

~ ¯ ¯ 

7 . 

0 

0 50 100 150 200 250 

TTI 

Figure 21, 

TTI AND AIS THORAX 

AIS 
THORAX 5 

1 . ¯ ¯ 

0 50 100 150 200 250 

TTI 

Figure 22. 
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~T~, \.\,,                     HSRI DUMMY 

~’~) ~ " " ’~ ~ AND 27* CR~BED 

~-~ ,, ,~,, ,,, ,,, STRIKING VEHICLES 

Figure 25. 

90° SIDE IMPACT WITH RABBIT 
AND 37° CRABBED CITATION 

(PRE-CRASH) 

Figure 26, 
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90° SIDE IMPACT WITH RABBIT 
AND 27° CRABBED CITATION 

(POST-CRASH) 

Figure 27. 

90° SIDE IMPACT WITH RABBIT 
AND 27° CRABBED CCMC BARRIER 

(PRE-CRASH) 

(NHTSA BARRIER CHASSIS AND CCMC DEFORMABLE ELEMENT) 

Figure 28. 
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90° SIDE IMPACT WITH RABBIT 
AND 27~ CRABBED CCMC BARRIER 

(POST-CRASH) 

(NHTSA BARRIER CHASSIS AND CCMC DEFORMAB~ E~MENT) 

Figure 29. 

90° SIDE IMPACT WITH RABBIT 
AND 27~ CRABBED NHTSA BARRIER 

(PRE-C~S~) 

Figure 30. 
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90° SIDE IMPACT WITH RABBIT 
AND 27° CRABBED NHTSA BARRIER 

(POST-CRASH) 

Figure 31. 

90° SIDE IMPACT WITH RABBIT 
AND 27° CRABBED PASSAT 

(PRE-CRASH) 

Figure 32. 
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90° SIDE IMPACT ~ITH RABBIT 
AND 27° CRABBED PASSAT 

(POST-CRASH) 

Figure 33. 

90° SIDE IMPACT WITH RABBIT 
AND 27° CRABBED EEVC BARRIER 

(PRE-CRASH) 

(NHTSA BARRIER CHASSIS AND EEVC DEFORM~LE E~MENT) 

Figure 34. 
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Figure 36, 
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COMPARISON OF HSRI DUMMY DRIVER LOADS 
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Figure 37. 

EXTERIOR AND INTERIOR PROFILES 
AT 914 MM LONGITUDINAL DISTANCE 

Figure 38. 
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EXTERIOR AND INTERIOR PROFILES 
AT 914 MM LONGITUDINAL DISTANCE 
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Figure 41. 
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Figure 43. 

Conclusion                                         and loadings with human subject behavior r, equires 
evaluation within the scope of the FAT project as soon as 

This report discusses the suitability of deformable a sufficient number of prototypes becomes available. 

barriers and dummies as test devices for the standardized The comparative evaluations with the CCMC, EEVC, 

side impact. Comparative evaluation demonstrates that and NHTSA barriers as well as with average European 

while the available test devices also constitute a basis for and American passenger cars, combined with the 

further research activities for the development of side experience gained during repeatability testing at the 

impact test procedures, the comprehensive and necessary Dutch Research Institute TNO and tests at BASt (German 

research activities cannot be viewed as having been "Bundesanstalt ftir Stra/3enwese ), Ford, FAT, and 

completed. CCMC, indicate that the deformable element developed 

So that the effectiveness of measures for the further by CCMC constitutes a good compromise for a model of 

increase of occupant protection in side impacts will not the front structure deformation behavior of the average 

be jeopardized and can be appropriately applied to real- European and American passenger car. As noted, a joint 

world accidents, biofidelity of dummies must be greatly European and American research program, as already 

improved and the correlation of dummy loadings and initiated between MVMA and CCMC, is warranted and 

occupant injuries must be reliably established. The FAT needed to develop a common test device based on the 

project(6) provides a useful foundation for these efforts, crabbed NHTSA barrier chassis and the CCMC deform- 

An important further goal must be the development of able element for lateral collision testing. 

omnidirectional dummiescapableofbeingusedthrough’ Dummy response data in lateral impacts with the 

out the world. Such a development effort must include a NHTSA barrier and NHTSA deformable element differ 

computer simulation and mathematical description of substantially in all regions from data obtained in tests 

the very complex spring-damper-mass system to analyze with the average American car, the Citation, as defined 

fully the complex interactions of individual body parts by NHTSA. 

and other relevant parameters. The FAT project also The EEVC deformable element is similar in design to 

provides a basis for the validation of the mathematical the CCMC element. It is manufactured by the same firm 

dummy model. (Fritzmeier) and consists of the same PU foam material 

The extent to which the newly developed European As previously discussed(10), the FiD characteristics of 

side impact dummy correlates with respect to kinematics the EEVC element are softer than those of the average 
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European passenger car and those of the CCMC barrier, collisions, accidentological summary report," June 

Because of the common features of both elements, a joint 1983. 

research effort by CCMC and EEVC will result in a 3. NHTSA/MVMA Coordinated Research, "Side 

European element that, with respect to deformation impact test procedure development," Task 1, Sep- 

characteristics and design, will more closely resemble the tember 1982. 

CCMCelement. 4. Seiffert, U., Volkswagen Research Division, 

This finding, together with the knowledge that the "Research M.I.V., modified integrated vehicle," 

European and American lateral accident experiences are NHTSA Contract DTNH 22-81-C-17085, September 

targely similar, should constitute the basis for further 1983. 

research efforts with respect to a common European and 5. HUK, TU Berlin, VolkswagenwerkAG,"Entwicklung 

American test device for 90° lateral impact testing. A kompatibler Fahrzeuge," Research project sponsored 

reasonable and acceptable compromise appears to be by the German Federal Government, Ministerium 

represented by the 27° crabbed chassis of the NHTSA ftir Forschung und Technologie, February 1980. 

barrier with a total mass of 1,100kg in combination with 6. Klaus, G., R. Sinnhuber, G. Hoffmann, D. Kallieris, 

the CCMC deformable element, with a ground clearance and R. Mattern, "Side impact--a comparison between 

of 250ram. This element will cost less than DM 1,000 in dummies and cadavers, correlations between cadaver 

mass production. In contrast to the NHTSA element(4), loads and injury severity," SAE Paper 841655, 

the CCMC etementis not shipping-sensitive, not sensitive Proceedings 28th Stapp Car Crash Conference, 

to slight exterior cracks, and constitutes representation Chicago, 1984. 

of the front structure deformation behavior of the 7. Resolutions Taken at the 14th Meeting of ISO/TC 

average European and American passenger cars. 22/SC 10, Impact Test Procedures, M 191 E, AFNOR 

This approach should be viewed as a step toward a La Defense, Paris, 1984. 

harmonization of future side impact performance require- 8. Klaus, G., and D. Kallieris, "Side impact--A 

merits, comparison between HSRI, APROD and Hybrid II 

dummies and cadavers," SAE Paper 831630, Pro- 
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Diego, 1983. 
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Occupant Response Sensitivity Analyses Using a Lumped Mass Model in 

Simulation of Car-to-Car Side Impacts 

Thomas J. Trella Introduction 
Transportation Systems Center, Research and 

Special Programs Administration Results of side impact sensitivity analyses based on 
lumped mass collision modeling studies that characterize 

Joseph N. Kanianthra parametrically the lateral acceleration response levels of 
a normally seated driver dummy in the struck vehicle are 

U.S. Department of Transportation, National 
discussed. The crash configuration studied for the 

Highway Traffic Safety Administration characterization of driver and structural responses was a 
stationary target vehicle (2-door, VW Rabbit) that was 
struck by a crabbed MDB simulating a two-car collision 

Abstract when both vehicles are moving. The impacts were on the 
driver’s side door and surrounding structures (A- and 

Results era sensitivity study, based on lumped spring/ B-pillars) at 90° and 60° as shown in Figure 1. These 

mass modeling approaches for the characterization of 
structural and occupant responses in 60° and 90° side 

60° Impact 1"19° Crabbed~ 90° tmpact (26° Crabbed} 

impacts, are presented in this paper. Test data from 
collisions between a moving deformable barrier (MDB) 
and the side of a Volkswagen Rabbit in two crash 
configurations, simulating 60° and 90° impacts, are used 

to derive the force-deflection characteristics of the non- 
linear springs in the model. 

The mathematical model is used to investigate the 
sensitivity of occupant responses to parametric changes 
in the striking and struck car characteristics. The variables 

Vi Ikaterat) = Vices 49° Vi {Lateral} = Vices 26* 

included in this parametric study are striking vehicle and 
struck vehicle stiffnesses, crash configuration, impact 
velocity, occupant-to-door clearances, and padding Fioure "1. Crash confiouration 

characteristics. The striking car and struck car side 
stiffnesses are varied in the range of_40 percent and _+30 configurations simulate side impacts where the striking 

percent, respectively, from the nominals. The effects of and struck vehicles moved at 26 and 13mph (low-speed 

padding material characteristics and padding thicknesses condition), and 35 and 17.5mph (high-speed condition). 

up to 6in are evaluated. The effects of the above ThiscorrespondstoMDBclosingspeedsofapproximately 

parametric changes on predicted thoracic probability of 29 and 39mph (26 and 35mph lateral velocity) for the 90° 

injury using the National Highway Traffic Safety low- and high-speed conditions, respectively. The 60° 
Administration (NHTSA) Thoracic Trauma lndex impact MDB closing speeds were approximately 34 and 
(TTI)(1) are also presented. 46mph (22 and 30mph lateral velocity) for the low- and 

The results showed that the rib, spine, and pelvis peak high-speed conditions, respectively. In this study, the 

accelerations generally increased with increases in striking influence of striking vehicle stiffness, struck vehicle side 

vehicle stiffness and impact velocity. Increases in struck stiffness, impact angle, impact velocity, and padding 

car side stiffness and the addition of door padding thickness and stiffness were parametrically investigated. 

reduced the peak rib, pelvis, and spine accelerations. The The characterization effort was performed in three 
results indicate padding is very effective in reducing the parts. First, the dummy’s pelvic and upper thorax (rib 
thoracic probability of injury. It is observed that the and spine) peak acceleration levels were determined from 
probability of injury at Abbreviated Injury Scale (AIS) simulations in which the parameters listed above were 

levels of 3 or greater in a 30-year-old male will be reduced varied. Based on these results, the sensitivities of the 
from 50 to 20 percent by adding a 3in-thick padding in a dummy’s peak accelerations (G’s) to changes in those 

90° collision with the striking car moving at 26mph and parameters were derived. Last, thoracic probability of 

the struck car moving at 13mph, respectively. It is also injuries were computed, based on the NHTSA TTI. 

observed that the relative effectiveness of the above Validations were carried out comparing the simulation 

changes in vehicle characteristics is a function of impact and test results. In this paper, special emphasis is given to 
speed, defining driver dummy response trends. 
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Side Impact Model and Characteristics The force-deflection properties for the modified 
CRUSH model were derived from acceleration traces 

The sensitivity results were derived from the one- obtained from the side impact tests in (4). Experimental 
accelerometer time histories of the inner surface of the dimensional lumped parameter nonlinear spring mass 

mode!(2) shown in Figure 2. Basically, this model is a door were used for this purpose. The MDB’s longitudinal 

modified version of the CRUSH model(Crash Reproduc- and lateral responses were resolved in the direction 

tion Using Static History)(3) with a lumped mass perpendicular to the side of the struck vehicle, since only 

representation of the upper thoracic as well as the pelvic the lateral motions were of concern in this collision- 

regions of an unrestrained occupant. The crush of the modeling effort. The force-deflection characteristics were 

struck vehicle’s side structure is represented in this model based on the low impact speed (26/13mph~) crash test 
results since the force versus deflection traces derived as a nonlinear spring connecting the side door structure 

and compartment. The occupant simulation is based on a from other speed conditions indicated that the dynamic 

simple model, mainly to predict the thoracic response rate effects were smal!. For the simulations, the force- 

and probability of injury, and, therefore, does not include deflection diagrams were approximated by segmented 

the head-to-interior surface contact elements. Mode! straight line elements to (a) eliminate higher order 

validations were performed by simulating threedifferent oscillations, (b) eliminate multivalued forces due to 

crash conditions, these involved a baseline VW Rabbit instrumentation system inaccuracies and incompleteness 

in a 90° impact (BL-90°), a structurally modified VW of the choice of the lumped mass model used in the 

Rabbit in a 90° impact (MOD-90°), and a baseline VW derivation of the force-deflection characteristics, and (c) 

Rabbit in a 60° impact (BL-60°). extend the range of applicability of the model to other 
speed conditions. Figure 3 shows the force-deflection 
diagrams for impactor-to-door spring (SD) and door-to- 
compartment spring (SC) for the three crash conditions. 

rO 
75                                                    60° Base 

Deflection, Inches 

Figt~re 2. Side impact lumped spring/mass model 
6o I                                         90° Mod 

Four masses (rib, pelvis, spine, and head) with three 

°~ ~o ~ .... 

~onlinear interconnecting springs and a damping element c~ "°i /~ 
9oo/                                Base 

were used to model the occupant. The rib-. and pelvis-to- 
60° Base 

door contacts were represented by two nonlinear springs. 
Padding was introduced as a spring between the dummy 
and the door. A ¾in bottomed-out thickness was assumed ~ .... 
for all pad thicknesses considered in this study. In this 0 ~ ~ ~ .... 
i~vestigation, the connection between the spine and 0 

Deflection, Inches 
pelvis was neglected, The pelvis was positioned 4in from 
the inner surface of the door for the sensitivity calculations. Figure 3. Assumed force versus deflection for springs 
’]’he rib-to-door clearance was composed of the pelvis-to- SD and SC in CRUSH 

door clearance and the rib-to-pelvis spacing derived from The MOD-90° force versus deflection traces shown in 

accelerometer data in side impact tests using Side lmpact these diagrams were obtained from the VW Rabbit 
Dummies (SID’s). Rib-to-spine damping was provided MOD-90° impact padded door crash test time histories. 

by means of a viscous damper, in this model, head Door paddingforce-deflectioncharacteristicswerebased .... 
motions were assumed coupled directly to the spine by on a nonlinear expression developed from the measured 
means of a nonlinear spring. Head contact with the side 
structure was not modeled. ~ Denotes the striking and struck vehicle collision speeds, respectively. 
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force-deflection characteristics of a General Tire and 26/13mph and 35/17.5mph speed conditions. The calcu- 

Rubber (GTR) pad used in the side impact car crash lated responses appear to show reasonable levels of 

tests(4,5). This expression provided the GTR pad force agreement in terms of peak G levels for the rib, pelvis, and 

level as a function of its bottomed-out thickness, a force spine for the test conditions simulated. These simulated 

level coefficient, a padding displacement, and a shape dummy peak G levels are based on the acceleration- 

coefficient(2). Figure 4 shows the analytically derived derived pelvis-to-door and rib-to-door clearances derived 

GTR pad force-deflection trace for a 4.0in-thick sample, from the dynamic crash tests. (For the 90° impact 

, , ...... simulations, 5.20in was assumed for the pelvis-to-door 

7000 r clearance and 8.02in was assumed for the rib-to-door 

6ooo ~ Table 1. Weight data 

6000 ~ Weight (Ib) 

I 4000 ~ Analytical Expression for Pad Force = Impact Angle 90° 90° 60° 

~ 
CF * (S/SMAX-S) ** P Configuration BL MOD BL 

...... ,,o 3ooo~ Impactor 3006.0 2990.0 2990.0 
-~ VW-Rabbit 
~ Door 30.0 30.0 30.0 

zo0o~ PX-Compartment 2276.0 2224.0 2459.0 
Driver Dummy 

lo00 ~ Rib 20.0 20.0 20.0 

~ Pelvis 79.0 79.0 79.0 ~ ~ 
3~.6    4 Spine 32.0 32.0 32.0 

0 0,5 1 

......... Deflection S -- Inches H cad 10.0 10.0 10.0 
VW-Vehicle- 

Figure 4. Analytically derived force versus deflection Test Weight 2447.0 2395.0 2630.0 

for the GTR pad 

FORCE .~S ~FLECflOe~ FO~ 9~ DEG I~P~CT . 

Figure 5. Assumed force versus deflection for springs SP and SR in CRUSH 

Force-deflection traces are also illustrated in Figure 5 for 300 [- Baseline VW Rabbit, 90 Degree Impact 
the rib-to-door (SR) and pelvis-to-door (SP) contact. 

The rib-to-spine spring (SS) force-deflection character- 

istics, the head-to-spine spring (SH) characteristics, and 

all other model inputs are as shown in (2). Table 1 .}, 20~ Legend 
[~ 35/17,5 MPH Test 

summarizes the component weights used for the three ; 15 i~ 3617.5 MPH Sire. 
[] 2613 MPH Test crash conditions that represent the best estimates for the 
[~ 2613 MPH Slm 

purpose of this lumped mass modeling.< 

Model Validations With Characterization 
Test Data .ib Spine 

Before conducting the sensitivity studies, the lumped Figure 6. Comparison of simulated responses ant, ,est 
results at two impact speeds 

mass model was validated with experimental data over 

two impact speeds. The results are shown in Figure 6, 

which compares the simulated peak acceleration responses clearance in the BL-90° impact.) Note, these clearances 

of the three body components in the 90° test at the are different from the clearances used to calculate the 
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sensitivities discussed in the following sections where the pad shape factor (P). These trends are based on pre- 

pelvis was positioned 4in from the door. liminary investigations of a pad analytically tailored to 

dissipate the impact energy more linearly as a function of 

Model Considerations its thickness. This padding characteristic is shown in 

Figure 7, which compares the baseline (P = 0.8) with the 

analytical pad (P = 0.2). 
The sensitivity results discussed in this paper are 

i~uenced by the weight assumed for the door structure, ~00o 
the rib and pelvis-to-door clearances, the pelvis-to-rib 

spacings, and the bottomed-out thickness assumed for 

the pad. Deviations from values assigned to these par- 

ameters will yield different dummy peak G levels and 

trends for the parametric changes investigated. For 

example, a different door structure and weight will bs 
produce phase shifts and response level differences. 

0 1 2 3 4 5 6       7 8       9 

Decreasing the clearance between dumIny and door to a Deflection, Inches 

certain clearance value will generally increase the rib and 

pelvis peak G levels. Further decreases in clearance from 
Figure 7. Combined padding and rib contact element 

characteristics for two different shape factors 
t~fis value ~vilt reduce the occupant peak G levels since the for the GTR pad 
side structure velocities increase and then decrease in 

tine during the collision phase in response to the 

colliding striking vehicle. For rib response, this occupant- Durnmy’s Acceleration Response Trends 
to-door clearance value was estimated to be about 2in(2). 

Tables 2 through 4 summarize the dummy’s (rib, 

Sensitivity Investigations pelvis, spine, and head) peak G levels as a function of: (1) 

door padding thickness changes, (2) door-to-compartment 

Parametric investigations were conducted at twoimpact stiffness changes, (3) MDB-to-struck-door stiffness 

speeds of 26/13mph and 35/17.5mph, respectively. The changes, (4) padding thickness changes plus VW Rabbit 

parameters considered included---- door-to-compartment stiffness changes, and (5) padding 

® Door padding (thickness and force levels) thickness changes plus MDB-to-struck-door stiffness 

® Struck vehicle stiffness (VW Rabbit door-to~ changes. These simulated responses correspond to the 
compartment stiffness) BL-90° and MOD-90° crash conditions for impact 

® Striking MDB stiffness (MDB-to-struck VW speeds of 26/13mph and 35/17.5mph, respectively, and 

Rabbit door stiffness) the BL-60° crash conditions for an impact speed of 

The striking MDB and struck VW Rabbit door 26/13mph. 

stiffnesses were varied in the range of +_40 percent and In general, for the range of variables considered, the 
~.~:30 percent, respectively, from the nonainal. Three- and simulated results indicate that-- 
six-inch door padding thicknesses were investigated with Dummy (rib, pelvis, and spine) peak G levels 

the same thickness at the rib and pelvis striking points, decreased when- 
The range of stiffness vatues used for the door padding (1) The thickness of the GTR door padding was 
varied from -20 percent to +20 percent from the nominal increased; and 
i~ increments of 10 percent. These stiffness changes were (2) The VW Rabbit door-to-compartment stiffness 
reflected in the forces obtained by multiplying the levels were increased. 
~ominal force levels in the spring force-deflection diagram Dummy (rib, pelvis, and spine) peak G levels increased 

by factors corresponding to the percent changes described when---- 
above. Note that the striking and struck car side stiffness (I) The collision speed was increased; and 
changes obtained in this manner do not necessarily imply (2) The MDB stiffness levels were increased. 
t~at the baseline (B[) VW Rabbit door structure force- Dummy (pelvis) peak G levels increased when-- 
del]ection characteristics, when changed by a stiffness (1) The stiffness of the GTR door padding was 

factor~ should exactly reproduce the force-deflection increased. 
characteristics of the structurally modified (MOD)VW Dummy (rib and spine) peak G levels increased 
Rabbit. Typical force-deflection characteristics for the when--- 

striking and struck vehicles and door interior padding to (1) The stiffness of the GTR door padding was 
occupant body component interactions are given in (2). decreased. 

Finally, as a special case, some occupant peak G level Furthermore the results presented in Tables 2 through 

trends are discussed as a result of changes to the GTR- 4 indicate that door padding thickness changes were 
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Table 4. Driver dummy peak acceleration levels due to padding thickness variations, VW-Rabbit 
door to compartment and MDB to VW-Rabbit door stiffness variations (baseline VW- 
Rabbit, 60° impact)* 

..... Rib Pelvis Spine Head 

26/13mph 26/13mph 26/13mph 26/13mph 

Baseline 
VW-Rabbit t46,1G 163.9G 111,9G 102.3G 

Baseline 3 in 
VW-Rabbit Gtr Pad 76~7 116,6 91,2 100.7 

6in 
........ Gtr Pad 55.2 73.6 76.8 102,3 

Door to 

Nominal Compartment 

MDB Stiffness 

Stiffness 1.1 Nom 141.5 144.3 109.1 101.9 

1.2 Nom 139.2 133.0 105.9 100.5 

1.3 Nom 134.7 128.9 102,4 99.0 

Nominal 
VW-Rabbit MDB 

Door to Stiffness 
Compartment 0.8 Nom 149,9 t39.6 115.1 98,2 

Stiffness 
0.6 Nom 152.2 130,3 116.6 99,0 

Door to 
Compartment 

Nominal 3 in Stiffness 

MDB Gtr Pad 1.1 Nom 77.2 96,7 89.2 100.9 

Stiffness 1.2 Nom 76.4 84.9 86.9 101.3 

1.3 Nom 75.0 80,6 84.5 100,4 

Door to 
Compartment 

Nominal 6 in Stiffness 

MDB Gtr Pad 
Stiffness 1.1 Nom 48.9 63,8 72.4 101.8 

1,2 Nom 48.6 56.4 71.3 101.6 

t.3 Nom 48,2 51.8 70,4 101.2 

Nominal 
VW-Rabbit MDB 

Door 3 in Stiffness 

to Gtr Pad 0,8 Nom 80.0 90.0 93,3 101,9 
Compartment 
Stiffness 0.6 Nom 82,5 81,9 94,8 1 020 

Nominal 
VW-Rabbit MDB 

Door 6 in Stiffness 

to Gtr Pad 0,8 Nom      49.5 60,3 72.7 102.1 
Compartment 

Stiffness 0,6 Nom 48.9 53.3 71.9 100.2 

* Note: Simulation results based on force versus deflection curves derived from the BL,60° crash 
condition. 

especially beneficial as a countermeasure in reducing the example, in the case of the 26/13mph, BL-90° impact, a 

thorax and pelvis peak G levels. The thorax G level 3in GTR pad reduced the rib peak G levels from 112.6G 

reductions through increased door-to-compartment stiff- to 61.9G, a 3in GTR pad plus a 20 percent increase in 

nesses (up to !.3 nominal), generally, were small. The struck vehicle side stiffness yielded a rib peak G level of 

model indicated that the reductions obtained as a result 55:1G, whereas a 6in-thick GTR pad alone reduced the 

ofstiffeneddoor-to-compartmentstructurecouldalsobe rib peak G level to 55.2G. It must be pointed out, 

achieved through increase in padding thickness. For however, that space limitations and other considerations 
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limit the thickness of the padding that canbe used as a speed, the pelvis peak G levelwas reduced from 266.1Gto 
countermeasure. Struck VWRabbitsidestiffnesschanges 153.4G (42 percent). Pelvis peak G level percentage 
affected all three dummy body components’ peak G reductions for the MOD-90° at the 35/17.5mph impact 
levels, while changes to the striking MDB stiffness speed were slightly higher than the peak G level percentage 
principally affected the pelvis response, reductions obtained at the lower impact speed (26/13mph). 

These results showed that 3in of GTR padding added 

Door Padding Thickness Effects to the door significantly reduced the rib peak G levels. 
Moreover, the GTR padding seemed more effective in 
reducing the thorax peak G levels even at lower padding 
thicknesses than in reducing the heavier pelvis mass peak 

Driver Dummy Peak G Response Trends G levels, especially at the higher impact speed. To further 
illustrate this point, the rib, pelvis, and spine peak G 

GTR padding was very effective in reducing the levels were computed using smaller padding thickness 
dummy peak G levels, particularly for the rib. For increments up to a thickness of 8in. The results are shown 
example, at an impact speed of 26/13mph and an impact in Figure 8. Here, the rib peak G levels drop off sharply at 
angle of 90°, a 3in-thick door padding in the basetine and the lower GTR padding thicknesses where they are 
structurally modified VW Rabbit reduced the rib peak G largely affected by the interaction of the pelvis with the 
level from 112.6G to within 61.9G for the baseline and padded door. On the other hand, at the higher GTR 
! 12.6G to 56.3G for the modified vehicle. Much smaller padding thicknesses, the thorax peak G levels seem to 
reductions were achieved with an additional 3in-thick level off with increase in the GTR padding thickness. This 
pad where rib peak G levels were further lowered to 
44.3(} for the modified and 55.2G for the baseline vehicle. 
At an impact angle of 60°, a 3in-thick pad lowered the rib a00r Baseline VW RabbitlMDB 90 Degree Impact 
peak G level from 146.1G to 76.7G for the baseline Pelvis to Door Clearance = 4 Inches 

vehicle and a 6in-thick pad lowered the rib peak accelera- 2s0 i- ........ N 
Legend 
~ Rib, 35117.5 MPH 

X Rib, 26113 MPH ~.ion levels to 55.2G. The GTR padding was also quite 
effective in reducing the rib peak G levels at the higher ~ . ~ ~e~,~s. 2~m ~.~,~ 
speed even for padding thicknesses less than 3in. For 

~ "’~...~    =.s.~.~.,~,~.~.~2.~.Y..~.~ example, at the 26/13mph speed, a 3in GTR pad reduced 
the BL-90° rib peak G levels by 45 percent and the 
MOD-90° by 50 percent. At the higher speed of 
35/17.5mph, rib peak G level reductions of 49 and 59 
percent were calculated for the BL-90° and MOD-90° 
configurations, respectively. The baseline VW Rabbit’s 0,    , 
rib peak G level percentage reductions for a 3in GTR pad o 

did not appear to be largely affected by the collision ,, 
Padding Thickness Inches 

angle. Rib peal: G level percentage reductions were Figure 8. Effect of GTR pad thickness at rib and pelvis 
slightly higher for the structurally modified VW Rabbit on dummy peak G levels 
than for the baseline VW Rabbit. 

}:or the padding thicknesses considered herein, the trend is due to the phasing difference between the rib and 
spine peak G levels dropped off linearly with increase in pelvis peak G levels when different padding thicknesses 
the GTR pad thickness. The spine peak G level reductions were applied to the door and to secondary impacts of the 
were also lower by approximately one-half the value thorax mass. Door velocity time histories are also shown 
obtained in rib responses, in Figure 9 for an unpadded door and a door with a 3 and 

The pelvis peak G level reductions, on the other hand, 6in GTR pad, respectively, which further explains these 
were somewhat similar to those calculated for the rib. differences. These histories show that the pelvis-to-door 
Here the pelvis peak G percentage reductions were about contact lowered the velocity of the door and, therefore, 
30 percent for the 3in GTR pad and 60 percent for the 6in the velocity of impact of the rib in the case of the 
GTR pad for all three impact models at the lower impact unpadded door and door with the smaller padding 
speed. Due to the higher impact force encountered at the thicknesses (up to 3in). At the higher door padding 
35/17.5mph impact speed, the BL-90° pelvis peak G level thicknesses (beyond 3in), the influence of the pelvis on rib 
percentage reductions were lower, since the GTR pad peak G levels diminished and the rib responded as if the 
bottomed out. For example, for the 6in-thick GTR pad, pelvis never made contact with the padded door. In this 
the pelvis peak G level was reduced from 205G to 82.4G case, the further reductions in rib peak G are due to the 
(60 percent) at the lower 26/13mph impact speed, while cushioning effect provided by the thicker padding in 
for the same pad thickness at the 35/17.5mph impact reducing the secondary impacts. 

762 



Section 4. Technical Sessions 

as a function of padding thickness for the BL-90° crash 

o t~ z~ conditions are shown in Figures 10 and 11 for the 26/13 

a 

I ~@~~,~ 

and 35/17.5mph striking speed, respectively. 
........ R In general, these results indicate that the dummy’s rib, 

u 
E~. pelvis, and spine body components exhibit different 

o ~ P~" sensitivity values for the different GTR padding thick- 
¢ 
~ la- nesses. Typically, these sensitivities increase, reach a 

Y maximum value, and then decrease with increasing 

~ ~’ thickness. The maximum values also occur at different 
r GTR padding thicknesses for all three body components. 
, 4., ................................................................................................................. In the case of the dummy normally seated 4in from the 

~ ta ~ ~ ~ ~ ~ ,~ ~s ~ st ~ 
door, the maximum sensitivities related to the rib and 

~ ~w~ 
spine occur at a lower pad thickness (the same thickness 

Figure 9. Door velocity time histories at rib and pelvis striking locations) than that for the 

pelvis. Generally, the pelvis peak G levels appear to be 

more sensitive to padding thickness changes than the rib 

Sensitivities Due to GTR Padding Thickness and spine peak G levels over the range of GTR padding 

Changes thicknesses investigated. At the smaller thicknesses (0 to 

3in) where the pelvis-to-door interaction influenced the 

Sensitivities relating the change in the dummy peak G thorax contact velocity, the rib and spine peak G levels 

levels to the change in the GTR padding thickness (G/in were highly sensitive to changes in the GTR padding 

............ of added padding) were also calculated. For sensitivity thickness. The rib, pelvis, and spine exhibited roughly the 

calculations, the slope between adjacent pairs of the same levels of sensitivity for the three simulated crash 

parametrically changed padding thickness was used to conditions, which suggests that padding effectiveness as a 

denote the rate of expected peak G reduction/in of added first approximation could be evaluated independent of 

padding, the crash angle and the door strength of the struck 

The peak G level reductions for the rib, pelvis, and vehicle. 

........... spine/in of the added GTR padding for the three mean As noted above, thethorax region exhibited the largest 

thicknesses are given in Table 5. Additional sensitivities variation in the sensitivity with increase in the GTR 

Table 5. GTR Padding Sensitivity Coefficients 

Impact GTR Sensitivity Coefficient* 
Speed, Padding GTR Padding 
MPH/MPH Thickness, Thickness Variations, G/in 
In 

90° 90° 60° 
Baseline Modified Baseline 

26/13 ! .5 16.9 18.7 23.1 
3.0 9.5 11.4 15.2 
4.5 3,4 4.0 7.2 

Rib 
35/17.5                      t.5                        39.0             48.5 

3.0 23.6 29.6 
4.5 8.3 10.7 

26/13 1.5 19.9 18.6 15.8 
3.0 20.4 16.9 15.1 
4.5 20.9 15~2 14.3 

Pelvis 
35/17.5           1.5            14.6      t9.4 

3.0 18.8 24.6 
4.5 23.0 29.6 

26/13 1.5 8.2 8.2 6.9 
3.0 4.8 5.5 5.9 
4.5 1.8 2.7 4.8 

Spine 
35/17.5          1.5           18.8      21.2 

3.0 t6.8 18~5 
4.5 14.8 156 

~ased on three points (non-padding, 3in padding and 6in padding) 
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GTR padding thickness changes at the lower impact 
Baseline VW Rabbit, 2613 MPH, 90 Degree Impact 

Nomina~ Impactor-to-Door 8 Door-to-Compartment Stiffnesses speed as the rib and less sensitive at the higher speed. In 
Pelvisto Door Clearance = 4,0 Inches 

this case, the sensitivities at the lower impact speed 
ranged from 17.0G to 23.0G reduction for the pelvis, 

Legena compared to the 39.0G to 49.0G reduction/in of padding 
"~ 30 ~o 

F~ib 

= /~---’-,.,. *Psp,,~o ..... added to the 1.5in GTR pad for the rib, and 15.0G to 

-. .... 20.0G reduction for the pelvis at the higher impact speed. 
~0 \ At the higher pad thicknesses, as the collision speed was 

~" increased from 26/13mph to 35/17.5mph, the spine peak 
’° ~’~--* G levels showed a higher sensitivity than the rib peak G 

:’ / levels to increases in the GTR padding thickness. 
o ~    ~ ~ ~ ~ ~ ~ ~ As a further consideration, the percentage reduction in 

Pad Thick ...... t Rib 8" Pelvis. Inches G levels achieved by the various GTR padding thicknesses 
relative to the unpadded door case for the BL-90° crash Figure 10. Sensitivities of dummy response as a 

function of GTR pad thickness at the low condition at the low and high collision speeds (26/13mph 
speed condition and 37/17.5mph, respectively) indicate that-- 

~ ~ 1. Increase in the rib peak G reduction with 
c.~a~rm s~smvmt-s ~s ~ n~zv~ o~ increase in the impact speed (45.0 percent and 

GTR PAD ~41C~NESS 
,,~ 48.9 percent for the low and high collision 

~ ~,~,.~.~ ~,~,0 ~,~,,,,~, speeds, respectively, for the 3in pad) 
2. Decrease in the pelvis peak G reduction with 

increase in the impact speed (29.2 percent and 
"~ .’~ 16.5 percent for the low and high collision 

~ ,,i ~ ~ .... speeds, respectively, for the 3in pad) 

~ "1 //~’,,.~ 
3. Increase in the spine peak G reduction with 

~.’/ //’~’-~~/.~’x.~,- ---*-~., 
increase in the impact speed (23.6 percent and 

g,--.~/,/ 
~ .... ~--.. 

28.1 percent for the low and high collision 

~ 
--~.--.,.~ speeds, respectively, for the 3in pad) 

° ~ Note here that the pelvis peak G percentage reductions 

°’~ ......... ~----~ ............ i    ~    ~ ~ ~ ~ appear less at the higher speed than the lower striking 
_ ~,,m,~,~,~,~ speed since the GTR pad bottomed out as previously 

Figure 11, Sensitivities of dummy response as a noted. 

function of GTR pad thickness at the high 
speed condition                        Struck VW Rabbit Stiffness Effects 

padding thickness, whereas the variations in the pelvis 
sensitivity were less. The rib showed the largest variation 
in the thorax region. Moreover, the sensitivities related to Dummy Peak G Response Trends 
the thoracic region showed, characteristically, different 
patterns where at the smaller thicknesses the thoracic Much smaller dummy peak G reduction levels were 
accelerations are highly sensitive to the GTR padding achieved through increase in the VW Rabbit door-to- 
thickness changes and the thoracic accelerations are compartment stiffness ranging from the 1.0 to 1.3 
much less sensitive at the higher thicknesses. These nominalstiffness valuethan throughtheadditionofdoor 
sensitivities also exhibited the largest changes as a padding (see Tables 2 through 4). The peak G reduction 
function of impact speed. For example, in the case of the levels were most sensitive to the three different crash 
26/t3mph, BL-90° impact, the rib sensitivities ranged conditions considered. In the case of the rib, the largest 
from 16.9G reduction/in of padding added to a 1.hin reduction was achieved by the MOD-90° crash condition, 
GTR pad to 3.4G reduction/in of padding added to a from 112.6G to 75.5G, followed by the BL-90° crash 
4.5in GTR pad. In addition, in the first region, the thorax condition, from 112.6G to 91.2G, and finally by the BL- 
peak G levels were less sensitive at the lower 26/13mph 60° crash condition, from !46.0G to 134.7G, at the lower 
impact speed to the GTR padding thickness changes than speed when the VW Rabbit door-to-compartment stiffness 
at the higher 35/17.hmph impact speed. Also at both was increased to 1.3 nominal stiffness. The primary 
speeds, the rib peak G levels were approximately twice as reason for the larger reduction in the modified vehicle is 
sensitive as were the spine peak G ~evels to the GTR that the 1.3 nominal stiffness reflected a much larger 
padding thickness changes. It is of interest to note, in the change in the structurally modified VW Rabbit’s door 
first region, the pelvis peak G levels seemed as sensitive to than a similar 1.3 nominal stiffness change in the baseline 
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compartment stiffness in either the 60° or 90° impact, occt~Am 
Lower rib peak G reduction levels were indicated at the 

NOR~t~JAZED CO~OART~ENT SI~Z~SS 
higher impact speed when the struck vehicle stiffness was .... 

.... increased from 1.0 to 1.3 nominal due to the increased 
force of impact. Also under this condition, no benefits 
were indicated for the BL-90° crash condition because of 
the lower strength of the VW Rabbit door-to-compart- ,~ 

~....~. ment interconnecting spring. The modified VW Rabbit 
design indicated marginal peak G reduction levels for the 
rib of 4 to 10 percent at the higher speed, where the driver 
dummy rib peak G levels were reduced from 246.4G to 
236.8G, 231.0G, and 221.8G for VW Rabbit door-to- 
compartment stiffness levels of 1.1, 1.2, and 1.3 nominal, 
respectively. 

The spine reductions through increased struck side oc’c~aacr Bo~v coum~,~rr 
......... vehicle stiffness changes were similar to those obtained vs 
....... NORW~J_grn CO~PAR~ENT S~FFNESS 

for the rib. The pelvis peak O level reductions, however, 
were higher than those obtained for the rib. Generally, | 
the pelvis percentage reductions were higher for the BL- .11-~ 

~ ~.~/t~ ~’~.~ ~m~ ~ (Baseline) 

90° crash condition than for the MOD-90° crash | \\ 
condition. These reductions were also lower when the 

........ collision speed was increased from 26/13mph to 
........... 35/17.5mph. For example, the BL-90° crash condition 

,,]’-’"’-....~--~..._--~ J 
indicated pelvis reductions of 23 and 12 percent for the 
26/13mph and 35/17.5mph impact speeds, respectively, 
when the compartment stiffness was increased from 1.0 
to 1.3 nominal. Likewise, reductions of !3.0 and 11.6 

........ percent were indicated for the MOD-90° crash conditions 
when the collision speed was increased from 26/13mph to 
35/17.5mph, respectively. 

Figure 12. Dummy response as a function of nor- 
malized compartment stiffness for the base- 
line and modified vehicle at the low speed 

Sensitivities Due to Struck VW Rabbit Stiffness 
condition 

Changes differ from those trends discussed in the previous section.) 
In general terms, these results indicate, for normalized 

The response curves describing the trends in dummy stiffness values greater than the nominal, that the mean 
peak G levels with changes in struck vehicle stiffness were rate of decrease of the dummy peak G levels with stiffness 

most irregular (particularly for the pelvis) exhibiting depends to a large extent on the crash condition. For 
spikes due to the nonlinearities in the striking and struck example, these results show that the mean rib peak G 

vehicles’ force-deflection characteristics. Because of this, levels generally decrease with log-normalized stiffness at 

the response curves were recalculated using a smaller grid rates of about 80G for each doubling of stiffness for the 
to define more precisely the peak G level trends for MOD-90° crash condition, 57.0G for each doubling of 

sensitivity calculations. These response curves (peak G stiffness for the BL-90° crash condition, and 32.0G for 
versus log-normalized stiffness) are shown in Figure ! 2 each doubling of stiffness for the BL-60° crash condition. 

for the BL-90° and MOD-90° crash conditions at the Moreover, the mean peak G reductions for each doubling 
26/13mph impact speed, Figure 13 for the BL-90° and of stiffness are inherently higher for the pelvis than the rib 
M OD-90° crash conditions at the 35/17.5 mph impact and the spine. For example, in the BL-90° crash condition, 
speed, and Figure 14 for the BL-60° crash conditions at the mean pelvis peak G levels are reduced by approxi- 
the 26/13mph impact speed. The general rate of decrease mately 104.0G for each doubling of normalized stiffness, 
in the dummy peak G levels with increase in the struck for the rib by approximately 57.0G, and for the spine by 
vehicle stiffness for log-normalized stiffnesses greater 42.0G, respectively. It should be further noted that when 
than the nominal were also calculated from straight lines larger mean peak G level reductions were brought about 
connecting the extremums of the peak G levels. The through the struck vehicle stiffness changes for the pelvis, 

results are shown in Table 6. (Note, since the sensitivities generally lower mean peak G level reduction resulted for 
defined in this manner are mean values, they are expected the thorax and vice versa. This is best illustrated by the 
to yield in some circumstances reduction trends that may stiffness changes included in the BL-90° and MOD-90~ 
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...... .... 

~A~ BODY C~ ~ Figure 14. Dummy response as a function of normalized 
~ compa~ment stiffness for the baseline vehicle 

at a low speed 60° impact condition 
1 

]~v~]s at th~ 2~/]3mph ~mpact sp~d d~cr~s~ with ]og- normalized at ofabout 104.0 and 7.0  
~ ~ for each doubling of stiffness for the BL-90~ crash 

~’~ condition, respectively, and 87.0G and 80.0G for each 
o ~... doubling of stiffness for the MOD-90° crash condition, 
~ ~’ respectively. The thoracic mean sensitivity did not seem 

to change substantially with impact speed nor did the 

pelvis mean sensitivities. 

=~’ ~~~ " In general, the rib and spine showed a higher rate of 

Figure 13. Dummy response as a function of normal- 
sensitivity with stiffness for the stiffer MOD-90° crash 

ized eompa~ment stiffness for the baseline condition than for the softer BL-60~ crash condition. The 

and modified vehicle at the high speed spine rates (although slightly lower) wereofapproximately 
condition the same order of magnitude as were the rib rates for the 

Table 6. Compartment stiffness sensitivity coefficients (1.0 nominal impactor to door stiffness) 

Impact GTR Estimated Mean Sensitivities* 
Speed Padding for Door to Compartment 
MPH/MPH Thickness Stiffness Variations 

90° 90° 60° 
Baseline Modified Baseline 

26/13      no padding       57.0      80.0      32,0 
Rib 

35/17.5 no padding 58.0 83.0 -- 
26/13 no padding 104.0 87.0 notable 

to define 
Pelvis 

35/17.5 no padding 104.0 97.0 -- 
26/13 no padding 42.0 58.0 23.0 

Spine 
35/17.5      no padding       40.0      52,0 ..... 

G reductions for each doubling of log-normalized stiffness 
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two softer VW Rabbit door-to-passenger-compartment G level with decrease in striking vehicle stiffness) as 

spring configurations (BL-90° and BL-60° crash condi- expected are much lower in magnitude than those 

tions). However, this was not true for the stiffer MOD, computed for the pelvis. The estimated rates indicate that 
.............. 90° crash condition where the spine rates were much the dummy peak G levels appear to decrease for the 

lower than those simulated for the rib. Characteristically, MOD-90° crash condition with log-normalized stiffness 

the sensitivities increased (starting at low struck vehicle of about 86.0G for each halving of stiffness for the pelvis, 

stiffness), reached a maximum value, and then decreased 18.0G for each halving of stiffness for the rib, and 8.00 

asymptotically to zero at the higher struck vehicle side for each halving of stiffness for the spine at the 26/13mph 

stiffnesses where the door contacts the unrestrained impact speed. These rates also changed as the impact 

......... driver dummy at the common velocity, speed was increased from 26/t3mph to 35/!7.5mph. In 

this case, a lower mean rate of about 52.0G for each 

halving of stiffness was estimated for the pelvis, and 
Striking Vehicle Stiffness Effects higher rates were estimated for the rib and spine, 26.00 

and 12.0G for each halving of stiffness, respectively. 

Dummy Peak G Response Trends Effect of Door Padding Thickness and 

Pelvis peak G levels were influenced the most through 
Struck Vehicle Stiffness Changes 

the MDB stiffness changes ranging from 0.6 nominal to 

1.4 nominal stiffness (see Tables 2 through 4). Moreover, 

the BL-90° pelvis peak G levels were reduced more than Dummy Peak G Response Trends 
the MOD-90° (stiffer side door) pelvis peak G levels at 

both impact speeds. For example, the results show that With the same door padding thicknesses at the r~b and 

when the MDB-to-struck-door stiffness was reduced pelvis locations, an increase in the struck vehicle stiffness 
from 1.0 to 0.6 nominal, the baseline VW Rabbit’s pelvis showed small benefits in reducing the rib peak G levels at 
peak G level was reduced from 205.0G to 105.3G (49 the 26/13mph impact speed. Reductions were slightly 
percent) whereas, under identical conditions, the struc- higher when the struck vehicle stiffness was increased 
turally modified VW Rabbit pelvis peak G level was with a thicker door padding of 6in than with a thinner 
reduced from 157.3G to 113.4G (28 percent). Futhermore, door padding of 3in. For example, the following rib peak 
the pelvis peak G levels seemed as sensitive to the MDB- G level reductions shown in Table 7 were calculated when 
to-struck-door normalized stiffness changes as they were the struck vehicle’s stiffness was increased from ! .0 to 1.3 
for the VW Rabbit door-to-compartment normalized nominal. Also, at the higher impact speed, these reductions 
stiffness changes for comparable changes in stiffness, increased with increase in padding thickness. 

.... Based on the local change in stiffness, for example, a With a padded door, the pelvis benefited most through 

decrease intheMDB-to-struck-doornormalizedstiffness increase in the struck vehicle stiffness. With no door 

from 1.0 to 0.8 nominal stiffness reduced the pelvis peak padding, the pelvis peak G reductions were higher for the 

G levels by 41.1G for the BL-90° crash condition, by BL-90° than for the MOD-90°, and likewise at the higher 

3.06G for the MOD-90° crash condition, and by 24.3G impact speed of 35/17.5mph. For the BL-90° crash 

for the BL-60° crash condition at the 26/13mph collision conditions with door padding, when the struck vehicle’s 

speed. An increase in the struck door-to-compartment stiffness was increased from 1.0 to 1.3 nominal, the pelvis 

normalized stiffness from 1.0 to 1.2 nominal reduced the G level reductions were approximately the same as with 

pelvis G levels by 32.4G for the BL-90° crash condition, no padding on the door at the 26/13rnph impact speed 

by 2.4G for the MOD-90° crash condition, and by 30.9G (see Table 8A). Note that at the lower impact speed of 

for the BL-60° crash condition. 26/13mph, the BL-90° pelvis peak G levels generally 

Changes in the rib and spine peak G levels were small decreased with increase in the padding thickness when 

for the baseline VW Rabbit at impact angles of 60° and the struck vehicle’s stiffness was increased from 1.0 to 1.3 

90° due to pelvis interaction with a softer door-to- nominal, whereas, at the higher speed of35/17.5mph, the 

compartment interconnecting spring, opposite trend was evident. For the MOD-90° crash 

condition, on the other hand, the pelvis peak G level 

reductions decreased with the increase in padding thick- 
Sensitivities Due to Striking Vehicle ness at both impact speeds for padded door thicknesses 

Stiffness Changes greater than 3in (see Table 8B). Finally, these trends 

shown here indicate an increase in stiffness of a soft side 

In general, for normalized striking vehicle stiffnesses structure plus the addition of door padding through 

less than the nominal, the mean rib and spine sensitivities thickness changes yields higher benefits in reducing the 

(defined here as the mean rate ofdegrease in the dummy dummy peak G levels than padding thickness changes 
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Table 7. Occupant peak G level reductions as a function of GTR-pad thickness and crash condition 
due to increase in Side stiffness from 1,0 to 1.3 nominal 

No Door 3in Padded 6in Padded 
Padding Door Door 

(Rib) (Rib) (Rib) 

BL-90°    21.4G (reduction)a 6.2G (reduction)b 14.0G (reduction)b 
MOD-90° 37.1G (reduction) 0.3G (reduction) 3.1G (reduction) 
8L-60°    11.4G (reduction) 1.7G (reduction) 7.2G (reduction) 

a Reduction due to increase in struck vehicle stiffness only 

b Reduction denotes, G(pad) - G(pad + struck vehicle stiffness) 

alone, In addition, these benefits appear to increase the VW Rabbit door included the GTR pad. In general, 

through these two parametric changes with increase in the added GTR door padding through thickness changes 

the striking vehicle’s speed, and a softer MDB frontal structure combined together 

resulted in lowering the pelvis and upper thorax peak G 
Table 8. Pelvis peak G level reductions due to increased 

levels. With a padded door, the peak G reduction levels 
side stiffness from 1.0 to 1.3 nominal as a 

were less for the pelvis and slightly higher for the rib when function of impact speed and GTR pad 
thickness the MDB frontal structure was softened in comparison to 

(A) BL-90° Crash Condition an unpadded door. These decreasing pelvis and increasing 

rib reduction trends continued for doors with thicker 

(26/13mph) (35/17.5mph) GTR padding. This is actually due to the longer duration 
Pelvis, BL-90° Pelvis, BL-90° of time that both body components are in contact with 

No Pad 48,7G (reduction) 34.3G (reduction) the padded door and to the impact velocities of the rib 
(Reductions relative to padded door) and pelvis. As the GTR pad thickness was increased, the 

3in Pad 49,8G (reduction) 40.8G (reduction) contact time became longer, and the pelvis G levels were 
6in Pad 30,7G (reduction) 51.3G (reduction) less affected than the thorax peak G levels when the 

(B) MOD-90° Crash Condition striking vehicle stiffness was reduced. This is illustrated in 

Table 9 where rib and pelvis peak G level reductions are 

(26!13mph) (35/17.5mph) shown for the case when the BL-90°, 26/13mph, MDB 
Pelvis, MOD-90o Pelvis, MOD-90o normalized stiffness was reduced from 1.0 to 0,8 and 0.6 

No pad 10.6G (reduction) 28.1G (reduction) nominal for three padded doors. 
(Reductions relative to padded door) The sensitivity results shown in Tables 2 and 3 also 

3in Pad 21.0G (reduction) 39.2G (reduction) show that with door padding included, the rib peak G 
6in Pad 7,6G (reduction) 24.4G (reduction) levels were less affected when the MDB normalized 

stiffness was reduced from 1.0 to 0.8 and 0.6 nominal in 

Effect of Door Padding Thickness and the stiffer NOD-90° crash condition than in the BL-90° 

Striking Vehicle Stiffness Changes crash condition. For example, for the 6in-thick padded 

door, the rib peak G levels were reduced from 55.2G to 

4Y6G (21 percent reduction) and 45.4G (18 percent 
Dummy Peak G Response Trends reduction), when the BL-90°, 26/13mph, MDB normal- 

ized stiffness was reduced from 1.0 to 0.8 and 0.6 

Changes reflecting reductions in the MDB stiffness nominal, respectively, and from 44.3G to 42.2G (5 
affected both the thorax and pelvis peak G levels when percent reduction) and 43.4 (2 percent reduction) when 

Table 9. Occupant peak G level reduction as a function of GTR pad thicknessw and striking v,~hicle 
stiffness changes (BL-90°, 26/13mph) 

MDB-Normalized No Padding 3in Padding 6in Padding 
Stiffness Rib Pelvis Rib Pelvis Rib Pelvis 

Reductions G-Reduction G-Reduction G-Reduction 
(Reductions relative to padded door) 

from 1.0 to 0.8 7,0    41.1 6.4    38.6 11.6 22.0 
from 1.0 to 0.6 0.1 99.7 2.5    84,3 9,8    34.0 
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the MOD-90°, 26/13mph, MDB normalized stiffness ¯ General trend toward increase in rib peak G 

was reduced from 1.0 to 0.8 and 0.6 nominal, respec- levels when the VW Rabbit’s side and MDB 

tively, stiffness were varied with the 6in-thick pad 

.......... Larger dummy peak G level changes were also observed 
for the BL-90° configuration as the collision speed was Thoracic Probability of Injuries 
increased. For example, when the MDB normalized 
stiffness was reduced from 1.0 to 0.6 nominal with a The results presented below are based on NHTSA- 
6in-thick pad on the VW Rabbit door, the dummy rib developed relationships that indicate the thoracic proba- 
peak G levels were reduced from 55.2G to 45.4G (18 bility of injury as a function of the TTI for various AIS 
percent reduction) at 26/13mph and from 97.5G to 74.2G values. 
(24 percent reduction) at 35/17.5mph. On the other hand, Here, the thoracic probability of injuries in a 30-year- 
the rib peak G level changes were insignificant for the old for an AIS greater than or equal to 3 are considered. 
MOD-90° configuration as the impact speed was increased This probability of injuries is based on the rib and spine 
(0.9G reduction at 26/13mph and 1.8G reduction at peak G levels predicted for the BL-90°, MOD-90°, and 
35/17.5mph, respectively). BL-60° crash conditions as a function of GTR padding 

thickness changes, striking and struck vehicle stiffness 

Effect of GTR Padding Force Level and changes, and impact speed. These results indicate that-- 

Shape Factor Change 1. At the lower impact speed of 26/13mph, the 
6in-thick GTR pad effectively reduced the 
thoracic probability of injury below 14 percent 
in both 60° and 90° impacts. The lowest thoracic 

........... Dummy Peak G Response Trends probability of injury (6.6 percent) resulted for 

the MOD-90° crash condition with a 6in-thick 
The pelvis, rib, and spine peak G levels were not padded door. 

significantly affected by the GTR padding force level 6.6 percent for MOD-90° crash condition 
changes (0.8 nominal to 1.2 nominal strength) for the two 13.6 percent for BL-90° crash condition 

...... GTR padding thicknesses of 3.0 and 6.0in. investigated. 12.5 percent for BL-60° crash condition 

...... Actually, the GTR pad strength changes considered 2. Side stiffness plus door padding rendered 
accounted for only marginal differences in the dummy- additional benefits above those already achieved 

to-door contact spring force levels. Based on the results with door padding alone in lowering further the 

of the BL-90° crash condition at the 26/13mph impact thoracic probability of injury. However, these 

speed where the VW Rabbit’s side and MDB stiffnesses benefits were small, particularly for the strength- 

were varied, generally, an increase in GTR pad stiffness ened side (MOD-90°) crash condition, which 
reduced the pelvis peak G levels and increased the rib and showed only a marginal change in thoracic 

spine peak G levels. Other trends indicated are-- probability of injury. For example, for the 
¯ Larger changes in the dummy component peak 26/13mph impact condition, the thoracic proba- 

G levels at the lower GTR padding thicknesses bility of injuries was reduced to-- 
than at the higher padding thicknesses 4.9 percent compared to 6.6 percent (padding 

¯ Larger changes in the dummy component peak only) for MOD-90° 

G levels at the lower normalized VW Rabbit 5.1 percent compared to 13.6 percent (pad- 
door-to-compartment stiffnessess ding only) for BL-90° 

¯ Very little to no change in the dummy component 6.3 percent compared to 12.5 percent (pad- 
peak G levels for the 0.6 through 1.4 nominal ding only) for BL-60° 
stiffnesses considered for the MDB-to-struck- by increasing the side stiffness by 1.3 nominal of 
door spring a 6in-thick GTR padded door, 

Based on limited calculations performed for the BL- 3. As expected, higher thoracic probability of 
90° crash condition, a change in the GTR-pad shape injuries resulted when the collision speed was 

factor from 0.8 to 0.2 indicated-- increased from 26/13mph to 35/17.5mph. As far 
¯ Further reductions in the pelvis peak G levels of as the side structure of the VW Rabbit vehicle 

the order of 10 to 20G’s (The higher G level was concerned, much larger increases in the 
reductions were achieved with the thicker 6in thoracic probability of injuries were indicated 
pad.) for the BL-90° than for the MOD-90° crash 

¯ Further reduction in rib peak G levels for conditions. As an example, the following thoracic 

normalized side structure stiffnesses less than the probability of injuries resulted for the 35 17.5mph 
nominal and normalized MDBstiffnesses ranging impact speed for a door with a 6in-thick GTR 
from 0.8 to 1.2 nominal with a 3in-thick pad pad: 
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26.5 percent fbr MOD-90° crash condition General Observations 
65.2 percent for BL-90° crash condition 

Both side stiffness and door padding clearly 1. The driver dummy’s peak upper thorax (rib and 
showed some advantage, spine) and pelvis G levels were reduced through 

4. The thoracic probability of injuries was not (1) increased padding thickness, (2) increased 
substantially reduced at the higher impact speed door-to-compartment stiffness, (3) decreased 
through increase in the struck VW Rabbit MDB-to-struck-doorstiffness, and (4) decreased 
stiffness from 1.0 to 1.3 nominal alone or impact speeds. 
through decrease in the striking MDB stiffness 2. Much larger G level reductions appeared for the 
from 1.0 to 0.6 nominal alone, pelvis than for the thorax through all of the 

above parameter changes explored in this study. 
3. Different degrees of sensitivities were observed 

among rib, pelvis, and spine peak G levels for the 
parametric changes in padding thickness, MDB, 
and struck vehicle stiffness. 

An investigation was undertaken characterizing, para- 
metrically, the thoracic and pelvic acceleration response Effect of Door Padding 
levels of a driver dummy during side impacts from a 
lumped nonlinear spring/mass model. Force-deflection 1. Door padding of various thicknesses, in general, 
characteristics were derived from three different crash was found to be a very effective countermeasure 
conditions where the striking vehicle engaged the struck explored in this study in reducing the dummy 
vehicle’s door during the collision. Padding force- thorax and pelvis peak G levels. (Thisis based on 
eflection characteristics were based on a GTR pad used in the GTR door padding used in car crash tests.) 
car crash tests. The parameters considered included 2. For upper thorax peak G level reductions, the 
striking vehicle stiffness, struck vehicle stiffness, impact relative effect of padding is more pronounced at 
angle, impact speed, and door padding thickness and the higher than at the lower impact speeds. 
stiffness. Based on these results, sensitivities and thoracic 3. The reduction/in of added GTR padding seemed 
probability of injuries were computed. The following generally to be independent of the impact angle 
conclusions are based on the driver dummy in a normal and stiffness changes to the side structure or the 
seated position located 4in from the door: MDB frontal structure. 

4. The rate of reduction of the peak thoracic 
acceleration is high up to a certain thickness of 
padding. The effectiveness is reduced as the 

Model Features and Capabilities padding thickness is further increased. This 
padding thickness varies depending on the impact 

1. The response of the dummy is a dynamically speed. 
coupled process related to the interactions of the 5. The upper thorax (rib and spine) peak G levels 
dummy with thedoor. The time of impact of the seem to be less sensitive to padding thickness 
dummy’s body components with the door, the changes at the lower (26/13mph) impact speed 
duration of the contact of these body parts with than at the higher (35/! 7.5mph) impact speed, 
the door, and the corresponding door velocities and the rib peak G levels seem to be more 
and accelerations influence the outcome of their sensitive than the spine peak G levels to the GTR 
peak G levels, padding thickness changes examined. The pelvis 

2. The lumped mass model was validated with peak G levels, on the other hand, seem to be as 
experimental data over a range of impact speeds sensitive as the rib peak G levels were to the GTR 
and shows reasonable agreement for the rib, padding thickness changes at the lower speed 
pelvis, and spine. No attempt was made to verify and less sensitive than the rib peak G levels were 
the parametric changes investigated in this study to padding thickness changes at the higher 
with tests. However, they show trends consistent speed. These sensitivities ranged for the smaller 
with some of the findings from dynamic tests in size GTR pad anywhere from 17G to 23G 
(4). The model in its present form is incapable of reduction/in of added padding for the rib, 16G 
predicting the head response, since the model did to 20G reduction/in of added padding for the 
not include the appropriate head-to-neck spring pelvis, and 7G to 8G reduction/in of added 
compliance or the head-to-contact~surface spring padding for the spine at the 26/13mph impact 
resistance, speed and 40G to 49G reduction/in of added 
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padding for the rib, 15G to 20G reduction/in of Effect of Door Padding Plus Side Structure and 
added padding for the pelvis, and 19G to 21G Striking Vehicle Stiffness 
reduction/in of added padding for the spine at 

.......... the high 35/17.5mph impact speed. The thorax 1. The combination of padding and increased side 
exhibited a wider variation in the sensitivity with structure stiffness seems to provide the best 
increase in the GTR pad thickness, reduction for the G-level magnitudes investigated 

6. Altering the force levels of the general force- for soft side structures. However, the reductions 
deflection shape of the pad did not significantly achieved because of the increased side structure 
affect the upper thorax and pelvis peak G levels, stiffness are proportionately less and generally 
However, a general change in shape could could be achieved through further increases in 
potentially produce beneficial differences, the GTR padding thickness. (It is clearly obvious 

that padding thickness is limited by space and 

other considerations in cars.) 
Effect of Side Structure and Striking Vehicle 

2. For a padded door, increasing the side structure 
Stiffness stiffness or decreasing the struck vehicle stiffness 

........... l. Increased side structure stiffness reduced the seems to have more of an effect in reducing the 

dummy peak G levels. The increased side structure thorax G level than in reducing the pelvis G 

stiffness affected the pelvis peak G levels more levels. Generally, as more door padding is added, 

than the upper thorax peak G levels, the pelvis peak G level reductions decreased and 

2. A softer striking vehicle frontal structure offered the thorax G level reductions increased through 

small benefits in reducing the upper thorax G these two stiffness changes. 

levels. Pelvic responses, on the other hand, were 
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Inclusion of Crashworthiness in Concept Design 

G.D. Suthurs~ and of a nonlinear finite element analysis that takes into 
P. Ng account the nonlinear behaviour and large-scale deforma- 

Ford M otor Company, United Kingdom tions associated with crash conditions. The current state 
of the art of such nonlinear finite element codes, combined 

Dr. M. Sadeghi with a lack of essential detailed structural data for the 

Cranfield Impact Centre, United Kingdom analysis at the concept stage, makes a crashworthiness 
prediction difficult. This paper describes a test meth- 
odology for side collisions that overcomes many of these 
difficulties by combining known structural data with a 

Abstract coarse finite element model based on the new vehicle 
package. 

A side impact study carried out on a particular vehicle It allows a continuous assessment to be made of side 
has been described and used as a case study to represent a impact performance including structural collapse, energy 
methodology for incorporating side crashworthiness in a absorption, impacted vehicle trajectory and occupant 
new vehicle concept design. In the automotive design kinematics, and injury levels. The continuous interchange 
environment, it has proved difficult to include side of data between the finite element model and the new 
crashworthiness satisfactorily in the initial stages of the vehicle design is an essential feature of the methodology 
passenger car design. Lack of vehicle data at such a stage providing broad guidelines initially and becoming more 
does not allow detailed finite element analysis. It is, detailed asthestructuredevelops. This resultsinminimum 
however, possible to suggest the required collapse crash testing since the first crash test is more to confirm a 
properties for individual components within the structure performance level that has been continuously monitored 
so that, through a coarse finite element idealization, a than to determine a level that normally then requires 
design for crashworthiness can be carried out. The crash modifications to achieve the desired standard. 
properties of the structure can be arrived at by parametric This paper shows its application in relation to the 
studies of individual components that are absorbing the development cycle of a new model and how it substitutes 
major portion of the crash energy, for a detailed finite element model initially and sub- 

This paper describes a methodology that, as a tool, can sequently complements it in the later stages. Validation 
be used at the start of a vehicle program enabling the side of the methodology is also discussed, and a typical case 
impact performance to be monitored continuously and study is included that demonstrates the procedure from 
thus the structure to be designed in the most efficient way the initial concept stage. 
for a specified level of side crashworthiness. This has 
maior advantages over current methods where a late 

The Side Impact Methodology finite element analysis or a late crash test is the first 
indication of how well a vehicle meets a specified 

The basic problem with finite element analysis is well standard and, if unsatisfactory, the necessary structural 
known and is demonstrated in Figure 1. modifications are normally costly and result in inef- 

ficiencies in design and manufacturing processing. 

Analytical 
~ata~ " ~ ~" GAvailability of 

The inclusion of a good crashworthiness performance ~ /- Good F.E. Results 

is a prime objective in any new vehicle concept develop- 

//~NN/ 

merit. It would be ideal if the implications of a good 

.~,../,,,//’ 

performance could be evaluated at the same early stage 
when marketing studies, alternate packages/clay models, 
legislative reviews, and manufacturing process decisions 
are taking place. Such an ideal system must be capable of 
assessing concept changes quickly and producing struc .... 

rural guidelines for an acceptable performance in return. 
Design                 Time in Design Schedule                  Job 

In the absence of any physical systems to test for Concept Start 
performance at Ibis stage, side crashworthiness assess- 
ments must depend on past experience or the development Figure 1. The problem with finite element analysis 
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This problem is compounded when considering non- Finally, the effects of such structural and vehicle 

linear finite element codes where the state of the art is dynamic behaviour on the occupant can be assessed by 

such that programs are large, complex, and costly, and utilising the SimSim 2 results into an occupant simulation 

meaningful results are usually only available late in the program, e.g., Calspan 3D CVS program. 

design cycle when their results are too late to influence the The methodology is well suited for early crashworthi- 

design. The methodology adopted for side impact crashworthi- ness parametric studies as a typical analysis turnaround 

ness studies is shown in graphical form in Figure 2. time is an hour and the analysis costs are in the order of 

The concept here is to use the previous vehicle pounds sterling per run. A detailed description of the 

component data--established by tests--assembled into programs is to be found in the Appendix. 

the new vehicle package and the performance assessed 

initially relative to the new vehicle. Shortfalls in per- Application of the Methodology 
formance due to the new package can be established and, 

using parametric studies, guidelines can be produced to The application’ of the methodology in a design 
obtain a specific performance. As shown in the figure, as environment is envisaged as follows (Figure 3): 
more detailed structural data become available, a detailed 

finite element model can be developed, eventually taking 

over from the initial coarse beam mode!, but the initial 

model is still available for a quick assessment of major [ 

vehicle modifications. 

The methodology consists of a suite of programs: 
¯ SimSim 1--a nonlinear large deformation beam 

~.[ 
element structural finite element method | 

¯ SimSim 2--a vehicle rigid body and dynamic 

deformation program 

Calspan 3 D--a crash victim simulation program 
The most important part of the methodology is the                    [ 

SimSim 1 program as the vehicle structural integrity 

largely determines the side impact occupant protection 

performance, assuming a standard crash test procedure. 

Due to its hybrid nature, this program can be used in the 

concept stage of a new vehicle. It uses test-derived data on 

the nonlinear behaviour of beams and joints, and analyses 

the overall collapse behaviour of the assembled structure. 

The contribution of each individual element in the 

structure can also be quantified. 

The SimSim 1 structural result is then used in the 

SimSim 2 program, which is able to simulate a 90° side 

impact test. This program will predict the vehicle trajectory Figure 3. The side impact methodology 
as well as the dynamic side structure deformation of the 

impacted vehicle in the collision. 
* Step 1---The new vehicle package data are 

,,, 6btained, and a beam model is assembled using 

~mo~ fo~ the SimSim ! program. 

¯ Step 2--The beam and joint data required by the 

SimSim 1 program are initially assumed to be 

s~m~oot ~ta ro~ similar to the previous vehicle; avalid assumption 
c ..... v.~. ~o~e~ as the design of new vehicles is generally evolu- 

tionary. New structural configurations (e.g., a 

new 5-door variant) can be analysed using 

existing structural element data (e.g., B-pillar) 

from other vehicles, which are stored in a 

computerised databank. 
Step 3--The initial side impact performance for 

~e~gn ~e ~ ~e~tgn S¢~e~e jo~ ~ the new vehicle is established by the SimSim 

C .... pt Start SimSim 2, and Calspan programs. Redundant 

or overstressed structural elements can be 

Figure 2. Crashworthiness model highlighted~ 
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** Step 4--If the performance is not acceptable in Figure 5 shows a better comparison of the B-pillar 
relation to legislative or corporate standards, a velocity of the impacted vehicle. This result is more 
parametric study can be conducted to optimise important as it determines the injury levels inflicted on 
the side impact performance, the occupants. 

** Step 5--When the performance is acceptable, 

design guidelines on the side structure can be 

recommended, e.g., cross-section area. 
o Step 6--Engineering/manufacturing advice on 

the achievable structural targets. 
® Step 7--A search of the databank for suitable 

beam and joint data to meet the new structural 

targets. 

** Step 8--If the data are unavailable, analytical 

calculations can be made to derive the required 

beam and joint nonlinear data using idealised 

cross-section shapes for the particular element(I). 
~ Step 9--Repeat Steps 3-8 updated with achievable " 

engineering targets until a satisfactory and 

workable set of design guidelines can be 

established. 
Figure 5. Impacted vehicle B-pillar velocity of SimSim 2 

simulation and test result 
~ Step 10---Initiate detailed finite element tech- 

niques for identified problem areas, e.g., weak Figures 6 and 7 are comparisons of velocities of the 

joints if appropriate, chest and pelvis of the impact dummy for the simulation 

~ Step 11--Return to methodology as more data and test results. In view of the simple structural models 

are available due to hard points approval or analysed and the low computer resource usage, the 

design changes, comparison of the simulation with the test result is very 

~ Step 12--Achieve specified crashworthiness good. 

targets, 

Validation of the Methodology 

The validation of the methodology was conducted 

using crash test results in which a European hatchback 

was subjected to a 90° side impact with a CCMC 

(Committee of Common Market Automobile Construc- 
tors) mobile deformable barrier as the impactor, The 

impact velocity of the barrier was 50kin/h, as currently 
~ /,,’ 

under discussion in Europe for side impact test procedures. 

Figure 4 shows a good comparison of the impacted 

vehicle centre-of-gravity velocity of simulation (SimSim 

2) versus the test result. 

Figure 6. Driver chest velocity of Calspan CVS simula- 
tion and test result 

:--__ Case Study of the Methodology 

"" A case study was conducted to test the capabilities of 

the methodology. The vehicles selected were concept 

studies for a new European 3/5-door hatchback for 

/¢, 
// which only package information was available. Suitable 

beam and joint data from the previous vehicle were used 

except for the 5-door vehicle whose B-pillar data were 

assumed from a similar vehicle. 
~ ¯ ....... Structural models for the 3- and 5-door vehicles were 

Figure 4. Impacted vehicle centre-of-gravity velocity of assembled using the geometric data from the new vehicle 
SimSim 2 simulation and test result              package information but using the previous vehicle beam 
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I \ ~ II 

Figure 7. Driver pelvis velocity of Calspan CVS simula- / 
.......... tion and test result 

/ 

or joint data. The SimSim 1 program was able to simulate 

the collapse mechanism of the structure when impacted 

in the side by the CCMC mobile deformable barrier 

(Figures 8a and 8b). It was also able to quantify the 

Figure 8b, Initial 5-door vehicle and structural model 

, ,____\_--.- . 

\, 
-24% 

]."~ ] I 

5% 11% ......... 

- "~ Figure 9a. Initial 3-door vehicle 

Figure 8a. Initial 3-door vehicle and structural model 

17%- 

structural contribution of each failed beam element bY 

1 ~q 6%N~ .16%’A 
calculating the crash energy absorbed (Figure 9). The "-3% 

results showed the bottom of the B-pillar (A) in the 3- and \ 
\ 

5-door initial vehicle designs absorbed up to 25 percent of ~ 

the crash energy. This will result in excessive deformation 

in the B-pillar assembly. The structural integrity of the Figure 9b. Optimised 3-door vehicle 

B-pillar is important in preserving the occupant survival 
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...... Note: The increases in the B-pillar and rocker panel 
~ /3% properties are increases in the joint linear and nonlinear 

/ 
~" 

-’~ properties in these areas and not the beams themselves. 
-2% 

~ 

This is because joints are normally the weak areas in the 
side structure and will fail before the beams. 

Figure 9 shows the distribution of the crash energy 
4%~ ..33% ~’ absorbed throughout the structures in both the initial and 

~ 
~6% optimised vehicles. The consequence of this optimisation 

NN~ 

~ is that there will be a reduction in the deformation of the 

10%-~ 
B-pillar assembly in the optimised vehicles. Figure 10 

’ / t shows a significant increase in the B-pillar strength over 
5% 6% the initial vehicles. Using a standard 3kJ crash energy 

input, the deformation predicted by SimSim 1 showed a 
Figure 9c. Initial 5-door vehicle                            significant reduction in the B-pillar deformation in the 

optimised initial vehicles (e.g., 147 to 70mm for a 3-door 

F/,/             -X         and 175 to 67mm for the 5-door variant). 11% 

~% ’A’ % Z5% 

Figur~’gd. Optimised 5-door’~ehicle ....... ~" 

space, A weak B-pillar assembly will tend to pull the door 
toward the seated occupants. SimSim 2 and Catspan 

,, 
° 

occupant simulations were also conducted to establish 
Figure 10. B-pillar stiffness characteristic for 3, and 

the initial side impact protection for both vehicles. These 5-door SimSim 1 structural models 
results will be presented later for comparisons. 

Having established the initial performance, a parametric These trends were also seen in the SimSim 2 results in 
study was conducted to achieve the required performance. Figure 11 where there is a significant reduction in the 
The structural criterion used was to limit the side B-pillar deformation in the optimised vehicles. 
structural collapse by distributing more evenly the loading Finally, the effects of the improvements were seen in 
by the impacting vehicle into as many beam elements as the Calspan results (Table 1). The effect of reducing the 
possible, preventing large local structural deformations, side structure velocities resulted in the reduction of 

Various structural configurations were investigated by injuries sustained by the occupants (e.g., lower HSI and 
including additional structural elements in the initial CSI induces)and dummy accelerations. 
vehicle designs and modifying the beam or joint properties 
in these configurations. Only the results of the initial and 
optimised vehicles are presented here, for clarity. 

The methodology showed the best results were achieved 
by structural compatibility through additional structural 

elements (e.g., door intrusion beams) and increasing the 
beam or joint properties of the structure. The optimised 
structural configurations studied were as follows: (Figures 

9b and 9d) " / ........... 
An increase in the B-pillar properties(A), signifi- 
cant increase in the rear-seat pan property (B), / 
and the addition of a door intrusion beam (C) for o, 
the 3-door vehicle 

= Increases in the B-pillar and rocker panel Figure 11. SimSim :2 results of B-pillar deformation at 
properties (A) and the addition of a door waist height for 3- and 5-door structural 
intrusion beam (C) for the 5-door vehicle models 
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Table 1. Calspan CVS results 

Initial Optimized Initial Optimized 

CVS Analysis 3 door 3 door 5 door 5 door 
.......... Vehicle Vehicle Vehicle Vehicle 

Max Velocity of 
Side Structure 12.5 10.7 15.2 12.7 

(m/s) 
Velocity of Side 
Structure on Contact 12.5 10.2 15.1 12.2 

with Dummy (m/s) 
Velocity of Side 
Structure at Chest 7.9 4.7 9.9 7.2 

Velocity of 0.1 m/s 
(m/s) 

Head Injury 138.0 67.0 224.0 94.0 

Criteria (HIC) 
Max Lateral 29.5 21.2 31.8 22.7 

Head Acceleration (g) 

Chest Severity                   375.0 154.0 497.0 229.0 

Index (CSI) 
Max Lateral 67.3 49.5 76.2 51.8 

Chest Acceleration (g) 
Max Lateral 10.5 7.8 12.5 8.9 

Chest Velocity (m/s) 

Max Lateral 110.0 80.6 117.5 83.9 

Pelvis Acceleration (g) 
Max Lateral 12.0 8.5 14.4 9.8 

Pelvis Velocity (m/s) 

An example of the Calspan results output is shown in 

Figure 12. When the methodology has been established in 

an engineering environment, it should be possible to 

conduct a similar parametric study in a man,month 

analysis time. 

Conclusion                                       ,, 

¯ It has been shown that the described methodology 

can be used, at the early concept design stage of a 

new vehicle development, to achieve a specified 

side impact performance. 

¯ Guidance at this early stage in the vehicle 

development will result in a more efficient 

design/structure and a more efficient manu- 

facturing process. This will have benefits in the 

cost and weight of the vehicle and with additional 

development savings through the reduction in 

the number of crash tests that are currently 

necessary to achieve a specified crashworthiness 
° 

performance. 

¯ This type of hybrid prediction method has a 

short analysis turnaround time compared to ,,~ 

other nonlinear finite element codes and has the "’~ 

additional benefit of improved accuracy through Figure 12. Calspan result showing dummy kinematics 

the inclusion of empirical data. and impacted door deformation 
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® The short analysis turnaround time and the low is assembled, and the loading increment (force or displace- 
computer running costs enable the structural merit) is applied. After each loading cycle, the beam 
model to be up to date with the latest design element’s internal loads are compared with its failure 
update in the vehicle program, thus allowing a load derived from beam and joint tests in a yield criterion 
continuous interchange of data between the check. The program can simulate nonlinear behaviour 
finite element model and the vehicle design, such as perfectly plastic (i.e., the beam can maintain its 

¯ Finally, with its ability to predict the effects of a load-bearing capability after failure) or moment drop off 
side collision on the structure, vehicle trajectory, (i.e., the load that the beam can support before failure 
and the occupants in the impacted Vehicle, the falls off rapidly after it has failed). 
methodology is ideal to use to assess and influence The program takes into account the deformations in 
impending sideimpact legislation so that practical the structure and any remaining beam strength before 
and achievable requirements are specified, failure in the previous load cycle. The loading of the 

structure continues until either the structure collapses or 

Further Developments the load limit is reached. 

The program incorporates some useful features such 

Developments are underway to reduce the reliance on aske- 
D The crash energy absorbed by each element due test beam and joint data, i.e., to refine the methodology 

to plastic deformation can be analysed and toward a more analytical approach. Investigations will be 

made to see if it is possible to develop a computer code to quantified in relation to the input energy. 

A restart option allows any changes to be made predict the linear and nonlinear properties of any given 

cross section of a beam. This will enable elastic buckling to the structural model during the analysis due to 

changes in the boundary conditions, etc. failure of the cross section of a beam to be examined as 

this mode of failure limits its theoretical load-carrying 
® The loading increments can be automatically 

capability. This analytical capability will enable optimi- scaled to insure the beam or joint yield failure 

sation of the cross section of the beam elements and behaviour determined by tests will be accurately 

modelled in the analysis. assess the influence of access holes, flanges, etc. The 
The finite stiffness of joints can be taken into SimSim 1 structural analyses can then begin with 

optimised beam sections, account as they can significantly degrade the 

analysis result. 

The application of this analysis method will lead to a 

better understanding of the behaviour of structures under 

side collision conditions and provide input to the SimSim 

The authors would like to express their thanks to K. 2 program to analyse the impacted vehicle motions. 
Stogie of the Ford Motor Company and R. Hardy of the 

Cranfield Impact Centre for their valuable contributions 

during the development of this methodology. SimSim 2 Program 

Appendix SimSim 2 is a computer code developed to predict the 

rigid body motions and vehicle side deformations ex- 

perienced in a 90° side collision. 

The side collision dynamics are simulated by a series of 
SimSim 1 Program unidirectional spring-mass systems representing the im- 

pacting and impacted vehicles while in contact with one 
The SimSim 1 program is a customised coarse mesh another. The spring elements represent the impacting 

beam element nonlinear finite element code. It is well vehicle front end stiffness characteristics and impacted 
suited to analysing vehicle structures in side collisions as vehicle side structure stiffness characteristics. The mass 
these structures are essentially beams in bending. Other elements represent the mass of both impacting and 
modes, e.g., compression and torsion, can also be impacted vehicles, assuming the proportion of the mass 
simulated, it is a hybrid program that analyses elastic of the impacted vehicle side structure is negligible 
behaviour from traditional beam theory but requires test- compared with its overall mass. The impacting vehicle or 
derived nonlinear material behaviour to determine the mobile barrier front-end stiffness characteristics are 
nonlinear behaviour of the structure, obtained from vehicle crash tests, and the impacted 

The program is based on a matrix method of structural vehicle side structure stiffness characteristics are derived 
analysis that is able to simulate large deformations plus from the SimSim 1 nonlinear analyses. The program can 
the local and global collapse mechanism in a side then predict the side structure dynamic deformations 
structure of a vehicle. The stiffness matrix of the structure experienced in the side collision. 
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General equations of motions, together with the fully the effects of the collision on the occupants. The 

impacted vehicle tyreand suspension data, are utilisedto Calspan program is not described here as it is well 

predict the whole vehicle motions (e.g., centre-of-gravity documented in past conference papers. 
velocity, yaw, and pitch). 

The vehicle centre-of-gravity velocity and the side 

structure deformation data are used in an occupant References 
simulation program to assess the effects of the collisions 

on the occupants. When these data are unavailable for a 1. Kecman, D., and G.D. Suthurst, "Theoretical 

new vehicle due to lack of tyre and suspension data, the determination of the maximum bending strength in 

impacted vehicle rigid body motions can be calculated the car body components," Vehicle Structures 

from crash test data of similar vehicles, taking into Conference, Cranfield, July 16-18, 1984. 

account the new vehicle mass and side structure stiffness 2. Hardy, R.N., and G.D. Suthurst, "Simulations to 

characteristics, assess the influence of car lateral impact charac- 

The use of the SimSim 2 program, together with the teristics on occupant kinematics," Vehicle Structures 

occupant simulation program, will help to understand Conference, Cranfield, July 16-18, 1984. 

Development and Testing of Optimized Deformation Structures 

Florian Kramer and The Analytical Optimization of Vehicle 
Alfred Heger Structures 
Institut ftir Fahrzeugtechnik, Technische 
Universit~it Berlin The aim of the research project"Occupant protection’H 

was the optimization of deformation structure charac- 

teristics of the front and lateral areas in vehicles of 

Abstract various weights, as seen from the economic aspect 

(Figure 1). 

To improve occupant protection in side collisions, it is 

not sufficient to consider only lateral structures deforma- 

tion characteristics. It is also necessary to modify frontal ~TU~L nCCIDENT 

structures, which are generally designed for rigid barrier 

frontal impacts. ~CC~DENT 

In the following study, an analytical simulation model 

is used to optimize lateral as well as frontal deformation 

structures of passenger cars. The aim of the optimization 

is to minimize the risk of injuries of passenger car 
[ ~ L OPTIMIZATION OF 

SRFET’Y COMPONENTS 
occupants, considering all relevant types of car-to-car            ECON~M~CnL asPECTS 

and car-to-obstacle accidents.                                                                    ’ 

Structures built according to the analytical results are L~TER~L DEF STRUCTURE5 j 

likely to show differences in their dynamic behavior 

compared with the calculated characteristics. As the 

analytical optimization yields optimum reduction of 
Figure 1. Aspects of development of passenger cars 

considering economically optimal occupant 
occupant loadings, differences of actual structures do not protection 
lead to optimally low loadings. Restrictions have to be 

considered as to what extent nonoptimal reductions in 1 "Development of passenger cars with regard to optimum occupant protection 

safety can be accepted, from an economical aspect," promoted by the Federal Ministry of Research 
and Technology and carried out by the parties working in cooperation: 

In full-scale tests and component tests, the performance Volkswagenwerk AG (project management), lnstitut far Fahrzeugtechnik der 

of the structures has to be demonstrated. Technischen Universitttt Berlin, Dr lng~h.c~ F. Porsche AG and HUK-Verband~ 
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Accident Occurrence with and without preloading) led to vehicle structures 

that were especially suited to these. 

The complexity of the actual accident occurrence was In addition, in all three optimization runs it could be 

taken into consideration by condensing the essential determined that the desired protection, especially for the 

factors influencing the injuries of the vehicle occupants, laterally struck occupant, could be achieved to a con- 

s~zch as type of collision (frontal and lateral collisions for siderable extent by matching the design of the front 

vehicle/ vehicle accidents and for single-vehicleaccidents), structures of the colliding vehicles (30 to 70 percent, 

mass distribution and impact speeds, to one accident depending on the formulation of the object function). 

mock-up with the aid of a relevant analysis. The accident From this it ensues that the isolated examination of the 

mock-up consists of 57 different individual accidents: frontal barrier crash tests as carried out and prescribed-- 

vehicle/vehicle accidents, !8 frontal and 27 lateral; at least by American law--at the moment may possibly 

vehicle/obstacle accidents, 6 frontal and 6 lateral; with lead to an improvement of self-protection in frontal 

three reference vehicles of various weights and 3- and collisions, but the important aspect of partner protection, 

2~speed classes, respectively(l), in particular in frontal collisions but also in lateral 

collisions, is neglected. 

Simulation Model 
The Deformation Structures of the 

A mathematical simulation model was developed on Laterally Crashed Car as the Result of 
the basis of extensive accident data analysis and detailed 

Optimization evaluation of crash tests. Despite the necessary simplifi- 

cations, this model clearly illustrates the manifold inter- 
In the two-dimensional modeling of the lateral car relationships between the deformation structures of the 

vehicles involved in collisions and their effect on the collision, the characteristic curves door/roof frame, 

severity of injuries incurred by the occupants(2). The door/floor group, door/occupant thorax, and door/ 

occupant pelvis were made variable (Figure 2). The door translation of mathematically determined occupant 

loading values into corresponding grades of injury severity 

and the ensuing costs of injury resulting from these is 

made possible by the procedure of so-called statistical 

biomechanics(3), 

National Economic Aspect 

The monetary evaluation of the occupant injuries 

alone is not sufficient, however, because a complete 
~ assessment of the national economic aspect and assess- 

ment of costs ibr att design measures involved had to be 

provided. The evaluation of these so-called effective field R_.egjons Of V~hic[e Parts Involved 
costs not only includes the sale price of the vehicles but 

also the fuel consumption, which is influenced by the 

weight and geometry of the vehicle(4). 

Optimization 

A process based on the principle of biological evolution 

was used in optimizing the deformation behavior of the 

vehicles in the substitute accident occurrence(5). 

In the above-met~tioned research project, three optimi- 

zation runs were carried out, each being different in the 
aumm~ 

formulation of their aims and the restrictions imposed, Engine 
and each of which led to a different interpretation of the Side Door Front-end 

deformation structure characteristic(6). All the optimi- Etements of Simulation Nodet 
zation runs had in common that the occupants were 

connected to the vehicles by safety belt systems. The 
Figure 2. Structure characteristics of lateral a~cident 

choice of the restraint system (3-point automatic belt, simulation model 
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has to be subdivided due to the different loadings on the requirements for deriving a test concept(7) can be 

thorax and the pelvis of the laterally hit vehicle occupant; formulated (Figure 4): 

the permitted relative movement was not varied once it ¯ Reliability of accident mock-ups 
........... had been predetermined. Head impact was not considered ¯ Accuracy of reproduction of the simulation 

due to the fact that Hybrid Ii dummies were used in the model 

test, and the lateral impact characteristics determined ¯ Validity of the object-system limits in the formula- 

here were unrealistic, tion of the object function 

In the optimization runs, the following four charac- Once these basic requirements have been fulfilled, the 

teristic curves were determined in accordance with the objectives of the tests are reduced to the question of-- 

model: ¯ Extent to which the structure modifications can 

¯ Upper side/cell be checked 

¯ Lower side/cell ¯ Comparison between the characteristic curves as 

¯ Door paneling at thorax height (inner door determined in the analysis and their realization 

panel, inside padding, rigidity of thorax) in design 

¯ Door paneling in pelvis area (inner door panel, ¯ Measures to be taken when there are discrepancies 

inside padding, rigidity of pelvis) ....... 

As an example of characteristics of curves optimized in ~ ........... ] 

this way, the results of an optimization run are shown in 

Figure 3(6).                                                           [ 

~o 

Lower side /celt 

50 
Figure 4. Conception for experimental verification of 

.... 

i~ ’jlj j 

analytically designed side structures of 

upper side / celt 
passenger cars 

Connection Between Mathematical and 
0 0 

0,z 0,~ 0,6 Experimental Simulation 

...... 150 The dose interlinkage of simulation and experiment is 

prescribed by the fact the vehicle lateral structure is 

determined by analysis and it is necessary to examine the 

structure characteristic curves realized in the design 

~ collisions, the test conditions that determine the test 
door/pelvis object, test procedures, measured variables, and the 

I/~ evaluation criteria are oriented less toward the accident 
50 occurrence than to the structuring of the simulation 

J door/thorQx 

model. One must be able to check the parameters 

introduced in the model experimentally. 

0 --’~’~ ]- Apart from this, in the experiment, one can leave out 

0 o,2 o,~ o.�~ areas for examination that have already been taken into 

Def|ecfi0n [m] consideration in the course of optimization, e.g., the 

accident constellation, the characteristics of the collision 
Figure 3. Optimised lateral deformation structures opponents, the loading of the occupants and their 

biomechanical effects, as well as the effects of the 
Concept of the Experimental Exami- structure modifications from an economic aspect. The 

nation of the Lateral Structures of Cars experiment thus merely serves to examine the structures 

for their deformation characteristics and to provide 

Using the analytical determination of the structure measured results for comparison to the mathematically 

characteristics as shown above, the following necessary obtained results; for this, component tests, which are 
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noted for providing considerably better reproducibility be excluded that these support and, therefore, influence 
in the test results, are adequate, integral vehicle tests, in each other. Examination of the lateral structure, which 
which dummies serve only to check and validate the consists ofseveralindividualcharacteristiccurves, has to 
simulation model, can be made outside of the strict time be carried out while, at the same time, insuring that 
limits involved in preparing an automobile for series several characteristic curves correspond with the respec- 
production, tive predetermined results obtained from calculation: 

The experimental proof is, therefore, necessary since the 

Extent toWhichtheDeformationCharacteristic injury mechanics depend to a large extent on the 

Curves Can Be Checked definition of the characteristic curves. 

In view of the demand for reduction of the development 
costs in automobile construction and, at the same time, In the optimization model, the front and lateral 
for improvement of occupant protection, onecan conclude 

structures of colliding vehicles were matched to one 
that an examination of the lateral structure with quasi- 

another, but, as opposed to this, the mutual interaction of 
static component tests is possible and can be carried out 

the front and lateral structures of one and the same 
with a relatively small amount of effort regarding time 

vehicle was ignored. This corresponds to the accident 
and costs. This procedure requires, however, that the 

mock-ups and, to a large extent, to the actual accident 
simulation model must be continuously checked with the 

occurrence; also to a large extent because the structure 
aid of integral vehicle crash tests and, if necessary, be 

elements set out for the lateral impact only take effect in 
adapted accordingly. 

frontal collisions when there is considerable deformation 
of the cell. Such serious deformation only takes place, 

however, at a speed range that, from a statistical point of Agreement Between Calculations and Tests, 
view, occurs far less often than the range at which the and Considerations To Be Taken in the Case of 
frontal structure can absorb the whole of the deformation Deviations 
energy, 

In lateral collisions, no effects of the front structure, In the optimization calculation, a total of four 
which acts in a longitudinal direction, on the deformation characteristic curves are prescribed for the lateral structure 
behavior of the vehicle hit side-on could be established, of cars. These are:--- 
Therefore, tests can be used for lateral structures ~ Upper side/cell 
separately. ¯ Lower side/cell 

The structure characteristic curves introduced into the ¯ Upper door padding 
optimization as initial values are derived from charac- ¯ Lower door padding 
teristic curves determined by means of static and dynamic It is not probable that the mechanical structures were 
~est procedures. As opposed to these, the optimized to achieve an exact reproduction of the calculated 
characteristic curves are the result of the optimization 

characteristic curves, so deviations must be allowed for 
calculation in which they act dynamically as part of a from the start and must be tolerated within firmly 
complex spring-~nass system, established limits. Since these deviations lead to the 

The dynamic definition, however, is the result of the vehicle showing a different behavior in an accident 
~ ehicle model-structuring and the distribution of mass in situation compared to the precisely calculated occurrence, 
the simulation model. In the experiment, therefore, both they have to be estimated. 
the static and dynamic deformation behavior had to be The accident simulation model was subjected to great 
examined. If one assumes a suitable vehicle modeling as a simplifications in favor of the shortest possible calculating 
precondition, however, the dynamic behavior is charac- 

times. For this reason, a more detailed simulation model 
terized merely by velocity-(damping)and acceleration- in which a subsequent calculation of the individual 
dependent (mass moment of inertia) influences(8). These accident is carried out on the basis of the characteristic 
Characteristic quantities of the material are introduced curves determined by measurement is used for the 
i~to the optimization as constants and are not subject to estimation (Figure 5). In this, the evaluation algorithms 
any changes. Therefore, if these conditions are retained in 

used for the optimization are utilized for assessing the 
the realization of the design, the dynamic checking can be injury-dependent costs and the effective field costs. Of 
omitted in the ~est. As already mentioned, dynamic tests course, only the calculated results and test results can be 
are merely necessary for validating the simulation model, compared for agreement; this only leads, however, to a 

Another range of problems arises from the fact the 
yes/no statement. The effects on the ensuing costs 

optimization calculation determines individual structure situation cannot be predicted in this way. 
characteristic curves that can be realized in the design but An agreement between the structural characteristics as 
cannot be examined separately, e.g., the characteristic set out in the design and the mathematically predetermined 
curves upper side/cell and lower side/cell since it cannot 

characteristic curves leads to the structure being accepted. 
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If an acceptance agreement between these two cannot be Test Objects 
obtained, the design must be adapted to suit the appro- 

priate requirements, either in part or as a whole. In an In accordance with the structuring carried out in the 
iterative process "design-construction-testing-compari- simulation model, the test objects to be examined are the 
son," the design realization of the mathematically estab- door paddings and the door connection to the passenger 
lished deformation structure within a tolerable permitted cell. 
range is retained. From the characteristic curves of the door paneling at 

At the same time, when these test results are made the thorax and pelvis levels, the rigidity of the dummy can 
available, the simulation modelsused can be examined be eliminated so the combined characteristic curve 

............. and validated and can thus be subjected to a continuous comprising the padding and the inside door panel rigidity 

process of adaptation (Figure 5). can be examined in a single test setup. Here, the form of 
the test body corresponds to the respective part of the 
occupant’s body. In the examination of the characteristic 

l.~c~0r., ~.vEs.~..~ curves upper side/cell and lower side/cell in the two- 

i dimensional simulation model, the complete occupant 
cell serves as a test object, and a front-contoured ram 

~qo~qPT~qTION ~2 ,cc~o~.T ~.~,~ f 
serves as a test body. 

[Ec~,~.o~c~s],t ~.T,.,...~ I 
Test Procedures 

[~::: ~::~ ~-’~ ,c~r~:i%~rs The experimental examination of the structure charac- 
teristic curves is static. In this, the door paneling or the 

~                                   ~s~-ar~ ] 
occupant cell has to be fixed in such a way that it cannot 

~{3~tP~gtTION ~ [ 0~ ~m~ c~s,~s ] evade the quasi-static penetration process. On the other 

I[ [ 

[ hand, the mounting must not influence the rigidity 
t of the test 

....... Rss~ss.~., o~ ~,,~cTs ] 
characteristics object, 

;~D~PT~qr t ON <~__ ~ Measured Variables 

] c~,,,<~    ] In the examination of the padding characteristic 
curves, it is no problem to measure the deformation force 

Figure 5. Conception for verification of constructed 
and the deflection. More effort is involved, however, in 

side structures of passenger cars and follow- determining the characteristic curves for the door/celt 

ing consequences structure by measurement. On the one hand, it is 
necessary to establish the force-deflection curve of the 
examined body, which is suitably subdivided. On the 
other hand, the three-dimensional penetration movement 

Test Conditions for Checking of the inner door panel must be determined using 
Analytically Determined Lateral displacement transducers to obtain a correlation for the 

Structure Characteristic Curves distribution for the upper and lower structure charac- 
teristic curves. A distribution statement can be deduced 
from the relative position of the displacement transducers 

If one follows the concept of closely linking the and, in this way, the upper and lower force-deflection 
simulation calculation and the test technology as explained curve for the door/cell system can be determined. 
above, this simplifies experimental examination of the 
design realization of the mathematically determined 
lateral structure characteristic curves in the following 
areas: 

Evaluation Criteria ’ 
¯ Test objects 
¯ Test procedures First of all, relative deviation is the decisive quality 

¯ Measured variables criterion for an agreement between the mathematically 
¯ Evaluation criteria predetermined and the measured characteristic curve. 
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Status of the MADYMO Crash Victim Simulation Package 1985 

Jo Wisrnans linkage. Great flexibility in the modeling of force inter- 

To Hoen, and actions between elements and environment is assured by 

Lo Wi~tebrood 
the fact that user-defined submodels can be incorporated 
readily. 

Research Institute for Road Vehicles TNO, This paper summarizes the most important features of 
Delft, The Netherlands the current MADYMO 2D and 3D versions and reviews 

a number of applications. Topics covered include side 

Abstract impacts, pedestrian safety, human body segment models, 
and computer-aided design. An attempt to identify areas 
of future developments and general trends in the field of 

MADYMO is a compact, general purpose, computer 
crash victim simulations concludes this paper. 

program package for two- or three-dimensional crash 

victim simulations. The program predicts the kinematics 
and dynamical behavior of the victim during the crash, Introduction 
based on data of the victim, environment, safety devices, 
and crash conditions. The package differs from most of In the field of automotive research, simulation of 
the existing CVS programs by its flexibility in choice of crashes is of vital importance to evaluate and improve 
number of linkages and number of elements in each safety devices and occupant environment. Most of this 
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work is done by experiments, using instrumented simple way while, in addition, user-defined submodels 

dummies, cadavers, and occasionally animals or volun- can be incorporated readily. 

teers. During the past years, a strong increase Could be The standard solution technique to solve the equations 

........ observed in the use of computer simulations in this area of motion is a fourth order Runge-Kutta-Merson method 

due to the fast developments both in computer hardware with a fixed time step. In MADYMO 3D optional, a fifth 

and simulation software. Similar trends could be observed order Runge-Kutta-Merson method with variable time 

in other engineering disciplines where mathematical step is available. A restart option in MA13YMO 313 

modeling has been an accepted tool for many years, allows restart of a simulation at any point of time on the 

The behavior of dynamical systems in a crash environ- basis of calculation results in a preceding simulation. 

ment appears to be of a very complex nature where, in The description of MADYMO to be presented here 

general, a large number of system parameters will relates to MADYMO 2D version 3.0, which has been 

influence the system’s dynamic response. Due to this, a available for several years for external users, and 

strong emphasis should be placed on experimental MADYMO 3D, which will become available later this 

verification. As soon as an adequate level of reliability is year. A number of features described for MADYMO 3D 

obtained for a specific application, an effective economic and not yet incorporated in the current MADYMO 2D 

tool will be available for further analyses or optimization version will be included in the next MADYMO 2D 

of that system, release. Both the 2D and 3D versions have been applied 

This paper describes the most important features and extensively in various research programs in the past years 

reviews of various applications of the MADYMO Crash as described later. Based on the experience in these 

Victim Simulation program. The program is of the type research applications, the MADYMO 3D version has 

gross-motion simulators, which describe the human body gone through considerable debugging and optimizations 

(or other structures) by means of a number of connected with particular emphasis on the user convenience of the 

rigid bodies. A review of several programs of this type, package. 

including the CALSPAN CVS model and the MVMA In the next section, some of the current features of 

model, is given by (1,2,3). MADYMO 2D and 3D will be discussed in more detai!. 

Theoretical background of the MADYMO package Among other things, attention will be given to joint. 

will not be discussed here. Readers interested in this contact, and belt models. 

......... subject are referred to (4) for a general treatment of rigid 
body dynamics theories and to (5) for a brief summary of Joint Loads 
the specific MADYMO equations of motion. 

In MADYMO 2D, elements are connected by pin 

Current MADYMO Features joints with 1° of freedom (Figure la). A nonlinear joint 
torque can be specified, consisting of elastic, viscous 

General damping, and coulomb friction components. The standard 
features of MADYMO 2D allow in addition the simula- 

MADYMO is a compact, general purpose, computer tion ofa 3° of freedom planar joint, i.e., with 1 rotational 

program package for two- or three-dimensional simuta- and 2 translational degrees of freedom by specification of 

tionsofhumanbodygross-motions. The program, which the joint segments as elements of different systems~ 

is based on rigid body dynamics using Lagrange equations, Interaction between the two elements can be represented, 

can be used to simulate one or more linkage systems for instance, by spring-damper models and contact 
models. A hypothetical example simulating the human without closed loops. Such systems are also known as 

tree-structures(3). However, MADYMO allows the knee joint is illustrated in Figure lb. 

behavior of a closed loop system to be approximated by Tl~e standard joint connecting two segments in the 

connecting the end segment of a tree to any other segment MA13YMO 3D version is of the ball and socket type with 

by means of a massless element. The number of elements 3° of freedom. Three methods are currently available to 

(rigid bodies) in each linkage system can be selected apply joint loads (Figure 2): 

freely. The connections (joints) between the elements in a ¯ Option I--The cardan joint model 

linkage system are of the hinge type for the two- ¯ Option II--The flexion-torsion joint model 

dimensionalandoftheballandsockettypeforthethree- * Option Ill--Spring-damper and/or contact 

dimensional simulations, models 
Motionofthetree-structureofjoint-connectedelements In the cardan joint model (option I), the relative 

is caused by external forces. MADYMO offers the user a position between the joint segments is considered to be 
set of standard force-interaction models, e.g., for belts, the result of three successive rotations. The first rotation 
joints, and contacts of segments with each other or with is around an axis fixed to segment i, the second rotation 
the environment. The program is organized in such a way around a floating axis, and the third rotation around an 

that the user can modify these routines in a relatively axis fixed to segment j (Figure 2a). The centers of 
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Joints with 6° of freedom can be represented in 

MADYMO 3D by assigning the two joint segments to 

separate linkage systems similar to the 3° of freedom 

joint in MADYMO 2D (Figure lb). 

Contact Loads 

In MADYMO 2D, contact lines and hyperellipses can 

be attached to any element of any system or to the 

laboratory reference frame. A hyperellipse is defined as 

follows: 

Figure 1. Methods to apply joint loads in MADYMO 2D -- + = 1 
(a. pin joint; b. hypothetical example of a joint 
with 3 degrees of freedom) 

where a and b are the semi-axes of the hyperellipse and n 
rotation for the three hinge joints are assumed to coincide 

is the degree (Figure 3). If n = 2, this equation describes a 
in one point. Joint torques can be specified for each standard ellipse; if n increases, the hyperellipse approxi- 
rotation separately by means of nonlinar elastic, viscous 

mates more and more a rectangle as illustrated in Figure 
damping, and friction torque components similar to the 

3. In this way, edge contacts can be described .quite 
MADYMO 2D version. One or more rotations can be realistically. In a similar way in MADYMO 3D, contact 
iocked by defining relativeIy stiff elastic torque charac- 

planes and hyperellipsoids can be specified. 
teristics. This joint model is suitable to describe, for 

instance, some of the joints in the Part 572 dummy such 

as the shoulder, elbow, and knee joints. 

In the flexion-torsion model (option II)~ the relative 

rotation is thought to be the result of a flexion cr and a 

torsion/3 (Figure 2b). Similar to the cardanjoint model, 

nonlinear elastic joint torques can be specified as a 

function of these angles. In addition, a damping and 

friction torque can be applied as a function of the relative                    - 

rotational velocity between both segments. This joint 

model can be used, for instance, to approximate the 

behavior of the rubber cylinders representing the spine 

and neck in the Part 572 dummy. 

For each joint in a MADYMO 3D linkage system, it is 

possible to define the cardan joint model or flexion- Figure 3. Hyperellipses (left) and hyperellipsoids (right) 
torsion joint model. Both joint models can also be 

defined in combination for the same joint, which allows The contact lines (planes) and hyperellipses (hyper ...... 
the user additional flexibility in modeling a more com- ellipsoids) describe the occupant interaction with vehicle 
plicated joint type. In some situations, the application of 

interior surfaces. Two contact models are available, 
spring-damper systems or contact models(option III) namely for contact lines (planes) interacting with ellipses 
might also offer realistic additional possibilities for joint (ellipsoids) and for hyperellipses (hyperellipsoids) inter- 
modeling (Figure 2c). acting with each other. The reaction forces on the system 

segments are generated as a function of the penetration 

I~ I@/~_~ , ~,~j. between these contact contours. More details on the 

i,i,i,, 
penetration algorithms are provided in (6). Nonlinear 

/~’"\ elastic damping, as well as friction forces, can be applied. 

~ ,\~/ 
Additional features of these contact models are-- 

* Simulation of Intrusion, etc.--A user-defined 

l subroutine (standard in MADYMO 3D) allows 

specification of the position of contact contours 
Figure 2, Methods to apply joint loads in MADYMO 3D 

(a. cardan joint model; b. flexion-torsion joint 
as a function of time. In this way, for instance, 

model; c, spring-damper and/or contact intrusion of the car-side structure into the 

modelsl compartment can be simulated. 
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¯ Initial Penetration Correction--The penetration separate rib cage segment(7) or to simulate a deformable 
used to calculate contact forces can be taken steering column. 

relative to the initial penetration. In a relatively 
simple way, a state of equilibrium can be obtained 
at the start of the simulation, provided the effect 

Deformable Steering Column 

of gravity can be neglected. 
MADYMO does not have a separate force-interaction ¯ Hysteresis--The effect of energy absorption in 

material can be simulated by defining the 
routine for a deformable steering column since the 

unloading slope of the force-deflection charac- 
standard features of MADYMO specify such a system 
directly in a simple way. Figure 6 illustrates a realization 

teristic. 
of such a model as it was successfully implemented by 
several MADYMO users. A two-segment linkage system 

Belt Loads is used here where one segment represents the steering 
column and one segment the steering wheel The column 

Two force-interaction routines are available to represent is connected to the vehicle by means of two point 
.......... belt restraint systems: constraints describing the column deformation charac- 

.......... 1. A simple massless spring-damper element, which teristics. 
can be used to simulate a lapbelt or the upper or 
lower part of a torso strap. 

2. An advanced belt system model. This model is Airbag 
basically the same in MADYMO 2D and 3D and 
describes the real spatial belt geometry (Figure The current MADYMO versions do not include a 

........ 4). The model consists of five segments and can standard force-interaction model for an airbag. A user- 

account for slip between the belt segments and defined subroutine has been developed recently for the 

initial belt slack (or penetration). For the belt driver-airbag interaction where the airbag can be con- 

material, energy dissipation and permanent nected to a deformable steering column. This routine is 

elongation can be specified. An option called expected to be available as an option in the next 

"film spool effect" is available for belt systems MADYMO 2D release. 

with a retractor. 

Software Characteristics 
belt 2 

~~ 
shpring MADYMO is a compact modular program package 

written in FORTRAN 77. Due to the limited size of the 
program, the MADYMO package can be implemented 

S~ 
even on small computer systems, which is illustrated by 

~ the following figures. 

~ belt I A simulation of an occupant in a frontal collision with 
MADYMO 2D requires 100k byte memory and 3.5min 
CPU time, whereas a complicated simulation of a cyclist 

belt impacted by a car with MADYMO 3D needs only 200k 

retroc tot 
byte memory and 12min CPU time (above data relate to a 

VAX 11 / 750). 

sl~pring 

belt ~ belt 5 Pre- and Postprocessing 

Figure 4. Advanced belt model The input for the current MADYMO versions is 
contained in a single formatted input file, which can be 

Point.Constraint Model changed simply by the user’s editor. A special user- 
convenient subroutine has been developed in MADYMO 

This routine constrains the position of one point of a 3D for specifying the initial position of the occupant and 

segment relative to an arbitrary point fixed to another the various local coordinate systems that define inertia 

segment (or the environment). Both elastic and damping axes, joint rotation axes, hyperellipsoids orientations, 

constraint loads can be specified in three mutually and point-constraint directions. 

perpendicular directions (MADYMO 3D). Application Special attention has been paid to user-convenient 

of this model is useful to constrain the motion of a postprocessing in MADYMO 3D. In the input dataset, 
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the user has to define which parameters must be calculated 
a~rbag roof for output purposes, such as-- 

~ Kinematics \//\ /,-" 

* Linear displacements, velocities, and accelera- windscreen......// 
tions of specified points dash.. ~/~- 

" Angular velocities and accelerations of specified 
~x~--~ ~, \l /~/~ 

elements 

flexible__ ~~~d~ ~--seal ® Forces of specified force models 
steering 

* Torques of specified joints column ..4./’/..".,’------~,~l/ll----b 
For additional output, a user-defined subroutine can ~__~_~ / ~ [~’~ ,/][ 

be incorporated in the program to generate the model 

data in a format similar to experimenta! test data to apply 

user’s standard experimental analysis software for further 

data processing. [ floor 
kneebar 

For postprocessing of the kinematics, a three-dimen- 

sional graphics package is available that can be used in Figure 6. General model setup for an occupant in a 

conjunction with both MADYMO 2D and MADYMO frontal collision 

3D. Features of this package include-- 

Isometric projections of ellipsoids and planes 

~ Intersecting ellipsoids 
~ Countour lines on the surface of the ellipsoids 
~ Hidden lines elimination 
~ Self-contained; only simple plot routines are 

used 

Some of the features of this graphics package are 

illustrated in Figures 5, 6, 7, 9, and 12. 

Figure 7, Mathematical simulation of a Part 572 dummy 
in a Peugeot 504 during a lateral collision 
(75km/h) 

Human body segment models 
Computer-aided design studies 

Frontal Collisions 

The general model setup of an occupant in a frontal 

collision most often used today is illustrated in Figure 6. 
....... The first experimental verification of the MADYMO 2D 
Figure 5. Examples of output from the MADYMO 3D model was for a sled test with the simple five-segment 

graphics package TNO adult test dummy. This verification was followed by 

several studies with the (much more complicated) Part 

572 dummy under various test conditions. 

In a research program started in 1979 in cooperation 

with the Organisme National de Securitb Routiere 
The versatility of the MADYMO program package (ONSER), an attempt was made to simulate a real 

will be demonstrated here by rneans of a number of accident(8,9). This accident had been experimentally 
simulations conducted in the past years. For most of reconstructed before with dummies and human cadavers, 
these examples, a detailed experimental verification was which allowed a detailed validation of the MADYMO 
performed: The applications will be divided into six model for this specific accident situation. For both the 
categories: dummy and cadaver tests, quite realistic results were 

® Frontal collisions obtained from the mathematical simulations. Based on 
® Side collisions these results, a mathematical reconstruction could be 
® Pedestrian and cyclist impacts made for the real accident by simulating the real occupant 
¯ Child in a child restraint system anthropometry. 
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Side Collisions 

laboratory were rigid tests and drop tests with 

the Part 572 and APROD 80 dummies(10). The 3D 

option of MADYMO was used. Model predictions such 

as contact loads and dummy accelerations were found to 

agree quite well with experimental results. 

Side Impact Accident Reconstruction 

The model of the Part 572 dummy was also used in a 

simulation of a more complicated impact: a real collision 
Figure 8, Simulation of thorax pendulum impact tests 

between a Peugeot 504 (stationary) impacted on the side with four different side impact dummies 
(impact angle 70°) by another Peugeot 504 having a 

velocity of approximately 75 km / h(11). For this accident, 

several experimental reconstructions were conducted by Pedestrian and Cyclist Impacts 
the Lab. of Phys. and Biota. Peugeot S.A.! Renault. The 

mathematical simulation was limited to the interaction In the past, the Research Institute for Road Vehicles 

between the occupant in the struck vehicle (a Part 572 TNO has been involved intensively in research in the field 

dummy) and the inside structure of the vehicle. The of pedestrian and cyclist safety. As part of this research 

displacement of the struck door was used as model input, program, four pedestrian models with varying complexity 

The stiffness characteristics of door padding and of the were formulated with MADYMO: three two-dimensional 

armrest were determined with a hydraulic tester. The models with two, five, and seven segments, respectively, 

predicted dummy kinematics in this accident are illustrated and one three-dimensional model with fifteen segments 

in Figure 7. (Figure 9). Model results were compared with experi~ 

mental results of a Part 572 dummy impacted laterally by 

.......... Dummy Thorax Models an Audi 100 vehicle at two velocities (30 and 40kmi h). In 

general, all models appeared to provide values for the 
Another side impact application of MADYMO body segment accelerations within or close to the 

presented here is the analysis of the dynamical behavior experimental range of responses. A slight improvement 
of the thorax section in four different side impact of the model results could be observed in the more 
dummies: the DOT/SID, MIRA, APROD 82, and complex models. For instance, due to the lower head 
ONSER. The basic design characteristics of the four impact velocity in the three-dimensional model, a lower 
thorax sections are completely different. Several models and much more realistic peak head acceleration during 
with varying complexity were formulated during this the hood impact could be observed. More details of this 
project. In these models, the complete dummy was study are presented in (6) and (13). 

simulated in a rigid pendulum impact as illustrated in More recently, research in this area in our laboratory 
Figure 8. Dependent on the complexity of the thorax has focused primarily on the integration of pedestrian 
design, the rib cage was simulated by zero, one or two and cyclist safety(14). As part of this study, a model of a 
segments in case of two-dimensional simulations, and cyclist has been formulated where the bicycle is represented 
seven segments in the three-dimensional model setup, by a separate one-segment system (Figure 9). The cyclist 
The mathematical simulations offered a very good insight 

into the dynamical behavior of the four thorax designs. 

In the ONSER as well as the MIRA dummies, the thorax 

behavior 
appeared to be determined mainly by the i ~~ 

elasticity of the rib cage structure. In the DOT dummy, 

elasticity as well as damping (due to the viscous damper 

in this design) and inertia effects were found to play a 

significant role. These effects were of such a complex 

nature that a detailed three-dimensional representation 

had to be used for adequate simulation. A decisive 

judgment of the reliability of the APROD mathematical 

simulation could not be given due to inadequate 
Figure 9~ Geometry and contact ellipses of 2-, 5-, and 

functioning (jamming) of this thorax design. More 7-segment 2D pedestrian, a 15-segment 313 
details of this study are presented in (7) and (12). pedestrian, and a 0-segment 3D cyclist mode~ 
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is simulated by a nine-segment system without arms to structures. Two examples will be presented here: a model 

avoid the complex interaction of the arms with the hood for the head-neck kinematics of human volunteers and a 

in this type of impact. Experimental verification for model for the thorax behavior in human cadavers. 

several test conditions with a simulated vehicle front is 

incorporated in a separate contribution to this Confer- 
Head-Neck Model 

ence(15). The model describing the head-neck kinematics was 

formulated with MADYMO 3D and consists of three 

Child in a Child Restraint System segments: a torso link, a neck link, and a head link, which 

are connected by means of a pivot in the head near the 

The next example is the simulation of an impact sled occipital condyles and a pivot close to the T1 vertebral 

test with a child in a harness-type child restraint system body in the torso (Figure 11). A detailed description of 

(~’igure 10). Details of this study were presented at the 

23rd Stapp Conference(t6). The child restraint system is 

represented by a separate one-segment system connected 

to the sled by a lapbelt and back strap. Because of the 2D link 

nature of the motions, the 2D option of MADYMO was 

used for this analysis. Model results were compared with 

two sled tests conducted at the Highway Safety Research 

Institute in Michigan: one sled test with a 3-year-old Part 

572 dummy and the other with a child cadaver. In 

general, a satisfactory agreement could be obtained 
z~ ] neck/ink 

between model and experimental results. Model predic- 

tions of the dummy behavior were, however, found to be 
coordinate 

more realistic than for the cadaver, which may be due system 
mainly to the great number of estimations that had to be i torso hnk 
made for the mass distribution and joint properties of the 

child cadaver. 
[ 

head,armrest 

contact thrust vector of 

shoulder belt child                                                       accelerator 

’\ Figure 11. Mathematical model for head-neck motion 

~- -’~’~- I 
of human volunteers in frontal, lateral, and 

\ oblique impacts 

upper le2-ch~ldseaf 
\ /con~oc~ this model and the experimental verification by means of 
\ lateral, oblique, and frontal human volunteer tests is 

given in (17-20). Figure 12 illustrates model predictions in 

lap be~t c~ a lateral human volunteer test. 

Figure 10. Mathematical representation of a child in a      Figure 12. Prediction of the head-neck kinematics of a 
child restraint system                                     volunteer in lateral flexion 

Human Body Segment Models Thorax Model. 

Applications in the preceding sections all relate to the The thorax model was developed at the Ohio State 

simulation of the whole body response. MADYMO has University using the MADYMO 2D program(21). The 

also been applied to study the behavior of specific body model, which represents the rib cage, including sternum, 
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consists of a series of 17 elements (Figure 13). A special in a standard ECE 44 50km/h sled test with a 3-year-old 

user-defined subroutine was developed that accounts for child dummy (Figure 14). The shield-actuating mechanism 

pressure changes within the chest cavity during simulation, consists of a lever arm on the pivoting shield to which a 

......... The model was used to study some of the thorax impact rod with a mass is connected. During the car crash, the 

tests with human cadavers conducted during the mid- shield moves into an upright position due to deceleration 

1970’s at the Highway Safety Research Institute. Thoracic forces acting on the mass. The downward motion of the 

accelerations in these tests were collected using a 12- shield caused by loadings from head and chest is prevented 

accelerometer array(22). The general shape of the by a locking device. Several calculations, together with 

acceleration time histories and force-deflection char- only a limited number of sled tests, finally led to an 

.... acteristics predicted by the model showed good agreement optimized child restraint system, which is commercially 

with the tests. Predictions for the thorax pressure, available today. Details ofthisstudyareprovidedin(23). 

however, showed significant deviations. 

Figure 13. Thorax mathematical model 

Computer-Aided Design Studies                                                         ~ 

In the preceding sections, a number of examples have 
Figure 14. Mathematical model of child restraint 

system with dynamic-acting impact shield 
been presented illustrating the use of MADYMO as a 

basic biomechanical crash research tool. Another in- 

teresting application of this type of program is the 
A Dummy Abdomen Section for Side Impacts 

development and optimization of crash safety devices 

such as seatbelts, child seats, and vehicle paddings. One 
The principle of this design is a rigid drum placed at the 

example presented here illustrates this, namely, the 
critical penetration tolerance level around the lumbar 

design of a dynamic-acting child restraint system. Two 

other examples relate to the computer-aided design of 
spine, with pressure-threshold contact switches on its 
surface. This drum is covered by a composite material 

dummy components, namely, a dummy abdomen section that should have a dynamic stiffness identical to the 
and a dummy neck. 

human abdomen. The outside layer of the abdomen is 
made of a relatively heavy but flexible materiak To avoid 

A Dynamic-Acting Child Restraint System preparing and testing a large number of specimens 

necessary to obtain the correct response empirically, it 

This new child restraint system features a moving was decided to use computer simulations to find the 

impact shield, which is horizontalduring normal use. The design parameters. MADYMO was utilized to formulate 

shield rotates upward during a frontal collision to restrict a dynamical nonlinear finite segment model of the cross 

the forward motion of the child’s head and thorax. The section through a half abdomen (Figure t5). This mode! 

2D option of MADYMO was first used to design and was exercised with a wide variety of mass distributions 

optimize the actuating mechanism for the shield and, and for different impact velocities. A few specimens of 

second, to optimize the performance of the whole system the most promising combinations were made and tested 
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on these findings, several prototypes have been built that 

[ ~ ~ ~ ~ ~ ]_ are currently tested at the Vehicle Research and Test 

! ....... ] ’~’P~"~ ....... Center under test conditions representative for the human 
i ~~. ~~ volunteer tests. 

Discussion: Future Trends and 
Developments 

Figure 15. Mathematical model of dummy abdomen 
section In the past, the MADYMO package has gone through 

and were used for validation of the model.; A prototype a continuous process of optimizations, refinements, and 

abdomen section has been built, based on the optimal extensions. It is expected that such developments will 

parameters found with the simulation model, and will be proceed. In fact, the rapid growth and progress in 

incorporated in the future Eurosid side impact dummy, computer technology will open new directions and 

More details of this study are provided in (24). perspectives, particularly in the field of data base manage- 

ment and postprocessing. Another trend will be that 

further progress in vehicle structural crash models can 
A Dummy Neck With Improved Biofidelity lead to an integrated computer analysis approach for the 

vehicle-occupant interaction in a crash situation. 
Experimental evaluation of the Part 572 neck system One of the most critical areas in current crash victim 

with respect to the volunteer behavior showed that this simulation programs is the description of contact between 
neck is much too stiff(20). Mathematical simulations occupant and environment. Present algorithms applied 
have been conducted to optimize the design of this for contact interaction of occupant with vehicle interior 
neck(18). A model of the Part 572 head-neck assembly or between pedestrian and vehicle cannot account in a 
~as used for this purpose where the neck is represented realistic way for the effect of strain rate and shape of the 
by a seven-segment linkage system. Experimental verifi- contact geometries. As a consequence, a large number of 
cation of this model was conducted for a calibration impactor tests is often required with varying impactor 
peaduIum test and a more severe sled test. The first velocities and impactor shapes to obtain realistic model 
results of the computer-aided design efforts that include input data. The need for such elaborate input data 
simulation of longer and softer necks were quite experiments can be reduced considerably ifmore realistic 
p~omising. The best results were obtained by a design contact models become available. Beside improvements 
that consists of a soft neck reinforced by a relatively stiff in contact-interaction models, further developments can 
structure in the front and back sections (Figure 16). A also be expected in the area of restraint system modeling, 
possible realization of such a design principle is a soft for instance with respect to the description of the belt- 
rubber cylinder imbedded in strong fibers or provided occupant interaction or the development of advanced 
with one or more separate stiff rubber segments. Based three-dimensional airbag models capable of simulating 

the complex occupant interaction with passenger and 

(1~t 
driver airbag systems. 

Human body data bases used today in crash victim 

simulation programs relate mostly to a representation of 

crash test dummies. A comparison of the data bases for 

the description of the standard Part 572 test dummy by 

various researchers showed differences, particularly with 

respect to the joint characteristics. Therefore, a strong 

emphasis should be placed on future standardization of 

this type of data base. 

Experimental validation of the whole body response 

predicted by mathematical models is related mostly to 

dummy experiments. Studies reporting model verification 

for human volunteer or human cadaver tests appear to be 

limited. In most cases they are related to the behavior of 

certain body segments such as the thorax or neck, as was .... 

illustrated in the application section in this paper. 
~ Development of well-validated human body data bases 

Figure 16. Mathematical model of a dummy neck with describing different size real vehicle occupants and 
improved frontal biofidelity pedestrians is considered to be a challenge in the near 
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future for the biomechanical community. If the status of Netherlands Institute for Road Safety Research SWOV. 
mathematical models becomes such that they offer a Development has been supported by the Dutch Govern* 
more realistic representation for the human body than ment and the European Communities. 

........... current crash test dummies, a major step forward in the 
field of automotive safety modeling will have been made. 
Further program extensions with respect to flexible References 
elements might be necessary to achieve an adequate level 
of validation. 1. Robbins, D.H.,"Simulation of human body response 
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vTalidation of the EEVC Mobile Deformable Barrier for Side Impact Testing 

D. Cesari and built by several partners and rigid polyurethane foam 

J, Bloch 
selected as the material for the front deformable face. A 
validation process consisted of different tests distributed 

O.N.S.E.R. Laboratoire des Chocs et de among ONSER, BASt, and TRRL. ONSER, UTAC, 
Biom~canique and TRRL conducted impact tests on individual blocks, 

total tests against a dynamometric wall, and lateral 
W. Sievert and impact tests against the Renault 14 as struck cars. 
E. Pulwitt The validation was completed by performing barrier ........ 

Vederal Highway Research Institute (BASt), to-car tests at the BASt facility according to the proposed 

Traffic Safety and Accident Research EEVC impact test procedure. The basis for comparison 

Department 
was given by car/car tests under the same conditions and 
with cars of the same type. These cars were the Golf and 

LDo Neilson and                                      Daimler Benz (W 123 series). Results from this test series 
show the barrier face has a very useful crash simulation 

A, Hobbs fidelity and repeatability. 
Transport and Road Research Laboratory, 

Vehicle Safety Division Introduction and Aim 

In 1982, Working Group 6 of the European Experi- 
mental Vehicle Committee proposed a side impact 

Abstract standard test procedure(l). To perform this test, it is 
necessary to use a mobile deformable barrier, the charac- 

Following the European Experimental Vehicles teristics of which were determined by the group and 
Committee’s definitions(t), the mobile barrier frame was based on characteristics of European cars. 

794 



Section 4. Technical Sessions 

To validate the test procedure proposed by EEVC and made the evaluation of force-defiection characteristics of 
especially the force-deflection characteristics of the each block of the barrier and also conducted two barrier- 
barrier, four European research groups--BASt in the to-car side impact tests under the same conditions as the 
Federal Republic of Germany, ONSER and UTAC in test performed by UTAC. TRRL conducted individual 
France, and TRRL in the United Kingdom--decided to block tests and two impact tests of the mobile barrier 
work together in a coordinated research program, against a dynamometric wall. 

This work is done under an EEC contract, for which 

ONSER is the project leader. Its aim is to validate the 

proposed solution, which is rigid polyurethane foam for 
Tests of Individual BLocks (ONSER and TRRL) the front deformable face. Different validation tests were 

conducted such asindividualblocktests, barrier againsta          These tests were conducted first to determine the 

dynamometric wall tests, and barrier-to-car tests. 
behavior of each block when tested separately. 

The force-deflection characteristics of individual blocks 
Proposed Solution for the Front tested separately show that the curves are closed to the 

........ Deformable Face corridor but partly under them. This relatively low 

...... stiffness can be explained by the absence of edge effect 

The front deformable face studied and built by when one block is separated from the others, in a 

FritzmeierGmbH is described in Figure 1. Each blockis complete front force, the blocks cannot extend on 

constituted with two elements of different rigid polyure- interfaces with other blocks. The tests show a breaking 

thane foam densities. Six different densities are useful: down of the foam, which in some of them is associated 

¯ 28kg/m3 for 4a, 5a, and 6a elements with a high force peak at the maximum of deformation. 

¯ 30kgi m3 for 5b and 6b elements 
¯ 35kg/m3 for4a elements Test Against Dynamometric Barrier (UTAC 
¯ 42kg/m3 for la and 3a elements 

and TRRL) 
¯ 50kgim3 for 2a and 2b elements 
¯ 60kg/m3 for lb and 3b elements 

One frontal test with the mobile deformable barrier 
The real densities must take place in-t-5 percent around 

was conducted by UTAC. This test is necessary to check 
the theoretical values. Figure 2 shows the design of the 

if the force deformation characteristics fulfill the 
EEVC barrier, 

specifications. 

Work Done by ONSER, UTAC, and Test Conditions 
TRRL 

The weight and sizes of the mobile deformable barrier 
This section describes and gives results of part of the used in this test were in agreement with the values decided 

research performed in France and England. UTAC by Working Group 6 of EEVC. The dynamometric 
performed a frontal impact of the barrier against a barrier allowed the measurement of impact forces on 
dynamometric barrier and a barrier-to-car test. ONSER each block of the barrier front end. The test impact 

speeds were 31.8km/ h in the UTAC test, which is a little 

lower than the specification (35 _+ 2kmi h), and 35.1 kmi h 

in the TRRL tests. Longitudinal, transverse, and vertical 

accelerations were recorded in two points (one on each 

side) and the longitudinal acceleration at the center of 

gravity of the barrier. The dynamic deformation of the 

barrier front end was calculated by double integration of 

the longitudinal acceleration. High-speed movies and 

post-test pictures were taken. 

Test Results 

From data recorded during the test, we were able to 

draw the following curves 

Longitudinal acceleration, speed, and crush 

each side of the barrier frame as a function of 
Figure 1. Front deformable face in polyurethane foam time 
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Figure 2. The EEVC mobile deformable barrier 

¯ Transverse and verticalaccelerations at the same almost superimposed on the block 3 one, and it is the 

locations versus time same for blocks 5 and 6. 

The maximum crush of each block is slightly lower 
o Longitudinal accelerationofthecenterofgravity 

than the specifications, but this can be related to the 
versus time lower impact speed. According to kinetic energy difference 

¯ Impact force on each plate and total impact at the correct impact speed, the dynamic crush would be 

force as a function of time and crush 34/35cm instead of 31cm, and this corrected value is 

inside the specified bracket. 
Comparison of the total force/time curve with 

the mass acceleration versus time curve. 
Barrier-to-Car Side Impact Tests (ONSER and 

Figures 3 to 5 are the force-deflection characteristics of 
UTAC) 

each block and the total force-deflection variation of the 

mobile deformable barrier during the UTAC test. Analysis 
Three barrier-to-car side impact tests were conducted, 

of these figures shows that the blocks of the upper row 
one in the crash test facility of UTAC and two in the 

give results almost included inside the specification 

corridor whereas the impact force of the lower row blocks 
facility of ONSER. 

is partly under the corridor. For blocks t and 3, this 

occurs for the second half of the deformation; on block 2, Test Procedure ...... 

the curve was below the corridor in the second third of the 

deformation. Figure 6 shows the test configuration of the barrier 

These figures show a good symmetry of barrier front tests, which was laid down in the report of EEVC’s 

elements: the force-deflection curve of block 1 can be Working Group 6, "Structures"(1). 
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i 

.... o ~o=~ Figure 4. Force-deflection characteristics of the upper 
0 deformable pa~ of the EEVC barrier 

Figure 3. Force-deflection characteristics of the lower 
deformable pa~ of the E~VC barrier 

V=5OKm/h 

Total 

Figure 5. Force-deflection characteristics of the EEVC 
barrier Figure 6. Collision situation in the barrier tests 

The main features of this procedure are-- ~, Left rear sit: a Hybrid Ii dummy on which we 

¯ Barrier impact speed: 50km/h note the triaxial accelerations on the head, the 

¯ Stationary struck car thorax, and the pelvis 

¯ Impact angle: 90° ¯ Driver sit: the dummy is compounded with 

¯ Impacted side: driver (left side) various elements which are-- 

¯ Barrier symmetrical plane passing through R -- Hybrid II! head on which we measure 

point of driver struck car triaxial accelerations (same head as the 

Two tests were performed with two Part 572 dummies EUROSID) 

in the impacted car at the driver and the rear left occupant -- EUROSID neck 

seats. The third test, conducted by ONSER, was -- APRODthorax on which we measure two 

performed with the following dummies (the European deflections and three accelerations 

dummy planned for lateral collision tests not yet -- TNO(EUROSID)abdomen, which isable 

available): to detect a penetration 
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-- EUROSID pelvis on which we measure 

three accelerations, one force at the pubic 

symphysis level and one force on the left iliac 

wing 

~ 

--- APROD arms 

The main differences between this dummy and the          o~SER 

EU ROSID concern the thorax and arms. 

The mobile deformable barrier is equipped with two 

triaxial accelerometers, one at the center of gravity and 

the other at the center of the sustaining sheet of the 

polyurethane foam front face. 

A camera is also fixed on the mobile barrier to visualize 

~              ~~ 

possible shocks of the dummy heads against the struck 0TAc 
car structure. The vehicle kinematic is studied from ..... ~2 ..................................... 

accelerations noted on the longitudinal and transverse 

axes on the A- and B-pillars at the opposite side of 

impact. The left front door (at the impact side) is 

equipped with accelerometers at the shoulder and at R 

point levels. Two on-board cameras help to study the 

passenger kinematic during impact. 

................................. z 

250 ~ 

Figure 8, Deformation of the Renault 14 side when 
struck by the mobile deformable barrier 

upper level 

¯ (:""~" ~ .-?. o_-7__ ~ _-7: ~ -. -~--__-7.:_~... ~, "~, 

Fisure 7. EEVC barrier/Renault 14 lateral impact test 

Test Results 

~_ 
~" 

Test results were analyzed to see if the barrier repro ...... = ............... 
duced correctly the car deformations_ vehicle kinematics. , p~ 

and dummy loadings. 

Car Deformations 

Figure 8 represents the deformations of the Renault 14 

at the upper, medium, and lower levels. This figure shows 

a greater deformation of the car for the test conducted at ................................... 

UTAC. Figure 9 shows the deformations of the Renault 

14 in three conditions: when impacted by the mobile ~ ....... 

deformable barrier (average value), struck by another car ........ 
ge of i( .... 

{average value of 10 tests with different cars), and hit by a 

Peugeot 305. This test was selected because the Peugeot Figure 9. Deformation of the Renault 14 after side 
305 has characteristics closest to those of the barrier, impact tests 
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Compared to other tests, the barrier gives correct .... 

deformations at the lower level and slightly lower at the 

upper level. However, differences are very low, especially ] 
in front of the driver. Figures 10and t 1 picture the struck 

Renault 14 in tests with the barrier and a Peugeot 305. 

Vehicle Kinematics 
o 

From vehicle accelerations, it is possible to draw the 

speed variations versus time. The speed variation is an 

important factor, especially for the impacted door as it is 

correlated to the risk of injuries in side impact(2). Figure 

12 shows the speed variation of the striking car, the struck 

car, and the impacted door of the struck car in the three 

tests with the mobile deformable barrier (the two tests , 

conducted by ONSER give similar results) and in the test 

with the Peugeot 305. This figure does not show any big 

differences between these four tests, as indicated in Table 

1. The speed ratios are in the same order of magnitude for ..~ 

the three tests. 

Figure 12. Speed varations in side impact tests 

The distribution of deformation energy between the 

struck car and the impactor seems satisfactory in the 

car-to-car tests as in the barrier-to-car tests. If we 

consider the variation of the door speed, the barrier 

seems to give a higher slope and a higher maximum value. 

Table 1. Speed ratios in side impact tests 

Test V2/Vo (%) V1 !Vo (%) V1/V2 (%) 

305/R.14 61 35 57 
Figure 10. Renault 14 hit by a Peugeot 305 barrier/R.14 57 27 48 

bar rier !R. 14 70 37 52 

Vo = impact speed 
Vl -- striking vehicle speed at the end of impact 
V2 = struck vehicle speed at the end of impact 

Dummy Loadings 

In each test, the dummy acceleration was recorded on 

the head, thorax, and pelvis. We are considering only the 

driver, who is more involved by the vehicle deformations 

than the rear passenger. Results of dummy loadings are 

listed in Table 2, which shows there are few variations in 

dummy loadings for the thorax and pelvis. 

The barrier test results are closer to the Peugeot 305 

test result than the average of the results of 10 tests 

performed with 10 different European cars. 

~ Compared to average values, the barrier seems to 

increase the thoracic acceleration and decrease the pelvic 
Figure 11. Renault 14 hit by the mobile deformable 

barrier one. However, the values recorded in barrier tests are in 

799 



Experimental Safety Vehicles 

Table 2~ Dummy ~oadings 

Average Weighted P. 305 Barrier Barrier 
10 Tests Average Impacting UTAC ONSER 

Head        304 241 511 141 408 

Thorax 72 69 100 85 96 
3ms accet, 

Pelvis 106 106 85 78 84 
3ms accel. 
(g) 

line with those recorded in the test with the Peugeot 305, 

Workbarrier’the car whoSeDoneCharacteristiCSby BASt are closest to those of the 

__ve~.(w 
G01f2t~~r,sp. 

9 
Concept for the Full-scale Tests of BASt 

The tests were carried out in the crash test facility of 

BASt. The measuring technique used was described fully ....... 

in (3). --~"~ 
Figure t3 shows the test configuration of the barrier 

tests, which was laid down in the report of EEVC \\//1 
Working Group 6, "Structures’(1). //t 

The collision speed in all tests was 50km/h. The results 

of the barrier tests, were compared with those of the 

vehicle/vehicle tests. Table 3 lists all the important test 

parameters. To date, two tests have been conducted with 

the EEVC barrier tbr each test configuration. 

In this phase of the validation tests for the EEVC 

barrier, Hybrid II dummies were used since the European 

dummy planned for lateral collision tests was not yet 

available. 

Figure 13. Collision situation in the barrier tests 
Table 3. Important test parameters 

collision partners EEVC and 
veh. t CCMC-barrier VW Golf DB W 123 EEVC-barrier 

tes~ vs, vs. vs. vs. 
parameter veh. 2 VW Golf VW Golf DB W 123 DB W 123 

collision speed 
(km/h)      50           50          50          50 

impact point R-point R-point R-point R-point 
impact angle 90° left 90° left 90° left 90° left 
car mass 
test weight*(kg) 

veh. 1 950 800 1460 950 
veh. 2 800 800 1460 1460 

mass ratio 
m~/m2 1.19 1 1 0.65 

veh. 1 centre of centre of centre of centre of 
place of gravity gravity gravity gravity 
accelerometer 2 X tunnel 2 X tunnel 2 X tunnel 2 X tunnel 
mounting veh. 2 2 X left 2 X left 2 X left 2 X left 

side door side door side door side door 

test weight = curb weight + measuring equipment, without dummies 
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Standard measuring equipment, supplemented by six 

high-speed cameras, was used to measure the loads on 

dummies and vehicles. To determine the residual vehicle 

deformations, the vehicle was measured before and after 

each test; the points of deformation measurement are 

shown in Figure !4. The target points for the deformation 

measurements were adjusted to the R point, doorsill, and 

lower side window rail. The horizontal distance between 

the target points was 200mm. The target points on the DB 

123 were located analogously. 

Figure 15. Deformation of the VW Golf 

shown in Figure 16. The measuring rod in this illustration 

shows the approximate line of the original vehicle 

contours at the height of the doorsill. 

! 

Figure 14. Target points of car residual deformation 
measurements 

Results 

The results will be used to demonstrate the differences 

in the vehicle and dummy loads between the vehicle/ 

vehicle and barrier/vehicle tests. Below, the results of the 

barrier tests will be compared with the vehicle/vehicle 

tests; the mean values, particularly for the deformations 

of the VW Golf tests, can be regarded as the lower limit 

values that a test tool should achieve for a standardized 

test procedure for lateral collision testing. 

For further comparison of different barrier designs, 

the results of a test series with the CCMC barrier are 
shown in the tables. These tests were conducted by BASt Figure 16. Rupture of the A-pillar and deformation of 

the doorsill of the VV~/Golf 
in 1982(4). The most important vehicle load values are 

the deformations, particularly the intrusion of the left The lateral deformation in the three tests with the VW 

front door of the struck vehicle into the passenger Golf differed in both profile and depth. Figure 17 shows 

compartment, the acceleration of car body and side door, the depth of the deformation and the scatter for the three 

and the velocity changes thus causedl tests (in the area of maximum penetration). 
These differences in lateral .deformation were partly 

Deformations and Vehicle Loads                          caused by the differing prior damage (corrosion) to the 

suffered a higher mean acceleration (a) and a greater 
~,~ ..... ~ velocity change (Av) than the struck car (see Table 4). 

~ .__ ~ ~~ 
The accelerations of the side door, which are the primary 

determinants of the passenger load, are high (150g) and 

display only a small scatter. 

~.~ ~ =~._~/)]~///2/~.~ 

The mean frontal deformation of the striking VW Golf 

~/ ~ was approximately 100mm, with obvious damage to the 

longitudinal members and outer body members (see [] scatter of dep~.h ±n 3 ~cest:s 

Figure 15). On the laterally struck car, deep intrusions 

occurred in which the A-pillar and doorsill were ruptured 
Figure 17. Deformation profile in tests with VW Golf- 

values for measuring line -2 (in the vertical 
and bent. The rupture of the A-pillar in the area of the plane of measuring points -22, -12, -2 shown 
windscreen frame and the deformation of the doorsill are in Figure 14) 
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vehicles in the area of the A-pillar. The mean intrusion on 

the side door--measured in the inner passenger compart- 

ment at chest height of the occupants--reached a maxi- 

mum of 216mm (dynamic value); the residual intrusion .... 

was 152mm. The lateral intrusion of the A-pillar and side 

door led to a displacement of the steering column of j 
approximately 90mm toward the center of the vehicle. . 

In the tests with two Daimler Benz W 123’s, the mean 

car accelerations (5~) and velocity change (Av) were 
[] scatter of depth in 3 tests 

........... roughly equal for both vehicles (see Table 4). With a 

relatively large deformation depth, the side door accelera2 Figure 1 9. Deformation profile in tests with two D B W 
tion is unexpectedly low. This can be attributed to the 123’s from the measuring line -2 (definition 

greater deformation contingency of the door structure-- in Figure 1 8) 

due to the greater door thickness--and the installation 

......... 
point of the acceleration transducers--distance from the 

B-pillar. 

The mean depth of front deformation on the striking 

vehicle was 140mm with clear damage to the lateral 

members caused by the hard areas of the A-pillar and rear 

wheel housing (see Figure 18). 

Figure 20. Lateral deformation of the struck vehicle in 
tests with two DB W 123’s 

produced in the Golf/Golf tests; the difference in pene- 

tration depths in the two tests was less in the area of the 

sill. The rigidities of the individual barrier elements and 

their ground clearance are influencing factors in these 

vertical deformation characteristics. Figure 21 shows the 
Figure 18. Frontal deformation of the striking DB W 123 deformation profile for measuring line -2. 

The lateral intrusion in these tests displays a smaller 

zone of scatter than in the tests with the VW Golf(Figures 

19 and 20). This can be explained by the high stability of 

the A- and B-pillars of the DB W t23. No complete ~/-A-f----’~ 
rupture of these members occurred. 

The mean dynamic intrusion of the side door reached a 

maximum of 299mm, and a residual intrusion of 220mm 

was measured (approximately 30 percent more than in / 
the tests with the Golf). The lateral displacement of the 

,/|/////////, 
steering wheel was, however, only 45mm. "///////////////////////7////.< 

In the tests with the deformable EEVC barrier, the [] scatter of depth in 2 tests 

struck Golf sustained higher car accelerations than in the 

Golf/Golf tests. The mean car load (a) was, for example, Figure 21. Deformation profile of a VW Golf after 
impact with the EEVC barrier for measuring 

approximately 30 percent higher (Table 4). The higher 
line-2 (definition in Figure 14) 

vehicle loads corresponded to the considerably higher 

door accelerations. In the tests with the EEVC barrier and the DB W 123, a 

The lateral deformation (measuring line -2) of the VW smaller scatter was also observed than is generally the 

Golf in the impact with the barrier was of a more uniform case in the car/car tests. In view of the considerable 

distribution than in the Golf/Gotf tests. The deformation difference in weight, the barrier was subjected to a greater 

in the area of the doorsill is considerably greater than that change in speed. 
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7/’he loads are therefore lower than in the tests with two the width of the front structure. This is made particularly 

D B W 123’s they correspond roughly to the level of the clear when compared with the tests using the EEVC 

loads occurring during a collision between two VW barrier. 

Go~fs, (see Table 4). The acceleration of the left-hand A comparison of the measured deformations inTable 5 

driver’s door is tow, although slightly higher than in the shows the EEVC barrier causes the same horizonta! 

tests ~ith the two DB W 123’s. When the differences in deformation characteristics as a corresponding vehicle. 

weight are taken into consideration, this indicates that The limits to this correspondence are determined by the 

the foam block of the barrier is more easily deformed by excessive differences in mass and geometrical differences 

the B-pillar than is the front structure of the DB W 123. (vehicle width). 

The vertical deformation profile (Figure 22) during the To clarify this, Figure 23 shows the horizontal defor- 

barrier tests is very similar to that achieved in tests with marion patterns of the struck VW Golf compared with 

two JOB W 123’s (see Figure 19). In these tests, the scatter the tests between the EEVC barrier and the VW Golf. In 

of the measured deformations is low, particularly in the the upper door area, the deformation in the Golf Golf 

area of the doorsill, tests is higher than in the barrier Golf tests. 

It is not possible to dete rmine whether this phenomenon 

, is due to the low rigidity of the upper part of the EEVC 

~ 
barrier or to the effect of the greater sill deformation. If 

~ 
the EEVC elements have a greater ground clearance, a 

, ..... -r smaller sill deformation and a greater deformation in the 
~ upper door area would be produced with otherwise 

constant parameters. 

The deformation depth in the area of the R point 

important for the dummy load is equal in both test series. 

The deformation in the doorsill area is too high compared 

with the Golf/Golf tests due to the low ground clearance 
[~ scat~:.~?r of deplh Ln 2 lzestzs ofthebarrier. To represent the deformation curves, mean 

Figure 22. Deformation profile of a DB W 123 after values were plotted to emphasize the differences between 

impact with the EEVC barrier (definition in 
Figure 14) 

50-1 

For a qualitative evaluation of the differences in lateral 

deformation, Table 5, with a list of cumulative deforma- 

tion measurements for the individual measuring points, 

can be used (definition in (6)). In a comparison between 

the Golf/Golf tests and the EEVC barrier/Golf tests, it is , , 
apparent that the mean depths of the measuring points 

are very similar. Also similar are the lines of maximum 

deformation, which, in the case of the two-door VW 

Golf. are approximately in the middle of the driver’s 
~0] /,,’-~.~.~..._ door. The edge of the barrier strikes the door rabbet and 

hinges in front of the A-pillar and rips these out of the          ~0~ 

pillar. Whereas the VW Golf is a two-door car with a 
~ / 

relatively rigid sidewall between B- and C-pillars, the side 

sectional stability of the four-door DB W 123 is relatively 

~ower. 
~- ~u~xt 

The tow rigidity of the doors and, therefore, the only ~ SO- 0 1 0~01 slight involvement of the A-pillar and the rear wheel 
~0- 

housing in the distribution of the forces lead to maximum 

deformation in the area of the B-pillar. Furthermore, the 

distance between the A-pillar and the rear wheel housing ~0- 

on the DB W 123 is approximately !00mm greater than 

on the VW Golf; with the same width of barrier, this leads - 
to a tess favorable distribution of forces. The deep 

deformations in the tests with two DB W 123’s, particularly 

in the area of the B-pillar at measuringline-4, are caused Figure 23. Mean deformation values in tests EEVC 
by the greater impact energy of the striking vehicle and by barrier/Golf (n = 2) and Golf/Golf (n = 3) 
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the test series. With the exception of a few points, the by direct contact with the striking vehicle but is usually a 
conformity between the barrier tests was high in the consequence of the deformation of the door lower down. 

upper door area (see also Table 5). The deformation in the upper door area is therefore 

If one compares the horizontal deformation curves of greater if the intrusion in the middle door area is deeper. 

the test series with the middle class vehicles (DB W 123), Deviations between the deformation values of the 

Figure 24, it can be seen that here, too, the EEVC barrier barrier tests are only very slight, and the reproducibility 

reproduces well the deformation characteristics of an of the deformation with the EEVC barrier is, in this test 
impact with the same type of vehicle. As was to be configuration, very good--even better than in the VW 

expected in view of the greater vehicle mass and the Golf tests. 
consequent greater front rigidity of the DB W 123, the The differences in the vehicle loads during tests with 

overall deformation caused by the DB W 123 is greater, the EEVC barrier and with two VW Golfs are caused 

What is unexpected is the very good conformity of the primarily by the lower ground clearance of the barrier 

doorsill deformation, which can be attributed to the fact elements. This applies unreservedly to the deformation in 

that the height of the sill of the DB W 123 is higher than the area of the doorsill--with additional influences of the 

that of the Golf and, in the event of a lateral collision, is greater mass of the barrier and the greater mean accelera- 
......... also deformed by vehicles with greater ground clearance tion and velocity change--and probably also to the 

than the EEVC barrier. The good conformity of the sill smaller deformation in the upper area of the door. 

deformation also indicates the rigidity of the lower The differences in the vehicle loads during tests with 

barrier elements corresponds well with the rigidity of the two DB W 123’s compared with the tests between the 

average front structure of a DB W 123. The depth of barrier and the DB W 123 are also large for the 

deformation in the area of the middle door height shows parameters a and Av due to the large mass-related energy 
.......... wide deviations since the rigidities of the front of the differences. The deformation characteristics are, however, 

vehicle andthefront ofthebarrieraretoodissimilar--the very similar to those occurring during impact with a 

reason for this is probably the ground clearance of the similar type of vehicle (although with a lesser depth in the 

barrier (see Figure 14). The deformation in the upper middle and upper areas of the door). 

door area during a lateralcollision is not normally caused The test results with the two tested vehicle types 
indicate clearly that the ground clearance of the deforma- 
tion elements is too small: 

s 0 ?~ i,,,~ ¯ On the Golf, due to excessive doorsill deformation 

i 
ll 

¯ Onthe DBW 123, due to insufficient deformation 
in the upper area of the door 

With this adaptation, the EEVC barrier has a very 

~ good simulation characteristic. 

Occupant Loads 

s0] 
~ ~"’~ The vehictcloads described above result in the accelera- 

te] 
.-°’~ -’"-,/ .................. 

-’" ....... -. tion values listed in Table 6. 
~0 .o"" " As can be seen from Figures 23 and 24, the deepest 

2~1 ,~’,,, lateral intrusion of the side occurs in the area of the 

"’1 /~ passenger’s pelvis, both in the vehicle tests and barrier 

V ...... ~ tests. 
-~s -~ -~ -~ .n ~0 1~ 1~ 1~ ~ ~s The highest load values were consequently also 

[~ ~1 measured in the pelvis area of the driver dummy. 
s~- ~ 1,,,~ The obvious differences in the level of pelvis load are 
~0- clearly attributable to the different depths of deformation. 

~0- Dummy kinematics and loads will generally be 

~o- fluenced by: 

~o. ¯ The mean vehicle acceleration (a) and velocity 
change (Av) of the struck vehicle 
The depth and speed of the intruding side 

__ ~c u,u~ ...... ~ ~ ~ ¯ The initial distance between the dummy and the 
inner panel, which affects the time of contact and 

Figure 24. Mean deformation curves in tests--EEVC thus the different speeds of side structure and 
barrier/DBW 123(n : 2) and DBW 123/DB 
W 123 (n = 3) dummy 
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Figure 25. Comparison of heights of vehicle fronts 

® The construction of side structure and paneling door reached its maximum speed before impact with the 
When considering both test series, barrier and vehicle dummy (see Table 7 and Figure 26). During the barrier 

tests with VW Golf, only the first two parameters tests, the maximum chest acceleration of the driver 
mentioned above can influence the differences in these dummy was reached after 35ms, in the car tests after 
tests. The sequence of the dummy kinematics is as 33ms. A greater difference in the acceleration peaks was 
follows: When One VW Golf is struck by another VW measured for the pelvis--for barrier tests 33ms, for car 
Golf or the EEVC barrier from the side, the intruding side tests 40ms. 
first strikes the driver’s seat and pushes it against the These differences are associated with the deformation 
passenger seat. During this period, the dummy remains in behavior of the door. The loads have a lesser effect on the 
its initial position and, after approximately 24ms (after chest than on the pelvis. The side door area at the height 

start of crash, average for all VW Golf tests), is then of the pelvis was not fitted with accelerometers. The 
struck by the intruding side. The chest and pelvis are sharp rise in the velocity curve can, however, be recognized 
struck almost simultaneously. The times and accelerations in Figure 26 from the acceleration measured on the pelvis 
for the impact between the side of the vehicle and these of the dummy. The speed in the barrier test is considerably 
parts of the durnmy are almost identical in all tests. A higher. 
slight difference was evident in the impact times for the As a result of the impact between the driver dummy 
chest with the intruding side door. During the vehicle and side door, the head of the dummy rotates toward the 
tests, the dummy was struck by the door before it reached point of contact and hits its own shoulder and/or the 
its maximum intrusion speed; during the barrier tests, the safety belt directly behind the mounting. The resulting 

~� car to car m/= barrier to car 
i~ 

--Vcol1=13~89 m/s 1~." 

10 

5 

"~’~"~’/~ 

Vpetvis 

~ V~r ~ panel 

~Vch~f 

’ ’ ’ ~so ~ SO ’ 1~      ’     1~0 ms 

Figure 26. Velocity/time graphs of inner door panel and driver dummy in tests with EEVC barrier and VW Golf 
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head load was low and depended on the chest acceleration, car mass of the striking vehicle produced significantly 
The behavior of the chest and the head during lateral higher loads on the driver dummy (80g/3ms and 60g/3ms 
impact is determined by the design of the Hybrid II were exceeded in alltests for pelvis and chest, respectively). 
dummy; the chest and shoulder area as well as the The dummy kinematic load was generally the same as in 
vertebral column are too stiff for the lateral impact. In the other tests. The main difference was in the pelvis 
lateral collision tests with the newly developed lateral region. Whereas chest and pelvis were struck by the 
dummies, which demonstrate a more realistic behavior, intruding door at the same time in all the Golf tests, the 
the head moved through the plane of the side window(5), intruding door in the DB W 123 tests accelerated the 
The load criteria for the various regions of the body were chest earlier (approximately 10ms). This was caused by 
exceeded for the pelvis area (80gi 3ms) in all barrier tests the seat, the side door geometry, and the resulting seating 
and one Golf/Golf test. position. 

Due to the collision configuration (e.g., impact points), A further difference involved the driver’s seat, which, 
the loads on the rear passengers were less affected by the together with the dummy, was pushed against the 
lateral intrusion. In addition, a longitudinal component passenger seat. In tests where a VW Golf was struck from 
was included in the direction of movement. These factors the side, on the other hand, the seat displacement was 
lead to markedly lower loads on the chests of the rear almost complete before the dummy was struck by the 
passengers. Due tothedirectionofmovementtowardthe intruding door. This means the load on the dummy 
point of impact and also the shifting of the driver’s seat during the tests with a VW Golf was not affected by the 
because of deformations of the car floor, the knees of the behavior of the driver’s seat but was affected in the tests 
rear dummy collided with the driver’s seat. The loads thus with the DB W 123. The effects of the impact site for chest 
caused could be measured in the chest and pelvis of the and pelvis relative to the speed curve of the side door are 
driver dummy and in the femur and pelvis of the rear seat shown in Figure 27. 
dummy. The loads on the head of the driver dummy follow the 

In the event of a head impact, the rigid, practically same pattern of movements as in the other series of tests, 
unpadded C-pillar and the lateral roof rail lead to high alt hough the head loads are higher due to the higher chest 
accelerations, although these do not exceed the protection acceleration. 
criterion (HIC =%" 1,000). The kinematics and loads on The loads on the rear seat passengers were also 
the rear seat dummy were practically identical in the test significantly lower than those for the driver dummy in 
series with the barrier and with the VW Golf~the slightly these tests. The acceleration level was roughly similar to 
higher loads in the barrier tests correlated with the higher that in other test series. This may be the result of better 
collision energy as a result of the greater vehicle mass. door padding; here again, no clear interactive contact is 

In the tests with the intermediate size cars DB W 123, made between the driver’s seat and driver dummy. The 
the characteristics of the car construction and the greater more stable floor and the maximum side deformation 

c~r to car                                        barrier to car 

1~, v~oa =13,89 m/s 14 Vcott = 13,89 m/s 

~.d~re~tion y.direction 

10, !0 

V{hest                                                     hesf 

5 ~ 5 Vinner door ponel 

so ~0     ’150’ ms 50 ~oo ~0 ms 

Figure 27. Velocity/time graphs for chest and pelvis relative to intruding door in test DB W 123 and EEVC barrier/DB 
W 123 
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lying further to the rear of the vehicle prevent impacts dummy) must be developed for lateral collisions and a 

between the rear seat dummy and the driver seat. suitable test tool selected as a standard vehicle from the 

During lateral impact of the EEVC barrier with the DB existing proposals. This study was to prove the validity of 
............. W 123, the dummy kinematics are similar to those a mobile deformable barrier whose parameters (e.g., 

occurring during car! car collisions, and the curve charac- rigidity and deformation behavior) were specified by 

teristic for the pelvis loads is also similar. Only the EEVC, regarding its suitability in comparison with 

acceleration of the various parts of the dummy body is collisions between real vehicles. In this project, two tests 

lower, and other contact times are the result of the lesser were carried out with the EEVC barrier against the VW 

deformation depths with roughly similar deformation Golf. The results of the vehicle and dummy loads were 

speeds (see Tables 6 and 7 and Figure 27). compared with those from another test series, VW Golf 

In the following, the distribution of the accelerations versus VW Golf. In addition, a similar series of tests was 

over different parts of the body is compared; acceleration carried out with the DB W 123, results of which were used 

values with an effective duration of 3ms will be compared, to demonstrate differences in vehicle and dummy 

Figure 28 shows the mean values from the various series behavior. Furthermore, data from a test series with the 

of tests. CCMC barrier against the VW Golf are shown in 

The expected distribution of the loads from head to comparison tables to assess the suitability of the EEVC 

pelvis with ascending values could be observed in all tests, barrier in comparison with other solutions. The most 

The loadsproducedbyastrikingVWGolfwerelowerfor important results from the three series of tests are 

all body parts than in the EEVC barrier tests. In contrast summarized below: 

to the corresponding CCMC barrier tests, the EEVC 

barrier does not produce unrealistically high loads on the Golf/Golf Tests 

pelvis region. The greater weight and associated rigidity 

of the front of the DB W 123 caused high dummy 
¯ During the tests, the deepest deformation was 

accelerations not achieved in the tests with the lighter measured in the front door area. The deformation 

EEVC barrier. Nevertheless, the dummy loads were so of the doorsill on the struck vehicle was low due 
to the relatively high ground clearance of the high that the injury criteria for chest and pelvis were 

exceeded, striking Golf. The A-pillar was ruptured at the 

..... transition to the sill. 

.......... 
(,~ ~ 

¯ The distribution of the impact speed did not 
l produce equally high ratios to the change in 

/ / ~ velocity--the striking VW Golf sustained greater 

.... ’ 4b ’ 16o velocity changes. 

t’’~" "~’~ IE~vc"~os I °~,[~1 ¯ The dummy loads were comparatively low. The 

.... t l"-" "" vw-~ vw protection criteria were exceeded in only one test 

! I ~ 
for the dummy (driver) pelvis. 

I---    ’ ,b ’ 16o ’ 

/~ -’3 - [6i-.~D~ / EEVC Barrier/VW Golf Tests 

t \ /    / _    ICC Mc-~ vw                1~°i ,....              ¯ The barrier produced a very deep intrusion in the 

~ 
’ ,~o 1oo ’ 

a..,[~,] doorsill of the struck Golf; the profile of the 

deformation in the upper door area was similar 

but less deep. The maximum deformation was 

also in the front door area. 
¯ The vehicle acceleration was greater than in the 

, car tests. The velocity change of the struck Golf 

Figure 28. Comparison of acceleration mean valuesla3ms) was slightly higher than that of the barrier. 

for various regions of body of driver dummy ¯ As a result of the slightly higher mass of the 

barrier, the dummy loads were also greater than 

in tests with the VW Golf. The pelvis protection 

Summary and Conclusion criterion was exceeded in all tests. 

Compared with the Golf/Golf tests, the following 

The development of a test regulation for lateral conclusions can be drawn as to the suitability of the 

collisions as part of a type approval test is currently being EEVC barrier: 

promoted by ECE. Before a joint regulation can be ¯ The distribution of the various rigidity zones in 

accepted by the governments oftheparticipatingstates, a the horizontal plane of the EEVC barrier con- 

more suitable anthropometric test dummy (lateral forms well to the front face of the VW GolL 
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The ground clearance of the EEVC barrier Compared with the tests using two DB W 123’s, the 
elements, designed to be compatible with future following conclusions can be drawn regarding the suit- 
vehicle development, is too low to produce ability of the EEVC barrier: 
deformations comparable with those caused 

¯ The distribution of the rigidity zones in the 
during a VW Golf/VW Golf collision, 

horizontal plane of the barrier conforms as well 
The dummy loads for head and chest in the 

as with the Golf with the front faceoftheDBW 
EEVC barrier tests were of approximately the 

! 23, e.g., it leads to similar deformation profiles. 
same level as in tests with the VW Golf. The 

To cause similar deformations in the vertical 
pelvis was subjected to greater loads in the 

plane, however, the upper edge of the barrier 
barrier tests, and the protection criterion 

must be raised and cause a greater deformation 
(80gi 3ms) was exceeded, 

of the upper door area. In the critical R point 

area, however, it conforms satisfactorily. 

The dummy loads in the barrier tests correspond 

123/DB W 123 Tests to those in the tests DB W 123iDB W 123 when 

the difference in the kinetic energy is regarded; 
tn the tests, deformations in the upper door area e.g., they are appropriately lower. Chest and 
were large and approximately the same depth as pelvis loading exceed the protection criteria. 
in the tests with the VW Golf. The maximum 

In conclusion, the following comments can be made 
side deformation in this case, however, was in 

regarding the suitability of the EEVC barrier: 
the area of the B-pillar. The doorsill deformation 

was significantly higher than in the Golf tests. ¯ The distribution of the rigidity zones in the 

The car acceleration and velocity changes were horizontal plane of the EEVC barrier conforms 

greater than in the Golf tests. The distribution of well with the demands of such a wide spectrum 

the velocity change of the striking and struck DB as that of the VW Golf and DB W 123 as shown 

W !23 was the same. by comparisons of the deformation profiles. 
¯ The ground clearance of the EEVC barrier The protection criteria were exceeded in all tests 

for the chest (60g over 3ms) and the pelvis (80g elements is too low to produce deformations 

over 3ms). similar to those produced by cars currently on 

the road in small vehicles, e.g., the VW Golf 

tested here. If the position of the doorsill, e.g., on 

the DB W 123, is so high that even vehicles 

BarrieriDB W 123 Tests currently on the road cause a deep deformation 

of the doorsill during lateral collisions, the area 
The deformations in the area of the doorsill were of the barrier that is superfluous for sill deforma- 
very similar--the areas in the middle and upper tion appears to be lacking in the upper door area; 
side door were deformed considerably less than i.e., for a better simulation for this type of 
in the DB W 123 / DB W 123 tests. The area of vehicle, the ground clearance of the deformation 
maximum deformation was again inthe area of elements must be raised. 
the B-pillar. ¯ The dummy loads in the EEVC barrier tests 
The mean vehicle acceleration of the struck DB were, in all cases, similar to the loads caused by 
W 123 was slightly lower than during the car real vehicles and demonstrated only higher or 
tests. The mean deceleration of the EEVC barrier lower values through the differences in impact 
was approximately 1.5 times higher. The velocity energy. During the EEVC barrier/VW Golf 
change of the struck DB W 123 was considerably tests, the pelvis was overloaded and the protection 
lower than in the car tests. On the other hand, a criterion (80g over 3ms) was exceeded. In the 
higher acceleration of the side door was measured tests between the EEVC barrier and the DB W 
that did not, however, have any major effect on 123, chest (60g over 3ms) and pelvis (80g over 
the door intrusion speed. 3ms) were overloaded. 
The similarity of the loading by the EEVC ¯ The EEVC barrier is capable of simulating well 
barrier compared with the DB W 123 is also the specific deformation characteristics even 
indicated by the dummy loads; they are in a with widelydifferingvehicles. The rigidity of the 
similar proportion for parts of the body but, as a hard foam elements combined with the aluminum 
result of the lower vehicle acceleration and panels is a good approximation of the average 
deformation depth, arelower overall. The protec- vehicle structure. In view of the test results 
tion criteria for chest and pelvis were also shown here, acorrectionofthegroundclearance 
exceeded during the barrier tests, of the deformation elements appears to be 
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necessary for it to conform with vehicles currently reproduces car deformations as well as dummy 

on the road. loadings. 

¯ The validation of the EEVC barrier is near 

completion, especially in tests using the 
General Conclusions EUROSID dummy as it is prescribed in the 

EEVC side impact test procedure. At the same 
This research involves four different European labora- time, the repeatability of the barrier is evaluated, 

tories: BASt in the Federal Republic of Germany, as well as the possibility of using it to check 
ONSER and UTAC in France, and TRRL in the United compatability between front and side structures. 
Kingdom, under the project leadership of ONSER. 

This work was split into two phases. The first phase is 

achieved, whereas the second phase is in progress. The 

main conclusions of the part of the work that is finished References 
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The CCMC Mobile Deformable Barrier for Lateral Collision Testing 

D.R. Gebbels 
develop a mobile deformable barrier (MDB) to investigate 

its use as a test tool. This paper describes the criteria used 
Pilot CCMC Working Group Crashworthiness 

in MDB definition, MDB construction, and the assess- 
(Ad Hoc Group Barriers) ment testing undertaken to date and reviews and discusses 

the possibilities for further harmonization of test 

Abstract 
standards. 

As reported at the Seventh ESV Conference, Paris, Introduction 
1979, the European car manufacturers associated with 

the Committee of Common Market Automobile Con- From 1979, CCMC has been developing an MDB to 

structors (CCMC) carried out a large program of lateral investigate its use as a realistic test tool for lateral 

collision tests. From this data base, CCMC proceeded to collisions. 
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Importantly, it must be restated that during its early 
Deformation Zone Geometry 

investigations into the use of side impact barriers, CCMC 

concluded dummies such as the Part 572 do not adequately 
To obtain representative geometric dimensions for the 

represent the perforrnance of human beings in lateral 
deformable element, the essential geometric data of 

collisions. Therefore, MDB development will be of 
approximately 45 cars, weighted according to frequency, 

limited advantage until suitable progress has been made 
were determined. Figure 1 shows the representative 

in the development of dummies for lateral collisions. 
geometry (mean value) of the front of an average 

European car circa 1978. Based on these findings and in 

Phase I--Design Objective conjunction with the force deflections, segmentation of 

the deformation zone and design dimensions were defined 

The o~ective was to match the essential characteristics (Figure 2). 

of the M DB as closely as possible to those of an average The front face of the barrier was specified flat, vertical, 

European car running on European roads in the late and normal to the barrier’s longitudinal axis, without 

! 970’s. A regular check was to be made, say every 2 years, simulation of a bumper. The distance of the lower edge of 

to detect any trends in these characteristics so that the impact surface from the ground was set at the 

changes could be considered. The first reevaluation of the maximum of 300mm to allow the barrier to slide over the 

MDB is now taking place and is discussed under Further side doorsills of most cars. 
Research. The original version was based on 1976 vehicle 

data and is designated CCMC-MDB76. 
Deformation Length 

The essential parameters and development criteria for 

the MDB were~-- 
® Mass                                             Based on the finding concerning maximum deformation 

values for the colliding vehicles in (l), a deformation ~ Force-deflection characteristics 
length of 300mm was considered adequate--the MDB o Deformation zone structure (geometry) 
being originally envisaged as a test instrument for ¯ Deformation length 
perpendicular lateral collision only. Its use under a ¯ Energy-absorbing material 
crabbed test configuration is discussed under Harmoniza- 

The deformable part was to be designed for the most 
tion of Side Impact Test Procedures. 

severe 90° lateraI impact of the MDB against a vehicle. 

Mass (CCMC76) Energy-Absorbing Material 

Steel tubes, hydraulics, aluminum honeycomb, and 
From t976 sales figures, frequency distribution for rigid urethane foam were all considered for the energy- 

unladen car masses were determined for the automobile 
absorbing element. Both the hydraulics and tubes were 

industries in individual European countries. Weighting 
discarded because they would require a heavy rigid front 

the basic vehicle masses with available frequencies for the 
plate and such a plate would have adverse mass effects in 

vehicle types produced an unladen weight of 850kg as the 
a side collision. 

average value. Allowing for vehicle occupancy of 1.5 to 
After preliminary investigations and testing of atumi- 

1.7 (average)and the estimated shift in mass from 1976to 
num honeycomb, this too was abandoned because the 

the date of the MDB specification, a specification for the 
barrier segmentation and load deflection curves required 

MDB was established at 950kg. 
could not be readily achieved without significant develop- 

ments in the technology. Also, the source of supply for 

Force-Deflection Characteristics such material was limited and, with it being at a basic cost 

and weight disadvantage when compared to foam, rigid 

The force-deflectioncharacteristicsspecifiedfor300mm urethane foam was finally adopted for the energy- 
deformation were determined from the test results ob- absorbing elements. 
rained from 15 different cars into 0° full frontal dynamo- 

metric barrier at 48krnih. The dynamometric barrier 
Material Testing 

information was supplied by CCMC member companies, 

and the 15 different car models represented some 1.5 

million cars registered for the road in 1976. With 

consideration of geometric data, the barrier face was split Deflection Characteristics 
into eight separate segments. The characteristics from the 

individual cars were weighted according to the 1976 sales Quasi-static pressure tests with foams of different 
figures and then averaged, densities were performed to quantify the relationship 
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Figure 1. Geometrical car dimensions--European mean values 
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~ -------~r--- 1550 ~ Foam Density(kg/m3): (~ 96 

3 4 "-o-.... o 30 

~__//I///~21/1II///////7~///////il 
DIMENSIONS [N MILLIMETERS 

Figure 2, MDB segmented front face -4~ ~/Oc~ - ~ 

between collapse force and the respective density. To 
5~ obmi~ the necessary force-deflection, test specimens with 

~n[ern~l sculpturing for some of the depth were made. 
For production reasons, the internal cavities were bored - o _. ~ . ~ _ ~ 
p~rallel to the d~rection of force. To adapt the foam 
mare[in! to the given force-deflection characteristic, each 
individual segment of the barrier had to comprise o 

d 2o 4b 
separate layers of different density foam with different 

TEMPERATURE (°C) 
ix~ternal cavity arrangements. 

Figure 4. Temperature effects (PU foam) in dynamic 
tests 

Temperature Influence 
Consequently, to limit the effect of temperature 

Foam samplesofdifferentdensityandcoretemperature variation to below 5 percent, a temperature range of 
were submitted to static and dynamic testing. The +18°C to +25°C would be specified for the deformable 
densities were 30, 70, and 96kgim3, and the tests per- zone of the MDB during a lateral collision. (This 
formed at temperatures of 0°, +20°, and +40°C. With a requirement is similar to that required for the anthropo- 
density of 30kgim3, temperature did not have any morphic dummy in U.S. legislation.) 
significant influence on the force, whereas the more dense 
foams produced reduced forces of around 15 percent as 
the temperature was raised +40°C (Figures 3 and 4). Speed Influence 

O 96 Although polyurethane foam was found to be velocity- 

15 Foam Density(kg/m~): ~ 70 sensitive in that the collapse load was higher under 

o 30 dynamic loading than quasi-static, this particular criterion 
was not pursued in depth. Since the speed variation 
allowable in any test procedure would not be greater 
than, say, ~5 percent, it was not considered a problem. 
Fixed barrier tests at 35 and 50km/h impact velocities 

lO 
showed no differences in the force/deflection charac- 

~ .~ -3o ~/oc teristics up to 300mm deformation. 

~ -~a ~/:c~.~ Preliminary Testing of MDB Deformable 
s Element 

For the preliminary verification of the force-deflection 
--e-----~. -----~ - ~ ~ characteristics, two differently structured MDB deform- 

able parts were manufactured; one with three layers of 
foam giving a five-step characteristic, and one with four 13 

(~ 2"0 4’0 layers giving a seven-step characteristic. The constituents 
TEMPEtqATURE (°C) 

.... ,, of the individual segments were cut from freely expanded 
Figure 3. Temperature effects (PU foam) in static tests polyurethane blocks and provided with the required 
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cavities by mechanical means. Tests with the two proto2 acting on all four wheels. The basic chassis weighs 744kg. 

types into a dynamometric barrier at 50kmi h showed a With the deformable zone attached, the minimum barrier 

good approximation to the required force-deflection weight would be 770kg. 
curve by the three-layer variant with the four-layer Ballast at the back of the chassis produces the specified 

version being less satisfactory. The three-layer polyure- barrier mass with a center-of-gravity height of approxi- 

thane part was chosen for further development. Because mately 500mm and an inertia moment between 1,500 and 

the MDB deformable element absorbs only the energy of 2,000kgm2 about the yaw axis. 

a 33km/h fixed barrier impact, it was mounted on an 

additional foam block with high stiffness. MDB Testing 

Front Cover Plate 
Whole Vehicle Side Impact 

A flexible front cover plate was necessary to allow a 

continuous deformation process with different lateral Since the essential characteristics of the MDB were 
........ stiffnesses of the impacted vehicle--to spread the forces matched as closely as possible to those of an average 

and mitigate local penetrations. Various covering plates European-type car, circa the late 1970’s, the first tests 
were tested with a 2mm aluminum plate being finally involved impacting the MDB into a car close to the 
chosen, established average condition. Two subject vehicles were 

chosen, namely the Renault 14 and VW Passat. These 

Barrier Construction vehicles had characteristics closest to the European 
average defined in Design Objectives. Two deformable 

parts were manufactured. The components of the indi- 

vidual segments were still cut from freely expanded 

Deformable Zone blocks and provided with mechanically drilled cavities. 

Although CCMC members agreed that the U.S. Part 

Each segment was made from two blocks of foam 572 dummy was not designed to evaluate lateral impact 

glued together with internal cavities for part of their protection, it was used since it was the only measurement 

depth. Over the entire face of the MDB was glued a thin device available at that time. 

(30mm) layer of low-density foam. Onto this was stuck In both cases, the struck car was stationary. The 

the 2mm aluminum plate, impact angle was 90°, and the speed was 50km/h. The 

To insure the temperature of the elements could be front seats of the struck car were in the 50th percentile 

maintained between 18° C and 25°C at the time of test (as seating position. The median axis of the impacting 

....... would be necessary for an outside facility in winter), the barrier passed through the lateral projection of the SRP 

entire unit was designed so it could be installed onto the point onto the outside surface of the car. Dummies were 

rigid chassis at the last moment before test. This was placed in both the front and rear seats on the impact side. 

achieved by having an aluminum plate glued to the back For brevity, only the results from the Renault 14 tests 

of the foam elements so the entire assembly could be are presented here (Figures 5, 6, and 7). From these tests, 

mounted easily to the rigid part of the barrier by quick- it was concluded that the MDB, as designed, was capable 

release pit pins. The entire assembly was wrapped in a of simulating a car-to-car side collision and that develop- 

thin plastic sheet to prevent foam scatter on impact, ment should proceed. 

Weight of the deformable unit was 25kg. 

Repeatability--MDB Solely 

Rigid Chassis As with all crash tests that are developed to assess a 
vehicle’s capability of protecting its occupants in accidents, 

it is imperative that the test procedure, inter alia, gives 
The frame configuration was adapted from that pro- 

posed by ISO for its barrier for side impact testing. It 
repeatable results. Test tools and procedures that do not 

consists of welded steel profiles and has a front covering 
provide repeatability cannot be used. 

plate to support the deformable unit and react the 
Five separatetestswererun into afixeddynamometric 

deformation forces, 
barrier at 48km/h (to insure complete collapse). These 

The chassis is equipped with two Porsche 924 rear parts had to be manufactured under the same conditions 

axles so the overall height may be adjusted via the torsion 
as eventual series parts would be. For that reason, 

bars. The suspension of both axles can be locked. The 
expansion moulds were prepared to maintain identical 

chassis is also equipped with a hydraulic brake system 
production conditions. Initially, the production of the 
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RENAULT Rt4 

RENAULT R14 RENAULT R14 

540     0 540 

Figure 5. Comparisen of test results--MDB/Renault 14 and Renault R14/Renault R14 

Rgure 6. Outside deformation pa~ern--MDB/R14 and R14/R14 

3 t71 50 

6 253 110 

8 328 160 

1 407 260 
11 416 240 

13 262 180 
14 346 228 

17 360 264 

@ 20 
20 280 175 

22 

DIMENSIONS IN MILLIMETERS 24 323 300 

F~gure 7. Inside deformation MDB/R14--R14/R14 
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cavities was tried by the addition of inserts within the characteristics were specified to be made symmetrical 

expansion mould, about the centerline of the barrier. In addition, certain 

Unfortunately, this procedure had to be abandoned for refinements were proposed to the separate force-deflection 

technical reasons--the foam density increasing in the characteristics to make them more representative of the 

area of the inserts with a resultant increase in the force average European car specification. 

level. With certain refinements to the tools later, insert- The final specification for the deformable part as used 

type bores were used in segments having a density of in subsequent MDB76-to-car testing is shown in Figures 

more than 50kg! m3, which meant a considerable reduction 9 and 10 and Table 1. 

in the mechanical treatment during production. 

400 ,,/., ~ .... 

3 1 4 

z so ; -’:’ 
2s 

5 6 2 7 8 

I 

Figure 8. Segment load deflections- repeatability tests 

When the five tests were evaluated, it was noted that 
Repeatability--MDB/Car Testing 

while some segments showed deviations of as much as 
+20 percent, the scatter of the overall (total) force was 
less than +10 percent at 300mm (Figure 8). 

To assess the repeatability of the MDB when impacted 

After these tests, to make the barrier construction 
into a car, six strictly identical tests were performed with 
the Renault 14 as the subject car. The test protocol for 

simpler and, therefore, more acceptable, the segment 

Table 1. Foam densities and dimensions of segments 
for one CCMC deformable part 

Number Dimensions Foam Density Cell -4- ........ +--’--’-t- 
(mm3) (kg/m3) Number 

L-100-~, .... 

LTg.~_ 1~ o 2 575X245×200 20 3.1; 4.1 
2 225X245X200 20 5.1;8.1 

-- 
2 225X245X200 30 5.2; 8.2 
2 350X245×200 40 6.1 ; 7.1 
1 400X245X200 40 1.1 ~     - 
2 575X245X200 50 3.2; 4.2 ~ 
1 400X245X200 60 2.1 J 
1 400X245×200 100 1.2 ~ 
2 350X245X200 100 7.2; 6.2 
1 400X245X200 140 2.2 
2 775X490X30 10 Frontplate DIMENSIONS IN MILLIMETERS 

Foams Used (I.C.I.):--"Daltolack K129"--"Suprasec Dnr’" Figure 9. Final specification of MDB76 deformable part 
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2.1 2.2 

Ceil 3.1 3.2 

4.1 4.2 

Cell 6.1, 6.2 s~cT~B 
7. t, 7.2 

Figure 10, Final specification of MDB76 deformable 
part ~,o ~ ~oo ,,~ ,~o ,~ ,oo ;~ ;o & o 

these impacts was the same as described in MDB Testing. ~.L~VE DISTANCE 

A~I impact speeds were within the range 50.2 to 50.3km/h Figure 11. Outside deformations--MDB/R14 repeat- 
with the subject car weight between 1,036 and 1,042kg. ability tests 

As previously stated, the Part 572 dummy is not 
own vehicle models, previously used in the earlier car-to- 

suitable for lateral collision evaluations, and so, for this 
car and rigid barrier testing phase of their program(I). A 

part of the test program, the cars were fitted with two 
total of 12 M DB-to-car tests were conducted, according 

APROD 8 t side impact dummies for simulation of driver 
to the test protocol of MDB Testing, but at each 

and back-seat occupant. Since, for this exercise, the 
manufacturer’s own test site. The appendix gives an 

repeatability of the MDB and subsequent car deforma- 
analysis of these tests and compares the results with the 

tions were the important parameters, the dummy results 
are not included in this report. A summary of the dummy 

previously conducted car-to-car tests(l). 

results are, however, contained in the CCMC paper(2). 
A major conclusion from these individual assessments 

~ was that despite a lower impact energy with the MDB, the 
Figure 11 shows--- 

car deformation and main dummy recordings were 
® ’[’he outside deformation measurement points 

higher than with the car-to-car tests. To improve this 
~ Outside deformation values recorded 

Figure 12 shows~-- 
situation required reduction in the stiffness of the MDB 
deformable element. Consequently, the decision was 

* Variations in interior intrusion at strategic points 
made in 1982 to reevaluate the main MDB characteristics 

Regarding the outside deformation of the vehicles, the 
damage was very similar in the six tests. Analysis of the 

and attempt to get the actua! values closer to the required 

results produced a standard deviation for maximum 
specification. 

inside deformation of 3.14 percent and deformation at Further Research 
the front SRP of 1.42 percent. 

These results indicated the repeatability of the MDB The testing of the barrier into European cars has 
was satisfactory when samples from the same batch of shown it to need some modifications to come closer to the 
deformable elements were used. specification derived from 1976 data. The opportunity is 

being taken to establish any changes that have occurred 
MDB Round Robin Testing in vehicle design characteristics during the initial evalua- 

tion period so this latest information can be considered. 
The MDB was then assessed by the CCMC member The member companies of CCMC have supplied data on 

companies in a series of round robin tests against their their newer models, and a similar weighting procedure is 
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being used as in Phase I. Research indicates some stiffness of the EEVC and CCMC element will align 
changes have occurred, but only minor modifications will closely. 

be required. 

Test Procedure Comparisons 
Harmonization of Side Impact Test 
Procedure 

Configuration 
During the time of CCMC MDB development, both 

NHTSA and EEVC have been pursuing their own CCMC and EEVC have chosen a 90° impact with a 
proposals, which vary with respect to test procedure, velocity direction perpendicular to the impacted car. 
configuration, and MDB design itself. Although it is not the most frequent impact force 

The requirements of the EEVC barrier were established direction, it is the most frequent impact angle(3). NHTSA 
in the final report of Working Group 6 in March !982 simulates the velocities of the striking and struck vehicles 
with the European community financing an evaluation by having a crabbed barrier. The CCMC barrier has been 
program based on these requirements. NHTSA started assessed in this latter mode and has proved satisfactory in 

.......... their research program in 1977 with testing and develop- performance(3). 
ment continuing. 

Since each investigation has the same aim of improving 

the passive safety of motor vehicles, a proliferation of Test Velocity 

such devices and procedures is clearly not desirable or 

........ necessary, especially with the similarity in the European Both CCMC and EEVC have used a test velocity of 

......... and the U.S. side collision accident scenes(3). The 50km/h. NHTSA generally uses 54kmih, taking the 

ultimate assessment criteria should be based on inter- crabbed motion into account. This simulates the velocity 

nationally accepted standards, of the striking (48km/h) and the struck (24kmi h) vehicles 

The main characteristics of the three barriers are in a 90° lateral impact. 

presented in Table 2. 

Mass 
Impact Point 

For CCMC, the centerline of the barrier passes 
CCMC and EEVC have the same mass at 950kg, while 

NHTSA is 1,360kg. A compromise should be found, and 
through the lateral projection of the SRP onto the 
outside surface of the car. Whereas EEVC is similar, the 

l, 100kg is proposed. 
NHTSA point is related to the subject vehicle’s wheelbase. 

Ground Clearance This brief resume of the research proposals to date 

shows there is a basis on which harmonization can be 

The CCMC ground clearance will be reassessed to advanced: 

account for real accidents. Tests at 250mm will be 
Europe should consider the adoption of the crabbed 

undertaken during the summer of 1985. impact at 90°, while the United States should consider 
the 90° impact for its crabbed test proposition. The 

Stiffness repeatability and reproducibility of the CCMC MDB is 

such that a joint European and American research 

Withthe minor modification proposed byCCMC, and program is warranted to develop a common test 

the discussed stiffening of the EEVC barrier(4), the procedure. 

Table 2. Comparison of mobile deformable barriers 

CCMC EEVC NHTSA 

Mass (kg) 950 950 1360 

(3,000 lb) 

Shape flat flat + bumper flat + bumper 

Number of 
Blocks 8 6 1 + bumper 

Ground 300 

(mm) (250) 250 279 

Clearance (harmonised) 

Height (mm) 490 500 559 

Width (mm) 1550 1500 1679 

Thickness (mm) 430 500 483 
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harmonization of future side impact performance 
¯ ~ ~8-~ 

requirements," SAE Paper 840888. 

~~ 

4. Pullwitt, E., and W. Sievert, "Feasibility of the side 

impact test procedure proposed by EEVC," Final 

report, Bundesanstalt Ever Strassewesen, Contract 

A0/83/394, Bergishe Gladbach, June 1984. 

Appendix 

................... MDB Round Robin Test Results DIMENSIONS tN MILLIMETERS 

Figure 12, Inside deformations--MDB/14 repeatability Compared With Car-to-Car and ECE 
tests (minimum-maximum values-- Barrier.to-Car  Impacts Tested in (1) 
six tests 

In the following diagrams, a comparison of 12 MDB 
The conformity and batch repeatability of the CCMC 

tests is made with the 60 car-to-car impacts and 10 ECE 
MDB have been demonstrated. Should the barrier be 

rigid barrier-to-car impacts conducted earlier, all at 90°. 
adopted as a homologation device, it will be very 

important that all deformable elements perform in a 
Analysis is restricted to the main parameters, notably: 

similar manner. Since a number of parameters can 

modify the characteristics (e.g, batch changes, transpor- Car --maximum external and internal 
ration, storage), it is fundamental these criteria are deformations 

precisely known and defined. It will be necessary to --maximum internal deformation 

define tests that should be performed so conformity with at the front SRP 
(Seating Reference Point) 

specification is guaranteed. CCMC continues to work on Dummy A Head --3ms (milliseconds) resultant 
these aspects, acceleration 

(Part 572) Thorax --SI (Severity tndex):3ms:contact 
time car door/thorax 

Pelvis --Sl:3ms:contact time car 
door/pelvis 

1. CCMC has developed an MDB for lateral collision 

testing. The MDB76 version has been used by many 

research organizations and has proved suitable as an Dummy A is the front-seat dummy on the impact side. 

evaluation tool. This was the most critical seating position in terms of 

2~ The specification is being upgraded to reflect the high dummy loading. 

latest vehicle characteristics. Work on MDB cali- Dummy results are split: 

bration will continue. (A*) first impact with intruding structure 

3. European and U.S. researchers should collaborate (A**) -- second impact with adjacent dummy 

more to achieve the harmonization of side impact (A) -- total result 

test procedures and so avoid a proliferation of Since all the rigid barrier (ECE) tests were run at 
requirements. CCMC proposes to amend the mass 35kmih and all MDB tests at 50km/h, only the mean 
and ground clearance of their barrier and suggests values and the standard deviation have been computed 
joint research should be undertaken into the use of for these. For the car-to-car tests, however, the speed 
the CCMC deformable element mounted to the U.S. range lay between 34 and 64kmih so the influence of 
crabbed chassis in a 90~ impact, impact velocity for this test type could be obtained. 

Figures A-I through A-4 show the graphical results. 

The black line always shows the predicted mean value 

versus impact velocity from the car-to-car tests. On either 

1. Report on Lateral Collision Tests, CCMC-WGCW side are dotted lines at a distance of one standard 

ESV Conference, Paris, 1979. deviation. 

2. Report on the Results of Tests Performed by CCMC The mean value of the ECE test is marked with a circle, 

on the APROD Dummy, AHD/9i83, EEC Bid- with a vertical line showing the standard deviation. 

mechanics Seminar, Brussels, March 1983. The MDB results are shown as ellipses with the 

3. Klaus, Gunter, et al., "Mobile deformable barrier for diameters giving the standard deviations measured in the 

lateral collision testing--a contribution toward a two directions. 
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Fabrication and Validation of a Mobile Deformable Barrier for Side Impact 

H. Le Guen, face, making it easier to study the lateral structure 

R o Dargaud, and resistance of the struck vehicle. 

To Bourdillon 
[~nion Technique de L’Automobile, du Introduction 
Motorcycle, et du Cycle (UTAC) 

At the Ninth ESV Conference, the Laboratory of 

UTAC presented a study(!) that defined the specifications 

Abstract for a mobile deformable barrier. Such a barrier should be 

used as a striking mobile, in a test procedure, to evaluate 

At the tast ESV conference in Kyoto. the Laboratory the protection brought to the occupants of a passenger 

of UTAC had proposed a work that has permitted the car in a lateral collision. 

characteristics of a mobile deformable barrier to be These specifications have been established at the 

defined, request of the French Administration and are supported 

After discussion at the European Experimental Vehicles by French car manufacturers. The specifications of the 

Committee (EEVC) and study of proposals from different front face of the barrier were defined after studying the 

members of the Group of Rapporteurs on Crashworthi- frontal structures of 20 vehicles considered as performant 

hess (G RCS) of Geneva, a design of a mobile deformable toward frontal impact. 

barrier has been defined. The characteristics of the mobile deformable barrier ........ 

To obtain the prescribed force-deflection curves of were defined after examining the characteristics of the 

each part of the front impactor, the use of honeycomb vehicles. The dimensions and mass of this barrier were 

materials has been studied by the Laboratory of UTAC. determined by calculating the weighted average value 

"~his material was chosen because from the parameters measured on the 20 vehicles. 

* The force-deflection curve is linear and constant. A weighted coefficient, taking into account the number 

* The repeatability of compression tests is good. of the vehicle-type registered in France in 1980, has been 

* The restored energy after impact is very low. assigned to each parameter. 

* The implementation to build the front face is To define the stiffness of the impactor, the front 

very easy. structures of the 20 representative vehicles were studied 

* The stiffness of the whole front impact surface is in frontal collisions at 35 + 2km/h against a load cell 

uniform, fixed barrier, designed to measure the contact loads 

~ * The visible print of the struck vehicle in the front during impact. 

face shows the different stiff sections of the For each value of the crush, the value of the cor- 

lateral structure of the struck vehicle, responding weighted average effort has been calculated. 

Many tests have been carried out, as part of a study Force-deflection characteristics have been established 

contract for the "Direction de la S~curit~ et de la from data provided by each of the six plates of the load 

Circulation RoutiEres (DSCR),’against a load cell fixed cell wall. The weighted tota! force is defined with the 

barrier to verify the repeatability of deflection and effort same calculation. 

measurements of the whole impactor. Moreover, this The dimensions of the impactor of the barrier have 

barrier has been evaluated during lateral impacts against been defined from measurements of the front parts of the 

vehicles, vehicles. 

"these tests have shown that, using honeycomb to The barrier front facewas composed of six independent 

construct the front face, it is possible-- parts to allow the validation of the barrier against the 

* To meet the requirements of the draft specifica- load cell fixed barrier and to verify the stiffness of each 

lions established by EEVC and accepted by part (Figures 1 and 2). 

G RCS, especially with regard to-- In the same way, European car manufacturers carried 

~-~ The effort-deflection curves with an excellent out such a study, which was presented by the Committee 

repeatability of Common Market Automobile Constructors 

~ The amounts of energy dissipated by the (CCMC)(4). A mobile deformable barrier is defined later 

different parts and the whole front face in this paper. 

.-- The deformations of this front face Both designs and studies carried out in Italy(5) and by ...... 

* To simulate the energy absorption of the front TRRL(6) have been compared. 

part of a striking vehicle EEVC, which has been responsible for the study of a 

Moreover, the material permits a print in the front global lateral test procedure for a vehicle-type approval 
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Figure 1. Front face of the mobile deformable barrier       Figure 2. Front face of the mobile deformable barrier 
developed by UTAC                                        developed by UTAC 

............ 
similar to the procedure proposed for front impact, has Specifications of the Mobile Deformable 

............... defined draft specifications for such a barrier(3). Barrier 
This proposal was presented to GRCS at Geneva and 

has been accepted as the definition of the future European 
The characteristics of the mobile deformable barrier 

mobile deformable barrier used as a striking mobile in a 
are as follows(2): 

vehicle-type approval test procedure for lateral impact(2). ¯ Mass: 950 + 20kg 
This document summarizes the work carried out by the ¯ Front and rear wheel gauges: 1,500 + t0mm 

............ Laboratory of UTAC to- 
* Wheel base: 3,000 _+ 10mm 

¯ Choose a material likely to be suitable for the ¯ Position of the center of gravity: in the longi- 

construction of the front face of the barrier tudinal median plan, 1,000 _+ 10mm behind the 

¯ Build the mobile deformable barrier according front axle and 500 _+ 10mm above the ground 

to the specifications ¯ Distance between the front surface of the im- 

¯ Validate the front face of the barrier in frontal pactor and the center of gravity of the barrier: 

collisions against a load cell fixed barrier to 1,800 _+ 20mm 

verify its stiffness The front face consists of six independent parts. The 

¯ Validate the mobile deformable barrier inlateral shape and dimensions of this front face are given in 

collisions against a type of vehicle Figures 3 and 4. 

.............. The front face has a ground clearance of 250mm to 

take into account further developments in the design of 

vehicles to solve the problem of compatibility between 

frontal and lateral structures. 
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The stiffness of the front face must tneet the following ¯ The distance between the front surface of the 

requirements: deformable part and the center of gravity of the 

¯ Parts 1 and 2 on the one hand, and 5 and 6 on the barrier is specified as 1,800 ± 20mm. This 

other hand, must be identical, distance cannot be actually respected because of 

¯ The force-deflection curves must be drawn in the the dimensions of the front face and the position 

hatched regions defined in Figure 5. of the front wheels. This dimension should be 
¯ The total force-deflection curve must also be raised to 2,000 ± 50mm. 

drawn in the prescribed zone of Figure 5. ¯ The conditions for measuring the efforts during 

,, the validation of the front face of the barrier 

l ~) 
t i~ ......... against a load cell fixed barrier should be clearly 

~0 ~" ~ 
defined. The data channel of the efforts should 

~~ ~0]---..~ ~--.--~ !~ 
~ 

meet the requirements of ISO Standard 6487, 

~o~2~’>~ ~ [ and the data channel class of frequency (CFC) 
~i :~ ~ ..~~ o .... 

¯ o,~ .............. 
should be equal to 60. 

:~___~!, 
1 

. The specification relative to the deformation of 

~ ’o~,~~ ~ 

the front face of the barrier is not in accordance 

with the nominal value of the kinetic energy 

~ ° ~ 
o~ ................. (m = 950kg, V = 35km/h) and with the required 

l 

effort levels. The nominal value of this deforma- 

~ tion should be adjusted to correspond to the 

........~l ] 1~~ 
~ 

distance required to stop a mobile, the kinetic 

~ o 
energy of which is equal to the nominal kinetic 

~o~ 
~ o;~ o;~ o;~ °o~’o~ ..... energy with an average effort level. 

~0|~ Considering the values indicated in the specifications, 

~1 ~ 
a value of 330mm should be adapted further. 

Determination of a Material for Con- 
struction of the Front Face 

..... ~ ~!~ The Laboratory of UTAC has studied different 

° ~ o,~    0~    o.~ - . materials likely to be used for building the barrier front 

face(17). 

..__. ~ Such a material must have the following essential 

Figure 5. Specified deflection curves characteristics: 
Its mechanica! characteristics must stay constant 

The stiffness of the front face must be verified in a in relation with time. 
frontal impact of the barrier at 35 ± 2km/h against a ¯ Tests of compression with the material must 
1.gad celi fixed barrier. The quantities of energy dissipated show a good repeatability. 
by each part and by the whole front face during the ¯ Its force-deflection variation must be such that 
irapact must meet the requirements prescribed in Table 1. the specified levels of the curves may be reached. 

The deformation of the front face, measured after the Crush force should increase linearly with deflec- 
mpact at the level of point B (Figure 4) must be equal to tion up to a limit, beyond which the force should 

350 ± 20mm. be constant. 
¯ The restored quantity of energy after crush must 

be low. 

Comments                                              A first inventory examined some materials (Figure 6): 

Cardboard and structures made of cardboard 
Meanwhile, an examination of the specifications and a ¯ Metallic cylindrical tubes 

study of preliminary tests show that these specifications * Different types of foam 
should be modified as follows: * Honeycombs 

Table 1. Amounts of dissipated energy (kJ) 

Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 Total 
10 _+. 2 14 _+_ 2 10 ___ 2 4 ± 1 3.5 ± 1 3.5 ± t 45 + 5 
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Figure 6. Various tested materials 

Quasi-static crush tests of samples consisting of a stack prescribed limits. Unfortunately, some dynamic tests 

of corrugated cardboard were carried out with a tensile- showed that the measured efforts were definitely higher 

testing machine. These tests show that (Figure 7) the than the efforts obtained during the static tests, certainly 

effort-deflection curves do not show any plateau force because of the relative displacement of the tubes during 

level, and the stiffness greatly decreases as soon as impact. These materials are not suitable to obtain a 

humidity increases, uniformity of each part of the impactor. Moreover, the 

Tests carried out with assemblies of structures made of 

cardboard showed the same failures and made this 10 
material unlikely to be worth pursuing, 

l~i A 
Repeated crush tests with cylindrical tubes showed 

that the compression efforts oscillate around a mean 

value. However, these curves show a series of picks due to 

the formation of pleats during the crushing of tubes. So, 0    ?c z0 sz 0 

the compression efforts vary to a large extent (Figure 7b). 
1.5 

The tubes have been cut in order to weaken them and 

obtain the prescribed stiffness. / 
Some assemblies, consisting of layers of tubes and ~ 

reproducing different parts of the front face, have been 15 t~N 

tested with the tensile-testing machine. It was attempted lo .~-/// 
to advance with successive steps to obtain the first parts -~--~ 

of the force-deflection curves by adjusting the stiffness of 
~ i~ 

/ 

the tubes of the different layers that constitute the parts of ~L_ , ~ 
r 

the front face. 

Some tests carried out with a tensile-testing machine 

showed that the force-deflection curves of an assembly, Figure 7. Force-deflection characteristics of the tested 
corresponding to the lower lateral parts, were inside the materials 
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labor required to build the whole front face is significant 

and delicate, and this solution has not been considered g[Tort ~(kN) 

some quasi-static tests of flexible or semi-rigid foams 

showed that these materials are not suitable since they 

restore a large quantity of energy after compression 
]00 

(}::igure 7c). Rigid foams were the only ones likely to be 

s~Atable (Figure 7d). h 

Samples of ll types of different foams have been tested 

in compression after temperature and hygrometric 

conditioning. These tests showed that--- Figure 9. Total effort measured during a frontal impact 

® The slope of the curve may vary according to the of the barrier equipped with a front face made 

deflection, 
of rigid foam 

® The mechanical characteristics fluctuate accord- manufacturing techniques, these materials are not wholly 

ing to the conditioning, especially if the tempera- suitable as part of our study. 

ture and the hygrometric degree increase. The honeycombs, consisting of a cellular structure of 

® A more or less important part of the energy is aluminim foils, have been tested also (Figure 7e). Repeated 

restored atier impact (Figure 8). static tests of compression show their effort-deflection 

curves have a clean, flat plateau, their law of deformation 

is constant, and they restore only a very low amount of 
~ 1=35° H=65% energy (Figure 10). It had been proposed to obtain the 
~ T=5" H=65% ...... 
H T=20= H=6SO/° 
,__, T=20" 
~_~, T= 20" H=20% 

" 

Figure 10. Quasi-static crush tests of sample of the 
same honeycomb type 

0 10 20 ]0 40 =~ ascending part of the curves, in making the efforts 

increase, by stacking honeycombs of different rates of 
Figure 8. Crush tests of samples made of rigid foam 

after temperature and hygrometric condition- stiffness. Unfortunately, the range of available varieties 

ing of this material is relatively limited, especially for honey- 

combs with low stiffness. It was decided to cut honeycomb 

A dynamic frontal impact at 35kmi h against a load cell blocks so that the sections vary according to the crush 

wall of a barrier, equipped with a complete front face (Figure 11). 

made of rigid foam, showed that the front face blew out Many quasi-static and dynamic tests have been carried 

and cut itself into small pieces during the ~mpact. The out with stacks of honeycombs of the same stiffness. 

collapse of the material induces a fall of the efforts, which These stacks consisted of two layers, one with a section 

cam~ot stay inside the prescribed area (Figure 9). The that varied according to the crush degree. These tests 

pieces, issuing from the burst of the front face, do not showed it was possible to make some parts with honey- 

~ake enough part in the kinetic energy dissipation of the combs according to the prescriptions of stiffness and 

barrier. Therefore, a large amount of this energy was energy-absorption capacity and showing a good repeata- 

restored after impact as shown by the rebound distance of bility. Therefore, UTAC has decided to develop a mobile 

the sled, which was about !5m for the test. This was deformable barrier equipped with a front face made of 

confirmed by the shape of the total force-deflection this material. 

c~rve, 

The foams also have a major disadvantage in that the Construction of the Mobile Deformable 
makers cannot guarantee constant mechanical charac- Barrier 
teristics. These characteristics can vary about 20 percent 

for ordinary foams. The variations may be: high, even The sled consists of a tubular steel 3,655mm X 1,065mm 
with special foams, Considering the situation of the foam frame. Tubular cross members have been welded in the 
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...... frame to strengthen it. 

,~ ~chrour /~ A 1,500mm )< 500mm aluminum plate, 30ram thick, is 

.......... -t" 

e~                    ~- 

fixed in front of the frame to support the front face. The 

........ dimensions for positioning the center of gravity have 
: honeycomb 

sh str ~).. F been adjusted by fixing added masses on the frame. The 

12). The mass is equal to 950kg when equipped. 

~. t    ,,<" ___                            The front face consists of six independent parts made 
~ 300 .~,~ ~00 ~ ofhoneycomb. Thedimensionsofthesepartsaregivenin 

Figure 13. Steel sheets, 4mm thick, are fixed at the rear of 

the front face and between the-different parts. The 

IIkNl 
characteristics of used for the fabrication of honeycombs 

20 ; ............ .... ......... 
the front face are specified in Figure 14. 

Figure 15 shows the UTAC mobile deformable barrier. 
_ ~ = K,S(e) ............ 

i.~ 
100 200 ~00 (rnm) 

Figure 11. Crush characteristics of honeycomb with 
variable section 

3655                                       ,. 

z / ! I / I I I ~ / i I I I I I I i ~ I i i i I I I i i I ,~ I I I ~" ~ i 

Fiour~ ~2, Characteristics of th~ UTAC mobil~ d~formabl~ barrier 
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Validation of the Mobile Deformable 
Barrier Against a Load Cell Fixed Barrier ~ ~ ~ - -~ ~ 

Three tests of frontal collisions at 35 _+ 2km/h of the ’ ~..~z 8_Ntj!-t i~ i~ ~ I *~ 
total barrier have been carried out against a load cell 

~~fItlI] / 
~ fixed barrier studied and built by UTAC. Comments ~ ~--~ ~ 
-- 

concerning the draft specifications were taken into ~ 500 

account to carry out these tests, sect~0n A.A 
This equipment consists of six independent plates for 

500 ~ 500 500 
measuring the efforts of contact during an impact (Figure 

: ~-c"~ = "" : -- : = 16). Each dynamometric plate is equipped with four load ~ ~ 
~ 

cells. The signals emitted by the transducers of one plate 

are added through an electronic totalizer. The total effort 

is obtained by calculating the value of the result of these 

efforts. C C 
500 500 500 

The accelerations of the mobile barrier have been 

measured on the longitudinal beams of the frame, at the section [3 

level of the center of gravity. ~ 500    ",., 500 ~    500 

The force-deflection curves of the barrier front face 

~ o have been obtained with a double integration ofaccelera- 
~ ~ 

tions measured on the sled frame. 

The curve is shown in Figure 17, and it is possible to 

compare the amount of acceleration (mY~ i) of the barrier ~ 

with the total effort measured by the load cell fixed 

barrier for one of the tests. 500 _ 500 _    500 

Figure 18 shows the force-deflection curves of the six 

parts of the front face obtained for the three tests. The Figure 13. Detailed drawing of the front face of the 
UTAC mobile deformable barrier 

~ 
I AI 1/4 0,7 ~ 
I~1 
I B I 1/16 0,7 N 

w I~1 ,, 
I c I ~/~ 0,7 ~ 

Figure 14. Characteristics of honevcombs used for the construction of UTAC barrier front face 

variation of the total efforts corresponding to the various Figure 20 shows that the front face was uniformly 
~ests are also shown in Figure 19. crushed and the behavior of the parts with variable 

The measurements of the different parameters have section was quite acceptable. The barrier impactor has 
been carried out according to ISO standard 6487. not disintegrated during impact, and it was possible to 

The data channel classes of frequency were--- verify the deformations at the l~v~l of~oint B, ~s required 
¯ 60 for the efforts by the specifications. 
¯ 180 for the accelerations Table 2 summarizes the main results of these tests: 
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! 
~.00. 

lear 1 

....... 50.                                                                lear ~ : ......... 

5. ~0. t5. ~0. ~5. 30. 35. 40. 

Figure 19. Force-deflection curves of the whole barrier front face obtained from the load cell fixed barrier for three 
tests 

..... .... 

Figure 20. Barrier front face after one of the tests against the load cell fixed barrier 
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¯ The force-deflection curves of the different parts Table 3 shows the following: 

may be drawn within the prescribed zones, with ¯ The amounts of energy dissipated at the level of 

the exception of the initial pick for the upper each dynamometric plate are very close to the 

parts, average weighted values obtained from the tests 

o The variation curves of the total efforts are also of 20 vehicles against a load cell fixed barrier. 

inside the zone while being near the lower limit. ¯ Symmetrical and identical parts absorb equiva- 

o All the maxima of the dynamic deflections are lent amounts of energy. 

equal to 330ram. ¯ During the three tests, one part absorbs the same 

~ The permanent deformations, measured at point amount of energy. 

B, are comprised between 290 and 315mm and 

are symmetrical. ~ 

~ The different parts have absorbed the required The results mentioned in Table 4 indicate-- 
amounts of energy for the three tests. ¯ The average efforts, calculated for the impact 

¯ The behaviors of the front face were similar duration, are constant for the three tests, for a 

during the three tests, which confirms the excel- given part. 

lent repeatability of crush tests carried out on ¯ The average efforts obtained with the barrier are 

structures made of honeycombs, slightly lower than the average weighted values 

® The tolerances indicated for the total dissipated of the vehicles as shown by the force-deflection 

energy may be too close, curves. 

Table 2. Test results of three frontal collisions of the barrier against a load cell fixed barrier 

impact Maximal Deformation at Amounts of energy absorbed by each part (k J) Total 
speed dynamic points B (mm) dissipated 

crush energy 

(kin/h) (mm) left    right Part 1 Part 2 Part 3 Part 4 Part 5 Part 6 (k J) 

Specifications 35 ± 2 -- 330 ± 20 10 ± 2 14 :~: 2 10 ± 2 4 ± 1 3.5 ± 1 3.5 + 1 45 ± 5 
Essai 1 33,4 330 300 290 8,6 13.5 8.2 3.3 3.2 3.2 40.0 
Essai 2 34,8 330 310 310 8,6 13.5 8.4 3.3 3.0 2.9 39.7 
Essai 3 34,9 330 315 295 8.4 13.6 7.9 3~1 3.1 2.7 38.8 

N.8 The mentioned energy amounts correspond to the energy absorbed for the deformation of the barrier front face. 

Table 3. Comparison betwee n the amounts of energy restored by each plate in relation to the 
total restored energy for the vehicles and for the mobile deformable barrier 

Energy for each plate/Total energy (%) 
Plate Plate Plate Plate Plate Plate Plates Plates 

1 2 3 4 5 6 1+2+3 4+5+6 
Vehicles    23.7 33,1 19.2 8.9 8~ 1 7.0 76.0 24.0 

M Test t 21.5 33.7 20.5 8.2 8.1 8.0 75.7 24.3 
B Test 2 21.7 34.0 21.2 8.3 7.5 7.3 76.9 23.1 
D Test 3 21,6 35.0 20.4 8.0 8.1 6.9 77.0 23.0 

N,B The amounts of energy have been calculated in relation to thetotal energy restored either 
by the front part of the vehicle or by the barrier front face. 

Table 4. Comparison between the weighted average efforts for the 20 vehicles and the efforts 
obtained with the mobile deformable barrier 

Average efforts calculated for the impact duration (kN) 
Plate Plate Plate Plate Plate Plate Total 

1 2 3 4 5 6 
Vehicles 11.5 4.5 9.9 4.5 3.9 3.6 47.9 

M Test 1 8.5 11.3 7.5 3.4 3.9 4.0 38.6 
D Test 2 8.7 11.9 8.3 3.4 3.5 3.4 39.2 
B Test 3 8.3 12.9 8.2 3.5 3.4 3.2 39.5 

The barrier arrived with a slight angle against the load cell fixed barrier for 
test no~ 3, 
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These tests against a load cell fixed barrier show-- Hybrid II dummies--50th percentile, calibrated 

¯ The front face meets the requirements of the according to the prescriptions of Part 572--have been 

specifications, positioned in the vehicles as follows: 

¯ The behavior of the barrier is repetitive. ¯ Striking Vehicle--Two dummies restrained by 

¯ The behaviors of symmetrical parts are the same. automatic 3-point belts at the front seats 
¯ Struck Vehicle--At the front seats, two dummies 

restrained by automatic 3-point belts; at the rear 
Validation of the Mobile Deformable seats, on the struck side, a nonbelted dummy 

Barrier in Lateral Collision The longitudinal accelerations of the striking vehicle 
have been measured-- 

On the engine 

Car-to-Car Lateral Collisions                          ¯ On the front axle assembly 
¯ On the structure at the level of B-pillars 

The longitudinal and transversal accelerations of the 
Ten car-to-car lateral collisions have been carried out 

struck vehicle have been measured at the level of the right 
at the Laboratory of UTAC. For these tests, the struck 

A-pillar and the right B-pillar, opposed to the impact. 
....... vehicle, a Renault 14, was standing. 

The transversal accelerations of the inner door panel of 
The striking vehicle impacted the tested vehicle at 

this vehicle have been measured at the level of the 
50 + 2km/h. At the moment of impact, the longitudinal shoulder and the H-point of the dummy. The accelerations 
median plane of this vehicle passed through the R point of the head, the torso, and the pelvis of the dummy, 
of the driver seat, situated on the impacted side (Figure 

situated at the front left seat of the struck vehicle, have 
21). been measured in the longitudinal, transversal, and 

, vertical directions. 
The biomechanical criteria have been calculated for 

t! 
this dummy. 

i ~ 

The results of these tests are summarized in Table 5, 
~ and the deformations of the struck vehicle side during the 

different tests are shown in Figure 22. 

Tests With Mobile Deformable Barrier 

POINT R -- Two tests (8501 and 8502) also were carried out under 

a~o the same conditions with the mobile deformable barrier 
¯ (Figure 23). 

The accelerations of the struck vehicle and the dummy 
have been recorded under the same conditions. The 
accelerations of the barrier have been measured on the 
frame of the sled. 

~~(’~ 
Vehicle No. 9 had the highest coefficient (21.5 percent) 

V= S0 +_2krn/h         for the design of the UTAC proposal. 
Figure 24 shows the deformations of the side of the 

vehicle struck by the barrier after one of these tests. 

The deformations measured after both tests have been 
superimposed on those obtained with the different vehicles 
in Figure 25. 

The results of these tests are summarized in Table 6, 
which shows the results obtained with three striking 
vehicles with masses similar to the barrier mass. 

Figures 26, 27, 28, and 29 show the speed variations 
of-- Figure 21. Lateral car-to-car impact test conditions 

¯ The driver dummy chest and pelvis 
¯ The inner door panel situated near this dummy 

The front seats of the struck vehicle were positioned The curves have been superimposed on the curves 
50mm forward of the rearmost position. The seat backs obtained from the car-to-car tests. 
were inclined at 25°. These two lateral collisions show-- 
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Figure 221 Lateral deformations of the struck vehicles measured for the 10 car-to-car tests 
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¯ The results of both tests are very similar, especially 

with regard to-- 
POINT 

-- The deformations of the struck vehicle side 
....... -- The parameters measured in the dummies 

~.~ 

_ 

-- The speed variation of the inner door panel 
These results are very close to the results obtained 
for the lateral impacts with the 10 vehicles, 

mainly with those having rather the same mass 
and stiffness. 

~. i    ~ .~ : __ 

However, the deformations are higher at the 
level of the beams.2 

¯ The movements of the dummies in the struck V = 50±~ km/h 90° 

vehicle are very similar. 
¯ The parameters measured in the dummies are 

...... very close to those recorded for the car-to-car ........... Figure 23. Lateral collision at 90° on the driver side, 
tests; the head is less involved, however. Mean- ’ 

with the mobile deformable barrier 

Figure 24. Lateral deformations of the struck vehicle for one of these tests 

while, the speed variations of the thorax are ¯ The print of the struck vehicle, in the front face, 

higher, is quite visible after test. 

The inner door panel speed variation is quite 
significant and very close to the variation obtained 

2 It has been decided to reduce the height of the barrier front l~ce from the 

when the vehicle is struck by another vehicle, 
ground to take account of future evolution in vei~icle conception, which 
explains the downward displacement of the eff~r~ 
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V 

0 50 10(~ f(ms) 

Figure 28. Inner door panel speed variations at the 
dummy thorax 

’ V , (m/s) 

50 100    f (ms) 

Figure 29. Inner door panel speed variations at the 
dummy pelvis 

Conclusion Figure 2& Deformations of a vehicle struck by the 
barrier for two tests 

The results of the validation tests carried out against a 

load cell fixed barrier and against the side of a given 

vehicle type permit the following conclusions: 

V ¯ The mobile deformable barrier meets the require- 
(m/s) 

ments defined in the specifications, especially 

i 
~ ::=2 

with regard to- 

The force-deflection curves of the different 

parts and of the whole front face 

-- The amounts of energy restored during 

impact 

50 I~0 f (ms) -- The deformations of the front face 
¯ Tests performed with the barrier equipped with a 

............ front face made of honeycomb are very repetitive. 
Figure ~. Transversal speed variations of the dummy ¯ The effort distribution is perfectly symmetrical. 

chest                                            ¯ The front face does not disintegrate during tests 

and allows the deformation measurements. 
¯ The accelerations and deformations measured (m/s) ~ .~,~, ..... 

~. s~nz :~ on a vehicle, struck by the barrier, are very near 

the values obtained when struck by another 

vehicle. The height of the front face from the 

ground induces the low part of the vehicle to be 

more loaded. 

The behavior of occupants situated in this 

vehicle is also very similar. 

0 50 100 t {ms~ ¯ The print of the struck vehicle, in the front face, 
is quite visible. 

...... ¯ The mechanical characteristics of the material 
Figure 27. Transversal speed variations of the dummy for the front face are insensitive to aging and 

pelvis                                            atmospheric conditions. 
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Safety Developments of Goods Vechicles and Buses 

L, Strandberg, Chairman, Sweden 

Improved Commercial Vehicle Conspicuity and Signalling Systems 

Russell L. Smith, 
It would seem, therefore, that countermeasures aimed at 
a small percentage of vehicles could lead to a significant 

......... William a. Burger, 

........ reduction in a relatively large percentage of fatalities. 
Kenneth Ziedman, and One obvious countermeasure would be the improved 
Mark Mulholland visibility or conspicuity of large trucks. 

Vector Enterprises, Inc. This paper summarizes a 3-½year project, funded by 
the U.S. Department of Transportation and designed to 
develop and evaluate improved conspicuity systems for 

....... Abstract large trucks. 

Vehicle-into-large-truck accidents produce a dispro- Rationale 

portionately large number of fatalities. It is hypothesized 
that increasing a truck’s visibility or conspicuity will Imposing new Federal lighting and reflector system 

.... reduce the number of vehicles colliding with trucks. The requirements would clearly impact directly on the trucking 

purpose of this project was to analyze thoroughly this industry and indirectly on every driver. Thus, prior to the 

specific accident problem, establish information require- development and test of proposed new conspicuity 

ments of other drivers, review the state of the art of systems, every effort was made to provide a thorough 

conspicuity techniques, design and conduct a series of statement of the problem. 

conspicuity experiments, design a new integrated lighting The project was composed of the following tasks and 

..... and marking system, design an augmented, low-cost subtasks: 

reflectorized system for retrofitting on large trucks, and t. Task 1: Define and analyze the vehicle-into- 

field test the augmented system on fleets of trucks, truck collision problem. 

Approximately 2,000 trucks were fitted with the aug- ¯ Review relevant literature 

mented system, and accident rates are currently being ¯ Interview trucking companies 

monitored and compared with those of a matched * Analyze accident data 

control group of 2,000 trucks. At the time of this writing, * Develop functional requirements of drivers 

the 2-year field study is nearing completion. About 70 * Analyze retroreflective and fluorescent 

percent of the total accidents expected have been analyzed, materials 

and the results thus far indicate that the trucks treated ¯ Evaluate current Federal Motor Vehicle 

with the reflectorized systems are being hit at a lower rate Safety Standards 

than are control trucks. Increasing conspicuity, therefore, 2. Task 2: Design and evaluate augmented (retrofit) 

appears to be an effective method of reducing vehicle- and new integrated lighting and reflector systems. 

into-truck accidents. ¯ Design various conspicuity systems and 
conduct laboratory/field experiments 

Introduction 
¯ Design a specific low-cost augmented system 

for field testing on truck fleets 
Prepare a detailed plan for conducting the 
field test of the augmented system 

Purpose ¯ Design a new, integrated conspicuity system 
for original equipment manufacture 

Large trucks equal to or in excess of 26,000 lb 3. Task 3: Conduct field test of the augmented 

constitute less than 2 percent of the total population of system on selected truck fleets. 

vehicles in the United States but are nevertheless involved ¯ Select conspicuity materials 

in accidents yielding nearly 9 percent of all traffic ¯ Select truck fleets 

fatalities. The great majority of these fatalities are * Install conspicuity materials 

occupants of passenger cars that collide with such trucks. * Collect and analyze accident data 
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The following sections emphasize major findings, Scenario analysis demonstrated thata truckconspicuity 
analyses, and considerations with respect to the above system communicated general rather than specific infor- 
three tasks. Vastly more detailed accounts can be found mation with respect to its dynamics. For example, the 
in (3) and (12). As of this writing, the project is not quite current system for indicating changes in velocity has only 
completed, there being a few months remaining in Task 3 two states: the brake light is either on or off. The vehicle 

field testing. The results reported for Task 3 represent can either be stopped, accelerating, maintaining a constant 
approximately 70 percent of the total accident data speed, or decelerating, and, with regard to acceleration 
expected in the field test. and deceleration, the rate of change can vary substantially. 

Thus, the current system relies on the driver to perceive 

Task 1: Define and Analyze the Vehicle- changes in rate ofclosure, an extremely difficult perceptual 

task, particularly at night where much of the visual input 
Into-Truck Collision Problem is severely reduced. 

The analyses of vehicle-into-truck accidents and 

associated scenarios clearly indicated a need for improved 

Analyze Accident Data truck conspicuity systems that would provide drivers 

with the following specific information on the truck’s 

Reviews of extensive analyses of a number of accident position and dynamics: 

data bases reveal that large trucks are struck about ¯ Presence of a vehicle 

equally often in the rear and side, the latter including ¯ Indication of a truck 

both sideswipes and perpendicular impacts. They are also * Distance 

equally often struck at night or in dimly lit environments * Speed 

as during the day and are struck about equally often on * Whether it is maintaining a constant speed 

rural and urban roads that are both level and graded * Whether is it accelerating 

Rear impacts tend to occur when the truck is traveling * Whether it is decelerating 

straight ahead and moving slowly or stopping or stopped * Whether it is stopping 

on the roadway. The following driver either (1) does not * Whether it is stopped 

see the truck at all, (2) sees the truck but misjudges its * Whether it is backing up 

motion and/or distance, or (3) correctly perceives the * Whether it is maintaining a constant direction 

truck’s dynamics and distance but not within sufficient * Whether it is turning 

time to avoid a collision. A number of techniques exist for satisfying the above 

Trucks are struck perpendicularly in the side most functional requirements. Unfortunately, most of them 

often when turning or being astride lanes, e.g., backing, would be too costly to be considered seriously at this 

making U-turns, etc., but are often sideswiped when time. Thus, less than optimal solutions must be sought 

traveling straight ahead, that are, nevertheless, significant improvements over 

In view of the foregoing, therefore, it would appear the current systems. Such solutions must derive from an 

conspicuity problem with large trucks is not restricted to understanding of how drivers detect and identify the 

nighttime condi’dons or specific lighting and marking presence of a truck and acquire knowledge of its dynamics. 

systems. Trucks are apparently inadequately conspicuous It has often been said that most accidents are wholly or 

during the day, and both their sides and rear ends seem in principally caused by inattentive behavior. Thus, detection 

need of increased conspicuity, performance depends, at least partially, on the ability or 

conspicuity of a target (e.g., trucks) to compensate for 

inattention and penetrate a driver’s field of view. 
Develop Functional Requirements It is generally believed that luminance contrast is the 

major cue for detection(4). However, while luminous 
Based on the analyses of accidents, 19 scenarios were contrast is certainly necessary for detection, a stimulus 

established that encompassed nearly every situation in may not attract a driver’s attention in a cluttered 
which trucks are hit by cars. Each scenario was analyzed environment. Burg and Hulbert(2) and Burg and Beers(l) 
at a level of detail necessary to identify the functional demonstrated that the unique shape of a stimulus is of 
requirements of truck communication systems. These considerable importance in attracting attention and 
scenarios included vehicle locations, directions of move- establishing recognition. For example, reflectors com- 
ment, and varying speeds. Stopping distances were pletely outlining wheels attract far more attention than 
computed that indicated the distances at which the driver do nondistinct reflectors arbitrarily located on bicycles 
of the striking vehicle would have to apply the brakes to and motorcycles. 
stop or slow sufficiently to avoid a collision. Dynamics of Drivers employ subjective judgments in determining 
both vehicles and system reaction times were included in distances and dynamics of other vehicles. Carefully 
the computations, controlled laboratory experiments indicate that size 
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changes of an object moving in depth constitute the to observation angles. At an observation angle of 1.0°, 

dominant cue in judging motion in depth(9,10). Appar- relative intensity may typically be only one-tenth that of 

ently, the larger the object appears to an observer, the 0.1°. 
........... smaller the change in size necessary to detect motion(11). The retroreflective devices relevant to trucks include 

The speed differences in vehicle following become materials containing (1) spherical glass bead elements, or 

increasingly important the closer the following vehicle (2) cube corner or prismatic elements. In each case, it is 

approaches the leading vehicle. Ittleson ( 1951) noted that the elements that reflect the incident light. The glass bead 

while size changes in an object provide motion cues, the materials include those having beads partially imbedded 

judgment of distance of an object depends on a priori within a supporting surface such as paint and partially 

............. known characteristics of the object. Thus, if an object exposed to the atmosphere and those having beads that 

projects characteristics that provide no cues or ambiguous are completely imbedded within a transparent material. 

cues, no basis exists for estimating its distance. An The exposed bead designs generate greater brightnesses 

example would be the rear end of a truck. Most drivers but are more easily damaged by abrasion and completely 

are knowledgeable of truck sizes and can estimate lose their reflectivity when wet. Newer versions of 

distances of trucks by virtue of that knowledge when such enclosed bead materials, referred to as encapsulated lens 

................ vehicles are well illuminated. On the other hand, when sheeting, have provided higher brightnesses while retaining 

trucks are poorly illuminated at night, size cues are protective characteristics. 

degraded and estimations of distance would be expected With regard to prismatic-based materials, the corner of 

to be degraded as well. a cube forms three mutually perpendicular surfaces that 

In a laboratory setting, Jannsen(6) found that changes will reflect light back in the direction of incidence. This 

: in size and brightness of taillights were ineffective cues in principle is used in two types of reflector materials: rigid 

the detection of relative motion in depth. His results plastic and sheeting of vinyl, polycarbonate, or other 

indicated that changes in the angular separation between plastic materials. These reflectors are typically brighter 

taillights constituted the primary cues for such judgments, than beaded glass materials at small observation angles 

Such findings were confirmed in on-the-road studies(7,8), but exhibit a sharper decrease in brightness as that angle 

In extrapolating from the foregoing, it seems apparent increases. 

that the perception of movement in depth would be A number of conditions reduce the life expectancy of 

enhanced even more by presenting a larger target to retroreflective materials. The top layer of reflective 

drivers than that inherent in two taillights. In fact, Fisher sheeting can be damaged by abrasion due to dust, sand, 

and Hall(5) presented evidence that outlining the entire etc. Oxidation and other chemical reactions can affect the 

rear end of a truck was more effective than the simple top coat, internal layers, and adhesive backing. Ultraviolet 

angle generated by two taillights. As noted previously, exposure can cause hazing discolor and affect properties 

one must assume driver inattention undoubtedly con- of plastics, resins, and the adhesive backing. Physical 

....... tributes substantially to degradations in the perceptual impact (and any flexing or bending) and extreme tem- 

process. It seems clear, therefore, that attention and peratures can cause cracking. Moisture can also affect the 

subjective judgments can be enhanced by improving adhesive backing and, if it penetrates inner layers, can 

perceptual cues. degrade retroreflectivity. 
Weather conditions can severely degrade retroreflector 

Analyze Retroreflective and Fluorescent            materials. Rain, fog, blowing dust and sand, snow, dew, 
and frost reduce brightness by (1) attenuating and 

Materials scattering of the light paths to and from the reflector, and 

(2) forming a degrading optical surface on the reflector. 
Reflective materials are obviously far less costly than Empirical data regarding the durability of retro- 

lighting systems and far more easily retrofitted to trucks reflective materials is severely limited. It is therefore 
to improve conspicuity. Therefore, a thorough analysis difficult to predict reflector lifetime in truck operations 
of reflective materials was performed to determine their from available data. It would appear, however, that 5 
characteristics, particularly their effectiveness and years may be a reasonable expectation. 
durability. 

Retroreflective Materials Fluorescent Materials 

A retroreflector directs most of the light it reflects back Fluorescent pigments are organic substances containing 

along the line of incidence, i.e., back toward the light dyes capable of fluorescing in solid solution, e.g., in a 

source. Thus, the reflector is seen as brightest when the paint pigment or resin binder. Such pigments convert 

observer’s eye is close to the light source. Retroreflectors light from the shorter wavelengths (violet, blue, green, 

inherently have very narrow beam patterns with respect and yellow) to longer wavelengths. The fluorescent 
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energy is added to normally reflected light, resulting in an Six experiments were conducted. In some cases, subjects 
effective reflection factor of 200 to 300 percent, compared directly observed conspicuity treatments on an actual 

to 90 percent for a bright, nonreflective color. Several truck. In other cases, slides were taken of an actual truck 
manufacturers produce sheeting materials that are both and subsequently used in a laboratory setting. In still 

fluorescent and retroreflective, other cases, slides were taken of miniature vehicles on a 

Studies on visibility and conspicuity of fluorescent 1 / 25 scale roadway and subsequently used in a laboratory 

colors agree that such colors are much more easily seen setting. 

than are nonfluorescent colors. Fluorescent orange The first experiment evaluated 45 rear end reflector 

appears to be the most conspicuous. Of particular treatments and compared them to conventional con- 

interest, especially when considering application to day- figurations specified by the U.S. Federal Motor Vehicle 

time truck conspicuity, is the fact that fluorescent colors Safety Standards. Designs outlining the entire rear 
are found to be more attention getting in peripheral perimeter and mudflaps were found to be superior to all 
vision than are ordinary pigments, other designs with respect to conspicuity and ease of 

The most serious drawback to the use of fluorescent detection. 
nqaterials is their limited lifetime with ultraviolet exposure. In the second experiment, 12 different patterns involving 
Two years is a practical maximum in most outdoor style and color were presented in pairs on a test truck to 

situations, and useful lifetime can be as short as 3 to 6 subjects at night. Alternating white/colored rectangles 

months. Therefore, applications to truck conspicuity were found to be superior in terms ofconspicuity, detail, 

appear generally impractical, and visible detail. The actual color was less important. 

The third experiment replicated the second experiment 

during the day. Again, the alternating white/colored 
Task 2: Design and Evaluate Augmented rectangle design was superior to the other designs. The 

(Retrofit) and New Integrated Lighting actual color was again of lesser importance except when 

and Reflector Systems fluorescent materials were used. 

The fourth experiment studied the effect of reflectorized 

rear end patterns on distance judgments. Seven patterns Task 1 demonstrated that the range of possibilities for 

improved conspicuity systems was very large and available were employed. The design having the perimeter of the 

rear end and the mudflaps reflectorized were judged to be empirical data were inadequate for selecting the best of 

the most cost-effective designs. Therefore, Task 2 consisted closest to subjects than the other designs. It was also 

of a series of experiments for resolving important issues found that the lower the reflectorized area, the closer the 

and screening out most of the possible design configura- truck appeared. 

tions. Prior to conducting the experiments, the following The fifth experiment evaluated partial-to-complete 

design guidelines were established for the augmented and perimeter outlines of the rear and side of trucks and 

i~tegrated conspicuity systems: compared them to the conventional configuration during 

* Truck marking and signaling systems should be day and nighttime illumination levels. For nighttime 

standardized as much as possible across all truck conditions, the complete perimeter outlines were found 

body types, best for the side and rear of trucks. Essentially no 

differences were found between designs during daytime. ~ The augmented system should be restricted to 

reflectorization treatments to maintain low cost Finally, the sixth experiment evaluated partial-to- 

for retrofitting, complete outlines in terms of their ability to provide rate 

® Designs should have acceptable implementation of closure information to subjects. All experimental 

costs and life expectancies, designs were found superior to the conventional con- 

Only 6 months were allocated to the design phase, figuration, particularly the complete rear and side outline 

which limited the number and types of experiments that design. 

could be conducted and the number and types of issues 

that could be addressed. Design a Specific Low-cost Augmented System 
for Field Testing on Truck Fleets 

Design Systems and Conduct Experiments 
The recommended augmented system design was based 

All experiments were concerned with reflectorization on the results of Task 1, the experiments described above, 
designs, as little could have been added to the large body previous research by others, and the guidelines discussed 
of experimental data on vehicle lighting systems within earlier. The recommended system consisted of outlining 
the current program scope. Thus, all recommendations the entire rear end and sides of trucks. The reflector 
concerning lighting and signaling aspects of the integrated pattern was a 4in-wide stripe of alternating red/white 
system were based on previous research, rectangles. In the case of flatbeds, a continuous stripe 
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around the rear and side rails was recommended. A U- The currently required intensity levels for truck signals 

shaped outline of the mudflaps was also recommended, and identification lighting appear adequate. However, a 

using a 2in-wide stripe of white retroreflective materi~k minimum area requirement of 12in2 should be retained 

A variety ofretroreflective and reflective materials and for rear signals, and consideration should be given 

devices can be used, including glass bead and prismatic- toward increasing the minimum area requirements for 

type sheetings and reflex reflectors. It is considered front and side turn signals. In addition, consideration 

essential, however, that retroreflector materials be her- should be given to a dual intensity system to adjust brake, 

meticalty sealed. Also, reflex reflectors should be of a presence, and turn signals to different ambient conditions, 

dispersed angle prism design so that a wide angular such as day, night, and fog. 

characteristic is obtained. 
Minimum and maximum SIA (Specific Intensity per Prepare a Detailed Field Test Plan for the 

unit Area) values were recommended, based on con- 
siderations of minimum intensity necessary for adequate 

Augmented System 

conspicuity, the effects of temporary degradation due to A detailed test plan was prepared for field testing the 
dirt and grime and long-term weathering, and of glare 
potential. These were 250 to 300 cd/tx/m2 and 500 

recommended augmented system. Sample sizes, fleet 

cd/lx! m2, respectively, for the stripe outlining the truck, 
compositions, candidate fleets, exposure data, accident 

’ rates, existing truck markings, short- versus long-haul 
and 200 cdi lx/m2 and 300 cd/lxi m2, respectively, for the operations, experimental and control group matching, 
mudflap stripe, 

and materials and installation costs were discussed and 
Detailed materials and installation cost analyses were 

performed for the recommended retroreflective design 
evaluated in detail. Two thousand trucks were recom- 

and partial configurations such as rail only, partial rail, 
mended for the augmented system treatment, and a 
matched like number was recommended for a control 

and broken whole outline. The 1981 estimated costs 
ranged from a low of $34 for the partial rail treatment to a 

group. A 24-month data collection period was considered 
adequate to demonstrate significance between the groups 

high of $416 for the complete outline treatment. 
at appropriate alpha and beta error levels. 

As will be noted in the following section, funding was 
Design a New Integrated Conspicuity System insufficient for field testing the complete augmented 
for Original/Equipment Manufacture system, i.e., full side and rear outline. 

The perimeter outline reflectorization design for the 
augmented system described above was also recommended Task 3: Conduct Field Test of the 
for the integrated system. Augmented System on Selected Truck 

Two pairs of four lights each were recommended for Fleets 
the rear lighting system of trucks. Each set of lights could 
be positioned horizontally or vertically on the lower 
corners of the truck. The outer (horizontal) or lower Select Conspicuity Materials 

(vertical) lights represented red presence indicators. The 
next light represented amber turn signals. The inner Prismatic sheeting known as Durabrite and manu- 

(horizontal) or upper (vertical) two lights comprised red factured by Avery I nternational was selected for the field 

brake lights. Thus, this design not only provides separation test. This selection was based on four criteria: brightness, 

of functions, color and size coding are also involved, ease of installation, durability, and cost. Durabrite more 

In addition to the two conventionally placed amber closely satisfied all four criteria than other materials. 

turn signals at the front of truck cabs, two additional turn However, the cost to purchase and install this material on 

signals were recommended on each side of the truck, one 2,000 trucks according to the recommended design 

mounted on the truck’s cab and one mounted midway specifications presented in Task 2 still exceeded budget. 

along the body or trailer. Therefore, the design specifications were modified as 

Amber (except for rearmost lights) side clearance follows. 

lights evenly spaced every 6 to 8ft, including the corners, The recommended design was a 4in-wide stripe outlining 

were recommended along each side of a truck bed or the entire rear and sides of truck trailers. This stripe was 

trailer. The rearmost lights were recommended to be red. reduced to a 2in width. And, while outlining the entire 

All of the lights were along or close to a truck’s railing, rear of trucks remained essential, only the side rail was to 

Because of the high-mounted reflectorization, no justi- be treated with the prismatic sheeting~ The materials cost 

fication was seen for high-mounted lights, including the for each vehicle was $35. 

currently required conventional three-light truck identi- As can be seen in Table 1, the actual photometric 

fication bar. It was believed the recommended design characteristics of the Durabrite material closely ap- 

amply described and identified vehicles as large trucks, proached the values recommended in Task 2. tt witt also 
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Table 1. Recommended maximum and minimum SIA truck collisions in the reflectorized group with alpha and 
values (upper) and durabrite actual values 

beta errors of 10 and .50, respectively. 
(tabled entries are in candelas/lx/m2) ’ 

During the data collection period, accident reports 

were obtained from fleet records on a quarterly basis. At 
Observation Angle                      the end of each quarter, the fleets’ master accident logs 

Entrance 
Angle were reviewed to identify all trailers for which accidents 

were reported in that period. Reports for trailers in both 

0.2° 0.5° 0.2° 0.5° the reflectorized and control groups were obtained. 

Each accident was coded with respect to identifying 
~4° 330-500 150-400 75-125 38-100 information, precrash factors, and, very importantly, the 

475 325 90 62 
30° 150- 75- 38- 19- degree to which conspicuity was a likely contributing or 

220 82 42 16 causative factor. The conspicuity rating coding was 

45° 75- 38- 19- 9- conducted in a double-blind situation by two highly 
61 42 12 8 experienced motor vehicle safety professionals. 

All accidents were placed in one of six classifications. White Red/Blue 
The first three classifications were other-vehicle-into- 

truck accidents and represented high, moderate, and low 

likelihood that the accidents were conspicuity-related. 
be noted that the colored material is labeled "Red/Blue" The fourth classification comprised accidents in which 
n 1able I, This term is explained in the following section, the experimental and control trucks struck other vehicles. 

This classification permitted a test of the assumption that 

Select Truck Fleets experimental and control groups were matched, e.g., 

each group should demonstrate approximately the same 

number of truck-into-other-vehicle accidents. 
]he selection of trucking fleets for this study was a 

The fifth and sixth classifications were composed of difficult and time-consuming task, Many fleets were not 

able to participate for a variety of reasons. Of those that accidents completely irrelevant to the study. 

wanted to participate, many had already installed reflec- As of this writing, about 30 percent of the total 

torized materials on their vehicles. Few fleets remained expected accident reports have yet to be received. There- 

for which matched groups of control and experimental fore, only preliminary analyses of the data are presented 

here. The total number of relevant accidents (i.e., trucks rucks could be generated. However, 4,162 trucks were 
struck by other vehicles) in the control and reflectorized ultimately obtained from three trucking fleets: Overnite 

Transportation, Paul’s Trucking, and Ruan Trucking: groups thus far are 113 and 86, respectively. Figure 

lhese fleets included short- and long-haul. 40 to 45ft presents the cumulative number of relevant accidents by 

yearly quarter for daylight and nighttime driving. As can trailers, The experimental and control groups were 

matched as closely as possible, based on a number of be seen, strong trends are in evidence, with reflectorized 

~ariabtes such as exposure or mileage. 

Because one trucking fleet employed a logo that , 
included the color blue, an alternating blue/white stripe 

,aas permitted along the side rail instead of the recom- 

mended red white stripe. However, the fleet agreed to --_ DAYLIGHT 

have tt~e recommended red/white stripe on the rear of N~T, PAlm, OUSK 

their trucks. 
~c / R 

C CONTROL 
"The trucking fleets installed the prismatic sheeting R REFLECTORtZEO 

themselves. In addition to receiving the reflector ~aterial 

at no cost, the fleets also received $26 per truck to cover ,~0 ~"    // c 

installation costs. /, R 

Collect and Analyze Truck Accident Data                      /’.’" 

~Ihe planned data collection period was 24 months and 

was initiated in the middle of 1983. Approximately 3 Q-~ Q-4 Q-1 Q-2    q-3    0-4 

months remain as of this writing. The 24-month period QUARTER 
and 2,000 vehicles per group (actually 2,081 per group) 

were selected to provide a sample sizei exposure sufficient Figure 1, Cumulative number of struck trucks by 
to detect a !5 percent reduction in other vehicle-into- quarter for daylight and nighttime driving 
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trucks consistently being hit at a lower rate than control 3. Burger, W.J., R.L. Smith, K. Ziedman, M.U. Muthol- 

trucks. Data for two additional quarters will ultimately land, M.C. Bardales, and T.J. Sharkey, "Improved 

be included in this graph, but it appears unlikely that the commercial vehicle conspicuity and signalling 

.......... current trends will be altered significantly, systems, Task I: interim report," Vector Enterprises, 

The relatively large difference in accident rates between lnc., Santa Monica, California, March 1981. 

daytime and nighttime driving is easily explained by the 4. Cole, B.L., "Visual aspects of road engineering," 

fact that the trucks were driven to a much greater extent Proceedings 6th Conference of the Australian Road 

during the day than at night. However, the difference Research Board, pp. 102-148, 1972. 

between the control and reflectorized groups during the 5. Fisher, A.J., and R.R. Hall, "The effect of presence 

day is not easily explained because the reflectorization’s light on the detection of change of vehicle headway," 

effectiveness is primarily dependent on the light projected Australian Road Research, 8, pp. 13-16, 1978. 

from other vehicles’ headlights. On the other hand, the 6. Jannsen, W,H., "’][’he perception of maneuvers of 

red! white and red/blue patterns do increase the conspic- moving vehicles: perceptability of relative sagittal 

uity of trucks somewhat. Further analyses wil! be required motion on the basis of changes in apparent size or 

to explain this finding more fully, brightness of taillights," Institute for Perception, 

.............. In conclusion, the field test appears strongly to be Holland, 1972. 

demonstrating that increasing the conspicuity of large 7. Jannsen, W.H., "The perception of maneuvers of 

trucks will reduce substantially the number of other- moving vehicles: thresholds for relative motion in 

vehicle-into-truck accidents. This finding is particularly depth," Institute for Perception, Holland, 1973. 

significant in view of the fact that the conspicuity 8. Jannsen, W.H., J.A. Michon, and L.O. Harvey, 

treatments employed in this field test are considerably "The perception of lead vehicle movement in dark- 

less emphatic than was recommended. Two-inch rather ness," Accident Prevention and Analysis, 8, pp. 151- 

than 4in-wide stripes effectively reduced the recommended 166, 1976. 

SIA values by 50 percent. In addition, the use of rail-only 9. Smith, W.M., "Sensitivity to apparent movement in 

reflectorization of trailer sides equally reduced the recom- depth as a function of stimulus dimensionality," 

mended conspicuity. Thus, there is strong likelihood that Journal of Experimental Ps’ychology, 43, pp. 149- 

even greater reductions of other-vehicle-into-truck 155, 1952. 

accidents will occur with the recommended reflectori- 10. Smith, W.M., "Effect of monocular and binocular 

zation treatment, vision on the sensitivity to apparent movement in 

depth," Journal qf Experimental Psychology, 49, pp, 

357-363, 1955. 
11. Steedman, W.C., and C.A. Baker, "Perceived move- 
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The MVMA Investigation Into the Complexities of Heavy Truck 
Splash and Spray Problem 

Clarke B, Gorte little doubt that reductions in driver visibility, regardless 

Ford Motor Company of reason (snow, rain, fog, smoke, or vehicle splash and 
spray), are important to the safe operation of a motor 

Ronald C. Joyner vehicle. 

Genera! Motors Corporation Splash and spray is not a new problem. Long before 
motor-driven vehicles, pedestrians and other vehicular 

Kjell Pedersen and equestrian traffic were confronted with the splash 

International Harvester Company and spray annoyance factor. Motor vehicles compounded 
the public irritation in the early days of soft road surfaces. 

Carl C. McConnell 
Over a period of several years, driver vision was aided by 
windshield wipers, fender designs, and vehicle mudflaps. 

Motor Vehicle Manufacturers Association Mudflaps, evolving from road surface debris deflectors 
to mostly splash deflectors today, have been effective to a 
degree in reducing the total spray from the rear of trucks. 

In the late 1940’s, the move toward building multilane 
Splash and spray conditions created by tractor-trailer highways around the country was the beginning of road 

combinations operating on the Federal highway system building that led into the Interstate Highway system. The 
have been studied and tested for many years with mixed advent of more and more multilane highways brought on 
results. Past events are reviewed briefly in this paper. In increased traffic densities and higher vehicle speeds. 
additional testing during 1983, using new state-of-the-art Vehicle manufacturers designed new products to meet 
splash/spray suppressant devices, some encouragement increased performance demands for the new highway 
was provided that these devices could work. system. Increased speeds, exceeding the critical speed at 

The 1984 Motor Vehicle Manufacturers Association which splash and spray becomes an appreciable visibility 
(MVMA) test program was designed to develop practi- problem, resulted in a more vocal public irritated by the 
cable and reliable test procedures to measure effectiveness splash and spray problem. Since the late ! 960’s, organi- 
of splash and spray reduction methods applied to tractor- zations such as the Western Highway Institute, vehicle 
trailer combination vehicles, manufacturers, equipment suppliers, MVMA, and others 

Over 40 different combinations of splas!! spray suppres- have tested generic concepts to reduce splash and spray. 
sion devices on five different tractors and three van- The U.S. Department of Transportation National High- 
traiter types were tested. The spray-cloud densities for way Traffic Safety Administration (DOT! NHTSA) early 
some 400 test runs were measured by laser transmisso- on proposed rulemaking with the purpose of reducing the 
meters and also recorded by still photography, motion annoyance and possible dangers of splash and spray 
pictures, and videotape. On-site observers made subjective produced by heavy trucks. However, until the relatively 
ratings of spray density. In general, this research demon- recent introduction of textured spray suppressing 
strated that improved visibility can be achieved; however, materials for flaps and skirting, no potentially practical, 
performance varied by vehicle configuration and could effective solution to the problem has been identified. 
not be quantitatively predicted. The U.S. Congress, in the Surface Transportation 

This paper explores the complex relationship that Assistance Act of 1982, included requirements for the 
exists between the amount of spray generated and installationofsplashandspraysuppressantdevicesonall 
various vehicle aerodynamic characteristics. Ambient new tractors, semitrailers, and trailers by January 1, 
conditions such as wind direction and velocity and their 1985, and for retrofitting all such vehicles in use by 
effect on repeatability are discussed in detail. January 1, 1988. Minimum performance standards for 

such installations were to have been established by 
January 1984. A Congressional amendment adopted in 
1984 removed the effective dates, which are now to be 

Splash and spray generated by heavy trucks and determined as part of DOTiNHTSA final rules. 
tractor-trailer combinations on wet road surfaces have Prior to developing proposed rulemaking, DOT/ 
long been a source of irritation to highway users. The NHTSA ran a limited number of full-scale spray reduction 
motor carrier industry and vehicle manufacturers recog- tests at the Transportation Research Center (East Liberty, 
nize the condition as a major element in the public Ohio) in which test observers visually evaluated and rated 
perception of trucks and the trucking industry. There is the effectiveness of reduction devices tested. The rating 
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results of these tests indicated that reduction device NHTSA auspices of several spray attenuation 

combinations previously considered effective did not treatments, using the same instrumentation and 

consistently make a discriminate difference in subjective test setup, and identical vehicle combinations. 
evaluations. Subsequent tests conducted by M VMA at (Note: The DOT/NHTSA data were not available 

the same site also failed to find consistent improvements, for statistical analysis for inclusion in this report. 

In January 1984, DOT/NHTSA began another series These comparative studies will be available at a 

of tests with Systems Technology, Inc., as contractor at a later date.) 

test site at Fort Stockton, Texas. 2. Test vehicle combinations not included in the 

The methodology used was substantially that developed DOT/N HTSA test project to determine to a 

earlier by David Weir(l), using objective laser measure- greater extent than would otherwise be possible 

ments. These full-scale tests were designed to correlate whether different types have an effect on the 

laboratory test ranking of various types of spray suppres- efficacy of spray attenuation devices. 

sion devices on various vehicles with objective laser 3. Develop new andior more extensive instrumen- 

measurements. The results of this test project are being tation that can provide more comprehensive, 

statistically analyzed under MVMA sponsorship, cost-effective, objective measures of spray from 

In addition, MVMA has conducted supplementary heavy tractor-trailer combination vehicles. 

tests duplicating the Fort Stockton approach as closely as 4. Perform statistical analyses of collected test data 

possible. Data from these tests are useful in filling gaps in for the purpose of evaluating heavy truck splash 

the NHTSA data and are considered important to insure and spray attenuation devices. 

that the devices requirements adopted in future 

DOTiNHTSA rulemaking would be practicable and Test Preparation 
effective. The balance of this paper describes the 1984 

MVMA splash and spray project and the test conclusions The testing was carried out at the Texas A&M 
in detail.                                               U niversity Texas Transportation Institute (TTI) ~ Proving 

Grounds at Bryan, Texas. The Proving Grounds, located 

Project Objectives ar an abandoned air base, provided the necessary 7,000ft 

runway for testing combination vehicles at 55mph. The 

The purposeofthisprojectwastodevelopquantitative test area (Figure 1) included a new 400ft section of 

and subjective data on the splash and spray attenuation asphalt surface, constructed on top of existing pavement, 

performance of different aerodynamic devices and spray to duplicate the Fort Stockton surface, The asphalt mix 

reduction devices applied to heavy tractor-trailer com- was developed to provide a final average texture depth of 

bination vehicles. The data collected through this testing 0.33in. During construction, extra care was taken to 

project would supplement the results of similar testing produce as level a surface as possible to eliminate water 

conducted under the auspices of DOT/NHTSA. 

Objectives of this project were to-- ~ Principal investigators: I).L, Ires, R.J, Koppa, O. Pendleton and 

1. Validate the testing performed under DOT/ Zimmer. 

m~ TIlT I~FA~! LA~~ 12 fL 

o---r ,,o,,. 

8GALE: 1 |n.=20 ft. 
F --]T~’r T~A~J~ 

Figure 1. Test area 
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puddIing. The new asphalt pavement was designed to on an 80ft × 4ft black backboard 50ft down the vehicle 
have a I percent cross slope over its entire 400ft length, path from the checkerboard. The three still cameras were 
[he width was 18ft to allow for a 12ft vehicle lane and 6ft fired simultaneously, by means of a pneumatic trip switch 

~or the water to stabilize, as the vehicle combination entered the test area. All runs 

Surface water was distributed to the pavement by a were recorded on video tape, and select runs were 
400ft-!ong, 4in-diameter pipe. Water was directed to the recorded on high-speed 16mm film. 
road surface through Din holes spaced 12in apart to Eight low power lasers (5mw), located 50ft from the 
provide uniform wetting. The watersupply pressure was photo detectors or light meters in the checkerboard 
~djusted through a manifold and valve system to maintain target, were used to measure quantitative spray densit y 
the proper surface water depth throughout testing. Water data. 17o account for crosswln el, four lasers were located 
demh measurements were recorded between each test run symmetrically on each side of the vehicle lane. The lateral 
at [0 locations spaced along 300ft of test surface in the and vertical placement is shown in Figure 2. The two 
wheel paths by the use of NASA-type water depth lower posmons are representative ofeye levels in passenger 
gauges. The water depth throughout the entire test cars. while the two higher positions are representative of 
program was nominally 0.050 to 0.060in. eye levels in pickups and vans. The lower inboard laser 

|~he major differences in this test pro.~ect, as com pared positions ~numbers 4 and 7) duplicate the positions used 
~o prior tests, were the use of eight lasers for taking light in previous test studies. 
~ransmissivity measurements and 35mm photos simul- All lasers and detectors were mounted in waterproof 
taneously on both sides of each combination vehicle as it enclosures with stable mounts (Figure 3). The sturdy 
went through the test area ~Figure 2). An 8ft X 12ft black mounts did not permit any motion of the laser beam due 
and white checkerboard target was positioned on each ~o air blast or pavement vibration, which could produce 
s~de of the vehicle lane. flawed data. Trial tests were run to determine effectiveness. 

Perpendicular to the track, 120ft fromthecenterofthe An innovative lens system was developed to focus the 
vehicle lane. a 35ram still camera was focused at a point 0.75in spot at the detector back to a pinpoint on the 

........ 10mm photocell. This technique eliminated the signal 

~ noise ex perienced in prior studies as a result of nonum- 

fortuity across the beam in addition to beam motion due 

to air density changes. 

Signals from the detector were displayed on meters for 

alignment purposes and then transmitted to the telemetry 

system in the control trailer. These signals were then 

relayed via radio to the base stanon (Figure 4). These 

~ ’-~, ~- data were then filtered through a 5Hz. 4th order low pass 

........ filter t ButterworthL which approximates the reaction of 

..... the human eye to rapidly changing densities (Figure 5). 

~ ~" After filtering, these data were recorded on magnetic 

Figure 2. Test setup looking downrange tape, a strip chart, and the digital computer. The strip 

Figure 3, Laser housings and photocell detectors 
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Figure 7. Typical computer printout 
Figure 4. 

Therefore, in this type of testing, either a 50 or 8Oft laser 

and detector separation could be used (Figure 8). 

~ 
The effects of wind, believed to be the most significant 

uncontrollable variable, were minimized by taking 

identical measurements on both sides of the test area and 

" 
,.,,~ ; ~ by running the comparative tests within 4 to 5min. Wind I’l .... ............ 

~ 
~,,,~ 

,~ 
speed and direction were measured prior to each test 

. ,~ 
=,L~ T using a precision anamometer and recorded on a strip 

[ ~ "~m 
chart. Testing limits were set at a maximum wind speed of 

10mph allowing for gusts up to 12mph. Ambient air 

temperature and relative humidity were also recorded; 
.,~ s,Ar,o, however, no data corrections were deemed necessary. 

Figure ~.                                                                                                    . 

chart prowded instantaneous analysis of data quality, 

and the digital computer provided a summary printout of 

the minimum light transmission (based on 0 to 100 

percent calibrations) from each laser. A typical strip ~ _~ 

chart trace of one transmissometer channel is shown in 

Figure 6, and a typical computer printout is shown in ~ ~ ,, 

Figure 7. 

End-to-end laser calibration (nominally within 2 percent 

of the true filter values) was achieved by inserting 

precision neutral density filters of 12, 25, and 50 percent ’ = ,, , ,, ~,,/ 

in each beam and observing the digital output values. ",~ ¯ 

To accommodate the greater length of the combination ~=" 

vehicle, the number 6 laser was relocated at a height 6in 
Figure 8. 

above number 7 laser and at a distance of 80ft from the 

detector. Thirty-six runs were made with a correlation As stated previously, all test runs were made at 55mph 
coefficient of 0.91 between the50and 80ft laser positions, with the same driver for all runs. Vehicle speed was 

measured and recorded for each run by means of a 

standard law enforcement radar unit mounted in a 

/~" ~ 
vehicle positioned behind the checkerboard. The vehicle 

F 
speed did not vary by more than _+lmph. 

Test Plan 

To assure that objective laser test measurements were 

repeatable from one site and one work crew to another, 

several DOT/N HTSA tests were duplicated using two of 

..~ ,~,, the actual vehicles tested by DOT/NHTSA. Refer to 

Figure 9 for 6X4-1ong nose conventional cab and single 

Figure 6. Typical strip chart trace van trailer. 
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For this test stud y. the contractor was required to use tions of side-mounted skirts, treated I suppressant) flaps, 
~nree different cab types (COE. long and short conven- and various aerodynamic devices. Each of these con- 
tional cabs), three van trailer types (96in-wide single, figurauons was repeated three times for a total of 141 
102in-widesingle, and one set of 96in-wide doubles), and runs. Each run consisted of a calibration vehicle com- 
~wo spray suppressant type devices (rear of axle-mounted bination, an untreated baseline combination (identical to 
i:laps and vehicle side-mounted skirtst, See Figures 10. 11, the test vehicle ~, and t he treated test vehicle combination 
and t2. (Figure 13). The total number of runs for this program 

Out of the series of vehicle combinations there were 47 was 396. 
configurations. These configurations included combina- The calibration vehicle combination was eqmpped 

with new. plain, masticated rubber flaps Cat the trailer 
rear only) mounted in the same location as the suppressant 
flaps. The baseline vehicle combination l identical to the 
test vehiclel was also equipped with new, plain masticated 
flaps (at the trailer rear only). The test vehicle combination 
received varying levels of suppressant devices as required 
by the test matrix. 

The project contractor considered skirts and suppres- 
sant flaps (manuthctured by Schlegel Corp. and Monsanto 
Co.I to be representative of the current state-of-the-art 
devices. These devices were installed in locations recom- 
mended by the device manufacturer. No attempts were 
made during this test program to vary the locations of the 
skirts or treated flaps. Figure 14 shows a typical front 
steering axle skirting and treated flap installation. Figure 
15 shows a typical tractor drive axle installation (treated 

Figure 9. Long nose conventional flap behind last axle and skirt nose of trailer mounted 1. 
Figure 16 shows a typical trailer rear installation, 

Figure 10, COE with single van trailer 

Figure 12~ COE with doubles 

Figure 11. Short nose conventional Figure 13. Calibration, baseline, and test vehicles 
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The specific objecnves of this test plan were designed to 
produce the following direct comparisons: 

1, Compare the effect of aerod? namic devices 
a. Between cab configurauons 
b. With various levels of suppressant devices 

2. Compare the effect of suppressant devices 
a. Between cab configuranons 
b. With various levels of aero devices 
c. With plain masticated flaps 
d. With varying levels of valances 

Figure 14. Steer axle installation ~rac~o= ~==lzo= 

SNC, 6x4 SV- 96" 

Figure 15. Drive axle installation s,c, ~== sv - ~" 

SNC, 614 SV- 96" 

S~C, 6*, sv - 96" 
SNC, 614 SV- 

Figure 16. Trailer rear installation Figure 17. 
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Test Results To make some meaningful comparisons of the various 

treatments from these data, a method of pooling all 

The still photographic records of each test run as the measurements for the three runs of a unique setup was 

vehicle reached the checkerboard reference surfaces used (see Figure 19). 

provide only a qualitative feel for the differences between 

the many vehicle treatments. The spray densitv measure- 

merits obtained during testing provided the primary basis 

for evaluating the effectiveness of the various spray 

attenuation treatments. The results of these spray density 

measurements are discussed in two parts as described 2 41 17’1 
÷ 

below, , 

2[ 
u~ 

[~ The first part of this section will discuss the results of 
÷ 

the digitized minimum light transmission data for each 

sensor for the test plan as follows: 

I. Data reduction and analysis 

2. Correlation of sensor measurements with one 

another and with wind 
¯ Pairwise correlation analysis ,,~ ~, [ 
¯ Principal component analysis 
¯ Variance attributable to test conditions k 

3. Comparisons of conditions by grouping of setups 

4. Analysis of variance and other tests of signifi- ~ 
]. 2~ k~. 

cance 
¯ Difference analysis of variance Figure 19. 
¯ Regression or covariate analysis of variance 

¯ Analysis of cases taken as treatments 
Geometric mean values were calculated for left and 

The second part will discuss the results of the following 
right side lasers and then combined into a third geometric 

special evaluations: 
mean value expressed as "Both." Pooled measurements 

l. The relationship between heavy vehicle speed were thus determined for each set of three runs per setup 
and the amount of spray generated 

for the test vehicle and the equivalent baseline vehicle. 
2. Observer ratings of spray clouds and correlation 

The baseline pooled measurements are subtracted from 
with spray density measurements 

the test pooled measurements to provide the first indica- 

tion of how the various vehicle treatments perform and 

compare. These data are presented in a typical bar 

Data Reduction and Analysis histogram form showing the difference rank ordered 

from left to right in ascending magnitude for each type of 

The actual data recorded included eight readings of vehicle (see Figure 20). 

minimum percent laser light transmission, wind velocity, 

and direction for each run; the test (T) and baseline (B) 
READINGS BY SETUP TYPE-LNC 

vehicles are identified and the setup number that identifies 
o~h 

SuUl                   POOLED LASE~AR CHART OF SUNS 

the specific spray suppressant treatment being evaluated 

Note there are three runs per unique setup, that is, a 
20 

combination of aeroaid, skirts, and spray flaps on the 

front steering axle and the tractor and trailer rear axles. 

24     47 25 23 42 22 46 45 44 27 2% 26 20 

Setup 

........................ ~ .......... ,, Figure 20. Typical bar histogram chart 

.................................... The pooled measurements permit some gross com- 

............................... ~ 
parisons of the various vehicle treatments However due 

...................................... to the effect of wind directions and velocity as well as 
~’~"’~ ........ limited data points, the contribution of each level of 

Figure 18. Typical data sheet treatment could not be evaluated accurately. 
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Correlation of Sensor Measurements 

To further study the effect of wind direction and 
velocity on the spray density, the use of eight different                            ~, ..=~ 

sensors in this test project permitted comparisons of 

various sensor measurements to determine correlation 
¯ 

with one another in addition to wind effect.                      ~" 
Earlier work by Weir suggests that sensors located 

o utboardofthe"NHTSA L ocations,"i.e.,sensors4and HH ’" HH 7 in this test project, provided little additional information 

about the spray cloud. As shown in Figure 21, a series of 

correlations of sensor 4 versus sensors 1, 2, and 3 and 

sensor 7 versus sensors 5, 6, and 8 were computed based -.~, 
on data gathered on the calibration vehicle in which all 

analysis, it can be concluded that for comparison purposes 

~.-._~. 

.. 
of one treatment versus another, sensors 4 and 7 are 

sufficient. I Ill 
Figure 22. Pairwise correlations among sensors 

Figure 21. Correlation of sensors 4 and 7 with other .. ..: .:.’::. ’? 
sensors ., ’ "’ ":".’.~ 

A more in-depth investigation and analysis of the ....... 

interrelationships among the eight sensors and wind Figure 23. Baseline truck scatter plots--plot of sensor 

effect were conducted using the following statistical 
1-sensor 2 symbol is vehicle type 

methods. 

Pairwise Correlation Analysis ., ’: "~ 

Pairwise correlation analysis is a bivariate statistical "’ 

procedure that provides a two-dimensional description ’" 

of sensor and wind relationship. Wind was selected as a .:. ¯ 

single response variable representing both direction and 

Pairwise correlations were run among all eight sensor         "’ 

readings, the wind component for the calibration vehicle 

analysis are shown in diagrammatic form in Figure 22. Figure 24. Baseline truck scatter plots--plot of sensor 
Typical data plots for all sensor pairs are given in Figures 1 --sensor 3 symbol is vehicle type 
23, 24, 25, and 26. 

The following observations can be made concerning 

these results: 

Sensor correlation patterns are distinctly different linear correlations. Sensors 5 to 8 are nonlinearly 

for the right sensor (5-8) versus the left sensor related (see scatter plots shown in Figures 23 

(1-4). Sensors 1 to 4 have significant positive through 26). 
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Figure 27. Vehicle principal component results 
£igure 25. Baseline truck scatter plots--plot of sensor 

5--sensor 6 symbol is vehicle type 
I. Right and left sensors behave oppositely as 

evidenced by the equal but opposite signed 
factor loadings when all sensors are analyzed 

"" :,    -"":, . 2. The sensors behave oppositely with regard to 

wind; the left sensors are positively correlated 

¯ ’’ with wind and the right sensors negatively 

correlated. 

., 3. For the purposes of comparing treatments, 
" sensors 4 and 7 are sufficient. 

.~ :i)," 4. The baseline vehicle data did not reflect this 

,. behavior as clearly as the calibration vehicle 

the second largest factor. 
Figure 26~ Baseline truck scatter plots--plot of sensor 

6--sensor 7 symbol is vehicle type 

Variance Attributable to Test Conditions 

Throughout the test program, a third vehicle, the 
2~ kett sensors (1 to 4) correlate positively with the 

"Calibration" vehicle, was run with every pair of evalua- 
wind component and right sensors (5 to 8) 

tion vehicles. This vehicle was equipped with plain 
correlate negatively. However, these correlations 

mudflaps behind the trailer rear axle as the only spray 
are generally lower for the inside sensors (2, 4, 5, 

control device, and it was left unchanged for the duration 
7). Thus, wind has the strongest effect on the 

of the testing. Figure 28 presents summary statistics on 
outer sensors, 

this vehicle, spatially arranged to reflect sensor arrange- 

ment on the checkerboards, as seen down range (north)2 

Principal Component Analysis Wind velocity and percentage transmission level standard 

deviations are comparable to those for baseline and test 

I’his statistical analysis is a multivariate procedure that vehicles. The summary statistics of two categories of 

provides a multidimensional description of sensor and 

~ind relationships. Sensor readings and wind components 

are weighted and summed to provide a single response. ~ ,,.~ v~ ...... ~.~, ,~ 
This response reflects a significant proportion of the total s,,,o~,~ ~,~,,~ . ~.s0 ~, ~s~,~ 

0 - 1~ 
~ariability among sensor readings and wind component 

~T 
variables. The magnitude and direction of these factor ~9.8~ ~ ~.~s ~.~ ~, 
loadings provide information on how these variables ~,m s~ 21.52 25.77 sz) 

6.8 ~z~ 10,50 11,70 .z. 26,8 
interrelate in a multivariate setting. ~,~ ~,~ ~e,2o ~e,~o ,~ 

Figure 27 lists the weighting factor (or factor loadings) s~m ~,~ ~s,~ ~.~ 
~or the standardized sensor readings and wind component 0,~o 0a0 0 8a0 
for the calibration and baseline vehicles. ~.~0 ~.m ~.~0 ~.~ 

From the results of the correlation of sensor measure- 

ments with one another and with windi it can be Figure 28, Summary statistics on all calibration 
concluded that~ vehicle runs 
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vehicles are given in Figures 29 and 30, respectively. The to any standard text on statistics for a further explanation 
dispersion in relationship to each mean transmittance, of inferential tests, and the t-test or Z-test in particular, 
which is expressed as the standard deviation, is indicative The results of the t-test of mean differences between all 

......... of the problem facing all testers of splash and spray treated vehicles (T) and their baseline (B) vehicles are 
devices: very large variation, shown in Figure 31. 

The large amount of variability in measurements for 
any given sensor is explained, at least in part, by wind 
velocity and direction, plus inherent variability in 
measurements of a complex aerodynamic phenomenon 
such as spray from a speeding vehicle. This variability far ~ m    , ~.~. -~.~ .~ 
exceeds that acceptable for normal engineering test 
protocol. It is this variance that makes interpretation of 
limited runs on a given configuration difficult. 

~ WIND VELOCITY = 6.55 ~H N" ~I~ 9S 4 27.~ 

21,01 s~ 18.5 2%3 SD 28.~ 

~s~ ~ ~s,~ ~.~ ~ ~.~ Figure 31, T-test--sensors 4 and 7 

~.~ 0 0 ~.~ For both DOT/NHTSA sensors (and the others as 
~L~ ,a.0 ~;’~ ~.0~’2 well), a significant difference was observed. Overall, 

m ~,,,~. s.0 transmittance was more than twice as large for treated 
s ...... ~ ......... L0 vehicles as compared to baseline. Sensor 4 had a mean 

value of 10.38 percent versus 25.33 percent for treated 
....... Figure 29. Summar~ statistics on all baseline vehicle trucks. That this great a mean value difference could 

runs occur, and yet there was no difference between treated 
and baseline vehicles as measured by sensor 4, is associated 
with a probability of less than 0.0001. These spray 

~ w,,~ v ....... ~.~s ~ reduction devices, taken overall, do indeed work. 
s ...... ~ ~ ........ ~.~ ~H For the purpose of evaluating the effect of the cab 

roof-mounted aerodynamic shield on spray reduction, 
the setups shown in Figure 32 were used. The t-test results 

Figure 30. Summary statistics on all treated vehicle 
 uns 

Comparison of Conditions by Grouping of 

Setups 

To determine in a general overall sense if those spray 
reduction devices evaluated really work or are of benefit, 
a statistica! analysis was made using the t-test of indepen- 
dent means. This approach to inferential statistical 
analysis allows a gross kind of comparison setup. The .... 
t-test for most of the sample sizes of this test project Figure 32. Setup pa~itioning for comparison of condi- 
approximates a Z-distribution-test. The reader is referred tions 
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as shown in Figure 3 l, AERO versus NO AERO, indicate a.~ sr~s ,~o s=. ~R~v~ ~ 
the differences on the left side (sensor 4) were significant, ~ 3, 37 s ~ ~ s 

but less so on the right side. If pooled, these differences ~ ~. ~. ~ ~ ~ ~ ~ 

would remain significant beyond the 0.05 level; hence, it ~ ~. ~ ~ ~ ~ s 

can be concluded that the cab-mounted aeroaid has a ~ ~. ~, ~ ~ ~ ~s ~ 

measurable effect on reducing spray. Figure 32 also ~ ~,~.~,~ ~ ~ ~ ~ 

provides the results of the comparison of spray levels ~ ~’~’~’~ ~ ~ ~ ~ 

between 96in-wide and 102in-wide trailers and indicates ~ ~a~.~,,~ ~ ~ ~ s 

no significant measurable difference 
~ ~0.u.m~.z~a~,~ ~ r ~ ~ 

The above findings merely scratch the surface so far as 
~o ~,~,~,zo’~,~o ~ ~s ~s s 

making definitive statements about the many treatment 

s~rategies tested. T-tests between different individual 

treatments with only three runs per treatment or setup 

would be unproductive, and, in any case, multiple t-tests 

for data that could be analyzed by more sophisticated Figure 33. Setups classified into 10 cases 

methods can be very misleading. 
Therefore, analysis of covariance using several different Since, as Figure 33 shows, the few cases of flaps only at 

models was performed on all the data gathered for B and the rear covaried with the presence or absence of an 

T vehicles in this research project. This analysis is aeroaid and combinations of Steer and Drive, this factor 

explained and interpreted in the following section, could not be extracted independently. Thus, this analysis 

concentrates on differences among the various combina- 

tions of Aero, Steer, and Drive. Two approaches were 

Analysis of Variance and Other Tests of used. ln the first, the difference between test and baseline 
Significance vehicle sensor readings on equivalent runs was the 

dependent or criterion variable. The other involved a 

Individual setups were tested only three times; therefore, more direct approach for controlling the troublesome 

meaningful statistical comparison of transmissometer intervening variable of wind. The first analysis is referred 

data is difficult. A strategy was developed to make to as the difference analysis. 

inferences concerning the effects of different treatment 

combinations of flaps, skirts, and aeroaid. This strategy Difference Analysis of Variance 
required the sacrifice of certain variables, namely, trailer 

type (which has been found to produce no significant A two-factor interaction analysis of variance model 

difference) and tractor type (five different tractors), was used with Aero and Steer/Drive being the main 

These data were simply collapsed over these two variables, effects with three levels each. This resulted in a missing 

Once this was accomplished, a variable called Aero can cell design, since no Aero = U and Steer/Drive = (F-S) 

he identified as having three levels: combination or levels were observed. The assumption in 

No aeroaid installed = 0 this experimental design is that the test and base vehicle 

Standard aeroaid = 1 experienced similar wind conditions. Since this was 

Special (Gelco) aeroaid = S precisely the purpose of running baseline and test vehicles 
Another variable is the treatment on the steering axle in close sequence, this may not be an unreasonable 

of the test vehicle, which can be called Steer: assumption. 

Flaps only = E Based on the considerations of relationships among 

Flaps and skirts = FS the eight sensors previously discussed, four different 

A third variable is the treatment on the drive axle(s) of criterion variables were developed. Each variable required 

the tractor, which has two levels, just as the Steer variable a separate analysis of variance. These variables were as 

does. This third variable is called Drive. follows (each observation is a difference between a 

A final variable is Rear, which is the rear (trailer) axle sensor’s readings on a baseline truck pass and the 

treatment. Since all setups specified special flaps on the equivalent test truck pass moments later): 

rear of the trailer, the two levels of this variable are-- * Variable 1--The geometric mean of all eight 

Flaps only = 0 sensors 
Skirts and flaps = S * Variable 2--The geometric mean of sensors 4 

Figure 33 identifies 10 different combinations of these and 7 only 

variables that were tested in the setups of the test matrix. * Variable 3--The geometric mean of left sensors 

Each setup, in other words, can be classified as being one only (1 to 4) 

of these two cases. In Figure 33, each of the ! 0 cases is ¯ Variable 4--The geometric mean of right sensors 

retated to the setups that match that case. only (5 to 8) 
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The geometric mean is frequency used as the measure same axles. Note in this table that the interaction between 

of central tendency when the random variable of interest the levels of aeroaid treatment and axle treatments is 

is a portion or percent since the population frequency uniformly nonsignificant. This means that whether or not 

distribution of such random variable tends to beskewed, an aeroaid is installed has no differential effect on the 

..... The frequency distribution of the sensor arithmetic mean efficacy of the wheel treatments; the percentage change 

did show a definite skewness. The frequency distribution (in this case improvement), associated with the use of an 

of the geometric mean, on the other hand, appeared to be aeroaid, works as a constant on whether wheel treatment 

nearly normally distributed. To further support the use of is installed. It should be noted that the standard aeroaid 

geometric mean, analyses were run using both measures, condition occurred with greater frequency in this data 

.... arithmetic and geometric, and there were no differences set; i.e., there were 63 standard aeroaid runs as compared 

..... in results concerning treatment effects, to 30 special and 27 nonaero conditions. 

Figure 34 provides a summary of the results of this 

difference analvsis~ of variance for all four criterion Regression or Covariate Analysis of Variance 
variables. In this table, an asterisk (*) indicates a level of 

significance of 0.05 under a null hypothesis of "no 
To address more directly the effects of wind, a second 

.... difference." This signifies that means that are as far apart method of analysis was undertaken, with the dependent 
in value as those observed, among the various levels of 

or criterion variables being the transmissometer readings 
the factors being analyzed, have a chance of 5 in 100 of 

for baseline and test vehicles considered separately. In 
being just that--chance--rather than reflecting a real 

this analysis, the crosswind vector component of wind is 
difference between treatments or combinations of 

entered as an independent variabte just like treatments on 
treatments, 

the test vehicles. Other independent variables in the 

model were, as before, Aero and Steer/Drive axle 
¢~,t~ visible ] combinations. This model essentially fits separate linear 

1 ~ 3 4 regression lines for the four ways of pooling sensor data 
used in the difference analysis for each factor level 

combination and tests for the equality of slopes and 

Sta4rl0rl’~ * ¯ N.S. intercepts. Since baseline vehicles had no treatments, 

~ Steer/~ve m.S.z m.s. ~.S. ~.s. these lines should be equal in slope and intercept. If the 

slopes are equal for test vehicles, this implies that 
,kern: 1 2LIS,~ Z1 .$ ~.7’ 26.4 

treatment combinations shown in Figure 33 can be 

0 1|.~ e.I ;.s e.3 compared at any wind value and result in the same 

conclusions. If, however, slopes are not equat, this 

St~n.1O~ve ;S..;S N.0 zo.e zo.4 ~.3 finding would suggest that a treatment was better under 

F.4~ ~t.~ ~s.4 ~.~ ~.0 some wind conditions than under others. Inequality of 

F.~ ~.~ 1~.~ l~.z ls.~ intercepts means that the treatments were not equal with 

....... regard to the amount of spray recorded, and thus 

different treatments can be rank ordered with respect to 
.- 

2. ~.s. - ~o~ s~a:~c~ the extent of spray control. 
$, ~eolltllc iel,~ 4/tto~o~! iI Figure 35 summarizes the findings of these analyses, 

v, ~,,.xt~. ~,~tcx, organized as before with respect to the four different 

Figure 34. Results of difference analysis of variance on 
aero and drive steer comparisons 

The rows under the significance matrix help the reader ........... 

understand the meaning of these findings For criterion ......................... i .... 
variable I, in which all eight sensors are pooled, a 

standard aeroaid, across the board, produces consistently 

better results (a higher mean transmittance difference of 
a :,,~. ~ .... ........... ~ .... ~0~ 27.1 percent) than either the special aeroaid or no 

aeroaid. 

The Steer/Drive combinations are consistent for all ..... ~ ...... 

but variable 3, as can be seen in Figure 34. The most -- 
effective combination is both flaps and skirts for all axles, Figure 35. Results of regression analysis of variance on 
and it is significantly better than just flaps alone on these aero and drive steer combination 
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methods of pooling sensor observations. Baseline vehicle 

geometric mean readings are also included in this table 

for comparison with test vehicle geometric means. 

I~ this analysis, wind is not a significant covariate ~r: ~a~ ~ s~t~ ~.~ 2~.~ 5~.4 ~.~ 
either by itself or in interaction with other factors for 

criterion variable 1 or for variable 2. These, it will be _ 
remembered, are (1) laser readings pooled over all eight 

sensors, and (2) sensors 4 and 7 only pooled by taking 

their geometric mean. ~n the section Correlation of Figure 36. Results of regression analysis of variance on 

Sensor Measurements, the correlational analysis of sensor effects of skirts on rear axles 

readings with wind for the baseline and calibration 

vehicle runs, it was determined that sensors on the left taken as an individua! treatment. Through analysis of 

and right correlated oppositely with wind; hence, the fact variance methods and criterion variables identical to 

that wind is not a significant covariate for sensor readings those described in the previous section, it should be 

pooled on both sides of the vehicle should not be possible to make some overall statements concerning the 

surprising. That wind (really the crosswind vector) relativeefficacyofthesegenericinstallationsonvehicles. 

should be a significant variable for criterion variables 3 In addition, an analysis of covariance was performed on 

and 4 is also not surprising, since these are left-only and these data. 

right-only sensors, respectively. These geometric means Figure 37 summarizes pooled laser readings for the 10 

were greatly influenced by wind velocities and directions cases, plus pooled case readings for their equivalent 

from one period of time to another, and thus wind is a baseline vehicle runs. The pooled transmissometer 

significant covariate. This relationship was, however, the variables are (1) the geometric means of all eight sensors, 

same for all t~ctor levels as evidenced by the lack of and(2)thegeometricmeanofsensors4and7only, justas 

interaction of wind with any of these factors, before. A study of this table will show some differences 

The sIopes and intercepts of thelinesforallfactorlevel among the various cases, and a quite evident overall 

combinations of the baseline vehicles were equal, superiorityoftestvehiclesovertheirequivalentbaselines. 

indicating that the baseline vehicles’ pooled laser readings 

were essentially equivalent for all runs. 

The results for the test vehicle responses, as summarized 

in Figure 35, show that wind was a significant covariate 

for the right and left responses, criterion variables 3 and 

4, but the slopes of the regression lines were the same for 

all factor levels, Thus, equivalent conclusions regarding 

treatment effectiveness willresult at anywind condition. ~ s ~ ~s s ~.~ ~.~ ~.~ ~.~ 

This figure again shows that for criterion variables 1 and ~ ~ ~s ~ ~s ~.~ ~.~ ~.~ ~.a 

2. the standard aeroaid was superior to either the special 

aero or no aeroaid. 

When left-only sensor 3 and right-only sensor 4 are 

used as the dependent variable, the results are not as 

straightforward. For the right-on!y sensors, there was a 

significant interaction between the kind of aeroaid treat- 

ment that was used and the wheel treatment used. The ’ 

main effects of wheel treatment closely parallel the Figure 37. Summary of pooled laser readings by cases 
findings of the difference analysis of variance; the fuller 

the treatment of tractor axles, the better the results. The following methods of analysis were used to 
As a supplementary analysis, the single factor of rear determine treatment effects: 

axle (on the trailer) with two levels--flaps only versus 1. Analysis of Differences--In which the dependent 
skirts and flaps-~was studied, using test vehicle data variable was the difference in laser readings, 
only. The results show a significant difference between sensor by sensor, between the test and the 
these two conditions for all but the right,only sensors, baseline vehicle on a given run. A one-way 
with skirts and flaps superior to flaps only on the rear analysis of variance and aduncan multiple range 
axles (see ~-igure 36). test were run using 10 cases as the independent 

variable (each case is a level in this fixed model). 
Analysis of Cases Taken as Treatments 

Data were analyzed by separate wind directions 

A difference approach can be taken for the data of this defined as either a positive or negative value 

study, if each of the 10 cases identified in Figure 33 can be according to the crosswind vector. Another 
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analysis was performed with only those observa- These findings can be interpreted as follows. Cases 10, 

tions in which a crosswind component of equal 9, and 7 were uniformly superior across all wind directions 

to or less than _2mph was recorded ( nowmd ). andtypesofpoolingoflaser readings. Cases 3 and h were 

2. Regression Analysis--Which is similar in ap- generally least effective in attenuating spray. 

proach to the differences analyses discussed Turning to an analysis of individual sensor data, 

earlier and yields little more definitive informa- Figure 39 provides rank order information. Treatment 

rigs. A separate regression line was developed difference responses that are underlined are significantly 

for each of the 10 treatment combinations different than those that are not underlined and are 

(cases). These regression lines were then compared significantly greater than zero. Cases 10 and 7 again were 

...... for equality of slope and intercept, consistently selected, although case 2 was ranked as one 

..... 3. Analysis of Covariance--ln the analysis of co- of the best treatments by sensors 1 through 4 but not by 
i 

variance regression, model wind was considered sensors 5 through 8. Conversely, case 4 was ranked very 

by fitting lines for pooled laser readings versus highly by sensors 5 through 8 but not by sensors 1 

wind (crosswind vector) for 10 test cases and through 4. 

their equivalent baseline runs. Hence, 20 lines of 

...... regression were fitted simultaneously and then ...... --~ 

tested by equality of slopes and intercepts. Since 
Sensors : ) 

this procedure involved multiple hypothesis sl ~,0 8 z 9 7 ~ 4 3 6 s 

testing (40 parameters being estimated), in order 
53 7 Z 10 9 8 4 3 1 6 5 

to have an overall significance (cr) level of 0.05 

for rejecting the null hypothesis of"no significant 
~. ¯ ¯ $6 7 10 9 l 4 8 6 2 5 3 

difference, ~nd~wdual slopes and intercepts were 

tested at the level of 0.001. 

Criterion variables used in these analyses were the 

usual four described previously, plus a special category Figure 39. Rank order of cases by individual sensors 
consisting of each sensor taken individually (no summary 

by pooling). Duncan multiple range tests were then used 
.... to evaluate the significant differences found among many In summary, a standard full treatment of flaps and 

....... of the t0 cases in the difference analysis, skirts on every axle, together with a standard aeroaid 

Figure 38 identifies cases in rank order of efficacy in (case 10), provided the best overall results in spray 

attenuating spray from left to right for criterion variables attenuation. Leaving the steering axle without skirts but 

1, 2, 3, and 4. Those cases identified in each row 
instatling everything else (case 9) is next most efficacious, 

corresponding to an analysis such as "All Winds followed by a treatment in w.hich skirts are retained only 

(considered)" are cases significantly better than their on the rear of the trailer. Case 2, which has no skirts but 

baseline equivalents but not differing significantly among does have cab side fairings in addition to a special cab 

themselves. Case numbers in parenthesis are cases that roof-mounted aeroaid, produces highly wind-dependent 

mark the threshold from significantly better than base to effects. The aeroaid is very critical, since the cases 

no better than base (in some instances worse), 
without it perform erratically to poorly (cases 5 and 6). 

....................................................... ~.,, Relationship Between Speed and 
................... ~ ..................... ~. Spray Generated 

................... ~ ................... ~) 
of5mph f 35 Special speed tests (in increments rom to 

60mph) were conducted using various levels of suppressant 

devices and plain rubber flaps. It can be concluded that 

Figure 38. Rank order of eases speed and spray generation are linear and that combina- 

tion vehicle speeds over 60mph will produce unacceptably 

high levels of spray. 
In Figure 38, first results are shown for all data (all 

winds) for variables 1 and 2. Then results by comparing 

data generated under low or no wind versus significant Observer Ratings and Correlation to Objective 

wind are given. For left-only and right-only sensor data, Measurements 

where directionality is obviously of interest, rankings of 

cases are shown for the all winds considered analysis (all To better correlate observer ratings and objective laser 

winds) and for only those observations in which wind is measurements, the relationship between spray density 

significant (greater than ~2mph, crosswind vector), and observer contrast sensitivity was investigated. To this 
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end, a vision contrast test system marketed by Vistech to define the hardware requirements for potential field 

Consultants, Inc., was used along with an artificial implementation. 

rainmaker. Observers, plus a single laser beam, were used The generation and use of an expanded laser beam up 

to rate four tevels of transmission: t00 percent (no water), to 6in in diameter were shown to be simple and straight- 

60 percent, 40 percent, and 20 percent. Predictably, forward. Beams 12to 15in in diameter could also be easy 
contrast discrimination falls off rapidly with increased to generate and apply. By virtue of averaging over a 
density of spray or as the fineness of the target patterns larger area of the spray field, the expanded laser beam 

increases. An evaluation of the computed percent change arrangement may provide a useful enhancement of the 

in contrast sensitivity of the laser compared to observer laser transmissometer scheme. Thus, field evaluation of 
ratings demonstrated a high degree of correlation (.92). the expanded laser beam transmissometer appears 
Based on these findings when a condition of 40 percent worthwhile. 

laser transmittance was reached, observer contrast dis- Photometer measurements of the light scattered as a 
crimination had fallen off by a factor approaching two. beam of light passes through the spray field do not appear 

It can be concluded that when spray obscures light to to have practical application for measuring the visibility 

below 40 percent transmissivity, loss of observer contrast through the entire spray field along the side of a vehicle. 
sensitivity results. Such a controlled test does not re- A photometer focused on the beam would receive power 
produce the dynamic situation of a driver attempting to from only a small area of the spray field. However, such 
pass a truck with all of the variables of wind, speed, methods could provide a useful measurement of local 
aerodynamic effects, windshield, windshield wipers, etc. spray density. 

Therefore, a conclusion that treated vehicles must achieve In a scattered light-measuring system, the light level 
a threshold leve! of 40 percent or above for the motoring received by the photometer is several orders of magnitude 

public to perceive improvement cannot be substantiated, less than received in a transmissivity-measuring system. 

Consequently, a modulated light source and a sensitive 

bandpass-tuned photometer must be used to detect the 

Innovative Instrumentation scattered light separately from the ambient light. Using a 

lOmW laser light source, with lO0 percent modulation, a 

Within the scope of the research objectives of this tuned photometer with a sensitivity of at least 50pW is 
project, the University of Michigan Transportation required. Of course, aless sensitive photometer would be 

Research Institute (U MTRI) conducted a limited study adequate with a proportionately higher powered light 

of advance instrumentation for measuring the effective- source, and the light source does not have to be a laser. A 

ness of heavy truck splash and spray suppression devices, search of literature indicated that bandpass-tuned photo- 

Visibility is a subjective measure that can vary greatly meters are not readily available as standard test 

between observers. Thus, to measure the effectiveness of instruments. Although the design of such a photometer is 

spray suppression devices, it is desirable to select a straightforward, such a task was not included in this 

quantity that can be objectively measured, preferably research project. 

with simple instrumentation, and that exhibits a reason- 

able correlation with visibility. The transmissivity of the 
Summary of Findings 

spray cloud along the side of the vehicle is the quantity 

that has been measured in several previous studies. The 
Based on the analyses of the extensive data collected in rationale for selecting this measurement, together with a 

this test study and the results previously discussed, the general discussion of the problems involved in measuring 

the effectiveness of spray suppressors, follows, following seem warranted. 

Two .’:chemes were considered practical for potential 

field implementation: Vehicle Performance 
® The use of expanded collimated laser beams (2in 

diameter or larger) to obtain spatial averaging ¯ When equipped with an aeroaid, skirts, and 
over a larger area of the spray field than obtained treated flaps at each axle, most tractor-trailer 
with the raw laser beam combinations demonstrated improved mean light 

¯ Photometric measurement oflaser light scattered transmissivity over the equivalent baseline 
or reflected by the spray field (untreated) vehicles, by a factor that can approach 

Because eight taser transmissometers were implemented two. The prime contributor in reducing spray is 
at the start of the field test program, no further considera- the cab roof-mounted aeroaid. 
tion was given to the multiple laser transmissometer ¯ Flaps alone are insufficient to reduce spray 
scheme. Laboratory experiments were performed relating reliably, although they can help. Skirts on the 
to the expanded laser beam and the light-scattering trailer rear axle are more important than skirts 
measurement schemes. These experiments were intended on the axles farther forward on the vehicle. 
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¯ Any improvement varied with vehicle/trailer ¯ Expanded laser beam transmissometers, up to 
configuration and, depending on baseline per- 15in in diameter, appear feasible and allow 

formance, improvement can be expected but not spatial averaging that will reduce received output 
quantitatively predicted, fluctuations caused by large water droplets. 

¯ The relationship between vehicle speed and ¯ Photometer measurements of scattered light are 

spray density is an approximately linear one. feasible for measuring localized spray density 

Above 60mph, the effectiveness of any treatment but not throughout the entire spray field. 

was totally negated. ¯ No correlation methodology or procedure exists 
¯ Insufficient replications of treatment combina- to relate the improvement in light transmissivity 

tions were made to permit adequate statistical to improved visibility as perceived by the 

analysis of the relative contribution of specific             motoring public. 

treatments at various locations or the effect of ¯ Under controlled conditions, the contrast sensi- 

wind condition on treatment effects, tivity of an observer is substantially impaired 

when a laser transmissivity of below 40 percent 

through a spray cloud is reached. 

Equipment/Procedure 
References 

¯ Computer image digitization of spray cloud 

density appears to be a viable alternative to 1. Weir, D.H.,etal.,"Reductionofadverseaerodynamic 

costly and stationary laser instrumentation, effects of large trucks," U.S. Department of 
¯ Use of eight lasers versus two provided little Transportation Report, FHWA-RD-79-84, Septem- 

additional information about the spray cloud, ber 1978: 

An Evaluation of the Obstacle-Avoidance Capabilities of 
Articulated Commercial Vehicles 

Paul S. Fancher The purpose of this paper is to describe analytical 

The University of Michigan Transportation approaches used for evaluating the steering and braking 

Research Institute performance of heavy trucks in a current project sponsored 

by the National Highway Traffic Safety Administration 

(NHTSA)(1) in the United States. In that project, the 

sensitivity of vehicle performance to parametric changes 
Abstract in component characteristics will be evaluated. An 

ultimate goal of the NHTSA project is a vehicle dynamics 
Analytical methods are used to evaluate the braking handbook for straight and articulated heavy trucks. The 

and steering performance of tractor-semitrailer, truck- approach described will be used in formulating the 
full trailer, double, and triple combinations that have vehicle dynamics handbook. 
mechnical properties corresponding to current design 

and usage practices in the United States. 

Description of the Methodology 
Introduction 

The results presented are based on models developed 
Drivers of articulated commercial vehicles are expected during studies supported by the Motor Vehicle Manu- 

to stabilize directional response, avoid rollover, and facturers Association (MVMA), the Federal Highway 

judge stopping capabilities under various operating Administration (FHWA), the State of Michigan, and 
conditions. This paper examines the extent to which the NHTSA. Table 1 provides correspondence between 
design and configuration of combination vehicles in- open-loop vehicle maneuvers, computerized models, and 

fluence (1) the nature of the driver’s control tasks, and (2) published references. Simulated vehicle maneuvers have 

the fraction of the tire-road friction that can be used in been used to make design evaluations similar to those 

successfully avoiding obstacles and resolving traffic that might have been obtained from typical vehicle 

conflicts, tests.(19,20,21). 
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Table 1, Correspondence between models, references, and maneuvers 

Models Background References* 

1. Static Roll (2, 3) 
Equilibrium 
Analyses 2. High-speed Tracking                  (4, 5, 6) 

3. Steady Turning (Handling) (7, 8, 9, 6) 

4, Constant Deceleration Braking (10) 

5. Low-speed Tracking (Tractrix) (1 1, 1 2, 13) 

6. Linear Yaw Plane Analysis (14, 15, 5) 
Simulations 

7. Yaw and Roll (Constant (2, 10) 
Velocity) 

8. Comprehensive Braking (16, 17, 18) 
and Steering 

Simplified versions of models 1 through 5 have been developed in (1), 

Model Number 

Maneuvers 1 2 3 4 5 6 7 8 

Steady Turning 
a. Roll X X X 
b. Tracking X X X 
c. Handling X X X 

Straight-Line Braking X X 
(Constant Deceleration Braking) 

Low-Speed Cornering X X X 
(lmTown Corner) 

Transient Turning X X X 
(Ramp-Step Steer) 

Obstacle Evasion X X X 

Response to External Disturbances X X 

Braking in a Turn X 

For most of the maneuvers employed here, a perform- A family of maneuvers and associated performance 
ance signature is obtained for each type of vehicle. Then, measures (see Table 2) has been selected for assessing the 
performance measures are evaluated at safety-relevant influences of changes in vehicle properties on steering 
levels of the performance signatures of the various and brakingperformance(1).Thesteady-turningmaneu- 
vehicles. For example, in a steady-turning maneuver, the ver is used to examine three aspects of performance, 
rol! angles of the vehicle’s unit increase as the lateral namely, roll, tracking, and handling. Constant decelera, 
acceleration of the turn increases. At the limit of perform- tion braking is used to evaluate friction utilization and 
ance, one of the vehicle’s units rolls over at a level of braking efficiency. The other maneuvers are transient in 
lateral acceleration called the rollover threshold. In this nature in that they involve changing from one path to 
case, the roll angle versus lateral acceleration graph is the another. 
performance signature and the rollover threshold is the Some of the maneuvers are open loop such that a test 
safety-relevant performance measure, driver would perform predetermined control actions 
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Table 2. Performance signatures and measures for various maneuvers 

Performance 
Signatures 

Maneuvers (or Operating Condition) Performance Measures 

Steady Turning 

a. Roll Lateral acceleration Rollover threshold 
versus roll angle 

b. Tracking (360m radius at 88kph) Offtracking 

c. Handling Handling diagram (22,6) 1. Steering gain at 80kph 

and critical speed versus 2. Critical speed at 
lateral acceleration (23) 0.3g 

Constant Deceleration Friction utilization and Braking efficiency 

Stopping deceleration versus at 0.4g 

pressure 
Low-speed Cornering (12.3m radius, 90° Maximum offtracking 

(In-Town Corner) corner) 

Transient Turning Steering wheel angle Lateral acceleration 
......... (Ramp-Step Steer) (200°/s to 28°) response times (50% 

steering to 90% of 
steady state) 

Obstacle Evasion Transfer function: Maximum rearward 

(Rearward lateral acceleration of amplification (steering 

Amplification) last unit to that of the frequency < 0.5Hz 
first unit 

....... Responding to Transfer function: Maximum closed-loop 

External Disturbances steering control to steering gain 

equivalent disturbance 
input 

Braking in a Turn (2s braking pulse Open-loop: maximum 

while following a 360m changes in yaw rate 

turn at 80kph) and sideslip 
Closed-loop: deviation 
from a reference yaw 

rate 

independent of the instantaneous position or path of the performance signature has a discontinuity in slope at the 

vehicle. Constant acceleration maneuvers are inherently point (0.36g) where the semitrailer’s inside wheels lift off 

of this type. Transient maneuvers may have either open- the ground. The maximum value of lateral acceleration, 

or closed-loop versions. In this case, the ramp-step and the rollover threshold, occurs at 0.39g when the tractor’s 

low-speed cornering maneuvers are treated in an open- inside rear wheels lift. Above 0.08tad of roll angle, the 

loop fashion. Obstacle evasion and braking in a turn are slope of the curve (lateral acceleration versus rol! angle) 

investigated using both open- and closed-loop analyses, becomes negative, indicating points of unstable equilib- 

and the response to external disturbances is studied rium. 

through closed-loop calculations. The roll performance signatures of vehicles with full 

Open-loop results serve to define the accident-avoidance trailers include additional acceleration versus roll angle 

capabilities of the vehicles. In this study, a driver curves for each full trailer. Nonlinearspringcharacteristics 

representation(24) is used to steer the vehicles to attempt 
to follow preselected paths in simulated closed-loop 
situations. These closed-loop analyses aid in under- 
standing the influences of open-loop vehicle properties 
on the predicted performance of the driver/vehicle 
system. 24 

Performance Signatures and Measures 

Steady Turning 

Roll                                                      o      ,o~     .o8      ~z     A6     20 
ROLL ANGLE (radions) 

Equilibrium values of roll angle are a function of ........ " .... 

lateral acceleration, as illustrated in Figure 1. This Figure 1. Roll performance signature 
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and free play when leaf springs go into tension cause achieving this type of performance at highway speeds on 

more complicated-looking characteristics than those highway curves. However, small deviations from the path 

shown in Figure 1. Nevertheless, the rollover threshold is of the front axle have caused trailer wheels to strike curbs 

readily identified as the maximum attainable level of and other roadside obstacles and thereby precipitated 

lateral acceleration before rollover of any unit of the rollovers or control difficulties. Recognition of this 

vehicle, danger has prompted the recommendation of a tracking 

The first row of Table 3 provides first-order estimates test(2!). 

of the roltover thresholds of fully laden versions of For a given length of vehicle, low-speed maneuverability 

various types of articulated commercial vehicles com- is enhanced by adding articulation points. The addition 

monly employed in the United States. (Table 4 presents of articulation points will greatly reduce low-speed 

prototypical values of fundamental parameters describing offtracking. However, this improvement in low-speed 

the basic vehicles.) In addition to the ratio of center of offtracking contributes directly to the amount of outboard 

gravity (c.g.) height to track width, these estimates are offtracking at high speed. 

influenced by those conditions that allow the c.g. of the A specific turn has been selected as being representative 

sprung mass to translate laterally--specifically, low of a high-speed exit ramp. The simulated maneuver is 

suspension roll rates, free play, and low roll center performedatavelocityof88km/h(55mph)onaflatturn 

heights(9). Accident data have been used to show that with a radius of360m (1,200ft). The outboard offtracking 

small changes in rollover threshold can have a large attained by the end of the last trailer has been selected as 

influence on the number of rollover accidents for heavy the performance measure. 

vehicles having values of rollover thresholds in the Figure 2is a parameter sensitivity diagram showingthe 

vicinity of those given in Table 3(10). influences of (a) the cornering stiffnesses of the tires, and 

(b) the wheelbase of the third trailer on the high-speed 

Tracking offtracking of a typical triple combination employing 

8.1m (27ft) trailers. The abscissa values of +1 and -1 
Ideally, the trailing units in an articulated vehicle representdeviationsfromthebaselinevaluesofwheetbase 

would be expected to follow exactly the path of the front and cornering stiffness. These deviations are equal to +_ ½ 
axle of the towing unit. Practical vehicles come close to of their baseline values. At low speed, the offtracking on a 

Table 3, Summary of performance measures for basic vehicles 

Tractor-Semi Truck-Full Trailer Double Triple 
3-$2 3-2 2-$1-2 2-$1-2-2 

t, Rollover 
Threshold (g’s) 0,385 0,410 0.404 0.404 .... 

2 High-speed 
Offtracking (m) 0,22 0,411 0.411 0.582 

3, Critical Speed 
at 0.3g (kph) Nonexistent Nonexistent 130 130 

4. G-Level at 
Neutral Steer. Axle lifts 0.388 0,328 0.328 
50mph first 

Braking Efficiency 
at 0.4g 
(Loaded)                   0.88 0.77 0,78 0.80 
(Empty) 0~59 0.50 0,55 0.61 

6. Maximum Transient 
Offtracking (m) 4,29 2.88 3.48 4,74 

7. Lateral 
Acceleration 
Response Time ..... 
(sec) 0,80 0.79 0.98 0.98 .... 

8. Maximum Rearward 

Amplification 1.08 2.03 2.07 2,96 
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Table 4. Fundamental parameters for the basic vehicles 

Tractor- Truck-Full 
Semitrailer Trailer Doubles 

Tractor or Truck 3-S2 3-2 2-S 1-2 

weight (Newtons, N) 69,000 187,000 59,000 

c.g. height (meters, m) 0.88 1.62 0.95 

front axle to c.g., m 1.54 4.48 1.08 

c.g. to rear suspension center 2.11 1.44 2.28 

c.g. to hitch (5th wheel) 1.75 4.14 2.3 

total cornering stiffness, N/deg 21,300 20,200 12,900 

........... brake gain per front brake, Nm/Pa 779. 779. 779. 

brake gain per rear brake, Nm/KPa 1169. 1169. 1169. 

Semitrailer 
weight, N 287,000 141,000 

c.g. height, m 1.99 1.99 

5th wheel to c.g., m 5.78 3.52 

..... c.g. to rear suspension center, m 5.19 2.88 

c.g. to rear hitch, m 6.10 3.79 

total cornering stiffness, N deg 16,700 8,500 

brake gain per brake, Nm/KPa 1169. 1169. 

Full Trailer 
weight, N 169,000 156,000 

1.87 1.92 c.g. height, m 
front axle to c.g. 2.82 3.20 

c.g. to rear axle, m 2.82 3.20 

c.g. to rear hitch 3.74 4.11 

total cornering stiffness, Ndeg 17,500 16,900 

brake gain per brake, Nm/KPa 1169. 1169. 

Note: The triple (2-$1-2-2) is the same as the double except that it has another full trailer 

360m (1,200ft) radius turn would be 0. lPm (0.62ft) The +l value of deviation represents the cornering 

toward the inside of the turn. As speed is increased, the stiffness typical of radial tires, the 0 value corresponds to 

offtracking decreases to zero and then increases toward bias-ply tires, and -1 represents lug-type tires. Although 

the outside. The basic triple is predicted to track more lug tires are not usually used on trailers, the parameter 

than.57m(1.9ft)outboardinamaneuverrequiring0.17g sensitivity diagram shows the adverse effect of low 

at 88km!h (55mph). cornering stiffness. 

........... The triple tracks outboard of the double by an amount 

equal to the contribution of a full trailer since the double 

OFFqRAO<ING (ft) [I ft, ~ 0305 m] and triple are made up of identical units. The triple has by 
¢OU-rE~OARC)) far the largest offtracking among the basic vehicles (see 

¯ 3.0 the second row of Table 3). 

Handling 

In this context (i.e., steady turning), handling refers to 
the response of the towing unit to steering inputs. 

Handling diagrams(22) (see Figure 3a) have been 
constructed at 80km/h (50mph) to obtain performance 

1.0                                 signatures. The handling diagram contains a handling 

3rd Troller Wheelbose curve that displays steady-turning properties as a function 0.5 l A Cornering Stiffness-Brd Trailer 
of lateral acceleration, yaw rate, forward velocity, and a 

.......................................... reference front-wheel angle (in this case, steering-wheel 

-1.0    -0.5 0 0.5 t.O angle divided by steering-gear ratio). 

OEVIA-FION FROM {BASE VALUE Vehicles with tandem axles on the tractor or the first 

-- semitrailer do not have a unique handling curve applicable 

Figure 2. High-speed offtracking, parameter sensitivity at all speeds(6). However, vehicles without tandem axles 

diagram do have special handling diagrams analogous to those 
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acceleration. The fourth row indicates the lateral accelera- 

tion levels at which the vehicles become neutral steer 

while traveling at 80km/h (50mph). 

4 T~UCK /// For vehicles with full trailers, the handling results are 
FULL    It                               similar to those that would have been obtained if the full 
~RA~LER -- / (-- 00UBLE                         trailers had been removed. That is, conventional dollies 

~ 
~~\ 

nearly decouple the full trailer from the unit towing it 

because the lateral force at the pintle hitch is very small 

compared to the tire forces acting on the towing unit(14). 

For example, the handling results for the double and 
o --,                                              triple are practically identical to those obtained if only 

-o4       o      ,o4     .08 
( L" r/U) - Delto (mdions) the tractor-semitrailer portion of these vehicles were to be 

analyzed. (The handling results for the double and triple 
Figure an. Handling diagram are also identical to each other since these vehicles 

employ the same tractor-semitrailer as their towing unit.) 

used in the study of passenger cars. Figure 3a contains At turning levels above 0.15g, lateral load transfer has 

handling curves for a truck-full trailer and a double an important influence on truck tire characteristics. The 

combination. The handling curve for the double is curvature of tire cornering stiffness with respect to 

applicable to all speeds since this double has single-axle vertical load becomes especially important for the drive 

suspensions. The truck in the truck-full trailer combina- axles of the lead unit since a large portion of the lateral 

tion has tandem axles at the rear of the truck. For the toad transfer takes place at these axles on typically 

truck-full trailer, the handling curve only applies at suspended heavy vehicles in the United States. Given a 

80kmi h (50mph) because, due to the tandem axles, the bias in roll stiffness distribution, the level of oversteer at 

effective wheelbase changes with velocity(6). The wheel- high g levels depends to a large extent on the curvature of 

base used in Figure 3a is the distance from the front axle the tire characteristics. The results presented here are for 

to the center of the rear suspension of the towing unit vehicles with typical bias-ply truck tires, having a moderate 

(i.e., the truck), amount of curvature in their characteristics. However, 

In the handling diagram, an oversteer condition is sudden transitions to large oversteer may take place for 

indicated by a positive slope of the handling curve. For tires with considerable curvature in the relationship 

vehicles that become oversteer at lateral acceleration between cornering stiffness and vertical load. 

levels below their rollover thresholds, critical speeds have 

been computed For these vehicles, a stability boundary Constant Deceleration Braking 
can be plotted in a space defined by critical speed and 

latera! acceleration (see Figure 3b). This stability boundary 
The performance signature selected for constant de- 

is a special type of performance signature that provides 
coloration braking is a family of curves (one for each axle) 

an indicationoftheconditionsunderwhichthedriverhas 
showing the friction, required to avoid wheel lock, 

to control an unstable vehicle, 
displayed as a function of treadle pressure (see Figure 4). 

For the baseline vehicles, the results indicate that all of 
Also superimposed on this plot is a graph of deceleration 

them remain stable at speeds up to 88kmi h (55mph) and 

lateral acceleration levels below 0.3g. The third row of 

Table 3 lists the critical speeds obtained at 0.3g of lateral          ~c 

~l ~ont r~xte                                               4 

iO0 -logo kph 5 rearmost sermtrailer tendern 

90 
/ / 5 

TRUCK 

DOUBLE-s~\    /\ ~ TRAILER 4 7O 

50 80 kph ’~ 

40 
STABLE 

50 SIDE 
///~,,, 0 5 ~0 ~5 20 25 

20 BRAKE LINE PRESSURE (% of moximurn) 

t0 

o ,    , ~ , , , _ , , , Figure 4. Friction utilization and deceleration, empty 
0 I .2 3 .4 ,5 tractor-semitrailer (interaxle load transfer for 

LATERAL ACCELERATION (g’s) the semitrailer’s tandem equal to 20 percent 
of the braking torque divided by the tandem 

Figure 3b, Critical speed versus acceleration spread 
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in g’s versus treadle pressure. Braking efficiency is the of the trailer has a maximum inboard offtracking of 2.9m 

ratio of deceleration divided by the highest required (9.6ft), which occurs when the rear axle has turned 

friction coefficient (i.e., the results for axle 4 in Figure 4)2 through 59°. 

The braking efficiency at 0.4g has been used to provide The maximum offtracking of the rear of the last unit 

the performance measures listed in row 5 of Table 3. has been used to quantify low-speed turning performance 

These results indicate that empty heavy vehicles have of the prototypical vehicles (see Table 3, row 6): 

braking efficiencies that are less than 0.6. 
In the example shown in Figure 4, the brake torque Ramp Step Steer 

acting on the tandem suspension of the tractor does not 

cause interaxle load transfer. Hence, the curves labeled 2 This maneuver is used to establish the quickness of the 
and 3 coincide in Figure 4. Curves 4 and 5 do not coincide lateral acceleration response of the first unit in a comblna- 
because, in this example, a significant amount of load is tion vehicle. Response times are measured between the 
transferred from axle 4 to axle 5 during braking. The time when a rapid steering input reaches 50 percent of its 
effect of this interaxle load transfer is to reduce the final value and the time when the lateral acceleration 

........ braking efficiency at 0.4g from 0.59 for a vehicle without response reaches 90 percent of its steady-state value. The 
..... interaxle load transfer to 0.43 for a vehicle with a magnitude of this response time depends on vehicle 

semitrailer whose tandem suspension has a large amount loading, speed, and the amplitude of the steering input. 
of interaxle load transfer (for American suspensions). The results given in Table 3, row 7, are for low-amplitude 

steering-wheel inputs (28°) applied to fully laden vehicles 

Transient Maneuvers traveling at 80km/h (50mph) on high-friction surfaces. 
The response times of the basic vehicles range from 0.79 
to 0.98s. 

The lateral acceleration response time is believed to 
Tractrix relate to the manner in which drivers correct for external 

disturbances. A computational method, similar to one 
The term tractrix pertains to the path of the axles of a used in vehicle testing(25), has been developed by 

semitrailer while it is turning a corner at low speed. To MacAdam(26) for assessing closed-loop response to 
evaluate transient offtracking at low speed, articulated external disturbances. Results from these computations 
heavy vehicles are treated as a train of semitrailers in for the basic vehicles indicate that drivers, represented by 
which the path of each hitch is the general curve followed a delay time of 0.25s and a preview time of 1.5s, will 
by the attached semitrailer, increase the magnitude of the influences of external 

The trajectories (tractrices) of the various axle sets of a disturbances, occurring at approximately 3rad/s, by a 
truck-full trailer are shown in Figure 5. The center of the factor of approximately 2. These results are sensitive to 
steering axle is assumed to follow a 90° turn with a radius driver-control characteristics (delay time and preview 
of 12.3m (41 ft). The rear axles of the truck are treated as a time). Shorter delay times and/or longer preview times 
single axle. The dolly axle does not offtrack far from the will reduce the gain of the closed-loop response. 
path of the truck’s rear axle (see Figure 5). The rear axle 

Obstacle Evasion 

THE TRACTRIX OF THE VEHICLE IS: 
The obstacle-evasion maneuver is based on traffic 

x                                                   conflicts in which another vehicle stops or suddenly pulls 

~ 
out in the path of a heavy truck. The truck driver is 
assumed to attempt to avoid a collision by suddenly 
swerving into another lane. Vehicle performance in this 

_ ............. type of situation depends on the period of the maneuver 
/// ~ ,r~c~ fron, axle and the forward velocity of the vehicle. Quick maneuvers, 

~/ / § ~c~ r~ ~xle in which the major steering activity occurs within 2s, have 
4 trailer rear axle been found to excite amplified responses at the last units 

of combination vehicles with full trailers(15). 
--12.3m I CENTER Y These amplified responses, referred to as rearward 

amplification, have been studied in both time and 
frequency domains. The frequency domain approach has 
been found to be effective because (1) the worst frequency, 
the one causing maximum amplification, can be readily 

Figure 5. Tractrices for a truck-full trailer observed, and (2) the magnitude of the amplification 
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determined by linear methods has proven to be a good transfer function from that pintle hitch to the c.g. of the 
indicator of the magnitude of amplification predicted by last full trailer(5). The rearward amplification of the 
nonlinear analyses(15), triple exceeds that of the double by a multiplicative factor 

Rearward amplification not only has tracking or that depends primarily on where the last pintle hitch is 
swept-path implications, it also indicates situations in located, the length of the last trailer, and the ratio of the 
which fuil trailers with high c.g. loads are likely to roll weight of the last trailer divided by the sum of the 
over. Since the rollover threshold is expressed in terms of cornering stiffnesses of all of the tires installed on the last 
lateral acceleration, the ratio of the tateral acceleration of trailer(5). 
the last unit divided by the lateral acceleration of the first Sensitivity analyses have shown that rearward amplifi- 
unit of a combination vehicle has been used to quantify cation may be reduced significantly by (a) reducing speed 
rearward amplification, in the frequency domain, this (the results given here are at 80kmih (50mph)), (b) 
ratio is displayed as the amplitude of the transfer function increasing the wheelbases of full trailers, (c) reducing the 
between the motion of the c,g. of the towing unit and the distance from the center of gravity of a unit to the pintle 
motion of the c.g. of the last unit (see Figure 6). The hitch installed at the rear of that unit, and (d) increasing 
maximum value of this transfer function has been the cornering stiffnesses of the tires. 
selected as a performance measure for this maneuver. To produce a closed-loop version of the obstacle- 

evasion maneuver, a path is selected to represent the 
choice made by the driver in an attempt to avoid the 3.0 ~ 
obstacle. Driver-controlled path following is then used in 2.7 
the simulations(24). Preliminary results for a maneuver 
in which the driver attempts to suddenly translate the 
basic double by a lateral distance of 1.2m (4ft) while 

~ 
1~.1 traveling at 80km! h (50mph) show a rearward amplifica- 

tO 

1.8 
~,_~/,/~~ 

tion of approximately 1.5 if the driver has a 2s preview 
and is allowed an additional 2s (a total of 4s) for 
completing the 1.2m (4ft) displacement. However, the 

~ ~ last unit will not experience more than 0.1g of lateral 
’~ ~.2 acceleration in this case where the driver can use a long 

~ preview time. If the preview is shortened to 1.0s and the 

~ total time for clearing the obstacle is 1.6s, corresponding 
i:l: to a maximum lateral acceleration at the tractor of 0.27g, 

~ the lateral acceleration of the last unit exceeds 0.7g 
~ during the rollover of the last trailer. These closed-loop 

0 ~ ,! ~ I results are interpreted to mean that rearward amplification 

0 I 2 3 4 5 is not a problem if the driver can foresee the obstacle to be 

FREQUENCY (rGd/sec) avoided. However, if drivers are forced to take emergency 
evasive actions to resolve traffic conflicts at highway 
speeds, fully laden (high e.g.) full trailers are likely to roll 

Figure 6. Rearward amplification for a basic U.S. over. 
double 

Braking in a Turn 
The results, given in row 8 of Table 3, indicate that 

tractor-semitrailers have small amounts of rearward Combined braking and steering maneuvers are difficult 
amplification compared to vehicles with full trailers. To to control on a poor, wet road. When braking is applied 
first approximation, rearward amplification is a cumula- while turning, the driver may lose directional control 
rive property consisting of the product of transfer momentarily or wheels on individuataxles may lock up, 
functions between {a) unit c.g.’s and hitch points, and (b) leading to jackknifes or trailer swings. 
hitch points and unit c.g.’s from the front to the rear of From an analytical point of view, braking in a turn is 
the vehicle(27,5). Hence, vehicles with more units tend to difficult to treat because it involves all the dynamic 
have higher amplifications, modes of vehicle motion. The tires are required to 

For example, the basic triple is obtained by adding a produce both longitudinal and lateral force. On even 
full trailer to the basic double. The rearward amplification moderately slippery surfaces, demand for high decetera .... 
of the triple is approximately equa~ to the rearward tionmayresultinalackofsideforee. The critical levels of 
amplification of thedouble multiplied by(a)the transfer performance, where loss of control may occur, are 
function from the c.g. of the first full trailer to the pintle significantly altered by many vehicle characteristics. The 
hitch between the first and second full trailers, and (b) the interaction between longitudinal and lateral tire forces is 
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clearly critical, but data describing the influences of deciding the tradeoffs between conflicting performance 

longitudina! slip on lateral force and slip angle are not requirements. 

generally available. ..... The two main areas in which tradeoffs are required are 

....... Not only are the basic results difficult to predict, but (1) compromises between high- and low-speed tracking, 

suitable performance signatures and performance and (2) the choice between longitudinal and lateral force 

measures are difficult to select. In open-loop testing, the capability in combined braking and steering maneuvers. 

disturbances in yaw rate and sideslip shortly after With regard to tracking, the addition of articulations 

braking have been used to quantify the magnitude of the within a given overall length can increase overall 

directionalcontrol problem presented to the driver(28,29), maneuverability, but it also increases high-speed off- 

Closed-loop results have been predicted for vehicles tracking and rearward amplification. In combined braking 

equipped with antilock brakes(30). In that situation, the and turning, truck brakes in the United States have 

simulated driver does not need to modulate brake traditionally been able to override the lateral force 

pressure. However, information is not available to use in potential of all tires except those on the front axle. The 

predicting how drivers will modulate brake pressure driver is expected to steer out of difficulties although it 

when the vehicle does not have an antilock system, may be difficult or nearly impossible to avoid jackknifing 

..... Currently, our plans are to perform open-loop calcu- on slippery surfaces. 

lations for empty and fully laden vehicles turning at 0.11 g Adjustable or adaptive components are being developed 

at 80km/h (50mph) on poor, wet roads (skid number at to resolve situations that currently require compromises 

65kmihis28).(See(30)foradiscussionoftireproperties and tradeoffs. For example, antilock braking systems 

applicable to turning and braking on a poor, wet road.) have been and are being perfected. Also, new types of 

The maximum deviations in yaw rate, sideslip angle, and dollies are being considered. Ideally, these dollies would 

articulation angles (where appropriate) will be used to change their characteristics depending on vehicle speed 

quantify the influences of the disturbances caused by and the type of maneuver the driver wants to perform. If 

braking. The brakes will be applied suddenly and fully, properly developed, these automatic systems will aid the 

At the end of 2s from the initiation of braking, the brake driver in avoiding control difficulties while, at the same 

pressure will be released. The maximum deviations time, not limiting the driver’s abilities and responsibilities 

occurring (a) when the brakes are applied and (b) after for safe vehicle operation. 

the brakes are released will be used as performance 
measures. 

Given the above braking disturbance, closed-loop References 
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Test Procedures and Evaluation Criteria for the Handling Characteristics of 
Heavy Commercial Vehicles 

Klaus Rompe and Table 1 is a survey of the measurement results available 

Bernd Heifling in the literature on the driving behavior of heavy 

Institute for Traffic Safety, TI~V Rheinland commercial vehicles throughout the past decade. From 

e.V., Cologne, Federal Republic of Germany this, it can be gathered there are basically five eligible test 

procedures: 

1. Steady state turning to determine the under- 
Abstract steer/oversteer behavior as a function of lateral 

acceleration or driving speed. 

In the years past, quite a number of relevant test 2. Braking during steady state turning to determine 

procedures, including appropriate criteria of description, the yaw stability and steerability. 

have been conceived to describe objectively the handling 3. Lane change to determine the steering effort and 
...... .... characteristics ofpassengercarsandpassengercar-trailer the effect of a lane change as an excitation 

combinations. Because of the various design principles of function for yaw angle oscillations. 
commercial vehicles and the ever-increasing advances of 4. Step steering input to determine the promptness 
vehicle combinations insuring optimum utilization of of vehicle response. 
space, i.e., single trucks or buses, truck-trailer combina- 5. Frequency response measurement to determine 
tions, semitrailer combinations, articulated buses, plat- the extent and promptness of vehicle response as 
form road trains, and short coupling truck combinations, a function of the steering angle input. 
the handling characteristics ofthese vehicles are definitely Figure 1 shows the required measuring variables 
more distinct from each other. A description of the illustrated by theexample ofatruck-trailer combination. 
handling characteristics as compared with existing designs There is evidence that the standard variables referring to 
wil! be of great importance to the classification of new the towing vehicle such as steering angle, driving speed, 
vehicle combinations. This paper gives a survey of the lateral and longitudinal acceleration, and yaw velocity 

.............. measuring procedures applied so far and the findings as .......... are needed and so are corresponding measuring variables 
published on the handling characteristics of heavy com- referring to further elements of the combination and the 
mercial vehicles. This approach is compared with relative yaw angles at the different joints or couplings. 
measurements taken by the authors for a 16t truck~, a 38t 

truck-trailer combination, and a special type 38t semi- 

trailer combination. Against this background, the trans- 

ferability of the test procedures, which have previously 

been applied to passenger cars only, and the required 

restrictions under their application to heavy commercial 

vehicles is i!lustrated and evaluated on the basis of the 

measurement results obtained. Any measuring variables 

and criteria of description that are of significance to this 

particular class of vehicles are detailed. 
/ 

Current Status of Test Procedures 

The registration regulations as applicable to corn- Figure 1. Commercial vehicle measuring variables 

mercial vehicles are specifying requirements to be accom- 

modated by mainly two areas of the handling charac- 

teristics complex, viz., straight line braking and mobility Steady State Turning 
in turning. Since these procedures have been applied for 

quite a long time, they will not be treated further in this Steady state turning is to provide data on the steering 
paper. The examples detailed in the sections to follow are tendency, i.e., on the driving course as a function of 
rather related to the lateral dynamics and the combined steering angle and lateral acceleration. The conditions for 
lateral and longitudinal dynamics of heavy commercial implementation relating to passenger cars are specified in 
vehicles, an ISO standard(22). 

Figure 2 illustrates the characteristic curves of a 

I ln chargeoftheGerman Federal Minister of Transport steering angle increase over the lateral acceleration 
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TaMe 1~ Measurements of driving behavior of heavy commercial vehicles 

Test Procedure Vehicle, Mass Author 

DouNe Decker Bus 13t Rompe 1971 [1] 
Truck-Trailer Comb. NordstrOm 1977 [2] 
Bus 11t, 16t Benedek etal, 1978 [3] 

Steady State Truck 16t-22t Falkner et al. 1978 [4] 
Special-Type Tank Winkler et al. 1978 [5] 

Truck Comb. 
Semitrailer Comb. 26t, 38t Emery 1980 [6] 

Turning Truck 8t-19t Krisper et al. 1981 [7] 
Semitrailer Comb. lOt, 36t Burg 1981 [8] 
Truck-Trailer Comb. 8t-38t Gauf! et al. 1982 [9] 
Truck-Trailer Comb. 8t-38t Heifling et al. 1982 [10] 
Special-Type Semi- 

trailer Comb. 40t Heifling 1982 [11] 
Truck-Trailer Comb. 8t, 12t Alberti 1983 [12] 
Semitrailer Comb. 38t Helber et al. 1984 [18] 

Semitrailer Comb. lOt, 25t Itami et al. 1974 [13] 
Braking during Semitrailer Comb. Fancher 1975 [14] 
Steady State Semitrailer Comb. lOt, 36t Burg 1981 [8] 

Truck-Trailer Comb. 8t-38t Heif3ing 1982 [10] 
Turning Special-Type Semi- 

trailer Comb. 40t Hei/3ing 1982 [11] 
Articulated Bus 16t-27t Bruns et al. 1984 [19] 

Semitrailer Comb. 38t Gau/3 et al. 1973 [15] 
Truck-Trailer Comb. NordstrOm 1977 [2] 

Lane Special-Type Tank Winkler et al. 1978 [5] 
Truck Comb. 
Truck 16t-22t Falkner et at. 1978 [4] 

Change Truck 8t-19t Pilz et al. 1981 [16] 
Truck 8t-38t Gaufl et al. 1982 [9] 
Special-Type Semi- 

trailer 40t HeiJ3i ng 1982 [11 ] 
Articulated Bus 16t-27t Bruns et al. 1984 [19] 

Bus, Truck Weir et al. 1974 [20] 
Step Steering Bus Bisimis 1978 [17] 

Bus 11t, 16t Benedek etal. 1978 [3] 
Truck 8t-19t Pilz et al. 1981 [16] 

Input Truck-Trailer Comb. 12t Alberti 1983 [12] 
Semitrailer Comb, 38t Helber et al. 1984 [18] 

Semitrailer Comb. 38t Gaufl et al. 1973 [15] 
Frequency Bus Bisimis 1978 [17] 

Bus 11t, 16t Benedek etal. 1978 [3] 
Response Semitrailer Comb. 38t Helber et al. 1984 [18] 
Measurement Truck-Trailer Comb. 8t-38t Hamann 1984 

expressed as the difference between the steering angle 6n steering characteristics. The handling characteristics are 
minus the steering angle needed to drive on a circular rather governed by both the steering characteristics and 
path at the smallest lateral acceleration 6H,ack" This the yaw angles acting at the single joints. 
variable, also known as understeerin, g index, permits Figure 3 illustrates the steering angle and side slip angle 
turning maneuvers on different but constant radii to be of the towing vehicle of a loaded 16 to 22t truck. Also 
illustrated together. While the understeering tendency is illustrated are the yaw angles at the coupling point 
distinct for all the loaded single vehicles illustrated in the and at the turn table A~2. While the side sli p angle of the 
upper part of the figure, it was found to be comparatively towing vehicle increases with the lateral acceleration, the 
small for individual trucks. Besides, Figure 2 shows that a two yaw angles and hence the trailer’s position to the 
trailer will not always bring about a significant change in towing vehicle remain almost constant, A deviation of 
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Steady State Turning 200 

.......... 150 - 

-8 -6 -4 -2 2 ~ 6 8 

Combination 

spec. Tractor/ Trailer 40t1111                                                 I0 - 

Truck 16L T~Gile~ 2211101 

~ 

4 ~"~’- Truck 22t TroHer 16t [91 
-8    -6    -~ 2 

~ 2 3 ~ 5 

-5 

Figure 2. Steering angle increase--6H-6H,Ack as a -~0. 
function of lateral acceleration ay during 
steady state turning (all vehicles w~th maxi- 
mum permissible weight)                        Figure 3. Steering angle, slide slip angle, yaw angle, 

.and ring mount angle of a truck-trailer 

the trailer from the circular path or a lateral displacement 
combination (38t) during steady state turning 
(truck with trailer), R=1Ohm, maximum 

of the trailer was observed. This phenomenon is stated to permissible weight, dry road surface)(10) 
be a criterion for the evaluation of steady state turning, 
e.g.,(2). 

Another important criterion is the maximum physically I mi s2. When comparing these values with the values 
obtainable lateral acceleration during turning. It is modern passenger cars, one will find alateralacceleration 
naturally highly dependent on the respective center-of- of 6. I through 8.2m/s2, which will decrease only slightly 
gravity height. Table 2 is a ]istin~ of maximum values, as with increasing load(27). 
measured by the various authors, for the vehicle types 

when driving on a dry road surface. 

As loading in driving tests is generally of a low center- Braking During Steady State Turning 
of-gravity height, for more practical purposes, the actual 

values are assumed to be slightly lower. One will see that The test procedure of braking during steady state 

the values obtained for single vehicles and combinations turning was designed to yield information about the 

are in reasonable agreement and that the maximum extent to which a vehicle’s steering behavior is influenced 

physically obtainable lateral acceleration will in an by the simultaneous acting of braking forces. The criteria 

average decrease under loading conditions by about for evaluation are measuring variables that describe the 

Table 2. Maximum lateral acceleration during turning on a dry road surface (7, 8, 9, 10, 20) 

Maximum Physically Obtainable Lateral Acceleration 

Vehicle Type unloaded loaded 

Bus 4.7m/s2 
Truck 16-22t 4.4-4.5m/s2 3.6-4.2m/s2 

Truck-trailer Comb. 38t 4,1-4.5m/s2 2.9-3.4m/s2 

Semitrailer Comb, 38t 5.5m/s2 3.9-4.2m/s2 
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capacity to keep the course, yaw stability, and steerability application over the respective deceleration. For minor 
with distinct decelerations. The draft standard provided variations in the starting conditions to be equalized, the 
for passenger car braking during turning(23) has to be yaw velocity and lateral acceleration are related to the 
adapted for heavy commercial vehicles, especially in original values, and the variation of the side slip angle as 
terms of starting conditions, because the physically compared with the initia! state is plotted. A reference 
obtainable lateral accelerations are lower during turning curve is used for evaluation purposes. The underlying 
and deceleration takes more time to set in. principle is that a vehicle will continue to travel exactly 

The time functions plotted in Figure 4 relating to yaw along the initial radius even after brake application and 

velocity u~, lateral acceleration a~, side slip angle /3, that deceleration and side slip angle will remain constant 
braking pressure p, and deceleration ax were determined during the braking maneuver. 
for a 16t truck with permissible total weight(10). With a Figure 5 shows the evaluation function of the lateral 
mean deceleration, hardly any deviations were observed acceleration for an unloaded 16t single truck, a loaded 
in comparison with a passenger car° Unlike this, the 16t and a 22t truck, and a special type 40t semitrailer 
vibration of lateral acceleration was found to be distinct combination with antilock system (ABS)(10,1 l). Experi- 
with great decelerations. This can be attributed to ence has shown that an initial lateral acceleration of 
pronounced pitching motions resulting from the initiation 2mis2 and an evaluation instant of 2s after brake 
of braking forces, This behavior of the truck tested application at an adequately high initial driving velocity 
persisted when it was coupled to a trailer, are fit for the purpose. The lower half of the figure 

The evaluation functions are established by deriving illustrates also the yaw angles at the coupling point 
reference values from the time functions, which were and the turn table Aw2 of the combination truck. The 
measured in single tests at the respective deceleration increasing locking tendency of the truck with increasing 
~evets. Such reference values are synchronous values deceleration will result in growing yaw angles. With the 
obtained from the single tests, e.g., ! or 2s after brake towing vehicle nearing the limit of steerability, the 

decreasing yaw angles point to the almost straight 

position of the unit. In the ABS vehicle a control device 

will preclude this limit from being reached. This will lead 

.... Nedium Deceleration to a minor increase of yaw angles between the elements of 

................. ~ximum Decelerotion the combination when coming under the influence of 

1 O ~. Tractor/ Trailer 

0 ~ ......... Relative Yaw A~le 

I0 ~ .... Turn Table Ang{e A~2 

2 ~ 6 8 10 

~ 1 [S~ 2 D~eterotion o~.~m/s~ ] 

Figure 5. Comparison reference values for braking during ..... 
steady state turning for a single truck, a truck- 

Figure 4. Time functions of characteristics measuring trailer combination (38t), and a special type 
variables forbrakingduringsteadystateturning semitrailer combination (40t) (aY,°-2m/s2, 
(aY’°2m/s2, R : 105m, truck, drive road R : 105m, maximum permissible weight) 
surface, maximum permissible weight)(1 O) (10,11 ) 
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great decelerations(11). Comparable trends of the evalua- straight ahead again. A short steering angle impulse as 

tion function were established by (8) also. Although applied for passenger car-trailer combinations will not 

comparative tests have rarely been published so thr, it Can suffice to generate an adequate oscillation energy in 

.......... be assumed that Figure 5 is representing the likely range commercial vehicles(11). 

of evaluation criteria as valid for the vehicle category in Table 3 summarizes the maximum values obtained for 

question, different truck-trailer combinations, both loaded and 

In view of the different response behavior of towing unloaded, when driving on two road surfaces(9). "!’he lane 

vehicles and trailers, it will be reasonable to incorporate displacement was intended to be 3m over a distance of 

in the analysis not only the evaluation functions but also 40m. With no load or uniformly distributed load, the 

the variation with time of the measuring variables 2s after lateral movements of the trailer were established to be 

initiation of braking. 1.5m on wet, antiskid asphalt pavement at a driving 

velocity of about 80kmih and on a less skidding blue 

basalt surface (moistened) at about 70kmih. When 
Lane Change changing the lane at the highest possible velocity trailer 

oscillation, paths of 3m and over can be observed for 
.......... This test procedure is applied to serve a dual purpose in both surface types. The vibration paths established for 

the evaluation of handlingcharacteristics of heavycom- the unloaded truck-trailer combinations were on an 
mercial vehicles, average slightly shorter as compared with the loaded 

combinations. With the trailer unfavorably loaded, e.g., 

Evaluation of Transient Steering Behavior only in the back third, the driving conditions, in some 

cases, turned out to be much more critical. 

The driving course chosen, e.g., by (4,16), is the dual To eliminate the driver influence on the measured 

ISO lane change(24), which is to be understood as a lane results, it will be a meaningful approach to evaluate the 

displacement of 3.5m over a distance of 30m. With this, results as a function of the actua! vehicle excitation as 

the evaluation will cover the steering activity especially, represented by the yaw movement or the lateral accelera- 

i.e., the amount of required steering movements to be tion in the coupling points(21). 

made by the driver to first keep to the lane and then to Figure 6 shows the position of the elements of a special 

stabilize the vehicle, type 40t semitrailer combination after having passed the 
single lane displacement of 3m over a distance of 40m on 

Evaluation of the Damping Behavior of     a wet, hardly skidding surface at a ls interval(ll). This clearly proves the validity of the procedure for the 

Combination Elements application of new vehicle combinations also. 

In this test, which is based on a course similar to the 

ISO lane change, e.g., in the form of a single(9,11) or 

dual(2) lane change, the lane change will mainly serve to Transient Steering Behavior 
excite the combination’s oscillation. The aim of the test 

procedure is to determine the damping of the yaw angles The evaluation of the steering activity during lane 

and the oscillation paths at the end of the trailer, change has proven to be a suitable tool to determine the 

The measured values will therefore be recorded only handling characteristics during rapid steering motions, 

after the lane has been changed and the vehicle is driven i.e., transient steering behavior. 

Table 3. Maximum values reached during single lane change for driving velocity Vma×, yaw angle in 

the coupling point 01 max, and at the turn table 02max and for the lateral displacement at the 
trailer end Smax(9) 

Truck-trailer Vmax 01 max ~/2max Smax 

combinations 
32t and 38t (km/h) (degree) (degree) (m) 

unloaded    85-75                         0.6-1.0 
p=0.8 

loaded 75-85 25-35 1.6-2.8 

unloaded    70-75    28-45    24-35    1.0-28 
p=0.3 

loaded 72-80 15-35 1.7-3.8 

877 



Experimental Safety Vehicles 

delay periods increasing with loading, as compared with 

passenger cars. For a 16t bus with permissible load, the ~, ..... 
2s--~ls ~1~ ~s i~ ~s .[,~ .L deceleration is 0.05 to 0.10s as compared with an 

1 
unloaded vehicle(3). 

-I~ + l I Figure 7 illustrates the basically different tendency in 
Ot 

~ vehicle response between a bus(17) and a modern pas- 

senger car(27) exemplified by the yaw velocity. While the 

passenger cars reach a maximum value about 0.2 to 0.5s 

: ! ~ after steering input (50 percent rating), the motional 

variables referring to the bus change over into the steady 

state value aperiodically. In addition, the figure shows 

the distinctly decelerated response behavior of the bus 

.2.++o"p---,,~--+-+--.4 compared with the passenger car. Measurements taken 

for semitrailer combinations(12,18) indicate a similar 

-1.s," ; : ! behavior with no reaching of the maximum yaw velocity 
~ T~ck:~/ Trailer 

] 
or without excessive overswing. 

+z2o~_ .~’-0.6, 
Detailed comparisons on a literature basis cannot be 

v~= 72.5 km/h ¶ 
made because there is no information available on series 

-~.3, ~ of measurements with different driving velocities and 
lateral accelerations. This will surely be due to the 

Figure 6. Positions after an extreme change of lane for comparatively large space needed to conduct this test. 

a special type semmitrailer combination; 
(loading condition--maximum permissible 
weight; road surface--wet blue basalt)(11) 

Step Steering Input 
15 C~rs 

The step steering input as applied to commercial 

vehicles is comparable to that applied to passenger cars. 

A draft standard on this subject has been prepared(25). 
"-. 

The driving velocities range from 50 to 80kmih with 

transient obtainable lateral accelerations of 2.5 to 5m/s~. ~ o,+- "~ 
[+he steering wheel’s rotational speed may reach from 300 

to 500°is. Because of the different, and in part not 

exactly stated, definitions of the delay periods between 

steering input and yaw velocity or lateral acceleration 

being used as an evaluation criterion, and because of the 
r~ 

different starting conditions, the results obtained by 

different authors can hardly be compared. AS a basic fact, 
Figure 7. Comparison of vehicle response in the step 

the essentially higher inertia moments alone of the 
steering input test for 1 bus(17) and 14 

commercial vehicles will naturally cause essentially longer passenger cars(25) 

Table 4. Test conditions and some results for the test procedure step steering input 

Vehicle v av,oo T65o%~bgo% T65o%ay90% 

(km/h) (m/s2) (s) (s) 
Bus, Truck (1 7,20) 80 5 
Semitrailer comb. (t 2) 68-72 3.5°3.8 0.4-0.5 0.7-0.75 
32t unloaded 

Semitrailer towing .... 
comb. (10) vehicle 3 0.2-0.3 
38t loaded 54-59 

trailer 0.7-1.0 
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Frequency Response Characteristic semitrailer combinations, from the frequency response 
characteristics. 

The determination of the frequency response charac- 
Measurements of amplitude frequency characteristics 

.......... teristic of yaw velocity, lateral acceleration, and yaw 
of the yaw velocity of a bus also show a rapid decline in 

angle with periodic steering input as described in the 
yaw response without any distinct resonance point(17): 

ISOiDIS(26) permits a more extensive evaluation of the 
To insure an all-inclusive evaluation, the phase angle 

transient steering behavior. The amplitude frequency 
characteristic, too, describing the promptness of a vehicle 

characteristics of this variable related to the steering 
response has to be taken into account. Hardly anything is 

input are illustrated in Figure 8 for a loaded 38t container 
known about such measurements. To identify the phase 

semitrailer combination at a driving velocity of 
angle characteristic of the yaw velocity, one can use the 

50km/h(15). The rapid decrease of the measuring variables 
equivalent response time of the frequency at a -45° phase 

with increasing steering frequency is indeed striking, 
angle. According to (21), the result will be about 0.2s for 

Given a steering frequency of 0.SHz, the obtainable an unloaded truck at v = 80km/h, and about 0.3s for an 

lateral acceleration has dropped to about 50 percent of 
unloaded truck-trailer combination. The value obtained 

the value produced by the very same steering input under 
for passenger cars is ranging from 0.1 to 0.2s(28). 

transient steering conditions. 

Summary and Conclusion 

~ d~ t [~....;.__> T,o~,, ~-@-~ When analyzing the pertinent literature available on 

~a, 
> > i~ ~-{ {-t 

measurements taken on the handling characteristics of 

~ 
"~-~--~- ~-L ] 

heavy commercial vehicles, one will easily find that 

~ 
o .... 

~i 
" results are on hand for buses, truck-trailer, and semitrailer 

i--~--~’-------- - combinations that were obtained from a good many test 

:~___!_ ~_ ~_ + ] , 

procedures. Since the authors working on this subject use 
_, .................... different starting conditions, the findings cannot always 

~’~ l-J- i- I .... 

be compared. 
........... The test procedures applied to determine the handling 

: 
’ ~--[ ~-- i .... 

characteristics of passenger cars are basically applicable 

~ 
i~7[.._]t 

to commercial vehicles and combinations as well. In 
doing so, one should bear in mind there is a need for 

!~ adapting either the starting conditions or the criteria of 

~ description accordingly. 

0a 0, ~ o, ~ ~ u With regard to relevant test procedures such as steady 

~0.�,.~ ~,~ state turning, braking during turning, and lane change, as 
well as transient steering behavior, it is possible, in some 

Figure 8. Frequency response characteristics of a fully cases, to indicate measuring ranges or at least tendencies 

loaded 38t container-carrying semitrailer for the behavior of heavy commercial vehicles that will 
combination at 50kin/h(15) provide a sound capability, e.g., in comparing new 

vehicle combinations. 

Under comparable conditions, passenger cars are 
likely to reach this value only with frequencies above 
lHz. The large yaw inertia inherent in the commercial References 
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Tractor Semitrailer Unit for the Future 

Pierre Soret ¯ We show here sp.e.cific elements related to safety 

Renault Vbhicules Industriels in all its aspects but under constraints of other 

heavy components of the general specifications. 

It must be seen as the global approach and response of 

the makers. 

For the truck maker, safety is a major component of Introduction--Safety and Truck 
the general specifications. However important this 
component may be, it is only one item among others: For the truck maker, safety is but an element of the 

¯ The goods transport vehicle for 2000 induces a general truck specifications, however important this 
break in all fields of performance, element may be. The designer’s choices come under a 

¯ Particularly for safety, we have deepened major global compromise between a set of often conflicting 
!ocking areas as the rollover phenomena, obligations. The cost of the product compared to the 

¯ We have elaborated, with other related industries, market price is a major limit to the evolution of 
in a complete program named V.I.R.A.G.E.S., performance. Furthermore, different specific constraints 
an experimental tractor-semitrailer unit, pro- (safety, environment, energy, etc.) often induced side 
riding substantial improvements in all fields, evolution processes of vehicles that, to instantly meet a 
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requirement (either legal or regular), have hampered the V.I.R.A.G.E.S.m General Specifications 
development of other features of the transport vehicle. 

For instance, the taking of an under-run structure or a General specifications of this vehicle aim substantially 
retarder is surely an efficient factor of traffic safety, but it higher than the present industrial practice in the fields of 

is an extra cost and extra weight that appreciably and energy, environment, comfort, and safety, but of reason- 

directly affects the economy of transportation. In Europe, able access, at least from an experimental point of view, 

this step-by-step evolution of the transport vehicle has by means of new technologies. 

been the main feature of the past 20 years. As for safety, the aims were worked out with the help of 

The margin answers then brought lead nowadays to a the National Office for Road Safety (ONSER)~ 

technical and economical compromise difficult to improve, 

especially when we want to use the new technologies for 

the most satisfactory economical conditions. Further- 
Primary Safety 

more, the vehicle is not the responsibility of only one 

maker. Custom has separated two types of industry: Ride, Handling, and Rollover 
The power vehicle 

...... ¯ The towed vehicle, trailer, or semitrailer ........ The following prone factors were defined and 
This distribution of activities has substantial conse- numerically aimed: 

quences on safety since in this field, more than in others, * Driveability in evasive motion 
the performance of the convoy has to be considered * Road handling in curves 
rather than that of the separate vehicles. * Rollover resistance 

Also, we must notice that weight and dimension To sum up, the main line is an improvement of the 
..... regulations do not take into account the capital elements maximum transverse acceleration within the behavior of 

of the transversal stability of the units. It is true that, on the vehicle is satisfying from 3.Sins-2 to 5ms2. 
this point, different influences oppose each other and 

compromises are needed: for instance, motor vehicle/ 

railer vehicle mass ratio, and the ability to turn within Braking 

the regulated swept circle. 
.......... To sum up, the analytic and margin approach that has The following accident-prone factors have been selected: 

prevailed in the evolution of safety of goods transport * Stability of the trajectory during braking 

vehicles has reached its limits. It has to be replaced by a ¯ Braking power 

more synthetic approach that (1) associates truck and * Action delay 

trailer makers, and (2) integrates the demand for safety ¯ Nonlocking of wheels 

into other strong demands related to the general evolution ¯ Tightness of the circuits 

of road transport--energy, environment, driving and use 

conditions, and productivity. Visibility and Lights 
Renault Vbhicules lndustriets undertook to answer 

this type of demand, along with related industries under ¯ Quantified improvement of forward, side, and 
the aegis of the authorities (MinistEre de l’Urbanisme, du back visibility field 
Logement et des Transports and Agence Franqaise pour ¯ Modulation of lights according to luminosity 
ta Maitrise de l’Energie) according to a program called ¯ Lowering splash and spray 
V.I.R.A.G.E.S. (Experimental and Research Transport Note: The detection of proximity of the vehicle running 
Vehicle Improving Energy and Safety Performances). ahead or behind was not included in this study. It has 

We present the outline of this program, especially as it been considered as relevant to auxiliary techniques, 
relates to safety, but still keeping in mind we have which are relatively easy to integrate, and having little 
integrated the need for a global approach to satisfy a influence on the architecture of the vehicle. 
compromise in appreciable evolution in all directions. 

The project is backed by general specifications of the 

high-range road vehicle, 38/40 and 44t, a tractor- Secondary Safety 
semitrailer unit. It does not systematically comply with 

existing regulations, and the choices made may allow Three accident-prone factors were concerned: 

valorization and quotation of certain trends in regulations * In priority, non-under-running on the front for 

and standards, passenger vehicle, in case of front-to-front shock 

An experimental vehicle, the first step toward the aims ¯ Side guard against two-wheelers and, if possible, 

of the general specification, is undergoing tests. Another, passenger cars 

aiming at a substantial break in performance, is in the * Rear under-ride device as an improvement of 

study phase and planned for testing in late 1987. regulations in force 

881 



Experimental Safety Vehicles 

Safety in Use 3. Making a more stable experimental convoy by 

modifying a standard tractor and designing a 
Nonquantified lines were defined for the driver’s safety very torsion-resistant, three-axle semitrailer with 

that related to work around the vehicle: 
axle-by-axle adjustable rolling stiffness. 

® Access to the cab 4. Test campaign on this unit for measurements as 
® Room for life aboard in step 1. 
¯ Coupling/uncoupling operations 

The conclusions helpful to a designer can thus be 
® Loading/unloading operations 

resumed. 
Last, considerations related to driving comfort but The sensitivity to rollover o’farticulated convoys is due 

with positive return on safety are included in the program, 
mainly to the bad coherence of load transfers in rolling 

such as control automatisms or driving aids. 
motion. 

The rollover limit can be appreciably improved by 

Related Analytic Works making a stiffer chassis and by a rolling stiffness according 

to the suspended load per axle. It is thus possible to come 

This project has ted to increasing knowledge of physical closer to the theoretical rollover limit. This last depends 
phenomena for- on simple geometrical dimensions such as the gauge and 

¯ Front-to-front shocks for passenger cars versus altitude of the center of gravity. To improve it, the 

heavy vehicles following will have to be considered: outlines that use for 
¯ Rollover of articulated units the best as much of the gauge as possible (regulations’ 

The first are under development and will be presented limit); development of low, large tires; and suspension 
with the second experimental vehicle. The second has with trim correction to lower as much as possible the 
been completed and the results have been communicated semitrailer floor and the center of gravity. 
to the 1984 FISITA Congress in Vienna. They confirm In transient motion, roll and yaw are dynamically 
the work of other researchers in the United States, stable. However, it is useful, in order to take the best 
Europe, and Australia. advantage of good geometry and coherent stiffnesses, to 

The program has been carried out through four steps: adjust the other parameters of the vehicle so the transient 
1. Test campaign on a standard tractor-semitrailer response is correctly damped while keeping good driving 

equipped for measuring the rollover limits in comfort. 
quasi-stationary conditions, circulari eight shaped For the biggest limit values (> 4ms’2), the fifth wheel 
trajectories, and in transient conditions (sharp backlash induces modifications in the mass transfers that 
bend and evasive motion), it would be better to eliminate. 

2. Working out of mathematical models of trans- It still remains that, in limit conditions, the driver does 
verse stability allowing the forecast of quasi- not perceive the state of the vehicle and so cannot attempt 
stationary and dynamic behaviors, corrective maneuvers. But the risk of this situation 

Table 1. Primary safety 

Splash 
Handling Roll-Over Braking and Visibility 

Outline Tractor 6X4                                                   Spray     Field 

Semitrailer 2 Axles X X X 
5- 17.5- 17.5 = 40T 
Single tire 
= Maxi Gauge X X 
Disc Brake and 
A.B.S. X 
Same Wheel 1 9"5 on all axles 
Low Large Tire X X 
High Torsion Stiffness 
of chassis X 
Roiling Stiffness 

--nonlinear X 
--proportional loads 

High Cab 
Large Windshield reaching cab floor X 
Six Sided Stream Lining 

including twin axles X 
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Table 2. Secondary safety 

Agressivity 
PV/IV Cab Room and Driving 
Shock    Access Comfort    Aids 

Forwarded Front Axle X X 
Front Low Rigid Structure X 
Possible Front Asborbing Shock X 
Area 
Six Sided Stream Lining X 
Single Door Right Hand Sliding 
Roof Safety Exit X X 
Inner Stairs 
Fixed Cubic Cab X 
(~2.5m)3 
Rotative Lateral Plastics Remove X 
Controlled Window 
Automated Gear--Box X 
Air Suspension for Cab X 

! 
Note: For all tests, bicycle wheels were 600mm from edge of the platform and overtaking speed was 10km/h. 

decreases if the convoy is built according to the rules presents much improved technological devices, mainly in 

above-mentioned, and if, in consequence, limit transverse the field of the structure and chassis concept, having an 

acceleration is appreciably increased, important impact on secondary safety. 

Experimental Vehicle-- V.I.R.A.G.E.S. 
Conclusion 

Let us not forget this is a multicriteria experimental 

vehicle that does not emphasize safety but improves it, This global approach and the different related funda- 

along with other needs of the general and global mental works bring new knowledge to the designers of 

specifications, truck and trailer industries. 

It is the maker’s answer, necessarily related to The program V.I.R.A.G.E.S. allows evaluation of the 

compromises, not the safety specialist’s, capabilities of making other technical and economical 

To simplify, we present in the shape of a matrix the compromises. It also permits a real break in all fields of 

technical and technological choices made and their the general specifications: fuel consumption, safety, 

effects on safety criteria selected (see Tables 1 and 2). environment, driving and service, reliability, and 

These choices concern the first experimental vehicle, productivity. It is a difficult, new, and expansive 

The second takes into account the same fundamental experience, but it allows the goods transport vehicle to be 

outline choices but covers the case of the 44t convoy and developed in a satisfactory manner after 2000. 

Protecting Car Occupants, Pedestrians, and Cyclists in Accidents Involving Heavy 
Goods Vehicles by Using Front Underrun Bumpers and Sideguards 

B.S. Riley, design features discussed include height aboveground, 

S. Penoyre, and strength, travel, and force-deflection characteristics. A 

H.J. Bates joint programme between the Transport and Road 

Transport and Road Research Laboratory, 
Research Laboratory (TRRL) and TI Tube Products 

Ltd. is described for the design and development of a 
Department of Transport, United Kingdom front underrun bumper using the plastic deformation of 

mild steel tubes to absorb energy, and results of car-to- 

Abstract truck front impact are summarised. The final design is 

able to protect seatbelted car occupants from intrusion 

This paper starts with a review of accident situations from a frontal collision at a closing speed of 65kmi h, for 

requiring underrun bumpers and sideguards. Bumper a total bumper weight of approximately 60kg. It is 
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recommended that any future legislation for front pedestrians likely to be saved by sideguards is about 50 
underrun guards require an energy-absorption capability, (compared with 60 in 1976). 
and a possible legislative test procedure is outlined. This paper presents first the results of impact tests 

Tests carried out on sideguards fitted to an articulated carried out on one type of front underrun guard fitted to a 
goods vehicle, using a simulated pedal cycle accident, are rigid lorry, and then the results from testing a sideguard 
described. It was found that the incidence of running over fitted to an articulated lorry. 
of the cyclist could be reduced to 40 percent of the test 

runs by using a guard that just met the United Kingdom 
Front Underrun Guards legal requirements. An improved guard with lower 

ground clearance reduced the incidence to near zero. 

Better performance in other respects was obtained by 

making the guard flush with the side of the semitrailer Design Principles 
and by extending the sideguard longitudinally, nearer to 

the trailer wheels and closer to the tractor. There are three basic features of an HGV that combine 

to make it so aggressive to car occupants: mass, which 

can be from about 3 to 50 times that of a car; the great 
Introduction stiffness of its structure; and the height of this structure 

above the road. 

Although the overall involvement rate of Heavy Goods The large ratio of truck mass to car mass and the 
Vehicles (HVG’s) in injury accidents in Great Britain is principle of conservation of momentum insure that in a 
about the sarne as that ofcars, their rate of involvement in car-to-truck collision the velocity change of the car is ...... 
fatal accidents is about twice as great(l). The fatal much greater than that of the truck. For example, in a 
casualties in these accidents are usually road users other head-on collision between a 30,000kg truck and a 1,000kg 
than the HGV occupants. An analysis of all the fatal road car travelling in opposite directions with both vehicles 
accidents in Great Britain in 1976(1,2) involving HGV’s initially movingat 30kmih, thevelocitychangeofthecar 
found that, of the 844 fatalities, 391 were car occupants, is about 58kmi h and that of the truck is about 2km/h 
About 250 of these were killed when their cars collided (that is, the car is finally being pushed backward at about .... 
with the fronts of HGV’s and about 50 in collisions into 28km! h). 
the rears of HGV’s. There were also 47 pedal cyclists, 112 The strength and stiffness of the truck structure mean 
motorcyclists, and t59 pedestrians killed in these accidents, that very little of the kinetic energy dissipated in the 
One of the most frequent causes of death for these collision is used in deforming the truck. Nearly all of the 
unprotected road users was by being run over by the rear deformation occurs in the car’s structure. The allowable 
wheels of the HGV’s. About t00 of the two-wheeler users limit is reached when the car structure collapses far ....... 
and pedestrians suffered this fate, mostly after impact enough for there to be severe intrusion of damage into the 
witlh the sides of the goods vehicles, occupant compartment. This intrusion is made even 

It was estimated in (2) that about 40 car occupant lives more serious by the difference in height between the 
could be saved each year by directly preventing front strong chassis members of the truck and the strong parts 
underrun. There are probably as many again in these ofthecarfront. The truck structure may be so high that it 
accidents into the fronts of HGV’s who might also be passes above the car engine and meets no resistance until ..... 
saved where underrun is not the primary cause of injury it hits the windscreen pillars, and gives very severe 
but where a more controlled use of the existing energy intrusion into the car passenger compartment and its 
absorption of the front of the car might save casualties, occupants. 
Energy absorption built into the HGV front underrun It is not realistic to expect the design of car structures 
guard should increase the survivable speed of impact in to be altered to reduce this height mismatch problem, 
these accidents and is more necessary in frontal than in since this would require either mounting car engines 
rear impacts because of the higher closing speeds involved, higher or providing strong structures high above the road 
"[his estimated saving of car occupant lives relies on at the level of the truck chassis. These changes would be 
seatbelts being worn. unacceptable for many reasons. Therefore, the main 

It has also been estimated(2) that nearly 60 two- contribution to protecting car occupants in car-to-truck 
wheeler user and pedestrian lives could be saved annually collisions must be made by changing truck rather than 
by lightweight sideguards fitted to HGV’s. car structure with respect to both bumper positioning ....... 

More recent figures obtained from the U.K. National and stiffness. 
Road Accident Statistics (Stats 19) suggest that the The truck underrun guard must clearly be low enough 
number of car occupants likely to be saved by front to meet the strong part of a car’s front structure, so a 
underrun guards is now nearer to 60 (compared with 80 in ground clearance of not more than about 300mm is 
1976), and the number of two-wheeler users and preferable. Truck front to car side impacts are also a 
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significant source of car occupant inj uries, and to reduce match the force at which the car front collapses so that, at 

these injuries the bumper should be low enough to hit the the end of a severe impact, both have crushed. The 

strong doorsill rather than the weak door. This will difficulty is that car frontal stiffnesses differ greatly 
.......... reduce intrusion and will also insure that the bulge into between large and small cars, so a truck bumper optimised 

the car will be mainly below the occupant rather than for collisions with small cars may be too soft for large 
: 

level with his hips or ribs. If the bumper face is about ones. Since the proportion of small, light cars is increasing, 

150ram deep, a maximum ground clearance of approxi- and since these vehicles give less protection than bigger 

mately 250ram would be desirable for this side impact cars to their occupants in a collision at any particular 

case. The need to negotiate ramps may demand a slightly speed, it is suggested that a sma!l car (e.g., 750kg unladen) 

higher figure, but fortunately the bumper is usually close should be the most important design case chosen for the 

to the front wheels of the truck and little increase should underrun guard. However, it is essential that the guard 

be necessary, can also handle a collision with a heavy car without 

A rigid underrun guard of suitable dimensions would catastrophic failure. 

overcome the structural misalignment problem and so Tests with a large number of recent European cars(3) 

would allow the car’s strength and energy-absorbing show that on average a frontal force of about 230kN is 

capability to be used to help protect its occupants, developed when the crush reaches 300mm, while local 

Current cars are designed to provide protection for peak forces of about twice this size are measured briefly 

occupants wearing seatbelts in a head-on frontal impact as the engine is decelerated. These high forces suggest 

into a rigid wall at up to 50km/h. It is therefore probable that the bumper should be designed to stroke at a force of 

that a rigid truck underrun guard would prevent serious approximately 200kN, which with a stroke of 300mm 

inj uries in truck-to-car collisions up to this closing speed would give an energy absorption of 60kJ. This is equal to 

.... for a heavy truck, and this would protect to a slightly the kinetic energy of a lt-car moving at nearly 40kmi h. 

higher speed for a lighter truck. In reality, achieving this high constant force will be 

However, in car front to truck front collisions, the difficult in a bumper that must be both light and cheap. 

vehicles are usually moving in opposite directions so the Its desirability is questionable, too, because it may not 

closing speeds in this type of accident are frequently well stroke at all when hit by a small, weak car at up to about 

above 50km/h. To protect car occupants at these higher 50km/h relative speed, and damage and intrusion may 

........... speeds, it is essential that the truck bumper is not a rigid then be becoming critical for the occupants of such a car. 

structure but designed to yield in a controlled way to Also, lower speed impacts occur more often than high- 

absorb part of the crash energy, speed ones. It is likely, therefore, that a force-deflection 

The energy absorbed by the bumper as it yields is, of characteristic that starts at a comparatively low level 

course, given by the area of its force-deflection curve, (possibly 100kN or rather less) and then increases as the 

and, for maximum absorption, as long a horizontal bumper strokes is preferable to the constant force one, 

stroking distance as possible should be used. It is unlikely despite its lower energy-absorption capability. 

under current legislation controlling vehicle length that 

operators could accept a bumper that initially projects 

beyond the truck structure, while it must not move back Design Details 
so far when hit that the car windscreen pillars meet the 

truck chassis. Thus, the total crush of both the bonnet of A cheap and light method of dissipating energy is to 

the car and the bumper of the truck must not be greater use plastic deformation of steel on the invertube principle. 

than the original length of the car’s bonnet. Small After discussion with several possible manufacturing 

bonnets (e.g., Mini, Metro) frequently extend only about partners, a joint programme of work between TRRL and 

900mm ahead of the base of the screen pillars and can T! Tube Products Ltd. was agreed to using this approach 

crush approximately 500 to 600mm without giving The bumper bar, a rectangular hollow steel section 

serious intrusion into the passenger compartment. The 150mm X 75mm X 6mm wall thickness, was welded to 

maximum allowable stroke for the energy-absorbing two vertical drop arms about 260mm long, which were 

truck bumper is, therefore, about 300 to 400mm. In pivoted from brackets bolted below the end of the truck 

practice, of course, lack of space below the truck front chassis member. Two invertube cartridges initially 450mm 

structure may require a shorter stroke than this for a long and able to be compressed by 200mm joined the 

front underrun bumper, lower ends of the drop arms to additional brackets bolted 

For a given allowable stroke, the maximum energy- below the chassis member 300 to 400mm from the other 

absorption capability of the bumper would be obtained brackets (Figure t). 

by designing it to deflect at a constant horizontal force These invertubes consisted of two steel tubes of 

chosen to be the greatest that can be applied to the car different diameters (100 and 80mm), the smaller of which 

without producing serious intrusion or too violent a was turned back on itself at one end and was then 

deceleration. In other words, the bumper force must peripherally welded to the open end of the larger tube. 
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well below the figures measured for car frontal strengths 

described above but comfortably higher than the 100kN 

required by the C&U Regulation 46B. 

However, tests in which BL Marina cars (1,000kg) 

were impacted centrally into the bumper mounted on a 

stationary Ford truck (5,100kg) showed that this bumper 

failed to stroke completely even in impacts severe enough 

to break the seatbelts of the dummy car occupants. In two 

tests with angled/offset and perpendicular/offset Marina 

impacts at 50 and 64kin/h, the bumper did not stroke 

fully but still proved effective in preventing underrun and 

passenger compartment intrusion. A perpendicular central 

test with a 1,550kg Volvo car at 56km/h also failed to 

stroke the bumper fully but bent the truck chassis 

seriously behind the bumper rear mounting brackets. 

It was therefore agreed that a major reduction in the 

strengths of the invertubes was required, and this was 
Figure 1. Invertube underrun guard obtained by using 16swg (1.63mm) thickness tubes 

instead of 14swg (2.03ram). These have a load when 

When a compression load is applied, the smaller tube 
stroking of approximately 47kN each instead of 102kN 

progressively turns itself inside out as it is forced inside 
and require a total horizontal bumper force of about 

68kN to start stroking. The maximum energy-absorbing 
the larger tube ("like taking a sock off"). After an impact, 

capability of the invertubes is reduced proportionally to 
the invertube units have to be replaced. 

The invertube struts telescope at nearly a constant load 
about 20kJ. It is no longer possible to withstand the 

100kN loads of Regulation 46B before stroking, but the 
over their 200ram stroke, but the geometry of the 

underrun guard means the horizontal force on the geometryofthebumperissuchthatthisloadisdeveloped 

when it strokes about 175mm. Since the regulation 
bumper approximately doubles as the bumper bar moves 

requires that the distance of the bumper inside the rest of 
through its stroke of 220mm. This is advantageous as 

discussed above, 
the vehicle’s structure must not exceed 400mm, this 

regulation is passed by the modified energy-absorbing 
It is estimated that an underrun guard to this design 

bumper, although most of its working stroke is used up 
would retail for approximately £ 150 plus VAT and fitting 

during the test procedure. 
and that the invertube energy-absorbing cartridges would 

The weaker bumper was tested in another Marina 
cost about £35 per pair to replace. The total weight ofthe 

head-on central impact at 65km/h. It performed well, 
guard is about 60kg. 

stroking fully and protecting the dummy occupants by 

leaving the passenger compartment almost undamaged 
Test and Development Programme (Figure 2) while developing only moderate seatbelt !oads. 

The latest test carried out so far in this development 
The original plan was to build an energy-absorbing programme used the weaker (16swg) invertubes in a 

front or rear underrun bumper that would pass the 65km/ h head-on impact to assess the protection given to 
strength requirements of Construction and Use (C&U) occupants of a small, light car with a short bonnet (Mini, 
Regulation 46B for rear underrun guards(4) before the 680kg loaded). This gave very satisfactory results as far as 

invertubes started to stroke. For this, it should start to the behaviour of the bumper and the car structure were 
stroke at a load above the 100kN (approximately 10t) concerned, with the bumper stroking fully and only very 
force required by that regulation, minor damage intrusion into the passenger compartment~ 

Invertubes made from 14swg (2.03mm) steel tube were The present truck bumper design, therefore, appears to 
therefore used, with the two parts having diameters of be reasonably satisfactory, although further tests are 
t00 and 80ram. Dynamic tests carried out by TI Tube planned for offset and angled impacts with both the truck 
Products l.td. using a falling weight rig at speeds up to and the car moving. The feasibility of installing this 
{~5km h showed that these tubes each had a collapse load bumper on modern trucks is also being studied. 

of i02kN, and, with a working stroke of 200mm, the Protection for car occupants at a closing speed of 

bumper’s total theoretical energy-absorbing capacity 65km!h does, of course, assume seatbelts are worn. If 
would be2 X 102 X 0.2 = 40.8kJ, equivalent to a lt mass seatbelts are not worn, protection cannot be provided at 
falling through about 4m or moving at 32kmih. The relative speeds much above 40km/h 

geometrica! design used would give a horizontal load on The bumper developed in this programme is, of course, 

the bumper bar ’when stroking started of about 146kN, not the only way of producing an energy-absorbing truck 
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Figure 2. Damage to Marina car from impact at 65km/h into front underrun bumper 

underrun guard, and it is to be hoped other design teams able impactors. Since some designs of bumper may be 

will be able to produce cheaper and lighter alternatives, very speed-sensitive (especially if they use hydraulic 

possibly by using hydraulic systems. However, the energy absorbers), an impact test rather than a quasi- 

programme has clearly demonstrated it is feasible to static loading test is essential, and this should be carried 

make such a device that need not be significantly heavier out at a fairly high speed representative of the maximum 

or more expensive than an adequately strong rigid (that survivable car-truck collisions, for example, 50 or 60km/ha 

........... is, non-energy-absorbing) bumper. The theoretical bene- The programme described above shows that the bumper 

fits in improved car occupant protection resulting from can readily be designed to absorb 20kJ of energy, which 

the use of an energy-absorbing design have been confirmed would require an impactor mass about 200kg moving at 

in practical car-to-truck impact tests. 50km/h or 140kg at 60km!h. The moving mass could 

either be a trolley or a pendulum, which would have to 

fall through nearly 10m to reach 50km/h. 

It is suggested that to pass this test would require (a) 
A Possible Legislative Test Procedure for the maximum force acting on the impactor not to exceed 

Energy-absorbing Front Underrun Guards 200kN (102g on a 200kg impactor) at any time, (b) the 

maximum force acting on the impactor not to exceed 

Widespread use of energy-absorbing underrun guards 100kN during the first !00ram of its movement after 

for trucks, in conjunction with compulsory seatbelt contact with the bumper, and (c) the maximum allowable 

wearing for car occupants, would produce significant horizontal movement of the impactor in the direction of 

reductions in deaths and injuries, However, these benefits impact not to exceed 400ram. The bumper would also 

will be felt by the car occupants, while the cost of the have to meet the strength and dimensional requirements 

bumpers will fall on the HGV owners. It therefore seems of C&U Regulation 46B. 

unlikely that many truck operators wilt voluntarily fit The width of the impactor face used in the energy~ 

front underrun guards, and legislation wilt be needed, absorption tests should represent a narrow car engine 

This should be drafted to require use of energy-absorbing block of, say, 200mm. Its height should be approximately 

bumpers rather than rigid ones for the fronts oftrucks, as 200mm and its ground clearance also 200mm, so the 

explained above. The test specification should probably height of the top edge of the impactor would be 400mm 

use a rigid-faced impactor to hit the bumper, thus above ground level. The face edges should be curved to a 

avoiding the cost and repeatability problems of deform- radius of about 5mm. 
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The test impact would be carried out both at the centre nudged by the side of the vehicle or become unstable for 

of the bumper and offset to opposite the truck chassis some reason and topple toward the lorry, falling into the 

members; new energy absorbers (or a new bumper) could path of the rear wheels. 

be ~sed for each impact. The truck would be butted up The accident data show that this is a relatively common 

against a rigid heavy block during the test impacts to cause of death for cyclists. Pedestrians are also run over 

prevent its mass affecting the result and to insure that the by falling toward and under the side of HGV’s. 

impact energy is mostly absorbed by the bumper system. It is hoped recommendations for sideguard design 

The offset impact test should insure that the torsional obtained from the cycle test will also help protect 

s*:rength of the bumper bar and its joints to the drop arms pedestrians. 

is high enough for the drop arms to remain parallel 

during stroking, so the bumper’s total energy-absorbing 

capability will be utilised even in an offset collision. Sideguards Used in the Tests 

The Basic Sideguard 
Sideguards 

The sideguard used as the starting point in the tests is 

An amendment to the United Kingdom C&U shown in Figure 3. It was of a tubular construction as 

Regulations(4) came into operation on May t, 1983. Two illustrated in Figure 5a and was fitted to a ! 2.2m platform 

of the new regulations (46C and 46D) require the fitment semitrailer, which was coupled to a Leyland 16-28 

from various dates of lightweight sideguards to new Roadtrain tractor unit. The guard was made so that itjust 

goods vehicles and trailers over certain weights and to met the specification described in paragraph 5 of C&U 

some of the larger existing semitrailers. Regulation 46D(4). 

The main purpose of the sideguards is to prevent pedal 

cyclists, motorcyclists, and pedestrians from being run 

over by the rear wheels of lorries. Because of their light 

weight, it was not intended, nor is it likely, that the 

sideguards wi!l protect car occupants other than in 

accidents where the car strikes the side of the lorry at a 

shallow angle. 

The programme of work described in this paper was 

initiated to determine how effective such sideguards 

would be, in preparation for European discussions to 

harmonise sideguard requirements. It was therefore 

decided to test what was considered to be a minimum 

lega!sideguard and then to make changes to that guard to Figur~ 3. Basi~ sid~uard ghowing dummy im0a~t 

improve its performance, 
positions 1 and 2 

The specification of the sideguard when fitted to a 

semitrailer tends to give it different characteristics The ground clearance was set to 550mm, themaximum 

compared with guards fitted to rigid vehicles and other allowed, with the platform horizontal. With the semitrailer 

types of trailer. The main difference is the distance from coupled to the Roadtrain tractor unit, the actual ground 

the bottom of ~he guard to the ground. Although, in clearance was 695 and 575mm at the front and rear ofthe 

common with other vehicles and trailers, the maximum sideguard, respectively. 

ground clearance is 550mm, it is defined as such when the The sideguard was set in from the face of the tyres by 

platform is horizontal. This means that when the semi- the maximum allowable 30mm, which for this particular 

trailer is connected to a tractor unit, the actual ground semitrailer resulted in the face of the guard being 75mm 

clearance may be considerably greater than 550mm, inboard from the edge of the platform. 

particularly at the front of the guard. The overall length of the sideguard was the minimum 

tt was mainlb for the above reason that a maximum allowed in that it was to the rear of the landing leg 

length, articulated HGV was chosen as the test vehicle. It centreline by the maximum 250mm and forward of the 

~as considered that a sideguard fitted to this type of front of the trailer tyres by the maximum 300mm. 

vehicte, andjustmeetingtheregulations, would represent The gaps between the rails of the guard were the 

the worst guard likely to be found in practice, maximum allowed consistent with the width of the rails 

The accident situation chosen to test the effectiveness themselves, which was the minimum allowable 100mm: 

of the sideguard was a pedal cycle accident Such as occurs The number of uprights used to support the rails of the 
in urban areas at low speed when a cyclist is overtaken by guard was the minimum needed to allow the sideguard to 

a~aHGV. As the lorry passes the cyclist, he or she may be meet the strength requirement consistent with the 
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particular uprights and rails used. The sideguard in this Most of the test runs were carried out with the vehicle 

form weighed approximately 45kg, being driven past the bicycle at 10km/h. Some runs were 

also carried out at 15 and 20kmih. 
The Extended Sideguard Tests were done with the dummy falling against the 

sideguard at two positions (l and 2) along the basic 
After analysing the results from tests on the basic sideguard and at three positions (0, 1, and 2) along the 

guard, changes were made in an attempt to improve its 
extended guard, as shown in Figures 3 and 4. This was 

performance, both to reduce the incidence of running achieved by driving the vehicle over a rubber tube laid 
over and to reduce the severity of injury due to other 

across the test track. The tube was connected to an 
............. causes. 
........... electrical air pressure switch, which released the magnetic 

: An overall view of the extended guard is illustrated in device holding the dummy and bicycle. 
Figure 4, where it is shown with an actual ground The speedofthevehiclewascontrolledbyusingafifth 
clearance of 300mm. Other ground clearances of 400 and 

wheel measuring device attached to the tractor unit. 
450mm were also tested. Ten runs were carried out for each condition because 

The guard was extended rearward to be as close as of the variability with which the dummy could fall. In this 
............. possible to the semitrailer tyres (Figure 5c) and forward 

.......... way, a more meaningful result was obtained in that a 
: as far as possible toward the tractor wheels. probability of effectiveness could be evaluated. 

The sideguard in its extended form weighed about Each test run was recorded using two video cameras 
80kg, an increase of 35kg over the basic sideguard. It and recorders. One was so placed as to give a three- 
would be difficult to justify this extra weight and cost quarter view from the front of the dummy and bicycle, 
unless the extended guard proved to be much more 

and the other, a narrow angle from the front. 
effective. 

Test Results 

Tables 1 and 2 list the configurations of sideguard 

tested at the various conditions of overtaking speed, 

position of impact along the guard, and distance of the 

bicycle wheels from the semitrailer platform. 

About 10 runs were carried out for each test condition. 

Information such as whether the dummy cyclist was run 

over or struck by the trailer tyres was in part obtained by 

observation at the time of the test, but it was confirmed, 

...... and more de, tailed information obtained, by analysis of 
.... Figure 4. Extended sideguaro showing dummy impact 

positions O, 1, and 2 the video recordings. 

A typical test run is illustrated in Figure 7. The first 

photograph shows the dummy and bicycle just after the 
The Simulated Accident magnetic device had released the dummy (time t = .08s). 

The succeeding photographs are at about 0.57s intervals 
The test consisted of driving the articulated lorry at low 

and show the dummy cyclist falling against the sideguard 
speed past a dummy mounted on a stationary bicycle, 

and then to the ground. It is important to note that the 
The dummy and cycle were released from their support 

dummy is not attached to the bicycle in any way. The only 
and allowed to fall onto specific points along the 

differences between the test cycleandan ordinary bicycle 
sideguard, 

are that the former has a specially shaped saddle to help 
The general arrangement is shown in Figure 6. The 

keep the dummy and bicycle in a straight line and there 
dummy was an RAE Mk5 and sat on the bicycle in the 

are fittings that allow the dummy hands to rest on the 
same way a normal rider would. The dummy and bicycle 

handlebars without slipping off during the time between 
were prevented from falling over by a cable attached, via 

release and impact with the sideguard. The elbow joints 
a magnetic release device, to a shoulder harness fixed to 

of the dummy were tightened just enough to prevent the 
the dummy. The cable was, in turn, attached to a small 

upper torso of the dummy slumping forward after release 
mobile crane that enabled the dummy and bicycle to be 

from the supporting cable. All other joints were loose. 
placed leaning slightly toward the vehicle at an angle of 

about 5° and, for the majority of the tests, with the 

bottom of the bicycle wheels approximately 600mm from . Basic Sideguard Results 

the vertical plane passing through the edge of the trailer 

platform. A couple of tests were also carried out at a Before starting on the main tests, two runs were carried 

distance of 1,000mm. out without the sideguard in place, In both these runs, the 
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(b) 

(a) 

(c) (d) 

Figure 5. Details of sideguards 
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dummy fell straight to the ground in the path of the 

semitrailer wheels and was run over. 

The first six tests with the basic sideguard fitted, as 

listed in Table 1, were carried out with the sideguard set in 

from the edge of the trailer platform by the maximum 

allowable distance. 

Four of the tests were at 10km/h and the other two at 
15km/h. Two tests were carried out with the bicycle 

wheels 1,000mm from the platform edge and the rest at 

600mm. 

It was found that when the dummy impacted at 

position 1, at the lower speed, there was time for the 

dummy to slide down the guard and, having reached the 

bottom of the guard, there was sufficient ground clearance 

for the dummy to roll under the sideguard. It was largely 

a matter of chance whether it rolled far enough toward 

the trailer wheels to be run over. Table 3 shows that in 

Test 1, the dummy was run over in four of the nine runs, 

giving about a 40 percent probability of being run over. 

When the dummy impacted at position 2, at either 

Figure 6. Dummy and bicycle before impact 
speed, it had less time to slide down the guard and fal! 

Table 1. Basic sideguard test conditions 

Test Sideguard configuration Test conditions 

Rear of guard Rear of guard Distance 

Whole guard flared out from flared out from Protective tube Uprights Guard rads Overtaking of bicycle 

inset by half way point, three quarter at junction of inset from flush with Impact speed wheels from 

maximum level with edge point level with toad hooks and guard rails edge of position (kin/h) platform edge 

allowed of platform edge of platform I-sections platform (mm) 

1 X 1 10 600 

2 X 2 t 0 600 

3 X 1 10 1000 

4 X 2 10 t000 

5 X 2 ! 5 600 

6 X 1 15 600 

7 X 1 15 600 

8 X 2 15 600 

9 X 2 10 600 

10 X 2 15 600 

11 X 2 10 600 

12 X X 1 10 600 

13 X X 2 10 600 

t4 X X 1 !0 600 

t5 X X 2 10 600 

For all tests, sideguard ground clearance 55Omm when semitrailer platform horizontal. Actual ground clearance 695mm at front of sideguard and 575 

rnm at rear. 

Table 2. Extended sideguard test conditions 

Sideguard configuration 

Ground Distance in Protective tube Impact 

Test clearance of guard Uprights at junctions Position 
constant along rails from inset from of load hooks 
length of guard edge of platform guard rails and I-sections 

(mm) (ram) 
16 300 Flush X X 1 

17 300 Flush X I 
18 300 75 1 
19 300 75 0 
20 300 Flush 0 
2 ! 300 50 X 0 
22 300 25 X 0 
23 400 75 0 
24 450 75 0 

Note: For all tests, bicycle wheels were 600mm from edge of the platform and overtaking speed was 10kmih, 

891 



Experimental Safe~ Vehicles 

~= .08 secs                                          £= °65 secs 

1.22 secs                                            t= 1.80 secs 

t= 2.37 secs t= 2,77 secs 

Figure 7, Impact of dummy at position 1 on basic sideguard at increasing time (t) after release of the dummy 
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Table 3. Comparable tests to show the effects of ground clearance on running over 

Ground Number Numbers Numbers 

clearance Test of runs ~ over probably Comments 

(mm) fatal 
Dummy able to roll under guard 

"550’" 1 9 4 3 into path of wheels after 
falling 
Dummy fell off guard later 

"550’° 12 11 3 3 than Test 1. 
Dummy held away from path of 

...... 300 18 10 0 0 wheels by bottom rail. 

.... Similar to Test 18 but earlier 

300 19 6 0 0 impact point on guard. 
Dummy body restrained by 

400 23 10 4 0 bottom rail but limbs run over 
occasionally. 
Dummy able to roll under guard 

450 24 10 2 2 as Test 1, but had less time 
..... to do so. 

For all these tests the guard was inset by 75mm, test speed was 10km/h and bicycle 

wheels were 600mm from edge of platform. 

.... below it. The tendency instead was for the dummy to slide In an attempt to reduce the incidence and severity of 

..... off the end of the guard and be struck by the edge of the impact with the tyre, as found when testing at position 2, 

leading tyre. The impact was made more severe by the     three modifications were tested. 
! 

fact that the dummy could fall into the 300mm gap The first modification was to curve the sideguard so 

between the end of the guard and the front of the tyre. In that a smooth flare was produced bringing the rear edge 

Test 2, at 600mm, 10km! h, and position 2, the dummy of the guard level with the edge of the platform, as shown 

was struck by the leading edge of the tyre in about 40 in Figure 5b. The second was a more abrupt flaring of the 

percent of the cases, guard, from about a metre from the rear edge of the 

The overall effect of speed was such that at the higher guard, again so that it was level with the platform edge. 

speed of 15km/h, there was less time for the dummy to Neither of these changes, when tested at impact position 2 

slide down to the ground and be run over, even when (Tests 8, 9, 10, and 11)reduced the incidence of hitting the 

impact was at position 1. However, the impact with protecting edge of the tyre. It was hoped that the flaring 

.... projections such as load restraint hooks and lateral I- out of the guard would give an outward push to the 

sections beneath the platform and the tyres was con- dummy to prevent impact with the tyre, but, because of 

siderably more severe at the higher speed. A few runs the 300mm gap between the end oftheguard and the tyre, 

were made at 20kmi h, but the dummy was damaged too it still tended to fall back onto the tyre. 

frequently and it was considered impracticable to continue The third modification was to bring the whole guard 

testing at this speed, out level with the edge of the platform (Tests 14 and 15). 

At this stage of the testing, some modifications were The incidence of hitting the edge of the tyre was reduced 

madeto thebasic sideguard to helpdecide which features from the original 40 percent to about 10 percent when 

should be incorporated in the extended guard, tested at position 2, but it was not clear why this 

Throughout all the test runs, the shoulder had tended modification was more effective than just bringing out 

to go between the top rail of the sideguard and the the rear end of the guard. 

platform, the head striking the platform edge itself. In It was obvious from all the tests of the three modifica- 

aboutathirdofthecases, the shoulder was then struck by tions that further improvements would be obtained by 

either the load restraint hooks or the lateral l-sections to reducing the gap of 300mm between the rear of the 

which they are attached. To try and reduce the incidence sideguard and the front edge of the semitrailer tyre. 

of striking these projections, a steel tube was positioned It was noted that in Tests 14 and 15 with the whole 

longitudinally at the junctions of the hooks and l-sections guard flush with the platform edge, the impact of the 

(Figure 5d). The tests (12 and 13) showed that this head with the platform edge was not as severe as with the 

worked well and prevented the shoulder striking the inset guard, as well as reducing the incidence of the 

projections. This also resulted in the dummy not being dummy hitting the tyre. This was because the shoulder 

brought to the ground quite so quickly with a consequently did not travel as far under the trailer platform. 

slightly reduced incidence of running over as shown in Wooden blocks were used to make the sideguard flush 

Table 3, Test 12. with the platform edge (Figure 5d), resulting in the 
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uprights supporting the sideguard being inset by 95mm Sideguard Uprights Inset From the Rails. 
from the face of the guard. This prevented the dummy 

from being struck by the uprights. The earlier tests had The extended guard was constructed so that the 
shown that the dummy’s hip was struck occasionally by uprights would be inset by 95mm from the face of the rails 
the uprights, which led to the dummy being thrown off when the guard was flush with the edge of the platform. 
the guard soon after the initial impact. 

Tests 14 and 15 with the inset uprights and rails flush 
Extended Sideguard Results with the platform edge showed that the dummy remained 

in contact with the guard for a longer period, which 
Test conditions 16 to 22, as shown in Table 2, were lessened the probability of it being run over. 

carried out with the sideguard ground clearance at From the results of the tests on the basic Sideguard and 
300mm. its modifications, an extended guard was constructed 

with the following features. In the tests where the sideguard was flush with the edge 

of the platform, the dummy tended to remain upright and 

came off the end of the guard onto the tyre sidewall, even 

Distance of the Sideguard From the Ground. at impact position 0. It had been noted in the earlier tests 

with the basic sideguard that the dummy was knocked 

One extra rail was added to the guard, parallel to the more easily to the ground when the guard was inset. 

ground with the semitrailer coupled to the tractor unit. Therefore, some tests (18, 19, 21, and 22) were carried out 

with the sideguard inset from the platform edge. In these The ground clearance was adjustable to 300, 400, or 

450ram. The lowest of these was roughly equivalent to the runs, which were directly comparable with the tests 

minimum allowed on coaches. The other two distances carried out on the basic sideguard, as detailed in Table 3, 

the incidence of running over was reduced to zero. were just less and just greater than the dummy shoulder 
When the dummy fell to the ground and rolled toward width. It was hoped that if the ground clearance was less 

than the shoulder width, it might prevent the dummy the vehicle, it was prevented from rolling into the path of 

the wheels by the bottom rail. from rolling under the sideguard once it had fallen to the 

ground. When the sideguard was flush with the platform edge 

(Tests 16, 17, and 20), the results confirmed the earlier 
findings from the basic sideguard tests in that the 

Length of the S~deguard                                   incidence of the dummy striking the trailer tyre was 
negligible. In addition, impact with the load restraint 

hooks and lateral I-sections was less severe, as was impact The guard was extended forward as near as possible to 
of the dummy head with the platform edge. In these three the rear of the tractor unit. This was done not only to fill 

in the obvious gap through which cycIists or pedestrians tests, running over occurred in only three instances. In 

might ~hll but also to give a point of impact that was each case, the dummy was run over by the rear trailer tyre 

after coming off the rear end of the sideguard and onto 
further forward than those used in the tests with the basic 

the sidewall of the front trailer tyre. sideguard. The earlier tests had shown that when the 
Test 20, in particular, with the guard flush and the dummy impacted at the more forward position on the 

guard, it was more likely to be run over. Thus, an even uprights not inset, confirmed the earlier findings of Tests 

more forward position of impact would be a better test of 14 and t 5 with regard to the dummy being knocked to the 

the effectiveness of the sideguard. The forward extension ground by the uprights. 

In Test 23, with the ground clearance at 400mm, the 
should also help prevent impact with the hard front edge 

dummy was run over in 4 of the 10 runs, as shown in 
of the guard, which is otherwise difficult to make less 

it~urious. 
Table 3, but 3 of these cases were relatively less serious in 

Fhe rear of the sideguard was extended to be as close as 
nature, involving either an arm or a leg. 

With the ground clearance at 450mm (Table 3, Test 
possible to the trailer tyre to test whether it would prevent 

24), running over occurred twice, and these cases involved 
the dummy striking the forward edge of the tyre. 

either the dummy head or trunk. 

Distance of the Sideguard From the Edge ofthe Platform Acceptable Ground Clearances for Sideguards 

Three of the nine tests on the extended guard were The results shown in this paper indicate that if the 
carried out with the guard flush with the platform edge as ground clearance of the sideguard could be reduced to 
this was shown to be beneficial in the earlier tests. The about 300mm, the incidence of running over would be 
remaining tests were done with theguard inset at various negligible. It no doubt will be argued that such a low 
distances from the edge. clearance is not acceptable to operators of HGV’s even 
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though an equivalent ground clearance does appear to be serious injuries at closing speeds up to about 

acceptable to coach operators. Increasing the clearance 65km! h provided they are wearing seatbetts to 

to 400mm gives nearly as good results, and it is interesting the latest specifications and the car interior is 
........... to note that, since 1980, goods vehicles in Japan(5) have sufficiently spacious forward of the front 

required sideguards with a maximum ground clearance ccupants. 

of 450mm. From observation of the vehicles in Japan, 2. The bumper absorbs approximately 20kJ of 

even the largest articulated vehicles often have clearances impact energy by deforming steel tubes using the 

of 380 to 400mm without obvious operating difficulties, invertube principle. The bumper weighs about 

60kg and would probably cost about £ 150 retail. 

This is only slightly more than the estimated cost 
Severity of Injury to Two-Wheeler Users and Pedestrians of an adequate rigid (that is, non-energy- 

No attempt has been made in this paper to estimate 
absorbing) guard. 

3. In view of the benefits in reduced car occupant 
severity of injury except to distinguish between obviously deaths and injuries that would result from the 
fatal injuries when the head or trunk of the dummy was use of energy-absorbing front underrun bumpers 
run over by the trailer wheels and the relatively less on trucks, it is suggested that any future legislation 

.............. serious injuries caused by running over limbs, for these guards be based on requiring an agreed 
Qualitatively, some of the impacts of the dummy with capability to absorb energy rather than specifying 

the leading trailer tyre and the head with the platform a minimum strength. A possible legislative test 
edge appeared to be very severe. This was particularly procedure for energy-absorbing bumpers has 
true with the inset guard. It is hoped in the near future to been outlined using an impactor with a rigid face 

............ 
carry out some tests with an instrumented OPAT dummy perhaps 200mm square, weighing 200kg, and 

........... to estimate the severity of likely injury caused by such hitting the bumper at 50km/h. The maximum 
impacts, allowable deformation of the bumper and the 

maximum force experienced by it would be 

Alternative Sideguards limited, provisionally to 400mm and 200kN, 

respectively. 

The present paper deals only with sideguards made 4. The almost universal wearing of seatbelts in the 

up of uprights supporting longitudinal rails. Where United Kingdom makes it worthwhile to fit 

access beneath or to the side of the vehicle or trailer is underrun bumpers giving this performance. In 

necessary, this may be a sensible choice of construction, countries where seatbelts are rarely worn, there 

However, on trailers or semitrailers where this access is may be little justification for underrun bumpers 

less important, other types ofconstructioncould be used. to prevent intrusion into occupants at relative 

............ An obvious alternative is a skinned sideguard using a speeds much above 40kin/h. 

lightweight frame covered with aluminum or a glass- 5. Further tests are planned with both the truck 

reinforced plastic sheet. On platform-type trailers, some and car moving to confirm that the underrun 

ingenuity could be required to overcome the problem of guard is effective in these conditions. 
feaslblht~y o access to restraint hooks, but this form of construction 6. Work is in hand to investigate the " " " " ~ f 

would present a smoother surface for the cyclist or fitting guards to modern HGV’s. 

pedestrian to fall against. 

From work done on HGV aerodynamics, it has been 

shown this type of sideguard would also give reduced Sideguards 
aerodynamic drag, a definite bonus for the vehicle 

operator. It might also reduce spray and should make the Tests have been carried out on sideguards fitted to the 

side of thetrailermoreconspicuous, especially if treated semitrailer of an articulated HGV by simulating an 

with bright paint and reflective strips, accident where the lorry overtook a pedal cyclist at low 
speed. From these tests, it was found that-- 

Conclusion                                          1. With a sideguard fitted that just meets the UK 

C&U regulation, the pedal cyclist was run over 

by the wheels of the semitrailer in about 40 

percent of the test runs. "Fhis compares with the 

Front Underrun Guards near certainty of being run over every time 

without a sideguard fitted. 

1. Anenergy-absorbingunderrun bumper for trucks Because the whole sideguard was inset from 

has been developed that should protect the the face of the tyres and also because of the 

occupants of a car hitting it from death or 300mm gap between the rear end of the guard 
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and the leading trailer tyre, the pedal cyclist Acknowledgments 
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zero. At ground clearances of 400 and 450mm, Crowthorne, Transport and Road Research Labora- 
the incidence of running over increased slightly, tory, 1980. 

The incidence of the pedal cyclist being struck 2. Riley, B.S., B.P. Chinn, and H.J. Bates, "An analysis 

by the edge of the leading trailer tyre was of fatalities in heavy goods vehicle accidents," 
considerably reduced. Department of the Environment, Department of 

The severity with which the dummy head Transport, TRRL Report LR 1033, Crowthorne, 
struck the platform edge appeared also to be Transport and Road Research Laboratory, 1981. 
reduced. 3. EEVC Working Group 6,"Structures, improved side 

Insetting the uprights from the rails of the impact protection in Europe," Proceedings Ninth 
guard prevented the dummy from being knocked International Technical Conference on Experimental 

to the ground by the uprights. Safety Vehicles, Kyoto, NHTSA, U.S. Department 
The forward extension of the sideguard would of Transportation, 1982. 

reduce the possibility of falling in front of the 4. Motor Vehicles (Construction and Use)(Amendment) 
guard or onto the hard front edge: (No. 7) Regulations 1982, Regulations 46B (in- 
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Load Restraint for the Protection of Occupants in 
Light Vans Including Car Derivatives 

D,GoC, Bacon and restraint manufacturers, and racking manufacturers. 

I. Gazeley In an information gathering phase, the type of accidents 

The Motor Industry Research Association were defined against which the restraint system would be 
required to provide protection. The specified accidents 
were simulated using barrier crash tests and dynamic sled 
tests. The test vehicles were equipped with bulkheads and 

Abstract storage bin systems. Various schemes of loads were held 
down with webbing restraints attached to anchorage 

The problems of restraining miscellaneous loads in points. This test work, as well as providing the loading 
light vans and passenger cars derivates were quantified information for the restraint specification, also indicated 
with a view to developing specifications for strong the performancegivenbyexistingsystems. Specifications 
anchorage points, bulkheads, racking, and restraint for cargo restraint systems were drawn up and prototype 
systems. Theproject brought together the main organisa- designs engineered to this standard for evaluation. 
tions involved: the fleet operators, vehicle manufacturers, Performance tests were carried out on the overall systems 
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to cover the different conditions and types of load Survey of Fleet Operators’ Accident 
experienced in service. Reports 

The final stage of the project involved preparation of 

..... the detailed specifications for the anchorage points, 
..... A search was made through the records of four fleet 

bulkheads, racking systems, and restraints that would 
operators to determine the number of accidents involving 

form part of a Recommended Practice. 
frontal impacts and the range of impact speeds. The 

combined number of vehicles operated by the organisa- 

Introduction                                       tions amounted to approximately 15,000, and the search 
covered a 5-year period. Side and rear impacts were not 

considered since it was felt these types of impacts would 
The light van is one of the most widespread vehicles on not propel unrestrained loads toward the occupant 

the roads today. Passenger car derivatives and the compartment. The accident reports studied did not refer 
forward control vans, which form the two main groups, to displacement of cargo. The investigations looked at a 
are used by the thousands for carrying light loads, total of 303 vehicles that were in motion when the 

It is, of course, often necessary to restrain the load accidents occurred. 
within the van. This is needed for the protection of the The obstacles that the vehicles collided with were 
front-seat occupants and sometimes for the prevention of categorised and are shown in Table 1. 
damage to the load itself. Indeed, sometimes it is 

necessary just to prevent the load from becoming mixed Table 1. Obstacles encountered by vans from a survey 
by the motion of the vehicle. For all these reasons, a of fleet accidents 
variety of load restraint systems has been developed. The 

main ones are---- Cars : 218 

¯ Bulkheads, intended to provide occupant protec- Roadside furniture : 33 

tion by holding back the load Heavy commercials : 23 

¯ Racks, used with containers into which loose 
Motorcycles and cyclists : 11 

Farm machinery : 8 
tools and other small items can be gathered Buildings : 4 

¯ Webbing restraints, used to anchor heavy loads Others : 6 

of a variable nature 
¯ Clamps, used to hold down heavy items of a 

predetermined kind, such as trolley jacks The distribution of the number of vehicles relative to 

The need for such systems is felt particularly by the impact speed is shown in Figure 1. Taking into account 

major national organisations who operate large fleets, that the majority of impacts involved another car and 95 

Such organisations operate in a more systematic way percent of the accidents were at speeds less than 64km/h 

than the small operator and place a greater emphasis on (40mph), then this information provided the guidance for 

safe operation, the speed to be used in the crash tests with a rigid 

In fitting out their vans for various purposes, themajor nondeformable barrier carried out in this project. In 

national fleets found they faced a common problem, vehicle-to-vehicle impacts, the equivalent barrier impact 

There were no established fixing points within the back of speed can be considered to be approximately half the 

the van to which the fleet engineers could attach their vehicle speed. Therefore, in this work an impact speed of 

systems. All sorts of methods were improvised for 32kmih (20mph) was employed to cover the majority of 

overcoming this difficulty, and pickup points were devised accident circumstances in frontal impacts. 

on an ad hoc basis. It was considerably more difficult to 

add strong anchorage points after the vehicle was Test Procedures 
completed than it would have been in the course of 

manufacture. Furthermore, the engineers of the vehicle 

manufacturer would have been far better placed to decide 

suitable locations and designs. Finally, there was no Crash Simulation Testing on the HYGE 
control over the strength of these anchorages. If they 

were designed into the vehicle, instead of being added on To carry out a typical test series, a van floorpan or 

an ad hoc basis, they could have had a specified strength, bodyshell was secured to the HYGE sled through its 

The project described in this paper brought together suspension mounting points by a purpose-built rigid 

the main organisations involved, that is, the fleet frame. Particular attention was paid to making certain 

operators, vehicle manufacturers, restraint manufacturers, that it was well secured in view of the number of dynamic 

and racking manufacturers. They steered a programme tests to which it would be subjected. The van would then 

of test work, analysis, and assessment to provide a be kitted out withthe appropriate load of equipment fora 

consensus specification for light van restraint systems, test. Cameras required for filming movement of objects 
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i SAMPLE OF 303 VANS 
60~- 

N 

0 5 I0 15     20 25 30 35 4.0 OVER mi[elh 
4.0 

0 16 32 4.8 64. OVER krnlh 
IMPACT SPEED 64. 

Figure 1. Number of vehicles involved in accidents in specified speed ranges 

during the test were positioned on the sled and 

instrumentation transducers attached to record forces 

and accelerations. The sled with the bodyshell mounted 

on it was then accelerated backward by firing the HYGE, 

thus simulating a forward deceleration impact. Instrumenta- 

tion and film analysis were then carried out to assess the 

resuks of the test~ 

Figures 2 and 3 show views of typical floorpan and 

bodyshell installations before a test. 

Figure 3. Van bodyshell test on the HYGE, showing 
equipment carried and storage bin system on 

vehicle side 

Barrier Crash Testing 

In preparation of a van for a typical load restraint test, 

large apertures were cut in the van side to give good 

photographic coverage of the movement of the cargo 

Figure 2. Van floorplan test on the HYGE, showing inside. Usually some light cross-bracing was welded 
equipment carried and webbing restraints across the apertures to maintain the stiffness of the body. 
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Any racking or storage bin system would be fitted to the main function is to prevent loose objects sliding or flying 

opposite side that had not been cut. forward to cause damage or injury. Existing bulkheads 
are constructed from various sheet or mesh materials and 
are attached to the van sides, roof, and floor by a variety 

.............. Static Load Testing of means. Figure 3 shows a typical ad hoc timber and 

mesh bulkhead. 
Tests were carried out with a floorplan of the vehicle 

The existing Swedish regulation for bulkheads, SS2562, 
bolted to a channel section subframe. Shackles were provided an immediately available specification, which 
installed into the floor anchorage, and then a load was was assessed to see if it matched the requirements of these 
applied at a specific angle by means of a hydraulic ram 

and a chain. A view after one of the tests can be seen in 
investigations. 

Figure 4. 

Bulkhead Test Programme 

The majority of bulkhead tests were carried out in 

vehicle bodyshells in the "body in white"condition on the 

HYGE. Various items of cargo were left loose in the back, 

which then moved forward to strike the bulkhead. Small 

items of high mass, such as a trolley jack, were used to 

give a concentrated load that could cause problems with 

some designs of bulkhead. 
In addition, bulkheads were assessed in the programme 

of full-scale crash tests that involved impact from similar 

items of cargo. 
Figure 4. Static load anchorage test using van floorplan 

Road Manoeuvre Testing 
Bulkheads--Summary of Findings 

.......... A series of braking tests were performed to evaluate the It was not practicable to view the bulkhead as a 

retention of storage bin systems. This work was followed 
restraint device capable of stopping all loads carried up to 

by cornering tests that involved driving the van at various 
the maximum capacity of the van and at all possible 

speeds around a constant radius to induce lateral 
impact speeds. A maximum load would have to be 
specified that could be allowed to come loose in an 

accelerations, 
impact and also a maximum velocity at which the 
bulkhead was capable of stopping such a toad. This load 

Test Programme and ve!ocity would be relatively smal! compared with the 

maximum payload and the maximum speed the van 
An outline description of the test programme is given could reach. This meant the remaining cargo of the van 

in Table 2. Full details of the tests and their results have should be adequately restrained to floor anchorage 
been published in a M1RA report(l), points. Information from other parts of the project were 

brought in to provide guidelines for the loose load and 

Bulkheads impact velocity. 

In a survey of typical storage bin contents of vans, load 

Bulkheads provide a division between the load-carrying values of about 110kg were found for a 900kg payload 

area of the van and the occupant compartment. Their vehicle. The accident survey showed that an equivalent 

Table 2. Load restraint test programme 

Evaluating 

Type of Test No. of Speed Vehicle 
Tests km/h State Bulk- Anchor- Storage 

heads ages Bins Restraint 

Barrier Impact 4 32 Whole van * * * 

Hyge Sled 23 16-40 Bodyshetl * * 

Hyge Sled 8 16-40 Floorpan * 

Static Pull 14 -- Floorpan * * 

Braking 6 20-60 Whole van * 

Cornering 9 20-90 Whole van * 
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barrier impact speed of about 32kmi h (20mph) covered was often in doubt, and in most cases it was not known 
most of the crashes seen on the roads, how strong they should be anyway. 

These figures of 110kg at 32kmi h seemed a reasonable It was considered more difficult to add anchorage 
target for the performance of a bulkhead for that size van, points after the vehicle had been manufactured, and it 
and the sled and crash tests indicated some current was more appropriate for them to be incorporated during 
designs of bulkheads were capable of withstanding that vehicle build. Also the manufacturers’ designers would 
type of impact. It also seemed reasonable that vans with have more information to engineer the required strengths. 
higher payloads should have stronger bulkheads and However, the positions and number of these anchorages 
smaller vans less strong bulkheads, would be very much influenced by the experience of the 

This philosophy was part of the Swedish regulation on fleet operators in their day-to-day usage of the vans. 
bulkheads which specified a range of impact energy for The main task was to decide what was expected of a 
bulkheads to withstand, based on vehicle maximum load anchorage, in terms of where they would be located 
payload. This energy specification has been interpreted in within the van, and what would be attached to them. The 
terms of loose payload and impact velocity in Table 3. It question of how many anchorages should be provided in 
can be seen that for the 900kg van, the unrestrained a van was also addressed and whether this number varied 
payload is 90kg at 32kmi h. with the size of the van, 

Table 3.Permissible unrestrained payloads impacting bulkheads at different velocities in 
accordance with Swedish standard SS2562 for various size vehicles 

Unrestrained Payloads 

Unrestrained 
Payload Impact Impact Impact Impact Impact 

Size of Permissible at at at at at 
Vehicle Energy Level 16kmih 24km/h 32km/h 40km/h 48km/h 
Payload (Joules) lOmph 15mph 20mph 25mph 30mph 

250kg 1000 100kg 45kg 25kg ! 6kg 11 kg 
400kg 1600 t 60kg 71 kg 40kg 26kg 18kg 
£OOkg 3600 360kg 160kg 90kg 58kg 40kg 

2oO00kg 8000 800kg 356kg 200kg 128kg 88kg 

The main requirements of the Swedish regulation in Load Anchorages--Purposes and Locations 
relation to bulkheads were adopted as the specification or 

Recommended Practice resulting from this project. This 

had the considerable benefit of a common requirement The fleet operators’ experience showed there was a 

for vehicle manufacturers to meet. dual function requirement for floor anchorages and there 

However, attention was drawn to a desirable addition was also a need for anchorages at a high level in the van. 

to the standard relating to the prevention of small objects The floor anchorages had to be sufficiently numerous 

passing through mesh-type bulkheads in the vicinity of to allow convenient lashing of cargo at most positions on 

the driver’s head. the load-carrying area, though it was considered more 

probable that this lashing would take place at the rear end 

of the vehicle because it was more accessible to the 

operator. Therefore, in defining an arrangement of Load Anchorages anchorage points for the larger vans, more points have 

been put at the vehicle rear. It was also evident that a 

A load anchorage is a strong point on the van floor or large proportion of these fleet vehicles have installed 
sides to which items of cargo can be attached. The load side-mounted racking systems with storage bins. These 
anchorage will have a defined capacity under certain systems require attachment for the feet of the louvred 
loading conditions, which wi!l mean the item ofcargo can panels to the vehicle floor. To keep the number of 
be restrained up to a specified level of impact severity, anchorages down, it was decided that those along the 

The problem for the fleet operators had been that until sides of the floor should have a dual function of lashing 
recently most vans did not have established anchorage point and rack-mounting poinL 
points. To attach restraints or racking systems required The side-mounted racks require an upper fixing point, 
the improvisation of drilled holes and attachment of which is usually the vehicle cant rail (or similar structure) 
reinforcing ptates, The strength of these arrangements to attach the top of the rack. As the racking system is 
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vertical (or nearly vertical), this upper fixing point be restrained in these simulated impacts was provided by 

defines the lateral location of the floor anchorages along the fleet operators. Electronic force transducers were 

the side of the floor, attached to the webbing restraints to record the tensile 
........ In summary, the anchorage locations in the floor were loads in each run of webbing, l=igure 5 shows typical 

planned as a row on each side at a lateral spacing dictated loads measured. From these records, it was possible to 

by the upper fixing points and a row on the vehicle establish theload variation on each anchorage duringthe 

centreline biassed toward the vehicle rear. The upper test and also the maximum value that occurred. 

anchorage points consisted of a row on each side in the 

cant rail. 

Types of Load Anchorage                               ~. 
FORCEI      RH WFB~4N6 ~CT VELOCITY 

Various designs for a single-load anchorage or attach- L I FORCE .............. 
| ] ~ 2~, kmlh 

ment point were examined. Some of these were simple 
5 ~ 

~_~ Is mile/h 

but difficult to use, and others were complex in design 

~ 
~IU ~~ 

with useful features but quite costly to incorporate. The 

intention was to find a suitable design that was acceptable 

to both the fleet operator and van manufacturer while 

still meeting a specified load condition. 

The variants based on the 7/16in UNF-threaded hole 
o ~    T~M~, m~ zoo 

were more attractive for several reasons. The concept of 

an anchorage being a reinforced 7/16in UNF-threaded Figure 5. Loads measured in webbing restraint 

hole is widely accepted in the field of vehicle safety betts~ 

Also this design allows the addition of, say, the attachment 

of a bracket for racking systems as well as the link for the Static Tests 

load restraint. The 7/16in UNF-threaded hole as an 

anchorage was adopted for floor anchorages. The aims of the programme were to achieve similar 

The van manufacturers found this type of anchorage anchorage deformations in the static pull test and the 

could be incorporated in the vehicle build without equivalent dynamic test to discover the static force that 

extensive tooling changes. Consequently, these anchorages would destroy the anchorages and to establish a standard 

were fairly inexpensive and had a high probability of static test of force against a time period for testing 

actually being offered as an option (or as standard anchorages without having to rely on dynamic testing. 

equipment). 
It was decided that the upper fixing points could be a Dynamic/Static Comparison 

simple hole or any other connection detail at the discretion 

of the manufacturer as long as it met the strength The greatest loads of about 20kN were measured in 
criterion. However, to avoid any element of doubt about restraining a 125kg generator in simulated 40kmih 
reinforcement details, it was preferred that this upper (25mph) crashes. This payload was considered to be 
fixing point should again be a threaded hole but of a 

..... smaller diameter than the floor anchorages (and seatbelt typical of some of the heavier items used by the fleet 

anchorages). In this case, a metric thread of 8ram was 
operators in their vans, and, if it could be restrained 
successfully by the anchorage system, it would represent 

chosen as the standard, a suitable standard to achieve. 
The floor distortion caused by dynamic loads of 20kN 

Floor Load Anchorages--Test Programme was reproduced in static tests by loads of about 15kN that 

were of much longer duration. This observation follows 

other experiences in impact studies on steel structures, 

Dynamic Tests which show a dynamic amplification factor with higher 

velocities. 

The aim of this programme was to establish the The outcome of this exercise was the establishment of 

dynamic loading of floor anchorages under typical the strength requirement of floor anchorages at 15kN. 

conditions of payload and impact severity. These data The angle of load application was specified to be 30°, 

would provide the guidelines for the specification of which was consistent with typical lashing angles for 

anchorage strength in terms of a static pull test. cargo. A minimum load application time of 0.2s was also 

A series of sled tests were performed using van specified to be consistent with similar tests on seatbelt 

floorpans on the HYGE sled. A range of items of cargo to anchorages (Figure 6). 
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maximum payload. Rounded values of upper fixing 

-7 ~--0 2~ point load for both sides of the van were calculated as 

2or i i follows: 

~= ~s 
li 

900kg payload 9.0kN 
~ ~0 

~ ~ 
~ 2t payload 20.0kN 

s ~ A formulation based on payload was put forward for 

~ ; /         "-----------~- , __ ! , the strength of the upper fixing points. 
2 3 ~, 5 

TIME, s 

Floor Anchorage Locations Figure 6. Typical static ~oads applied to floor anchor- 
ages meeting strength requirement 

The anchorage point layout for a light van (short 

wheelbase) was designed t    ’ ’ o smt fleet operators needs and 
Upper Fixing Points--Test Evaluation and is shown in Figure 7. For longer vehicles, it could be seen 

Results that an additional anchorage would be required on each 

side and in the middle. This aspect is covered by the 

The attachment of storage bin systems was usually Recommended Practice as a function of loading area 

straight onto the upper fixing points, and the measurement length. 

of forces acting at these points could notbe measured The anchorage point layout for car derivative vans 

directly. The method used was to take a value for the followed similar principles. 

deceleration of the van in an impact, which, with 

knowledge of the mass of the storage bin system, would Storage Bin Systems 
give a value to the force acting. 

This informationledtoconsiderationofthestrengthof Racking systems in vans provide storage bins of 
theupperanchoragefixingpointsasafunctionofthevan various capacities (usually 5, 10, and 15kg) that are 
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hooked onto pressed steel-louvred panels. Two systems detached from the louvred panels and flew forward to 

made by different manufacturers were assessed in this strike the van bulkhead. 

project. Both were based on wall-mounted assemblies A major concern was that even ifa method was devised 
......... that were used mainly in workshops for storage of small to retain the bins, the bin contents may come out and still 

items such as nuts and bolts. The louvred panels offered become a hazard. 

flexibility in the position that a bin could be attached, and It was concluded that if bins and contents would come 

it was common practice to unhook a bin of necessary loose in an impact, the bulkhead would have to be the 

components and take it to where a job was being done. prime protective device. However, bulkheads will only 

Figure 3 shows a typical storage bin system, withstand a specified range of impact energy based on 

....... Although this project concentrated mainly on the vehicle maximum payload. This meant the maximum 

storage bin/louvred panel system, racking and shelving unrestrained payloads for different impact speeds would 

constructed from slotted angle is also widely used by fleet be as given in Table 3. Therefore, the maximum weight of 

operators. The main requirement for this type of racking unrestrained bins and contents that could be carried in a 

is strong attachment points, and it would be the intention van would be given by the 32km/h column, e.g., 90kg for 

that the anchorages specified in this work would be a 900kg payload vehicle. This became the basis for the 

.......... employed for these fittings as well. maximum permissible loading of a storage bin svstem. 

Storage Bin Systems--Test Programme Restraint Systems 

Impact Tests This section relates to the various fittings such as 

shackles and D-links, together with webbing harnesses, 
The majority of sled tests employing van bodyshells ropes, or chains that connect the cargo to the anchorages 

and all full-scale van crash tests carried storage bin in the load floor. 
systems fitted out with a variety of bins and bin-loading Every test carried out in this project with a restrained 
schemes, item of cargo employed some type of restraint system. 

It was apparent from the very first test carried out with Therefore, many restraint components were proved in 
fully loaded bins at 16km/h that they become detached the assessment of other systems. 
from the louvred panels. A repeat test with partially Having decided on a strength specification of 15kN for 
loaded bins (about 50 percent) still showed bin separation the load anchorage, this automatically set the minimum 
from the panels, standard for all other components in the load path. 

Once it was realised that in almost every impact However, inline with working practices for these systems, 
circumstance the bins would leave the panels, most of the 

tests assessing the strength of bulkheads also included 
a percentage overload was desirable--- this was set at 33 

percent giving a restraint test load of 20kN. 
...... some loaded bins. This criteria can be met by chains, wire ropes, rope, or 

synthetic webbing. The latter was the material used in the 
Road Manoeuvre Tests tests and proved very suitable. It is easy to use, absorbs 

much of the dynamic force, and does not cause secondary 
A small test programme was initiated with a van fitted damage to the cargo. 

out with a storage bin system and involved standard hard Exercises were also carried out in lashing items of 
braking and cornering tests, cargo to the anchorage layout specified for a variety of 

Under braking, it could be concluded that despite some van floors. In an early vehicle test, it was most noticeable 
small forward movement, all bins remained on the panels that, in a forward collision or severe braking condition, 
and retained their contents. Average accelerations during the cargo attempts to move vertically and, if insufficient 
these tests did not exceed 1.0g. The value, 1.0g, was used vertical restraint is applied, it is possible for the cargo to 
in specifying the longitudina! load test for bins. rise and roll over the horizontal restraint. 

During cornering, the tests showed that all bins were 

retained by the louvred panels up to the maximum lateral 

acceleration of 0.7g. Only small items were displaced Conclusion 
from a small bin at accelerations of 0.54g and above. In 

this work, the value of 1.0g was adopted for the lateral ’ This project brought together the main organisations 

load test specification for bins. 
involved in the problems of the transportation of cargo in 

vans. 

Storage Bin Systems--Summary of Findings Information was gathered from the fleet operators to 

provide background data for the performance of the 

In almost every impact test of racking systems fitted bulkheads, load anchorages, and storage bin systems 

with bins, loaded to a variety of schemes, the bins became This not only established the range of items carried in 
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vans but also involved the definition of the type of they not be used without a bulkhead being fitted 
incident against which the systems must hold the fitted to the van. The capacity of the storage bin system 
equipment, should be limited to what the bulkhead can 

Simulation of the incidents, which included vehicle contain in an accident. 
collision, emergency braking, and cornering, formed a ¯ Restraint systems such as chains, ropes, or 
major part of the test programme that provided the data synthetic webbing can be used to connect the 
to quantify the problems of restraining miscellaneous cargo to the strong anchorages in the load floor. 
loads. This enabled specifications to be drawn up and tt is a requirement that all components in the 
assessed against a background of realistic information, load path should withstand a load of 20kN. 

Some of the more important conclusions of the work As a conclusion to the project, the various specifications 
are as follows: developed in the course of the work were brought 

¯ Injury from loose objects may be prevented by together in a Recommended Practice(2). 
fitting an impact-resistant bulkhead between the 

load-carrying area of the van and the occupant 
Acknowledgments compartment. Typically, such a bulkhead fitted 

in a 900kg payload van will stop unrestrained 

objects of90kg moving at 32km/h (20mph). The authors would like to thank the following 

~ Fleet operators require strong anchorage points organisations for their contributions to this work: U.K. 

Department of Trade and Industry, Austin Rover, to be installed in the floor of the van so cargo can 

be restrained. A static load criterion has been Automobile Association, British Gas Council, British 

specified for these anchorages as a result of the Rail, Dexion, Electricity Council, Ford Motor Company, 

tests in this work. The strength required is a load Linvar, Spanset, and Tyrite. Additional financial support 

was given from the MIRA General Fund. of 15kN at an angle of 30°. Anchorages should 

consist of 7/16 UNF-threaded holes in an 

arrangement that is a function of load floor References 
length. 

¯ Strong anchorages are also required at a higher 1. Bacon, D.G.C., J.A. Searle, and I. Gazeley, "The 
level in the van for the attachment of the top of restraint of loads in light vans," MIRA Report, 
racking systems. The preferred form of these November 1984. 
anchorages is an 8mm threaded hole. 2. MIRA Project Group, "Recommended practice for 

o The performance of side-mounted storage bins restraining loads in light vans," MIRA Publication, 
was assessed and, as a result, it was recommended April 1985. 

Severe Coach Accident Survey 

C. Thomas, priorities that designers and manufacturers need to 

F. Hartemann, and consider in future vehicles. Despite the good safety level 

C. Tarriere of coaches, some spectacular accidents nevertheless occur 

causing serious injuries and death to the users, and these Laboratory of Physiology and Biomechanics of 
are often brought to the public’s attention by the media. 

Peugeot SA/Renault (France) This survey is based on all the fatal coach accidents 

P. Botto, that occurred in France between 1978 and 1984. The 

C. Got, and 
paper describes the causes and accident configurations 

and analyzes the injury mechanisms. Countermeasures 
A. Patel are discussed, and possible ways of minimizing occupant 
Orthopaedic Research Institute, injuries, related to strength of front end structures, seat 

Hospital Raymond Poincare (France) back improvements, window retention, and fire protec- 

tion, are suggested. 

Abstract                                Introduction 

Data about severe coach accidents are still limited. During each of the past 10 years in France, 32 people 
More knowledge in this field is required to define safety were killed and 162 seriously injured on average in 
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coaches andbuses. Coach accidentvictimsrepresentonly accidents occurring on the road network where the 

0.2 percent of the total of road accident victims. Gendarmerie Nationale operate (the entire French net- 

Table 1 shows for 1984 the number of deaths and work except major conurbations and suburban motor- 

serious injuries among motorized road users, together ways) during a 7-year period (January 1, 1978, to 

with an estimate of user kilometers and the fatality rate December 31, 1984). 

for each mode. All vehicles were large buses (empty weight: >8,000ks 
and 40 passengers or more) except six were busettes 

Table 1. Road transport casualties in France in 1 984 (empty weight: >4,000ks and 30 to 39 passengers). Cases 

involving small buses or city buses were eliminated from 
Deaths Per 

............... the sample. 
........ Killed Seriously Thousand Million 

Injured User kms The accident reports were collated and studied at the 

Paris Headquarters of the Gendarmerie by two accident 

Bus and coach 18 452 05 analysts. These documents, in particular, provide in- 
Truck 165 712 6 formation concerning the general circumstances of the 
Car 7, 1 1 1 39,930 16 

accident, the site plan, interviews with those involved, the 
Moped and 
motorcycle 1,684 15,238 1 O0 seriousness of victims’ injuries, as welt as photographs of 

vehicles involved. 

It is clear that the fatality rate of coach and bus users is 
In the case of 14 accidents, a much deeper analysis 

very much lower than that of any other means of 
performed by our laboratory enabled the police-based 

traveling by road. 
information to be complemented. 

However, action to minimize future similar occurrences, 

............ where possible, is in the hands either of designers and Active Safety Aspects 
manufacturers or legislators. Real-life accident data 

overviews are needed to help them rationalize new According to the police data(5), the extent of coach 

improvements for coach safety. Few studies have been driver blameworthiness in all personal injury accidents is 

published on this matter, fortunately very low (only 30 percent). But, in the fatal 

Baxter(l) discussed some of the problems associated accident sample, this rate is 2.5 times higher (73 percent) 

with coaches involved in rol!over-type accidents and than the former. This highlights the importance of the 

proposed a minimum standard for the strength of coach coach driver in accidents where there is at least one 

structures, occupant death. This high degree of presumed blame- 

Stansifer and Romberg(2) conducted a cost-benefit worthiness should be related to the fact that, in 18 cases 

analysis of safety belts based on 66 intercity bus accidents, out of 48 (38 percent), the coach is the only vehicle 

They concluded that a requirement to fit safety belts at all involved. 

seats in coaches should not be recommended. This Accidents often have many causes. The distribution of 

conclusion is also supported by frontal impact test main apparent causes of the 35 accidents in which the 

findings(3) that demonstrated lapbelts could do more blameworthiness of the driver seems clear-cut is shown 

harm than good due to harder head impacts against seat below: 

backs. -- 
Davies(4) analyzed 11 school bus crashes in Ontario. Loss of control on a bend -- 6 

The author mentioned that padded seat backs designed 
Loss of control on black ice -- 5 

to yield under impact loading would be better than 
Slowing down -- 5 

Other cases of loss of control -- 4 
voluntary seatbelt usage. It was recommended that Driver’s drowsiness -- 4 

emergency exit windows be required as well as an Dangerous overtaking -- 3 

emergency exit door. Alcohol -- 2 

Due to the small number of severe cases recorded in 
Driver feelin9 unwell -- 2 

Mechanical failure -- 2 
each country, efforts to analyze coach accidents must be Inattention -- 1 
intensified, and the comparison of independent studies Unknown -- 1 

must be encouraged. 

Moreover, in 13 out of 35 cases, the drivers were 

The Sample exceeding the speed limit for the type of road. 

Characteristics Main Impact Types and Distribution of Victims 

The study concerns 48 accidents in which at least one In two-thirds of the cases, coaches sustained more than 

coach occupant was killed. They include all fatal coach one impact during the accident. This should be related to 
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the thct that glancing blows are frequent. It is noticeable obstacle (which in 15 out of 20 cases is a truck, and in the 
that the stopping distance of the coach after the first others a high, stiff, fixed object). The degree of severity of 
impact is less than 10m in only two cases but above 40m injuries according to the extent of overlap is given in 
in half the cases. Thus, for multiple impacts, the main one Figure 1. 
is taken to be that producing the fatal injury. 

Three types can be distinguished: Less Than 1/3 Overlap Impacts 
® Frontal impacts: 42 percent (20/48) 
® Roltover or tipping-over accidents: 33 percent They represent half of all fatal frontal impacts. 

(t6/48) Respectively, 44 percent and 48 percent are killed and 

* Other cases: 25 percent (12 48t (including fire. severely injured in this collision type. Seven out of the 10 

falling into water or a ravine, side impacts) cases are offset to the left (Figure 2). 

In accidents in which at least one coach occupant is 

killed, the distribution of injury severity among victims 1/3 to 3/4 Overlap Impacts 

(Table 2) in frontal impacts and in rollover and tipping- These represent 41 percent of killed and 22 percent of 
over accidents is somewhat comparable, severely injured. They occur mainly in slowing-down 

The high proportion of those killed in the impact type situations. Due to the driver’s reaction, the right front is 
classified as "Others" is due to the inclusion of the 48 concerned in 3 out of the 5 cases. 

Table 2. Distribution of victims by impact type 

Impact Types 

Frontal Overturning Others Total 
Accidents 

Falls Falls 
Fire into a Side into Miscel- 

ravine impacts water laneous 
(number of case)     (20) (16) (1) (2) (4) (2) (3) (48) 

Kitled 46 30 48 25 11 7 3 170 
Severely 

tniu ry Injured 135 104 0 12 25 1 0 277 
Severity Slightly 

Injured 290 262 0 13 30 12 35 642 
Uninjured 253 161 16 0 38 3 88 559 

Total 724 557 64 50 104 23 126 1,648 

persons burned to death in a single fire accident, as well as 

accidents in which the coach fell into a ravine or into O V E R k A P 
water (32 killed out of 73 involved). 

It witt be observed that even in a sample ofaccidents in 
<1/3 113-3/4 distributed ,~ hich a coach occupant was killed, approximately three- 

quarters of those involved were uni njured or only slightly 

iviured. 

Frontal Impacts 

The 20 frontal collisions resulted in 46 fatalities (about ( nu tuber of cases ( 1 O) ( 6 ) ( 4 ) 
oae-quarter of the total) and 135 seriously injured (half of 

the total of seriously injured) out of 724 passengers killed 20 19 7 
involved. 

seriously injured 65 30 40 

Front End Damage Area and Severity of Victims t o t a ~ 454 177 93 

Frontal impacts have been broken down according to Figure 1. Distribution of injury severity of victims by 
the degree of overlap of the coach front with the struck overlap in frontal impacts 
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Figure 2. 1/4 offset impact against a truck--8 killed, 2 
..... seriously injured for 27 involved Figure 4. Distributed front impact against a truck--1 

........ killed, 24 seriously injured for 51 involved 

OVERLAP 

.... 
max imum ¯ 1/3 " 3/4 
;ntrusion 

m)t       l distributed (~n 
8-                                                ¯ 

Figure 3. 1/2 offset impact against the rear of a truck-- 
1 killed, 1 0 seriously injured for 28 involved 4- 

¯ 

2- ¯ 

Distributed Frontal Impacts 

Only 4 out of 20 fatal frontal impacts show deformations 
n u rn b e r o f k i t I e d i n t h e c o a c h 

spread across the whole of the front of the coaches 

involved. They result in few killed (15 percent), but the 
Figure 5. Number of killed in the coach 

seriously injured are relatively numerous (30 percent). 

All in all, in fatal frontal impacts, offset cases cause 82 Rollover and Tipping-Over Accidents 
percent of all deaths and 59 percent of serious injuries. 

intrusion and projection are, respectively, the main In 14 out of 16 cases, rollovers occurred after the coach 

mechanisms of injuries for those killed (91 percent) and had left the road beside which was a shallow embankment 

for the seriously injured (61 percent). The two fatalities of at least lm in depth. An initial impact against a heavy 

by projection took place in particular circumstances (one vehicle and loss of control on a motorway without the 

child standing up in the gangway and an elderly person vehicle leaving the road were the two remaining events 

involved in a multiple frontal impact accident), precipitating rollovers. Estimation of the vehicle speed at 

Among frontal projection victims, the body areas of the first moment of loss of control is given in 10 cases by 

face and knee/leg are injured in 36 and 30 percent of the the tachygraph and 6 by the driver or witnesses (Figure 

cases, respectively. 8). 
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¯ driver or witnesses[ 
speed 
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120- 
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¯ 

Figure 6. 
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intrusion 

~ eject ion                     ¯ 
40-[ 

~ projection 

oL      I       I 
50      100     151~~ 

stopping distance .in meters from the 
point at which loss of control took place. 

Figure 8. Estimated initial speed and stopping distance 
of coaches involved in rollovers 

The forward motion of coaches during the accident is 

obvious. In about half the cases (7 out of 16), initial 
speeds were 80km h or more with distances needed to 

stop nm less than 100m 

Rolls (180° or more) with at least one contact "roof- 

ground" occurred in 10 cases, making 18 killed and 66 

severely injured among the 329 involved. Tipping-over 

accidents (90° only) were observed in 6 cases--12 killed 

and 38 seriously injured were recorded among the 228 
involved in such configurauons. Thus, the im portance of 

tipping-over accidents must not be underestimated. While 

there is no collapse of the body in tipping-over accidents. 

it must be mentioned that. in fatal coach accidents. 

distributions of the severity of injuries are rather similar 

between those involved in rollover and tipping-over 

accidents. 

Coach Body Deformation and Severity for 
Occupants 

The collapse of coach body was nil in 9 cases, partial in 

3 cases I the crush did not exceed the upper quarter of the ki lied seriously 
side window), and substantial in 4 cases (the cant rail 

i n j u r e d reached the top of the seats). 

The 7 cases with collapse of the body superstructure ( 4 6 ) ( 13 5 ) have been divided according to whether the tipping over 

or the rollover occurred on a fiat surface or against an 

aggressive localized obstacle (an embankment or a 
Figure 7. Injury mechanisms in fronta~ impacts highway guardrail--Figure 9). 
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intrusion and/or 
part ial ejection 

~ total eject ion 

~ projection 
ii 

Figure 9. Localised coach body deformation after u/0 
tipping over on a motorway against a median 3 
highway guardrail--5 killed, 14 seriously 
injured among 46 involved 

It wil! be observed in Table 3 that the side collapse after 

a rollover on a flat surface occurred in only 3 out of the 16 

overturned fatal coach accidents, representing 19 percent 

of all seriously injured persons. While coach deformations 5 4 

are spectacular in such cases, this configuration is not 

representative of the maj ority of seriously injured persons 

in coach-overturning accidents. 

It is noticeable that 22 out of the 26 killed (exact place 

unknown for 3, and 1 standing up in the gangway) were 

sitting alongside the side windows (Figure 11). 

Partial ejection occurred in rollovers inducing a collapse 

of one side of the coach body structure. On the impact 

side, the cant rail and also the luggage racks are crushed 

toward the gangway area (Figure 12). 

It is noticeable that none killed and only a few seriously 

injured were observed in the rows offside the impact in 

spite of the reduction, there also, of the passenger space: 

In this configuration, all killed and most of the seriously 

injured were sitting alongside the windows on the impact 

side. In the collapse, people are partially ejected through 

broken tempered window glass and crushed between the S e r i o LI S ] y 
ground and the exterior of the coach, k i[ led 

These victims represent 45 percent of those killed and 
i n j u re d 

30 percent of seriously injured persons. ( 3 0 ) (104 ) 
Last, the nonejected occupants have sustained serious 

injuries due to their projection against upper interior 

fittings or the side part of seat frames. Fioure 10. 

Table 3. Distribution of victims by type of body deformation in coach-overturning accidents 

Rollover (R) or 
Body Obstacle Tipping-over (T) Killed Seriously All 

Deformation Surface Accidents Injured Involved 

Nil or slight Flat 4(R) + 5(T) 11 47 288 

Side collapse Flat 3(R) 9 16 121 
Narrow 

Local collapse and Stiff 3(R) + I(T) 10 41 148 

Total IO(R)+ 6(T) 30 104 557 
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Figure 11. Distribution of 26 killed involved in overturn- 
ing accidents by seat location 

Figure 13. Fire accident--48 killed out of 64 involved 

fuel tank damage with leakage for three of them. A fire 

immediately broke out. especially involving the front of 

the coach, which was only slightly damaged by actual 

~mpact. 

Only 15 out of the 59 chil dren and I of the 5 adult s were 

able to escape by the rear door during a period not 

exceeding 2min. All of them were uninjured. The 

investigation showed that the victims were probably 

asphyxiated before being burned. 

Falls into water were observed in 2 cases, generating 7 

fatalities by drowning out of the 23 involved in the 2 

slightly damaged coaches. 

It appears from the survivors’ statements that the main 

difficulty is to find and reach coach exits quickly. As far 

as fire accidents are concerned, it must be pointed out 

that the problem of emergency exits must not be under- 

estimated since one-third of all fatalities (55/170) in the 

studied sample were related to this important point. 

Only falls into ravines more than 30m deep are 

considered. As excepted, the severity is high since half of 

the involved (25 out of 50) were killed in the 2 recorded 

cases. The analysis pointed out that 16 fatalities have 

Figure 12. Example of side roof co~lapse--3 killed, 11 been crushed by the important collapse of the front end 
seriously injured for 42 involved and roof structures. For the remaining 9 deaths, the 

absence of damage in their seat compartment areas 
Other Accident Types indicated that projections of occupants were too severe 

and exceeded the human tolerance limits. 

The ! 2 remaining accidents generated 55 percent (94 As far as side impacts are concerned, the obstacle was a 
out of 170) of all kitled but only 14 percent (38 out of 277) truck in 3 cases and a tree in another. Passive safety in 
of all seriously injured studied in the sample, such collisions is not currently feasible. For example, in 

The wide scatter of accident types (fire, falls into a 
one truck-to-coach accident, the truck driverlost control 

ravine, side impacts, falls into water) and their respective on a bend and impacted the middle side of a coach 
severity has been previously given (see Table 2). coming from the other way. Despite the small degree of 

The coach fire problem was dramatically highlighted residual crush (_< 140mm), the 6 persons sitting alongside 
by the motorway accident that occurred at night in July the windows in the impact area were killed. 
1982 in Beaune (Figure 13). The remaining 3 fatal accidents classified as "Others" 

The coach was running at about 100km/h and, due to were due to the death of the driver (driver feeling unwell 
the slowing down of the preceding vehicles and despite two times, and hit by an external projectile lost by a truck 
braking by the coach, it hit the rear of four cars causing in another). 
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Injury Mechanisms                          Discussion 

Many different kinds of injury mechanisms leading to H ow can the safety of passenger coaches be irnproved? 

death were observed (Figure 14). 
One answer could be by action on active safety, 

The importance of fire/asphyxia, intrusion, and pro- 
primarily on braking, and by action in the field of passive 

jection against the occupant compartment walls will be 
safety--body strength, seat design, and better protection 

especially noted. These three mechanisms together account against the consequences of fire: 

here for virtually all the cases of death and serious injury. 

Braking Improvements 

~ 
a $ ph yx i a-f [ re The kinetic energy reduction at the instant of impact 

can be determinant on the accident’s seriousness. It is 

in t r u $ion thus necessary to use to the maximum the potential 

possibilities of improvements in braking performance. 

............ ~ e j e ct i o n 
These improvements should include 

.............. ¯ Improvements of speed reduction performance 
without brake overheating, especially in long 

project ion descents 
Reduction of minimum stopping distances when 

o t h e r the normal brakes are used 
(dr.owning,externa[ ¯ Maintenance of directional stability during 

projec t i le,et c. ) braking 

It must be remembered that in 12 out of the 48 cases 

studied it was considered that better braking performance 

would have avoided the collision, or, at least, reduced the 
: : : ..... : : collision severity. 
""" Mandatory retarders are recommended as a counter- 

::::::::::: measure in one case, but, as it is well known, most 
"":::::::: coaches today are not equipped with such a device. 

........... ppi g di ........ Sto n stance reduction is concerned in 7 cases. A 

: : : : : ..... shorter stopping distance cannot always avoid the col- 

,-::: ..... lision, but it permits a reduction in its seriousness, 

i i i ! ! ! i. i i i: provided, of course, that the driver is not tempted to drive 

: :... : : : : : : : at constant risk. 

,, : : : : : : : : : : : Thus, the minimum stopping distance using normal 

brakes could be reduced by 12 to 15 percent and should 

not tend to increase the risk of wheel-locking. 
The fitting of an antilock braking system would have 

been favorable in 4 out of the 48 cases in our study (loss of 

18 
control during braking on slippery surfaces). The 

advantage is increased for vehicles with powerful brakes 

reaching wheel-locking limits even on dry asphalt. 
Thus, these two measures--minimum stopping distance 

1!4 of braking and fitting of an antilock braking device-~ 

should be applied simultaneously, 

Passive Safety 

k i ile d s ¯ rio u,sl y How can the passive safety of coaches be improved? 
i 13 i IJ r @ (:1 To answer this question, the injury mechanisms leading 

to death and serious injury must be borne in mind (Table (94) (38) 
4). 

Figure 14. Injury mechanisms in accidents classified as 
Intrusion is the leading cause of fatalities in coaches. In 

"others,’ frontal impacts, it would be desirable to increase front 
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Table4. Summaryofinjurymechanisms few cases of deaths due to projection that 

occurred mainly in falls into a ravine 
Seriously The countermeasure of universal wearing of 

Killed     injured 
(n = 170) (n = 277) 

3-point belts among all the seriously injured in 

our sample would, according to our estimate, 

Intrusion 47% 35% have lessened the injuries of 43 percent (120/277) 
Asphyxa-Fire 28% 0% of such nonfatally injured people, taking all 
Total ejection 12% 1 5% impact types together. This percentage contains 
Projection 7% 50% 
Other 6% 0% 

a wide range of conditions of very different 

presumed effectiveness and type of protection 

100% 100% achieved (Table 5). 

The countermeasure of universal wearing of a 
lapbelt among those seriously injured in our 

structure resistance, especially in highly offset impacts, sample would have forestalled 25 percent (70/277) 
but the %asibility of this is doubtful. Reinforced coach of such injuries, taking all impact types together. 
stiffness aimed at avoiding intrusion from the front row The difference in the preceding estimates is due 
of seats could be an objective. The problem of protecting to the fact the wearing of a lapbelt would not 
the driver and the occupant of the hostess seat remains. In provide a cranio-cervical protection in frontal 
tipping-overandrotloveraccidents, proposedstandards(1) impacts. This evaluation does not take into 
aimed at avoiding crushing of the superstructure concern account the possible adverse effect mentioned by 
onl.,, a maximum of 6 to 15 percent of all severely injured recent reports(3) in frontal cases. 
~ictims in the sample, in the light of our analysis, it may However, these are estimates of maximum 
be feared that, even if one managed to eliminate super- benefits, and it is believed such devices would be 
structure collapse sufficiently, the number of seriously less than universally used in coaches. Thus, the 
injured victims would not be reduced significantly because only efficient action, without compulsion for 
of the high risk of ejection, coach users, consists of improving the restraint 

Ejection is the cause of 12 of 15 percent of serious effect of seat backs. 
injuries and occurs mainly in overturning accidents. * Seat-back Improvements--These modifications 
Ejection occurs via side windows (71 percent), the 

would aimatachievingthefollowingobjectives, 
windscreen (22 percent), and the rear window (7 percent), especially in frontal impacts: 
A simple lapbelt would provide effective protection -- Limiting the forward movement of the 
~gai~qst the risks related to total ejection. A 100 percent occupant to the back seat without over- 
~earing rate would eliminate 12 percent of all deaths and loading to the occupant seated in front of 
marx.,, serious injuries also. To combat ejection, the other him. 
alternative is that of restraining uncontrolled kinematics --- Reducing the seriousness of lower limb 
b5 the windows themselves (acting as a net). This could be impacts (for example, by knee bolsters) and 
achieved by adding gtued laminated glass. This totally of cranio-facial injuries (for example, by 
passive safety characteristic could in addition improve appropriate padding). Such modifications 
coach structural resistance. Such an approach, how’ever, should take into account the simultaneous 
has the disadvantage of militating against rapid passenger need to protect both children and adults, 
e~acuation (except, if satisfactory solutions in terms of especially the elderly. 
emergency exits---whatever the coach’s final position Compared to 3-point belt-wearing, the effective- 
a~ter impact--, can be developed), ness of this purely passive protective device is 

Last, it seems that lowering the height of the bottom of less pronounced because it only concerns occu- 
he side windows increases ejection risk. In the absence of pants seated behind a seat back; and such a 

either making the window act as a net or of restraint device cannot, in case of very oblique frontal 
ssstem use, the bottom of the side window should not be impacts, prevent all risks for occupants seated 
lower than the shoulder of an average adult passenger, near the central gangway. 

Projection of a passenger against internal panels of the 
All in all, this countermeasure could, in our 

coach compartment was the cause of half the serious view, eliminate 20 percent of all those seriously 
h~juries, but only of 7 percent of deaths. It is only really injured. 
possible to envisage two countermeasures, that is wearing The last point related to passive safety is the conse- 
a restraint system or modifications to seat backs: quences of fire. Fire as a cause of death is rare. 

® Restraim System--Case-by-case analysis shows Nevertheless, we should mention that the fire case studied 
that wearing a seatbelt, even a 3~point type, highlights the problem of being able to get occupants 
would not have avoided with certainty any of the clear of coaches quickly. The same would be true for 
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Table 5. Presumed effectiveness of 3-point belts for all seriously, but not fatally, injured occupants 

Number of seriously injured Presumed 

Impact types avoided by prevention of 3-point belt 
effectiveness 

...projection ... ejection 

Frontal 50 5 41% (55/135) 

Overturning 36 24 57% (60/104) 

........ Others 1 4 13% (5/38) 

coaches falling into water. Apart from such cases, the especially for highly offset impacts, would be desirable, 

problem does not arise, but the feasibility of this is questionable. 

One may note that the means of achieving the two aims In the sample analyzed, death by being thrown forward 

..... of reducing ejection and facilitating evacuation are against a seat back has not been observed, but this 

........ currently contradictory. Can the frequency of ejection be accounted for half of those accidents involving serious 

reduced by increasing the number of emergency exits, injuries. Particular attention should be given to improving 

especially through the side windows? seat backs to insure adequate passive restraint for head 

In this context, doors seem to be the emergency exits and lower limbs in frontal impacts. 

that are the most rational and involve the fewest problems. Total and partial ejection are frequent and severe in 

In case of tipping-over accidents, the possibilities of rollover and tipping-over accidents. Window retention 

transforming the rear window and roof windows into using glass plastic products mounted so as to act as a net 

emergency exits cannot be neglected. In all cases, the could prevent ejection without any restraint usage. But 

rapidity of evacuation must be a priority, and everything such a device is in conflict with the need to be able to use 

must be done to maintain clear and free gangways, door all glass-covered apertures as potential emergency exits, 

approaches, and emergency exits, particularly in cases of falling into water or the outbreak 

.... The effort to obtain better flammability characteristics of fire. Improvements in escape routes for the last two 

.... of vehicle interior materials must be pursued, but it is also cases must be considered. 

necessary to consider the effects of smoke emission and In case of fire, measures aimed at evacuating smoke 

toxic gas, which may accompany such fires. The fact that emission will reduce risk of asphyxia and increase the 

smoke is opaque is an important cause of panic, and time available to leave the vehicle. 

carbon monoxide induces paralysis, particularly of the To provide a chance of assessing more precisely the 

....... lower limbs. Measures aimed at improving smoke emission effect of feasible and necessary safety measures, doing so 

....... evacuation will reduce the risk of asphyxia and facilitate on the basis of very severe coach accident data, the 

the rapid escape of coach users, comparison of independent studies has to be intensified 

through the auspices of international organizations. 
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Optimisation of a Bus Superstructure from 
the Rollover Safety Point of View 

D. Kecman a residual (survival) space defined with reference to the 
Faculty of Mechanical Engineering, Belgrade H-point and centreline of the seats. Such a test is very 
Consultant to Cranfield Impact Centre expensive and unsuitable for development purposes. 

The pendulum test on structural bays is carried out by 
G.H. Tidbury an oblique impact at the cant rail level. The speed of 

Cranfield Impact Centre, Cranfield, United impact is 3 to 8ms, while the impact energy represents a 

Kingdom fraction of the total energy for the complete bus. The 
energy is proportional to the mass of the vehicle and the 
vertical fall of the centre of gravity between the maximum 

Abstract level of the fitting platform and the position corresponding 
to the first contact of the body with the ground. The 

Bus superstructures may soon be subject to new energy declared for each pillar of the bay must meet five 

rollover safety requirements. Increased rollover safety constraints specified by regulation. 

must be achieved with minimum weight or cost penalty; The introduction of the calculation method was based 

hence, optimisation has a significant practical relevance, mainly on the work carried out at the Cranfield Impact 

This paper demonstrates the possibility of predicting Centre(I-6), although such an option was in the original 

the collapse performance of a bus superstructure by a Hungarian submission to the Working Party. It will 

completely theoretical model. The work described also almost certainly be a requirement that the calculation 

created a basis for the option offered by the new must includeeffectsarisingwhenthestructureundergoes 
regulations that allows type approval by calculation large plastic deformations. Separate component tests 

combined with some component tests. It also shows how may be required to verify the assumptions for the collapse 

a safety structure can be optimised from the weight or behaviour of components. 

cost point of view by means of a special computer A calculation method offers not only the chance to 

program, obtain type approval without large-scale testing, but it is 
also suitable for bus body development and optimisation 

Introduction                                     in terms of both safety and economy. 

The importance of adequate bus rollover safety has Theoretical Prediction of the Collapse 
been recognised for many years. Bus superstructures may Behaviour of a Complete Bus 
soon be subject to new rollover safety requirements, 
which are currently being discussed by Working Party 29 Bus bodies under impact develop localised bending 
of the ECE, failures--hinges, which absorb most of the impact energy, 

The regulations are likely to offer the following choice Investigation of almost 30 bus rollover accidents(5) 
of methods for obtaining type approval: identified a variety of collapse modes (Figure 1). Mode A 

* A standard full-scale rollover test with hinges at the waist and cant rail levels was most 
~ Pendulum tests on individual structural segments common. Hinges at the floor level (B,C) occurred mainly 

(bays) near door apertures, while roof members also collapsed 
* A calculation method, combined with some (D,E) in some cases. Control ofthe overall collapse mode 

component testing is very important because it affects the amount of 
The standard full-scale test implies rolling a complete deformation prior to the intrusion into the survival space. 

vehicle from a tilting platform onto a horizontal plane Mode A usually provides the greatest angles of hinge 
800mm below. The superstructure must not intrude into rotation. 
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situation is possible because of a relatively low impact 

speed dess than 10ms) and because the mass of the 
deforming structure is much less than the mass that is 

E being retarded. 

, Collapse analyses were performed using the Cranfield 

Fixture 1. (;ollapse modes of bus rings Structural High Deformation program CRASH-D, which 

allows for the highly nonlinear effects of large deforma- 

tions, hinge occurrence, and variable hinge moment- 
Isolated rings collapse in mode F. which de monstrates 

the effect of the surrounding structure (cladding, longi- 
rotation curves. 

tudinal beams, seats, floor) in altering the collapse mode 
The analysis started with the elastic finite element 

of any ring in a bus body. These effects were studied 
model in Figure 3a. which included all the main beam and 

within the elastic range(6), and it was demonstrated they 
plate elements. Loads were applied obliquely along the 

can be modelled successfully by springs C and C. 
cant rail and the main load paths determined. It was 

attached as shown in Figure 2. The impact load P is 
shewn theoretically(3) that the collapse mode can be 

applied obliquely to one of the cant rails 
controlled by careful selection of the side components 

Spring C has an axial and bending stiffness selected in 
below the wa ist rail. The model for collapse analysis was 

such a way that the bending moments of the floor, waist, 
much sim pler (Figure 3b) and included only those main 

and cant rail levels of the simplified model correspond to 
elements that would form the main collapse mechanism. 

those obtained by a much more detailed elastic analysis 
Fictitious beams were attached laterally to the pillars at 

of a segment of the body. 

It was also demonstrated that rings with an incomplete ’" 

floor member (i.e., without the dotted line in Figure 2) are 

much more flexible than the complete ones. However. the ~0, ~tar~ 

typical restraining effect of the surrounding structure in 
A~’,j,,~ 

t he vertical direction (simulated by spnng C) is sufficient 

to eliminate the effect of the central gap on the collapse 

mode. 

A collapse analysis of a complete, all-metal body of a 

coach was carried out(3,4,6). The skeleton was made of 

rectangular and square section tubes clad with aluminium 

for CRASH-O Ana! ~s’s 

C                                  C                          Outout from CRASH-O Analysis 

Snowing Deformed Shaoe and 

Plastic 
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the waist rail level to simulate the effect of those elements 

in the side structure that were eliminated from the first 

mode!. 

The theoretical collapse mode (Figure 3c) predicted 

hinges at the cant rail and waist rail level in all rings 

except the front door, where the hinge occurred below the 

waist rail. Secondary hinges, which did not take part in 

the main collapse mechanism, were also predicted at the 

~]oor level of all rings. The full-scale test of the vehicle 

(performed after the analysis) gave an excellent agreement 

with the predicted location and character(primary or 

secondary) of all hinges. 

To predict the final deformations of the structure, it 

was necessary to determine the energies absorbed by each Figure 4. Theoretical model of hinge collapse mecha- 
xing and compare the sum with the total energy input. At nism 
the time of analysis, variable hinge moment-rotation 

curves could be modelled in two-dimensional structures deformation. In such a way, it was also possible to derive 

only. The theoretical !cad-deflection curves of all rings the theoretica! M-0 curves (Figure 5c) in terms of the 

were, therefore, produced by separate analyses Rings A section dimensions a, b, t (Figure 5a) and the yield stress o 

and G (Figure 3c) included two normal rings, but they and maximum nominal flow stress of the material 

collapsed differently. The elastic stiffness of all rings was (Figure 5b). The theory was verified by very extensive 

obtained from the model in Figure 3a, and the theoretical experimental work on tubes with a/t ratios between 9 and 

co!lapse phase was common to all normal rings. 128 and a/b ratios between 0.33 and 3. The agreement 

Theoretical moment-rotationcurves, including thecalcu_ with experimental data was excellent (examples are 

lated strain-rate effect, were used in the model, shown in Figure 6). 

The energy input per ring was equated to the area The theory provided a basis for the development of a 

under the load-deflection diagram, and hence the maxi section optimisation program WEST(8) for the selection 

mum ring deflections were calculated. Comparative of the lightest or cheapest standard or nonstandard 

results are summarised in Table l, whereg~represents the section tubes meeting the following safety criteria: 
maximum deflection of the cant rail when itis impacted maximum bending strength, energy absorbed, and 

along a line at 30(~ to the floor cross-member. The remaining strength after a given hinge rotation angle. It 

difference is tess than 15 percent except in ring F (2l 

percentL to which displacements could not be applied .... 

directly. The agreement is, in fact, better than is shown in 

~lable 1 because experimental displacements were 
~! ii~2~~ ~~-i 

~ ~easured after the test when some springback from the 

r~aximum deftectiotas had already taken ptace. 

~ ° .~ 

Section Optimisation From the Safety 

The bending moment that can be carried by a thin- 

walled rectangular section tube drops off rapidly after the 

onset of collapse. Repeatability of collapse modes pro- 

duced by uniaxial bending enabled a definition of the 

theoretical hinge collapse mechanism to be made(6,7). 

~’he bending and rolling deformation along the con- 

centrated yield li~es (Figure 4) was related to the hinge 
Figure 5. Input parameters for calculation of theoreti- 

rotation angle 0, as was the energy absorbed by plastic cal hinge moment-rotation cuntes 

Table 1, 

Ring A B C D E F G / 
5m(theoretical)(mm) 536 555 505 491 488 488 430 

J dm(experimental)(mm) 577 550 508 466 424 402 385 

916 



Section 4. Technical Sessions 

o 

4(Nm 

200                                                                                                        e( % 

~oo 

- ~G io "    io o (or °o ~o ~o ~o ~ ~o* 

Figure 6. Theoretical (solid) and experimental (dotted) curves for a range of tube dimensions 

also enables selection of minimum material properties if The most general case corresponds to the selection of a 

section dimensions and the target safety performance are minimum weight theoretical section made of a given 

specified. The program can also produce the bending material and meeting one, two, or all three of the safety 

collapse properties of given sections, which may be used constraints. By specifying the ratio of the properties 

further, either directly in design or as input data to finite about the two principal axes, it is possible to determine 

element programs for collapse analysis, the aspect ratio a/b of the section and reduce the number 

of variables to two, say a and t (Figure 5). Each of the 

constraints can then be solved for the wall thickness t 

starting from a range of values of the width a. Three 

curves are thus obtained (I, II, and III in Figure 7). The 
section with minimum area, i.e., weight, corresponds to 

the point A that is lowest on the complex surface defined 

by constant area curves (shown solid in Figure 7) but that 
z .0. does not fall below any of the three curves I, II, and III. 

~~ \ 
~ 

Procedure for Optimisation of a Bus 

~00 m~ Structure From the Rollover Safety Point 
of View 

200 

~0~ Optimisation of a bus structure from the rollover 
50 safety point of view is performed in the following stages: 

0 0 (a) Choice of the general concept (e.g., two safety 
10     20     30     t.~ 50     60     70 a(mm) 

rings at the front and back, or no special rings). 

Figure 7. Diagram illustrating operation of optimisation Subsequent steps allow a parallel estimate of 

program WEST both options. 
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(b) Assume starti ng section dimensions and perform The time involved in carrying out the procedure is short 
an elastic anatvsis of the complete body or the enough to become part of the early design process for a 
segment as if it were going to be subject to a new vehicle. It provides the most rational and cost- 
pendulum test I main load paths are determined effective method for the design of structures to comply 
and information on the effects of noncollapsing wit h the new strength of superstructure regulation. 
members is estimal ed t. 

(c) Perform collapse analysis of a simplified model. Acknowledgments 
using collapse properties calculated by the pro- 

gram WEST and allowing for the full range of 

deformations required to absorb the energy 
While the opumisation code is solely the work of the 

required, 
first author, the general method of analysing the whole 

structure was developed at the Cranfietd Impact Centre 
(d) Anal3 se the results of step c and determine the 

under the sponsorship of the Department of Transport. 
hinge rotation angles and energies required. Use 

these as input data to the program WEST to 

determine new section dimensions or material References 
properties, depending on which of the four 

program options ~s considered most significant 1. Kecman. D.. "Analysis of framework-type safety 
(lightest standard or nonstandard tube. cheapest structures in road vehicles." Structural Crashworthi- 
standard section, or material for given dimen- ness. edited by N. Jones and T. Wierzbicki. Butter- 
sions), worths. 1983. 

(e) Re peat steps {c) and (d) until the best solution is 2. Miles. J.C.. "The determination of collapse load and 
found energy absorbing properties of thin walled beam 

(f) Repeat steps (b} to (d~ to check that the alterations structures using matrix methods of analysis." Int. 
do not m~roduce im portant new effects on load Journal of Mechanical Science, 18. 1976. 
redistribution, elastic stiffness, etc. 3. Wardill. G.A.. and D. Kecman. "Theoretical predic- 

(g) Design and produce components I beams and tion of the overall collapse mode and maximum 
joints) based on the theoretical analysis and test strength of a bus structure in a roll over situation." 
them to coil apse statically and dynamically (by a Congress FISITA. Hamburg, 1980. 
small pendulumt. This exercise should prove 4. Kecman. D.. and G.H. Tidbury,"Theoreticatpredic- 
that the assure ptions concerning beam and joim tions of the complete collapse behaviour of a coach 
stiffness~strength, and energy-absorbing proper- subject to the proposed standard roll over test." 
ties are correct. Congress FISITA. Melbourne. 1982. 

(h) Accept the solution, or repeat the same procedure 5. Structural Design Group {Cranfield Impact Centre), 
with appropriate corrections if results of step (g) "’Bus rollover accident investigations 1976-1979." 
require it. Report to the Department of Transport (London) 

No. DRG 463/139. Cranfield Institute of Tech- 

nology, United Kingdom, 1979. 

6. Kecman. D.. "Bending collapse of rectangular and 
Conclusion sq uare section tubes in relation to the bus roll over 

problem." Ph. D Thesis, Cranfield Institute of Tech- 
A design procedm’e has been outli ned that involves the nology, 1979. 

t~se of three computer codes: 7. Kecman. D.. "Bending collapse of rectangular and 
* A standard ~truct ural finite element code working square section tubes." Int. Journal of Mechanical 

in the elastic range, e.g., Stardyne Science. 25. No. 9-10. 1983. 
* A special large det~ection framework code that 8. Kecman. D.. "Program WEST for optimisation of 

includes colla pse hinges-~-CRASH-D rectangular and square section tubes from the safety 
* An optimisation program for the choice of point of view."International Conference on Vehicle 

tubular lramework members ---WEST Structural Mechanics. SAE Paper 811312. 1981. 
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Improvements for Bus Safety 

Klaus Rompe and 

Hans Joachim Krtiger 
Institute for Traffic Safety, TI~V Rheinland 

e.V., Cologne 

Abstract 

Today about 14 percent of passenger transport on the 
roads is accounted for by buses. For bus occupants, the 
risk of being kilted as a result of a bus collision is about 40 
times lower than in passenger car accidents. Therefore, 
buses can be classified as road vehicles with the most 
upgraded safety. Nonetheless there are some aspects of 
safety still to be developed in the future: 

There is still a lack of objective criteria designed 
to assess the driving behavior of the new type 
generation of high-capacity buses. 
Underfloor cockpits restrict the driver’s field of 
vision and expose the driver and, hence, the 
occupants to additional risk of injury in accidents. 

Bus driver cockpits could be adequately improved 
at low cost. 
The anchorage of seats and the capacity of 
deformation energy of backrests can be exploited 
to incorporate an advanced passenger restraint 
system. 

¯ There is need for specifying criteria of effective- 
ness applicable to emergency exit systems. Figure 1. Modern high-capacity coach dimensions 

(above--18 x 2.5 × 4m, seatslO0-144; below- 
.... 18 x 2.5 x 3.2m, seats 68~80) 

Safety of Buses 
articulated form--have become more popular, 

Today approximately 14 percent of the total passenger and, as a result of their increasing number, they 

transport on the roads of the Federal Republic of also playaroleintheoverallaccidentoccurrence. 

Germany is accounted for by buses(l). It is obvious the There is, however, especially for these vehicle 
safety of these vehicles is a reason for their attractiveness, types, very little knowledge concerning the driving 

The risk of being injured in an accident by bus is 10 times properties, particularly in critical driving situa- 

lower than in a passenger car accident. Referring to the tions(2). 

number of kilometers per person, the risk of being killed Recently, for reasons of cost, more and more 

is even 40 times lower. There are, however, three essential lorry chassis parts are used for bus construction. 

arguments for a further increase of bus safety in the This raises the question as to whether this will 

future: change the design strength of the bodywork in a 

1. Along with the technical development of safety collision and the structura! aggressivity of the 

components in buses, e.g., antiskid devices, vehicle toward other vehicles. 

retarders, headlight range adjustment, and pas- 2. Due to the heightened seating position of bus 

senger protection devices, there has also been a occupants, the consequences of collisions with 

change in the construction concept of buses. In other traffic participants are generally not severe. 

modern bus construction, the permissiblelimiting The construction of high- and double-decker 

values for the outer dimensions-- 18m long, 4m buses, however, could favor the frequency of the 

high, 2.5m wide, and weight 28t--today are fully accident type "running off the road."The danger 

exploited (Figure 1). For long-distance travel, arises of overturning and, at the same time, up to 

high- and double-decker buses--even in an 150 passengers are subjected to a hazardous 
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situation, e.g., individual survival space is not 

granted by the structural strength. 

3. Children and elderly persons figure significantly 

in the number of injured bus passengers(3). _ 
Since these persons are more or less dependent 

on bus transport, their protection should be 

particularly considered. 

By order of the Federal Ministry of Transport, the 
Institute for Traffic Safety of TUV Rheinland has 

conducted several investigations to find new possibilities 

to improve bus safety. 
Figure 3. Eye level in underfloor cockpits 

Safety is based on the ergonomic design of the bus 

driver’s workplace. The driver obtains essential informa- 

tion for driving by his vision. Therefore, the sight from 

he vehicle to the front, to the side, and via the mirrors to 

the rear is of particular importance (Figure 2). 
side window 

side mirror tef, 

side mirror righl 

measures in cm side window 

Figure 4. All-round field of vision 
Figure 2. E-point level and frontal direct field of vision 

Also, control switches and monitoring instruments 
For high-decker buses, an average h~ight of the driver’s must be arranged favorably within the driver’s field of 

eyes of 2.2m above the road was calculated. Together vision. It is, however, questionable whether he is able to 
x~ith the extremely large surface of the windscreen, this observe up to 84 displays besides his actual task of driving 
means perfect vision to the front. For underfloor cockpits, (Figure 5). 
coming more and more into use, the eye level 0.5m lower Based on our measurements and driver interviews, 
than usual causes problems concerning safety. The all- further improvements are required, especially for the 
round vision of the driver is limited, and thedanger of the ergonomic design of control devices at the driver’s 
driver being injured in an accident with a passenger car workplace(5). One example is a suitable resting place for 
0he most frequent participant in a collision) is in- the left tbot in a rest position. The slope ofthe accelerator 
creased (Figure 3). frequently does not meet comfort requirements. To 

If the sight conditions to the right and to the rear are reduce the time of change from the accelerator to the 
taken into consideration, problems are caused by the brake pedal, the half-loaded accelerator should be 
conflict between structural strength and the required positioned approximately to the same height as the 
unhindered all-round vision (Figure 4)(4). Nonmisting, unoperated brake pedal. 
heated side windows, additional mirrors, and a television Within the driver’s reach, all control devices should be 
system at the rear of the vehicle could be technical arranged within a radius of approximately 700mm 
solutions. A comparative assessment of the different around the shoulder joints. This requirement is not yet 
possible systems is being effected at present, fulfilled in all cases. The movements of the gear level, 
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Figure 5. Instrument panel with 84 controls and dis- 
Figure 7, Interruption of two-handed steering for 

plays 
switching on the wiper/washer system 

! 

which are still necessary, exceed this range by far (Figure Although the driver’s workplace conditions in buses 

6)’The example given in Figure 7 shows that one hand are sufficient in general, these examples show that further 

must leave the steering wheel to activate the windscreen 
improvements are possible without great effort. 

wiper. To maintain continuous two-handed steering, all 
Fifty to 60 percent of all bus accidents are head-on 

controls operated frequently should be located within 
collisions, more than half of which are collisions with 

finger reach around the steering wheel, 
passenger cars. Because the passenger seats are located 

about 1.2m above the road, the risk of bus occupants 

being injured is relatively low. However, the risk is 

considerably higher in overturning vehicles. The risk of 
the occupants being injured or killed occurs particularly 

when the vehicle deformation does not maintain necessary 

survival room for the passenger seats. If the passengers 

are thrown out of the vehicle, the risk of being killed is 

about six times higher than in similar accidents with 

passenger cars(6,7). In about 50 percent of all overturning 

accidents, passengers are thrown out. Therefore, the 

accident type "overturning of vehicle" rnust be given 

more attention in the future. 

In the Federal Republic of Germany, long-distance 

buses with a permissible travelling speed of 100kin/h for 

motorways must be equipped with lapbelts for those 

seating positions that do not have a similar seat in front of 

them--the so-called risk seats. However, the systems 

available at present with uncomfortable locks, tong belt 

straps, and even with automatic locking retractors are 

not accepted voluntarily by the passengers (Figure 8). 

Moreover, automatically locking lapbelts, such as those 

currently in use, restrict the occupants and it has proven 

difficult to have them fasten their belts. It has, therefore, 

been investigated in comprehensive studies how to 

improve the restraining effect of seat systems to add to 

occupants’ safety(8,9). 

During the first stage of the investigation, we varied the 

distance between the seat rows from 700 to 1,000mm. In 

simulated head-on collisions with vehicle decelerations of 

5g, we measured the strain of different size durnmies in 

sled tests. Figure 9 illustrates the movement paths of an 

Figure 6. Nonergonomic gear level position adult dummy for head, chest, and pelvis. On the left part 
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Subsequently, we carried out further impact simulations 

with a vehicle deceleration of 10g with the optimum seat 

distance to investigate the strain on the dummies and the 

deformation behavior of the front backrests. Primarily 

we stated that the seat anchorage did not stand the strain 

and loosened. Figure 11 shows a construction drawing of 

this anchorage on the left outer wall of the vehicle and on 

the bottom of the right side of the vehicle. To change the 

Figure 8, Lapbelts on exposed seating positions in ~- 
100km/h limit coaches 

....... 

~ , .... ~; . ~, ° ..... ~ .", Figure 11. Lateral and inside elements of seat anchor- 
age 

Figure 9, Trajectories of child-dummy movements at 5g 
deceleration in different distances between number of seat rows easily, the anchorage is executed 

two forward-faced double seats (left--70mm; relatively simply. Partially, only compression joints have 
right 900ram) been used (Figure 12). If the front seat breaks loose, the 

impact strain on the occupants is relatively small. If, 
o~the figure, the distance between the seats is 700ram; on however, severa] seat rows loosen, the occupants on the 
the right, it is 900ram. The test results showed that, for front rows are subjected to considerable strain. Further- 
child as well as adult dummies, a minimum of injuries more, partially loosened or displaced seats will hinder the 
may occur with a distance between the seats of 800 and work of emergency helpers considerably in case of 
~50mm (Figure 10). This figure illustrates the resulting accidents. 
he;td acceleration in a head-on collision for an adult For further tests, the seat rows were fixed additionally. 
dummy as a function of the distance between seats. Due The measured strain on the chest and pelvis of the 
to d~fferent impact conditions of the head onto the dummy was relatively low compared to the protection 
backrest of the front seal the strain ~f the occupants is criteria to be con sidered concerning the survival chances 
~ncveased ~ov small and long distances between the seats, of the passengers. For the head. however, peak values of 

150g were measured, caused by impact of the head on the 

top of the backrest. A contact of occupants sitting side by 

side or behind each other could not be observed for this 
~ impact simulation. The forward movement of the backrest 

..... ~;~ ~ top edge was measured in a range of 140 to 180mm. 

If the seat is considered to be an element of the 

occupant-restraining system ~n buses the energy- 

~,(~¢~.~... absorption capacity measured in the tests is still too 

~: :~ ~. small. Especially the head impact onto the upper edge of 

’~ ~: the backrest does not yet cause remaimng deformation of ~,~/ 
the seat. A reduction of strain of about 30 percent for the 

-+ 7oo ~ ~00 .~;~ ~ head and about 15 percent for the chest and pelvis 

compared with the actual stage of development seems 

Figure ]0. ~esultant head deceleration o~ ehild-dumm~ possible. 

as a function of distance S to the next Another aim of the tests was to leave the complex test 
impact procedure using dummies with complete instrumentauon 
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Figure 12, Failure of anchorage elements in a simulated lOg frontal impact 
i 

........... and develop a simplified test procedure. In several stages, emergency evacuation system. After a collision, single 

the required masses were reduced accordingly without exits may be blocked within the collision range. In 

considerably changing at the same time the kinetical and general, there are sufficient evacuation possibilities in the 

kinematical ratios during the impact (Figure !3). Such a residual compartment. 

test procedure will give much help to the manufacturers In case of the vehicle overturning, however, more than 

of bus seats concerning increased safety for passenger half the exits may be blocked. Escaping from the 

room. If the resistance of the seat anchorage on the compartment to the top requires enormous physical 

vehicle bottom is guaranteed, it will define individual strength. Compared to the normal escapedirectiontothe 

survival room for each passenger, considering also the back or through the roof, this way seems to be a detour. 

required backrest deformation (Figure 14). The most important requirement for an emergency 

At least for two accident types, the severity of the evacuation system is caused by a burning vehicle in a 

accident results is considerably dependent on the bus lateral position. 

Figure 13~ Simplified test with reduced dummy masses Figure 14. Individual survival room for each passenger 
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In a study by the German Federal Ministry of Transport 
concerning the technical development of emergency exit 
b:~ stems, evacuation tests with a children’s group (8 to 10 
~earsl and an adult group were carried out in a long- 
distance travel bus and a short-distance bus. During 
several test runs. the following main escape directions 
were prescribed: doors (Figures 15 and 161. as well as two 
emergency windows on the left side (Figure 17). A 
platform was erected in front of the windows to avoid 
injuries caused by jumping. Since the emergency scene 
shown for the compartment discourages hesitation in 
front of a free evacuation opening, the platform was a 
protection rneasure~ 10L 

"]’he evacuation tests showed the following results: 
.Escape route: doors 

For each vehicle type, the evacuation was finished 
after about half a minute Ichildren. long-distance 
travel bus: 40s~. Two-thirds of the passengers escaped 
through the rear door 

Escape route: two emergency windows, left side 
(2 and 4 side window~ 

Figure 17. Evacuation through an emergency window 

Destroying the window glass and removing approxi- 
mately 90 percent of the window surface required 
15s. equally for single- or double-glassed windows. 
Half the adult group left the vehicle by each window 
within less than lmin (52s). 

Figure 15 Evacuation test through the doors with an ~t seems important that. in case of alternative escape 
adult group and a short-distance bus routes, the doors especially the rear door are preferred, 

As a result, a stoppage is caused in front of the rear door. 
whereas the capacity of the other exits is not fully 
exploited. Improvements will be possible for the 
ergonom~c design of the exit aids. for children in the door 
area and for adults with access to emergency windows. As 
the most effective measure, the internal door access areas 
should be kept free (ticket barriers, folding seats, etc.). 

For a normal position of the vehicle and an escape 
route to one side. the evacuation time is less than lmin. 
The relative reqmrement for airplanes is 90s. This is 
based on the toxic effect of fumes, which determines the 
escape time of possibly injured passengers, Up to now, 
accident analysis has not yet brought secured time values 
for vehicle evacuation, 

A com parison of international construction regulations 
concerning bus emergency exit systems shows that. 

Figure 16. Evacuation test through the doors with an besides the minimum requirements for vehicle construc- 
adult group and a long-distance travel bus tion. there exist alternatives for a great number of other 
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technical solutions. The position of the individual vehicle, its use. and passenger behavior. 

emergency exits and the necessary opening by folding This study has made it clear that improvements of bus 

out. removing, and destroying (tool!) require detailed safetv are necessary and possible. 

knowledge and ability of the bus passengers, which, in 

genera!, is not given. In contrast to construction regula- 

tions for airplanes, there is need of an effectiveness References 
requirement for the bus emergency exit system, based on 

the required evacuation time. 1. Statistisches Bundesamt. Wiesbaden: Statistisches 

From the frequent use of doors, these must range Jahrbuch. 1982. 

equally as an element of the emergency exit system. The 2. Rompe, K., and B. Heifling, "Test procedures and 

mounting position of the emergency door-activating evaluation criteria for the handling characteristics of 

device must be determined on a standard basis within a heavy commercial vehicles." 

limited area for vision and handling by the standing bus 3. Statisticsches Bundesamt. Wiesbaden: 

occupant. This device must be secured against unauthor- Straj3enverkehrsunf~ille. Fachserie 8. Reihe 3.3. 

ized use (threshold of shrinking from an impulse for 4. Rompe, K., and H.J. Krtiger. "Possibilities of 

action), An emergency door at the vehicle’s rear could be development in bus safety.’" 1 st IAVD-Congress. 

an additional main escape route. Geneva. February 22-24. 1984. 

The rigid side windows consist of single security glass 5. Krtiger. H.J.. Gestaltung des Bus- 

and guarantee also the structural rigidity of the vehicle Fahrerarbeitsplatzes. BMV. FP 7816 2. Bericht des 

compartment. As a result, opening each of these windows Instituts for Verkehrssicherheit, TUV Rheinland. 

by destroying it is given as a technical solutic n and could 1979. 

mean a most important capacity increase for the 6. Kriiger. H.J.. Bestandsaufnahme der lnneren 

emergency exit system. The necessary emergency Sicherheit von Bussen. BMV. FP 7816/!. Bericht des 

hammer available only within vision and handling Instituts ftir Verkehrssicherheit. TI~V Rheinland. 

range raises a reasonable expectancy of effectiveness, 1979. 

also for nonspecialists. 7. Krager. H.J.. Priifverfahren fiir KOM-Fahrgastsitze 

Emergency holes in the roof could be an efficient als Riickhaltesysteme. BMV. FP 1.8001. Berichtdes 

escape route with a minimum climbing height, especially lnstituts far Verkehrssicherheit. TUV Rheinland. 

from vehicles in a lateral position. 1983. 

The improvement of passenger safety must be proved 8. Rickey, Stansifer."An analysis of accidents involving 

with an efficiency test of the emergency exit system, busses and an assessment of the need for safety belt 

Subject to test methods still to be determined, a limiting requirements in such vehicles." Proceedings 22nd 

value of 45s seems possible for evacuating a completely AAAM Conference. 

occupied, upright-standing vehicle. 9. Walz. F.. ’~Aus der Unfall- und Verkehrsmedizin_’" 

It is required also for developed bus emergency exit Automobil-Revue. Nr. 48. !978. 

systems that the passengers have good knowledge of the 10. Krager. H.J.. Notausstiege in Kraftomnibussen. 

details. Therefore. il seems important to instruct bus BMViBASt. FP 1.8306. Statusseminar. Manster. 

passengers regarding the emergency equipment of each 1984. 

Heavy Truck Safety--What We Know 

Henry E. Seiff medium or heavy trucks. Only 18 percent of these were 

Motor Vehicle Manufacturers Association 
occupants of ~he trucks themselves: 82 percent were 

pedestrians or occupants of the other vehicle. The 

greatest number of combination truck accidents takes 

place on two-lane rural roads. Single-vehicle accidents 

Abstract are responsible for 70 percent of heavy truck occupant 

fatalities. Doubles and heavier trucks appear to be as safe 

The overall highway fatality rate has dropped almost as other heavy trucks. Rollover and ejection are respon- 

continuously since 1925. from 20 to 2.5 per 100 million sible for the greatest number of truck occupant fatalities. 

miles of travel in ! 984. Still. the almost 44.000 fatalities in When asked about her top priority as the new Secretary 

1984 can and will be decreased. In 1983. 5.475 of the of Transportation, Mrs. Dole replied. "There’s no higher 

42.584 highway fatalities were in accidents involving mandate for the Department than to promote safety .... 
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The Secretary is particularly concerned with heavy truck involving medium or larger trucks, that is, all trucks over 
safety, !0,000 lb gross vehicle weight rating. 

Several years ago, the Motor Vehicle Manufacturers Of these 5,475 fatalities, only 18 percent were drivers 

Association (MVMA) summarized the state of heavy and passengers in the trucks themselves; 82 percent were 

truck safety research in its presentation, "Heavy Truck pedestrians or occupants of the other vehicle--the 
Safety----The Need to Know." It emphasized the urgent passenger car or light truck--in a multivehicle accident. 
need for adequate safety research as a foundation for Among the truck occupant fatalities, 735 were occu- 
improving heavy truck safety. It is appropriate now to pants of combination vehicles, usually a tractor-semitrailer 
follow up with a summary of the things we have learned combination. Two-hundred and forty-four were occupants 

since that time and to place the heavy truck safety of straight trucks(2). 
probIems in perspective. Since 1979, fatalities in medium and heavy truck 

In reviewing highway fatalities and fatality rates for all accidents have generally been decreasing as have all 

motor vehicles, we see the extraordinary safety gains that highway fatalities (Figure 2). From 1976 through 1979, 

have been made over the past 60 years (Figure 1). The the increase in truck accident fatalities paralleled the 
~:atatity rate (persons killed per 100 million vehicle-miles increase for all highway vehicles (the quality of the 

of travel) has dropped almost continuously from 1925 to National Highway Traffic Safety Administration’s Fatal 

the present---from nearly 20 to 2.5 in 1984. Although Accident Reporting System data on truck accidents in 
vehicle-mites traveled have constantly increased, with the those early years was questionable, so we have reason to 
exception of World War II and a short time after the 1973 believe the relatively low numbers of fatalities in 1976 and 
and 1978 oil shortages, the total number of highway 1977 may be understated). 
deaths peaked in the late 1960’s and early 1970’s. The year 

1984 marked a 22 percent decrease in deaths from the .... 

high year of 1972, despite a 36 percent increase in vehicle- 

miles traveled(I). 
6 ........ ~66 5 .... 

5209 5475 
4996 

FATALITIES ~           o 2~ 

FATALITY RATE      ~ 

~ ~ ............ ~ ~ Figure 2. U.S. fatalities--medium and heavy truck 

~ .... ~ ~ ~ 
accidents 

Figure 1, U~S, motor vehicle accident fatalities, 
19254984                                       few years and the consequent decrease in truck mileage. 

However, combination vehicle-miles dropped less than 1 
Although we can be justly proud of these figures, we percent from !979 to 1983 while fatalities dropped !5 

still had almost 44,000 t~talities on our highways in 1984. percent, so there has been a real drop in truck-related 
We believe we can and will lower this number in future fatalities these past few years. 
years. The vast majority of the medium and heavy trucks 

The reasons for decreases in both the fatality rate and involved in fatal accidents are tractor-semitrailer combin- 
total fatalities include safer vehicles, safety belts, highway ations(3) (Figure 3). Although doubles were allowed in 36 
safety improvements, child restraints, better medical States in 1981, for example, doubles and triples together 
care, the 55mph speed limit, the imposition of the Federal were involved in only 3 percent of the fatal accidents for 
Motor Vehicle Safety Standards, improved driver skills that year. 
and attitudes, and the antidrunk driving campaign of Combination vehicles as a group have a slightly lower 
recent years. We are doing better and can be especially accident rate than do passenger cars, but a substantially 
proud to see fatalities continue to drop at a time when higher fatality rate (Figure 4). Although we have a lot 
Americans are switching to smaller, lighter cars, and more to learn about why this is true, some things we do 
truck size and weight are increasing, know. 

Of the 42,584 highway fatalities in 1983, the latest year Because of the wide difference in mass between a heavy 
~or which we have detailed data, 5,475 were in accidents truck and a car or pickup truck, a multivehicle accident 
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Number Percent 

RURAL                      URBAN 
Single Unit .................. 3,632 24 

Tractor-Semi ............... 9,917 66 
Doubles qriptes .......... 455 3 o 

Bobtails 383 3 
Other, Unknown ........ 631 4 

~ 
3o 

Total 15,018 100 

Figure 3. Types of trucks" involved in U.S. fatal 
accidents, 1980-1982 

ACCIDENT RATE 70- FATALITY RATI Figure 5. Where do combination multivehicle fatal 
accidents take place? (1976-1980) 

,0- Multivehicle accidents represent 70 percent of the fatal 

~ heavy truck accidents, but onlv 30 percent of the truck 

occupant fatalities(5). Truck accidents are most dangerous 

..... ~-~ to the occupants of the other vehicles involved. 

~ ~°- We mentioned earlier that doubles and triples combined 
° 0 were involved in only 3 percent of medium and heavy 

............... ~o,o~ ...................... ~ ........................ s .................. truck fatal accidents. Unfortunately, information is not 

..... available yet to allow a definitive safety comparison of 
Figure 4. U.S. acciden£and fatality rates for passenger tractor-semis and doubles operated under identical 

cars and combination vehicles, 1983 conditions. The studies that have been done produced 

inconsistent findings. Four studies found the doubles 

accident rate lower, two studies found it higher, and three 

involving those vehicles is especially dangerous to the found no significant difference between the two kinds of 

light vehicle occupants, trucks. 

Although combination trucks operate more miles on After evaluating studies done by others and all existing 

the Interstate highways than on any other kind of data, the University of Michigan Transportation Research 

highway, Figure 5 shows the greatest number of fatal Institute has concluded that the involvement rate of the 

accidents takes place on two-lane rural roads. Because two types of trucks is nearly the same(6). 

vehicles are traveling at high speeds in opposite directions The Supreme Court agreed with the University of 

on these undivided highways, accidents can be more Michigan in cases involving the operation of doubles in 

frequent and more serious than on Interstates or other Wisconsin and lowa. The Court found, "The evidence 

divided multilane roads, convincingly, if not overwhelmingly, establishes that the 

Combination vehicles travel 63 percent of their miles 65-foot twin trailer combination is as safe or safer than 

on rural highways(4), being used primarily to haul goods the...55-foot semi."(7) 

between cities or from farm or factory to city. This The use of larger and heavier trucks to increase 

accounts for both a low accident rate and a high fatality productivity has raised questions about their safety, As 

rate. Because there is less congestion on rural than on with doubles, studies have produced conflicting conclu- 

urban roads, there generally are fewer accidents. But, sions. Reviewing existing studies on the subject, the 

because of higher speeds on rura! roads, each accident Ontario Commission on Truck Safety found that an 

tends to be more serious than in the city, leading to a overall increase in safety cannot be effectively achieved 

higher fatality rate. by limiting, within acceptable bounds, the weight or size 

Single-vehicle accidents, involving such things as a of trucks. The Commission noted that once trucks had 
truck running off a high-speed highway, rolling over, or reached a weight of from 15 to 20 times that of passenger 

hitting a stationary object like a tree, are responsible for cars, increasing the weight further did not seem to have 

70 percent of the heavy truck occupant fatalities, even any effect on accident severity(8). 
though they represent only 30 percent of the fatal Clearly, heavier and larger trucks can move freight in 

accidents, fewer vehicles, reducing fuel usage, costs to consumers, 
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and the total miles of operation during which the vehicle conducts detailed investigations of individual traffic 
is exposed to traffic hazards, accidents. From 50 heavy truck investigations, NTSB has 

Where the truck, the truck driver, or the truck’s isolated these accident causation factors: 
operating environment were seen as contributing factors o The driver 
to a fatal accident, the University of Michigan found 64 o Vehicle-braking capability 
percent were driver-related, 27 percent were environment- * Vehicle mechanical condition 
or highway-related, and 9 percent were vehicle-related(9). * Steering or directional control 

When the truck driver contributed to the accident, ¯ Coupling devices 
driving too fast was identified 27 percent of the time; ¯ Fuel systems 
failure to keep in lane or driving on the wrong side, 19 . Truck cab environment 
percent; carelessness or inattention, 17 percent; failure to In three-fourths of these investigations, NTSB identified 
yield or to obey traffic controls, 13 percent; and improper the truck as the primary cause of the accident and, in 
following or passing, 7 percent. Drowsiness and fatigue virtually all 50 accidents, the size and weight of the truck 
were cited only 6 percent of the time. contributed to the severity of the injuries and the number 

The combination vehicle driver in a fatal accident is of fatalities. Driver behavior was either a primary.or 
involved with alcohol only 4.5 percent of the time, secondary causal factor. This led to NTSB concern about 
compared to a 46 percent involvement in all fatal licensing, training, experience, alertness, understanding 
accidents(10), of vehicle systems, physical health, and the driver’s 

When highway or environmental conditions contribute environment in the cab(15). 
to the fatal combination vehicle accident, obscured vision Earlier we showed that 82 percent of the fatalities in 
and swerves, due to weather conditions, highway design medium and heavy truck accidents were not the occupants 
problems, etc., are identified as the major factors(11), of the large truck. They were generally occupants of 

When vehicle condition was identified as contributing passenger cars and other light vehicles that collided with 
to a fatal accident, the brake system and tire and wheel the large truck. In summary 
problems accounted for nearly 80 percent of the con- ¯ The fatalities take place in the 70 percent offatal 
tributing factors(12). Although only 9 percent of the accidents involving large trucks that are multi- 
combination vehicle fatal accidents were identified as vehicle accidents. 
involving vehicle-related factors, there is no doubt that in * The accidents are especially serious because of 
many instances good vehicle design and maintenance can the large disparity in mass between a large truck 
allow a driver to safely compensate for his mistakes and and the other vehicle involved, usually a passenger 
avoid an accident, car. 

"The experience of the Bureau of Motor Carrier Safety * Almost half of the muttivehicle accident fatalities 
is important in evaluating the role of vehicle condition, occur on rural, two-lane roads where 90 percent 
The Bureau inspected over 33,000 interstate trucks in are in head-on, angle, and sideswipe accidents(16) 
1982. It put 37 percent of those vehicles "out of service" This suggests that further separation of vehicles 
for "imminently hazardous" mechanical problems. The traveling in opposite directions, especially vehicles of 
Bureau finds that almost half the maintenance problems such disparate masses as passenger cars and large trucks, 
that led to putting vehicles out of service were related to should be investigated. As proof of the effectiveness of 
brakes, followed closely by lighting or electrical problems, separating traffic directions, one has only to look at the 
tires, and wheels(13). While the Bureau selects vehicles divided, limited-access Interstate system, which is credited 
for inspection based on its estimation that they are in with having saved approximately 4,600 lives in 1983 
greatest need of inspection, ~’out-of-service" percentages alone by cutting the fatality rate in half compared with all 
were not that much lower when vehicles were selected at U.S. highways(17). 
random. Rollover is involved in 50 percent of combination 

The Bureau of otor Carrier Safety s new State grant vehicle driver fatalities, with ejection found in 34.4 
program, (Motor Carrier Safety Assistance Program), percent (Figure 6). Extrication accidents (22.4 percent) 
combined with the State and Provincial reciprocal inspec- are those in which the victim must be physically removed 
tion program of the Commercial Vehicle Safety Alliance, from the damaged vehicle. In some cases, the victim was 
will insure that many more vehicles are inspected on the crushed within the truck cab. Fire is found in few truck 
highway from now on. The Bureau found, in a four-State accidents overall but is present in about 16 percent of 
pilot study of increased truck inspections, a 25 to 52 accidents that prove fatal to the combination vehicle 
percent reduction in truck accidents from 1979to 1981(14). occupant about 125 cases annually(18). 
If these initial results can be projected to a nationwide The percentages given add up to more than 100 
program, we can expect a substantial decrease in truck percent. In many accidents, more than one event is 
accidents in the future, involved, such as a rollover and ejection or a fire and 

The National Transportation Safety Board (NTSB) extrication. 
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Percent 
agencies, organized labor, industry trade associations, 

vehicle manufacturers, suppliers, and universities. 

Rollover ............................................ 59.0% Our challenge is to use better data and better analysis 

Ejection ............................................. 34.4 to find innovative and constructive solutions: 

Extrication ......................................... 22.4 
Fire ................................................... 16.1 References 

None of the Above ........................... 15.1 1. National Safety Council, Accident Facts (Chicago, 
1984), p. 59, and U.S. Department of Transportation, 

Federal Highway Administration, Highway Statistics 
Total Number of 

(Washington, D.C.: U.S. Government Printing Office, 
Fatalities ........................................... 1964 

1983, and earlier editions), Table VM-1. 

2. Interview with Grace Hazzard, National Center for 

SOURCE: University of Michigan Transportation Research In- Statistics and Analysis, National Highway Traffic 
stitute- from NHTSA Fatal Accident Reporting Systems data. Safety Administration, Washington, D.C., January 

.... 24, 1985. 
Figure 6. Combination Vehicle Driver Fatalities, 1980- 

1982 
3. Carsten, Oliver, and Leslie C. Pettis, Trucks Involved 

in Fatal Accidents, 1980-82, Ann Arbor, MI: 

Research has provided substantial information on the University of Michigan Transportation Research 

types of accidents that prove fatal to truck occupants and Institute, 1985, variable 1063. 

pointed out a number of ways in which lives can be saved. 4. Federal Highway Administration, Highway Statistics, 

Foremost among them are safety belts. Safety belts are Table VM-1. 

tailor-made for the rollover and ejection accidents, which 5. Clarke, Robert M., and Joseph Mergel, "Heavy 

cause the majority of truck occupant fatalities. Research truck occupant crash protection--a plan for investi- 

suggests safety belts could save perhaps40percentofthe gating ways to improve it," SAE Paper 821270, 

combination vehicle occupants who die each year and Indianapolis, Indiana, November 1982. 

reduce injury severity in perhaps 70 percent of the 6. Chirachavala, Thipatai, andJamesO’Day, A Combina- 

serious-injuryaccidents(19). Since 1970,theuseofsafety tion of Accident Characteristics and Rates for 

belts has been required in interstate trucks by the Bureau Combination Vehicles with One or Two 7~railers, 

of Motor Carrier Safety; yet today, only about 6 percent Ann Arbor, MI: University of Michigan Transporta- 

of the drivers wear them--less than half the use rate in tion Research Institute, p.7, 1981. 

passenger cars(20). So, if we can get truck drivers to 7. Kassel, etal.,vs. Consolidated Freightways,450 U.S. 

buckle up, a significant number of lives can be saved. 662, 1981. 

We now know far more about highway accidents than 8. Uffen, Robert J., "Report of the Ontario Commission 

we did just a few years ago. But there are many problems on Truck Safety," Ontario Ministry of Transportation 

still to investigate. For example, we have little detail on and Communications, p. !59, 1983. 

accident exposure by type of vehicle. A wide range of 9. Wolfe, A.C., L.D. Filkins, and J. O’Day, Factbook 

trucks, having specialized vocational uses, travel on on Combina-VehiclesinFatalAccidents, 1975-1981, 

different kinds of roads, with varying loads, at various Ann Arbor, MI: University of Michigan Transporta- 

times of day, under all kinds of environmental conditions, tion Research Institute, 1983, Tables 2.10, 2.17, and 

Until we can analyze this exposure information, it is 3.6. 

impossible to pinpoint exactly how to identify and break 10. ibid, Table 3.7, and U.S. Department of Transporta- 

the accident causation chain for specific kinds of vehicles tion, National Highway Traffic Safety Adrninistra’ 

and accidents. We need more detailed information on tion, "National accident sampling system 1982," 

drivers, highways, vehicles, accident forces, handling, Washington, D.C., 1984, Table 6. 

braking, and stability in crisis maneuvers, and specifics of 11 Wolfe, et al., Factbook, Table 2.10. 

the accidents themselves to consider potential accident 12. Ibid, Table 2.17. 

countermeasures intelligently. 13. U.S. DepartmentofTransportation, FederalHighway 

Research is underway on a wide variety of subjects to Administration, Bureau of Motor Carrier Safety, 

get these answers, including continuing accident data "1982 roadside vehicle inspection report," Washing- 

collection and analysis; combination truck braking, ton, D.C., pp. 6,10, 1984. 

coupling, and handling; vehicle crashworthiness; and 14. U.S. Department ofTransportation, Federal Highway 

ways of encouraging safety belt use. Administration, Bureau of Motor Carrier Safety, 

Research is being conducted or sponsored by virtually ~’Commercial motor carrier safety inspection and 

everyone involved in the trucking industry, including weighing demonstration program, interim report," 

insurance companies, motor carriers, various government Washington, D.C., pp. 3,4, 198 !. 
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15. Kissinger, J. Peter, National Transportation Safety !8. Computer run of University of Michigan Transporta- 
Board, to author, April 26, 1984, MVMA files, tion Research Institute data files ofheavytruck fatal 
Washington, D.C. accidents, MVMA files, Washington, D.C. 

16. O’Day, James, "Commercial vehicle safety issues," 19. Ranney, Thomas A., "A study of heavy truck 
National Highway Safety Symposium paper, occupant protection:accidentdataanatyses,"Calspan 
Williamsburg, Virginia, February 28-March !, 1984, Field Services, Inc., Buffalo, New York, p. 60, 1983. 
Table 1. 20. Clarke and Mergel, Heavy Truck Occupant Crash 

17. National Safety Council, Accident Facts, p. 44. Protection, p. 17. 

Heavy Trucks Aggressivity for Road Users-- 
in Search of Improved Safety 

Maryvonne Dejeammes heavy vehicles will emerge from the analysis of national 

N " () SER---Laboratolre des Chocs et de statistics (1982 files) as well as from the detailed study of 

Biom~canique accident cases (ONSER bidisciplinary investigation). 

The first lines of an evaluation methodology will be 

Abstract                                            presented in the case of a front crash heavy vehicle/car. 

General Traffic Conditions For many years, heavy trucks have accounted for a 

large part of the damaging road traffic in France. To 

determine ways of improving heavy vehicles so as to Heavy vehicles are different from cars by their assign- 

diminish the severe score of accidents, the national merit to goods transportation or people transportation, 

statistic file of injurious accidents in 1982 and the and consequently by their larger mass. They are divided 

ONSER bidisciplinary investigation file have been into three categories: light trucks or delivery vans of less 

analyzed, The most important risks affect pedestrians, than 3.5t, heavy trucks of 3.5 to 38t, and public service 

two-wheelers, and car passengers, vehicles (transporting more than nine people). 

It appears research on heavy vehicles should be The following table shows the number of vehicles and 

undertaken at first for~ covered distances: 

Improving lateral vision                           ~ 

~ Fitting up of heavy vehicle flanks to avoid falls                                             Covered 

under rear wheels and to limit underrun distance/year 
~ Fitting up of heavy vehicle front structure to Category Number in kilometers 

reduce its aggressivity against passenger cars 
Passenger car 20,420,000 ] 3,000 the purpose of safety measures complementary with 
light truck 

energy savings necessity should bring about realizable 
~.5t to 3.5t ~,060,000 25,000 

soR~tions, heavy truck >3.5t 450,000 15,000 to 70,000 
public service vehicle      76,000 25,000 to 62,000 

introduction 
Risks related to the traffic of heavy vehicles can be 

For many years, heavy vehicles have been considered a defined by the involvement of vehicles and the number of 
factor of dangerous road traffic in France. Because of fatalities related to the number of vehicles X covered 
their ~arge mass, these vehicles contribute to the severe distance in kilometers: 
harm inflicted on their opponent road users. Upon action 

of the French Department of Transport, the Committee -- 
1980 HI (>3.5t) Car / named "For a better safety of heavy vehicle traffic" has 

recommended research themes to improve the safety of Vehicles × km 20 ]0~ 250 ~0~ 
heavy vehicle occupants and other road users. Involvement / ] 06kin 0.85 ~. ~ 2 

It is then necessary to define the most dangerous Fatalities/ ]08veh/km ~ ].0 4.0 
accident situations with respect to the different categories 

of road users-----pedestrians, two-wheel riders, and car So, the rate of involvement of cars is higher than that of 
occupants. Research axes to diminish the aggressivity of heavy trucks, but the number of fatalities related to 
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vehicle kilometers is 2.75 higher in accidents involving a Front 

heavy truck. Left front 
t--------k Right front 

..... Lateral 

....... Analysis of General Accidental Statistics left + right 
Overturn-wrecked 

To take into account the types of heavy vehicles 
Rear lateral 

left + right 
involved (different by their design and mass), the 

Rear 
categories of road user opponents, and even the type of 

traffic network, an analysis of the statistical file RESUME, 

worked out from the basis data of the National Front = Front + Left and Right Front 
Constabulary and the National Police, has been con- Lateral = Lateral Left + Right and Rear Left + Right 
ducted. This combined file has been drawn up from the 

forms on injurious accidents occurring each year, and it 

has some limits from its homogenous coding and simplifica- 
Accident severity can be determined by the percentage 

....... tion: 
of fatal accidents in relation to the total of injurious 

............ accidents. Aggressivity will be given by the rate of 
* A maximum of three vehicles is reported in a 

same accident (! percent of accidents involve 
externa! killed and severely injured (other than heavy 

more than three vehicles), 
vehicle occupants) per accident. 

The overall distribution of accidents in which at least ¯ A maximum of two roads is described for an 

accident, 
one heavy vehicle was involved for 1982 is shown in 

.... ¯ A maximum of four occupants is reported in an 
Figure 1. 

accident. Registered occupants are those whose 

injury severity is the highest. 

These limitations may be accepted to analyze the Accidents Involving Heavy 
problem of heavy truck opponents. Some reserves must 

be made for analyzing accidents involving a public 
Vehicles/Pedestrians 

service vehicle because of the number of occupants 

registered, in this category, 2,620 accidents resulted in 297 

fatalities and 765 severely injured pedestrians: The overall 

General Presentation 
external aggressivity is then of 0.40. 

The implication is related mainly to the road network: 

The analysis of the file RESUME has been made for 

1982, which shows 222,047 injurious accidents, among 

which a heavy vehicle was involved in 21,957 cases, kesional Accidents Fatal Accidents 

We take into account heavy vehicles (HV) classified in 

three categories: 

¯ Light truck (1.5 to 3.5t) noted L.T. 

¯ Heavy truck (lorry and tractor-trailer) noted Heavy Vehicle 

H.T. 

Public service vehicle (motorbus and motorcoach) 

noted P.S.V. 

The road user opponents are: 

Pedestrians noted Ped. 
Users Opposed to Heavy Vehicles Heavy Vehicle Occupants 

¯ Two-wheelers noted 2-Wh. 8,310 Fatally and Seriously Injured 2,842 Fatally and Seriously Injured 

¯ Passenger cars noted Cars 
1062                                   243 

The traffic network is divided into three types: 

¯ Highway 

¯ Nonurban road 
¯ Urban area 

Data on collision configurations are more difficult to 

analyze, and the combination of impact zone of vehicle 

and impact direction is not considered reliable enough in 

this file to insure a good description. It was then decided 

to address the parameter "vehicle impacted zone" with 

the following distinctions; Figure 1. Accidents involving heavy vehicles 
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Pedestrians The analysis of the heavy vehicle zone impacted by the 

two-wheeler shows an unquestionable difference between 
No, of Fatal Severely 

’1982 acc. ace. Killed injured Aggressivity the categories of vehicles: 

Highway t 7 10 10 6 O.94 
Nonurban road 251 74 74 102 0.70 
Urban area 2,371 213 213 657 0.37 % 2-wh Impacted Zone 

Fat,sev jured Front Rear Lat.Front Lat.Rear Total 

Light truck 59 6 19 16 100% 
Urban collisions represent 90 percent of accidents. Heavytruck 43 9 23 25 100% 

While they show a not too high aggressivity (0.37 external Pub.serv.veh. 57 8 20 15 100% 

killed and severely injured people per accident), they total 

82 percent of killed and severely injured pedestrians. Table 1 gives a detailed description of accidents 

As for the category of heavy vehicles, even if public involving heavy trucks/two-wheelers. 

service vehicles run a lot in urban areas, light trucks and The highest frequency and the highest severity of 
heavy trucks are those that cause the most pedestrian impacts against heavy truck flanks in comparison with 

victims light trucks and public service vehicles can certainly be 

explained by the design of their structures (presence of 

side fairings flush with axles). 
Pedestrians 

1982 No. of Fatal Severely 

acc. acc. Kilted injured Aggressivity 

Light truck 1,087 100 1OO 318 0.38 Accidents Involving Heavy Vehicles/Passenger 
Heavy truck 824 155 155 270 0,52 Cars 
Pub,serv.veh. 729 42 42 177 0,30 

A total of 11,473 accidents resulted in 1,139 fatalities 
Note the higher aggressivity of heavy trucks, a figure and 4,033 severely injured car passengers. The external 

derived from numerous and severe collisions on connec- 
aggressivity is 0.45, similar to the one for two-wheeler 

tion roads passing through an urban area. 
opponents, but car passenger victims are 2.5 times more 

numerous. 

Accidents Involving Heavy Vehicles/Two- The implication is more frequent in urban areas, but 

the gravity is much more important in nonurban roads as 
Wheelers                                               shown below: 

A total of 4,499 collisions resulted in 394 fatalities and 
Car passengers 1.682 severely injured two-wheel passengers. Consequent- 

1982 No, of Fatal Severely 
ly, the overall external aggressivity is 0.46, which is a acc. acc. Killed injured Aggressivity 
slight!3 higher rate than for pedestrian opponents, Highway 409 56 69 138 0.81 

The implication depends on the road network with a Nonurban roads 4,564 660 776 2,240 0.66 
Urban area 6,500 262 294 1,655 0.30 

large frequency in urban areas: 

Heavy trucks are more frequently involved and exhibit 

Two-wheeler I the highest aggressivity: 

! 
1982 No of Fata~ Severely 

acc acc. Killed injured Aggressivity Car passengers 
Highway 27 6 6 8 O, 52 I t 982 No. of Fatal Severely 
Nonurban roads 887 143 146 484 0.71 | acc. aec. Killed injured Aggressivity 
Urban area 3,585 241 242 1,190 0.40 

I Light truck 3,453 153 147 1,007 0.33 
Heavy truck 6,675 752 857 2,684 0.54 
Pub.serv.veh. 1,345 73 95 342 0.32 

The aggressivity related to the vehicle category is 

roughly comparable to the one for accidents against 

pedestrians, but it has to be noted that severe accidents The analysis of the accident configuration has been 

involving a heavy truck prevail, 
made by distinguishing between the various parts of the 

passenger car that were impacted--front, side left and 

right, rear. The impacted parts of the heavy vehicle were 

Two-wheeler detailed in the computerized sorting according to the 

1982 No. of Fata~ Severely above presentation. Table 2 summarizes registered figures 

acc. acc. Killed injured Aggressivity according to the category of heavy vehicles. 

Ligh~ truck 1,773 90 90 678 0.43 The fronto-frontal collision accounts for more than 40 
Heav,� truck 2.150 271 275 830 0.51 percent of killed and injured car passengers for the three 
Pub,serv.veh 576 29 29 174 0.35 

categories of heavy vehicles. Collisions between passenger 
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Table 1. Heavy truck/two-wheeler collisions 

No. of acc. 765 192 473 469 

Fatal acc. 111 12 65 65 

Killed 2-Wh 113 13 65 65 

Sev.lnj. 2-Wh 322 74 167 188 

Killed : Sev. Inj, 2-Wh" 435 87 232 253 

% 39 8 21 23 

Killed : Sev. nl.2-Wh 0,57 0.45 Q49 0.54 

per acc. 

9% are not determined 

Table 2 Heavy vehicle/passenger car collisions 

1982 ~ ~ ~ 
~~ Others 

Accidents 1,502 590 177 202 720 262 

L,T. Fat. + Sev. Inl. 624 224 38 22 173 73 
car 

Car                 %         54         19          3          2         15          6 
Ext.Agg~            Q40       0,38       0.21        0.11       0.24       0,28 

Accidents 2,273 1,046 514 363 1,689 790 
H,T. Fat, ÷ Sev lnj. 1,455 612 225 88 848 353 

car 
Car                 %         4t          17          6          2         24         10 

Ext,Agg.           0~64       0,59       0.44      0.24      0,50      0~45 

Accidents 555 273 83 84 243 107 
P.S,V, Fat. ÷ Sev. Inl. 224 81 28 5 70 29 

car 

Car                 %         51          19          6          1         16          7 
Ext.Agg.            0.40       0.30       0~34       0.06       0.29       0.27 

car and heavy vehicle flanks and between heavy vehicles where heavy trucks of more than 3.5t and public service 

and passenger car flanks represent nearly 20 percent of vehicles ~ motorcoach and motorbus) were involved from 

killed and severely injured car passengers in each case. 1975 to 1984. The term "’passenger car" is used for any 

However, it has to be noted that heavy trucks differ from vehicle equipped as a limousine, break, or coupe. 

light trucks and public service vehicles because accidents Since it is difficult to get precise data on material 

against their flanks are more severe. As previously stated damage to heavy vehicles, whose occupants are rarely 

for two-wheelers, explanation must be found in the injured, it has been found in the files: 

chassis structures that stand high and are recessed from ¯ 25 accidents front car front HV 
the loading frame and make underrun possible. ¯ 13 accidents front car side HV 

¯ 18 accidents front car rear HV 

Detailed Study of Accident Cases Given the priorities that could be drawn from general 

statistics, the analysis of fronto-frontal collisions is 

To illustrate the problem of the aggressivity of heavy presented. These collisions involve front parts of each 

vehicles toward passenger cars. we have sorted out the vehicle, and impacts are directed at 11. 12. and 01h on a 

accidents from the files of ONSER bidisciplinary survey cloc k d ial. 
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The accident severity noticed in the files of the This table emphasizes the violence of impact with a 
bidisciptinary survey is higher than that found at the complete intrusion ofthecompartment in 10cases, along 
national level. This is even more enhanced for the fronto- with the increasing injury severity according to the level 
frontal configuration between a passenger car and heavy of compartment intrusion. 
vehicle: 12 out of the 25 accidents are fatal. The description of lesions, which is available except in 

The lesional score is given on Table 3, where a the l0casesoffatality(noautopsy),givesevidenceofthe 
distinction ismadebetweenfrontandrearoccupantsand impact violence against compartment parts such as 
where belt-wearing by car passengers is mentioned: steering column, dashboard, windscreen frame, pedals, 

Table 3. Car passengers injury severity 

Severely Lightly 
Killed Injured Injured Uninjured 
AIS 6 AIS >--3 AIS 1-2 

Belted front occupant 3 5 6 1 
Unbelted front occupant 7 4 4 1 
Front occupant 4 1 0 0 
belt-wearing unknown 
Rear occupant                    5 1 1 0 
Total 1 9 1 1 1 1 2 

It is then shown there are more killed occupants among and even an outer object (heavy truck structure). Any 
unbelted ones. The severity of this collision type for rear body part is then likely to be severely injured. 
occupants has to be noted also. On the other hand, heavy vehicle occupants are very 

These collisions are characterized by the well-known seldom exposed. In our sample, it appears the injured 
risk of the passenger car to underrun the heavy vehicle people found in three heavy vehicles sustained lesions 
structure, which means a limitation of the protective either on ejection (one slightly injured) or during an 
effect of the 3-point belt due to the reduction of the impact subsequent to the one against the passenger car. 
deceleration zone in the compartment. Impact directions During an impact against a tree, 2 front passengers of a 
and underrun cases are drawn out by analyzing passenger motorcoach sustained severe injuries; during an impact 
car deformations. Underrun is defined as the case when against a pole, 12 passengers ofa motorcoach were lightly 
the car is impacted above its rigid structures, i.e., side- injured. 
members, motor, and gear-box unit. There are also various categories of heavy vehicles in 

Impacts to the left are the more numerous: this sample to draw out behavior tendencies. It can 

® Front left impact: ! 2 cases merely be said that trucks of more than 10t and tractor- 

¯ Center impact: 8 cases trailers do not show a very different behavior, which is 

¯ Front right impact: 5 cases explained by their similar front profile. 

So, the fact that front structures of heavy vehicles are 

Cases of underrun are more numerous (13 cases); 6 not compatible with passenger cars, as well as the ratio of 
accidents occurred without underrun. In the 6 remaining their masses, explains the severe tribute paid by car 
cases, the underrun criterion has not been asserted occupants. However, speeds and severity levels of these 
because of the important lateral deformations of the car. collisions cannot be assessed in a reliable way, either from 

The relationship between deformations of the vehicle available data or from present knowledge. As a matter of 
and its compartment and injuries to its occupants is fact, it is not possible to compare the deformations 
:shown in the table below : observed on the passenger car with those found after 

Deformed area 

~~ 
[ ( ) .! [ ( 

Left front ~ 1 "--~ 5 6-~ 0 ---~ 
Center 3 2 1 2 
Right front 4 0 1 0 
Killed 0 3 8 4 
Severely injured 

AIS -->3 3 4 2 0 
Lightly injured 

AIS 1-2 7 1 2 0 
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impacts against arigid barrier. Calibrated teststhatwould years. The rear underrun guards provide a 

give a set of data on car deformations and decelerations certain efficiency, which could be still improved 

are lacking up to now, and the estimation of speeds by energy-absorbing devices(2,3). 

......... before the impact and of braking distances are not The work to be done now is to limit the aggressivity of 
unquestionable factors, heavy vehicle fronts. The collision severity is in direct 

This accident case study, however, bears out the relationship with the geometry and the masses of the 
severity and frequency of left frontal collisions (on involved vehicles. As mentioned by Franchini(4), the 
drivers’ side); the analysis of injuries to car passengers heavy vehicle does not behave like a rigid barrier since the 
points out that factors liable to improve safety are the opponent car often runs under its strong structures. The 
limitations of underrun and intrusion into the car design of the heavy vehicle front should meet two 
passenger compartment, requirements: 

Compatibility of its structure by lowering the 

rigid structures of the heavy vehicle, especially 

Countermeasure Proposals the bumpers. And yet recent studies have shown 

............. that this design is still not sufficient since the 

The analysis of circumstances of accidents involving whole collision energy is absorbed by the 

heavy vehicles has been carried out to find effective passenger car(5). 

measures applicable to heavy vehicles and likely to limit ¯ Energy dissipation by a deformable part. The 

this dramatic tribute. These measures can be examined in problem is to know if the energy dissipation is 

relation to the heavy vehicle opponent: possible only by adding a material of particular 

............. size and increasing the vehicle length, even if the 
........ ¯ Accidents involving pedestrians with very severe 

consequences occur in urban areas most of the 
compartment design of future heavy trucks is 
completely thought over. Johnson(6) proposes a 

time. It is difficult to think of equipment on 

heavy vehicles that will prove to be absolutely 
deformable part 500mm long. 

efficient with the pedestrian looking so small and Some drafts whose credit is to verify the feasibility of 

weak next to a heavy vehicle. It can be devices able to absorb part of the energy have been 

recommended that the lateral visual field of the proposed(7,3). Another research field could focus on the 

truck driver be improved. Otherwise, primary shape of heavy trucks. Having in mind that frontal 

safety measures need to be worked out, especially impacts offset to the left are the most severe, and most 

concerning road equipment and traffic, frequent as well, it could consider a round-shaped 

¯ Two-wheelers are involved in accidents occurring compartment that enables the car to slip aside during 

in urban areas and on nonurban roads as well. such a collision. 

Often they are victims of impact against heavy The question, then, is to know up to which collision 

vehicle fronts. It would be interesting to estimate severity level is fair to require heavy vehicle fronts to be 

how the front structure could be modified to less aggressive toward passenger cars. Accident analysis 

limit underrun, but the closing speeds are often shows that in France, from our study, as well as in the 

high and do not enable one to think of specific Federal Republic of Germany(7) and in the United 

and well-adapted measures. Concerning impacts Kingdom(8), the more frequent configuration is the one 

against heavy vehicle flanks, lateral fairings such with an angular incidence or an offset on the d river’s side. 

as those equipping public service vehicles or light It is more difficult to estimate the closing speed of the 

trucks (for most of them) undoubtedly can limit vehicles since there are no reference collisions available2 

the consequences of this accident type. In France, With some tests of fronto-frontal impacts carried out 

to further the study made by Favero(1), a first with closing speeds of 40 to 65km/h, it is quite fair to 

step has been taken that provides for fitting believethatamodificationoftheheavytruckfrontcanbe 

heavy trucks with "protective devices against the designed to dissipate part of the energy released during a 

risk of falling of two-wheelers on the trajectory collision with a closing speed of 60km! h. This would 

of rear wheels" (Decree of June 16, 1979-Art. 1). enable belted car occupants to sustain forces that remain 

It is now necessary to estimate their effectiveness within the limits of biomechanical criteria currently 

and even to consider other equipment such as admitted. 

more complete fairings. Would not improving The second priority lies in the improvement of heavy 

heavy truck aerodynamics contribute to a better truck flanks; the risk of underrunning their loading 

safety? platforms is quite similar to that incurred by two- 

* Car passengers are the most numerous victims, wheelers. It could then be recommended that lateral 

It seems impacts against the heavy truck rear no protective devices or fairings offer a minimal resistance to 

longer constitute an important risk as in past act as an underrun guard toward passenger cars. 
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PoS.V. Rollover Stability 

D.M. White Introduction 
Cranfield Impact Centre, United Kingdom 

To get from safe, normal driving in a bus or coach to a 

fatal rollover accident requires a sequence of events 

similar to those outlined in Figure 1. It can be seen there 

are two stages where governmental efforts may be made 

Nine buses and coaches were tested to experimentally to reduce rollover accidents, and two further areas in 
determine various parameters considered to affect rollover which the severity of an accident, if it does occur, may be 
stability--principally, spring stiffness, position of centre reduced. Already significant legislation exists to minimise 
of gravity, and roll moment of inertia. Utilising these lossofcontrol. Other factors, such as careful road design 
data, a computer simulation of a typical rollover accident and layout, and treating icy road surfaces, may also be 
was used to compare the relative performance of the added to the measures listed in Figure 1. 
different vehicles and investigate the effect of each However, coaches will not usually roll over without 
parameter on the rollover threshold. Height of the centre certain other circumstances. These are typically-- 
of gravity and, to a lesser extent, roll centre height were ¯ Travelling off the road onto a significantly 
~ound to have the greatest effect, inclined bank 
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Typical Sequence of Actions Aimed to 

Events Leading to Reduce Fatalities 

Their Occurrence and Injuries: 

Normal Driving 

I                    
t Loss of Control 

I 1.on:Minimise, brakes°CCurrence of loss of control by legislation 

i wres 
¯ steedng 
¯ maxmnum capacity 

¯ driver training 
¯ maximum speed 

| ............ i 
¯ maximum load \ 

I I 
/ 

Figure 2. Mathematical model (12 degrees of freedom 

~ 
3. Reduce deformation (given rol(over) ECE consider~ 

3 Severe Structural 

Figure 1, Components of typical bus reliever accident 

¯ Sliding sideways into some form of roadside 

tripping obstacle (such as a curb, low wall, or 

soft verge) 

/ Whether or not a coach rolls on an inclined bank 

would be almost solely dependent on its static tilt limit, as 

measured on a tilt test. The factors affecting whether a 

given vehicle would roll if it struck a curb with a given 

lateral velocity are less apparent and are the subject of 

this paper. 

Description of Computer Program 

The Rollover Accident Simulation Program (RASP) 

was developed to study in detail the design factors that 

the propensity of a vehicle to roll over when it strikes a . 

curb, low wall, soft verge, or similar roadside obstacle Figure 3. Suspension layout of mathematical model 
while ;liding sideways. As such, it assumes the driver has 

already lost directional control and, therefore, the pro- 

gram does not include vehicle dynamics routines to freedom (that is, longitudinal, lateral, vertical, roll, pitch, 

model steering, braking, or acceleration modes. Instead, and yaw). Each axle was considered to be a beam axle, 

the simulation begins with an initial lateral velocity free to roll or displace vertically or laterally with respect 

perpendicular to the curb. Impact between tyres and curb to the body. For a two-axle vehicle, this results in a 12° of 

occurs, and the ensuing motion may or may not result in freedom model. Simple modifications to the program 

rollover, created a 15° of freedom version for three-axle double- 

deckers. 

Mathematical Model 
Assumptions and Features of Model 

The vehicle is defined by its mass distribution, inertial 

properties, spring and damping constants, and dimensions The features incorporated in the model and assumptions 

as indicated in Figures 2 and 3. made in deriving the equations of motion are as follows: 

The equations of motion were formulated by con- 1. The road surface is assumed to be uniform and 

sidering the sprung mass as a rigid body with 6° of horizontal. 
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2. The curb is positioned perpendicular to the 

vehicle’s initial velocity. CONTACT 

3~ Pitch angle of the sprung mass is assumed to be FORCE 

small (that is, small angle approximations are 

used: sin O-~ 0and cos 0-+- 1). 

4. Axle roll angles relative to the sprung mass are 

also assumed to be small. 

5. The relative roI1 motion of the sprung mass and 

axles is assumed to take place about a roll axis 

that is fixed with respect to the sprung mass. It is 

defined by specifying the initial values of the roll 

centre heights at the front and rear axles. The 

roll axis is taken as the line joining these two 

points. Weir(l) in the bus version of a vehicle 

dynamics program assumed that the vehicle 

centre of gravity (CG)must lie on this roll axis. 

This program, however, enables the CG position 

to be defined independently of the roll axis. 

6. Spring/damper units act at the tyro contact 
points where the forces from the road and curb .... DEFLECIION 
are applied, and also between the sprung mass Figure 5, Representation of tyro/curb stiffness nonlin- 
and each axle, simulating the suspension corn- earities 
ponents. Figure 3 shows in greater detail the 

connection between the sprung mass and an relative roll angle exceeds 15°. Similarly, the 

axle. Note that only one vertical spring is curb stiffness takes into account the limited tyro 

employed (with an axle rate stiffness) and the lateral stiffness and attempts to account for the 

roll stiffness is provided using a separate torsional increased stiffness when the curb contacts a 

spring, more solid part of the vehicle, such as a wheel 

7~ Linear characteristics are used for every spring rim. 

with two exceptions: the roll stiffnesses and 8. Provision is also made for energy losses at the 

tyro/curb stiffnesses are as shown in Figures 4 tyro! curb contact (due perhaps to ground or bus 

and 5, respectively. The secondary roll stiffness deformation) by allowing plastic behaviour. 

models the effect of bump stops when the This is evident in Figure 5, where the deflection 

increases with constant force and is not recovered 

...... when the spring is unloaded (shown as the 

ROLL dashed line). 

Validity of Model 

A full-scale instrumented rollover test was not feasible 

due to resource limitations, so the simulation could not 

be checked directly. However, similar earlier work on the 

dynamic behaviour of buses during superstructure 

strength tests showed reasonable correlation between 

measurements of actual tests from high-speed cine film 

and results predicted by a 6° of freedom model(2). Since 

RASP contains many routines derived from the earlier 

model, and an energy checksum insures that the total 

energy variation is minimal, the results of RASP are 

considered to be of value, particularly for comparing one 

vehicle with another. 

Data Measurement 
ROTATION (r,~d) 

..... Nine different vehicles were tested to determine by 
Figure 4. Representation of roll stiffness nonlinearities experiment the values of the parameters required for the 
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simulation program. Most were considered to be poten- passengers is 2’8" (0.813m), the overall CG height for the 

tially significant factors affecting rollover performance, laden vehicle can be determined. 

Height of Centre of Gravity Roll Moment of Inertia 

The same method and equipment used for determining With the vehicle on the same test rig as for the CG 

CG height as described in "The SDG Bus Roll Moment height measurement, and the suspensions and tyres 

of Inertia Test Rig’(3)was adopted. To summarise the blocked to effectively insure rigid body motion, the 

technique, the vehicle is positioned with each axle method of determining the roll moment of inertia as 

......... supported from a transverse steel beam that has a central outlined in (3) was used. Figure 7 illustrates the 

roller bearing, allowing the bus to roll if unrestrained. By important feature, namely, the air springs, which provide 

measuring the reaction force (Rin Figure 6) for arange of a restoring moment when the bus is oscillated about an 

roll angles from 0° to 3° and plotting a graph of these two axis joining the two beam pivots. The moment of inertia 

variables, the CG height may be calculated from the about the pivot axis is given by: 

equation for static equilibrium of moments about the 

i                                  TTg)2 pivot. 1p = (2k12 + mgh)( 

The vertical distance from the top of the beam to the 

pivot is subtracted to give the unladen CG height above where 

the ground. Note that the suspension and tyres are k = combined spring stiffness on one beam 
prevented from deflecting by suitable use of jacks or 1 = distance from spring to pivot 
blocks, effectively converting the bus into a rigid body. m = total oscillating mass 

...... The bus rollover simulations were conducted for h = height of combined CG above pivot 
vehicles in the laden condition defined by current tilt test T = period of free oscillation 
regulations, as this is intended to be the worst case 

situation for rollover stability. This means that 63.5kg The roll moment of inertia of the vehicle about its 

per passenger must be added at the correct position for CG is obtained using: 

each seated or standing passenger, plus the driver. 

..... Double-deckers only require the driver (and conductor) I = Ip IB mh2 

plus passengers on the upper deck. 

Knowing the average seat height on each deck and where IB = moment of inertia of support beams 

given the regulation height for the CG of standing about pivot 

R (N) 

R-~ercept . ~ ~ 

Figure 6. Method of measurement of vehicle CG position 
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JACK~. TO ELIMINATE ;’{RE FLEXIBILITY 

THIRD AXLE IMMOBIL|SEO (311~ll..~Jt    METHOD ~$~0 TO 
r’LIMINATE SU~IIF.NSION MOYf.MIrNT) 

\ 

I[Akl    U AIR \BEAM    PIVOT 
iMUS TWO &~{LES 5E/.RIN G 

Figure 7. General layout of vehicle on roll moment of inertia rig 

The time for several oscillations was recorded and the 
average calculated from several such measurements. This 
process was repeated for three different air spring 

pres~,’res. 

\    / 
Vertical, lateral, and roll stiffnesses were obtained for \ \ 

the suspension and tyres of each axle of a vehicle by \ \ 
applying a force in a particular direction, and measuring \ 
both the force and the associated deflection in the same 
direction. Vertical force was applied by loading sandbags \ 
and was measured with weighpads one for each wheel. 
Rol! moment was obtained by shifting the sandbags from 
one side of the bus to the other. By calculating the 
difference between weighpad readings and measuring the 
distance between wheels on one axle, the actual applied 
roll moment was determined. Gravity supplied the lateral 
component of force during a tilt test (Figure 8), which 
was recorded using loadcells to measure the force between ’ ’ ’ 
~he tyre sidewall and the tilt table restraint. Linear Figure 8. Cutaway view of instrumentation layout for 

tilt test 
bearings under the weighpads minimised friction losses 
from the lateral force. 

By mounting three transducers in the configuration 
shown in Figure 8 and measuring their initial positions in 
space, it was possible, using geometric relationships, to Roll Centre Heights 
extract separately the vertical, lateral, and roll dis- 

placements of one body relative to another. Graphs of It was possible to also calculate the position of the 
force v displacement give an indication of linearity, instantaneous rollcentre at each axle. using the successive 
Figure 9 contains typical graphs for each stiffness position of the displacement transducers during the roll 
obtained at one axle. moment test. 
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CEH!CLE: LOW-FLIDOI~ COACH Experimental Results 

^.~L~ ~L~T~¢E T0 G~0UN0 8OO~ ~E~_^r~¢~ ’e ~.~ Table 1 summarises the experirnental results obtained 
from tests of nine buses and coaches into the parameters 

~ that are typical of three categories of vehicle. 

:1 ~ 
~ . Sample R ollover Simulation 

~"’"~’~<~’ " The data from Table 1 were used to determine the 

threshold impact velocity (that is, the lateral curb-impact 

velocity that. if exceeded, would cause the vehicle in 

,~] question to roll over) for each generalised vehicle. 

i’] ~ i’ ~ Simulation Results 
~"~t ~" 

............... ; The rollover accident simulation program was run 

~o.:_ ,~,~.~,o .......... ~...,a~,,~ using the data for the three typical coach categories given 
in Table 1. By running the simulation with different 

values for the curb impact velocity, it was possible to 

~ :t~ determine the threshold impact velocity for each vehicle 

configuration and these are given (along with the max- 

imum roll angle attained without overturning) in Table 2. 

.......... ~’ Parametric Study 

~ j 6R^PHR Or ~¥RE ANO 80Dr !;~VrN~’% I r,o.._~ _ To determine the factors that most affect the rollover 

Figure 9. Stiffnesses measured at one axle propensity, a parametric study was undertaken. The 

Table 1. Experimental data generalised for threetypical coach configurations 

Low- Floor High- Floor 3-Axle 

Parameter Coach or Bus Touring Coach 2-Decker 

Mass (kg) 13,000 16,000 21,000 

CG Height (m) 1.25 1.60 1.70 

Moment of 
Inertia (kg’m2) 12,000 18,000 26,000 

Vert Stif.(kN/m) 
springs front 600 600 800 

mid 1,800 

rear 1,000 1,000 3,000 
ty re s fr o nt 1,900 1,900 1,900 

1,900 mid 
rear 3,500 3,500 3,500 

Roll Stif,{kNm/r) 
springs front 200 120 200 

-- 800 mid -- 
rear 500 500 600 

Lat. Stif.(kN/m) 
springs front 500 1,300 1,400 

-- 400 mid 
rear 1,000 1,400 1,300 

ty res front 700 700 600 
-- 1,000 mid 

rear 1,000 1,000 1,200 

Roll. Ctr, Height 
(m) front 1.00 0.80 0.90 

rear 1.30 0.95 0.80 

Wheelbase (m) 5.80 5.95 6.30 

Axle Wt. F:R(%) 42:58 36:64 34:66 

941 



Experimental Safety Vehicles 

Table 2. Rollover simulation results for three typical coach configurations 

Low- Floor H ig h- Floor 3-Axle 
Parameter Coach or Bus Touring Coach 2-Decker 

Threshold Impact 
Velocity (m/s) 3.15 2.89 2.95 

Maximum Roll. 
Angle (deg) 38.00 33.70 31.50 

magnitudes of the various parameters (mass, moment of vehicle designers who wish to improve rollover safety. 
inertia, stiffnesses, and dimensions) for the Low-Floor The dimensions and mass-related properties would be 
Bus were taken as baseline values. Keeping the other unlikely to vary more than 20 percent from the baseline 
variables at these base levels, each parameter in turn was values as shown in Figure 10. Other parameters were 
varied to assess directly its effect on the threshold impact examined but found to have little influence on rollover 
velocity. The preliminary results for the more significant behaviour. 
factors are displayed in Figure 10, which uses a normalised The stiffnesses were varied by a factor of two, but early 
horizontal scale, obtained by dividing the parameter in indications reveal only minor effects, with the roll 
question by its baseline magnitude, stiffness having the greatest effect. 

Applications of This Research 
÷--* CG H~i~ht 

*---o ~,~ ~,~n~ ~ l,,rt~, The Rollover Accident Simulation Program is currently 

,--, ~a,,, being used to investigate bus and coach rollover safety 

and, in particular, to assess the suitability of UK stability 

legislation for modern coach designs and travel patterns. 

i 
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Technical Session No. 7 
Pedestrian Protection 
Franco R. Rossi, Chairman, Italy 

General Problems Concerning Car-Pedestrian Collision 

Andrea Costanzo As far as age is concerned, research carried out so far 
shows that children (under 18) and old people (over 60) 

Associate Professor of Traumatology, School are the most exposed in road accidents (see Figure l). A 
of Medicine and Surgery, Rome University, La logical explanation is that in the case of children, the 
Sapienza accident rate is connected with their irresponsible attitude 

toward danger; the elderly, on the other hand, seem to be 

Abstract unaware of danger. Generally speaking, the solutions 
found in the past were aimed at better security measures 
for crossings, stops, signals, etc. 

This study was to analyze road accident epidemiology Regarding the influence of speed on accidents, it must 
of pedestrians by stressing the age of the injured, vehicle be remembered that a higher accident rate occurs at a 
speed, possible trajectories of the impact, location of rather reduced speed. 
traumatic lesions on the human body, and environment Figure 2 shows that about 50 percent of the accidents 
of accidents, occur at 15kin/h while 90 percent occur at 45kin/h. It 

At the conclusion of the study, recommendations were shows also that most of the accidents occur in city traffic 
made to acquire methods aimed at using data in a more within these speed limits. From this standpoint, it would 
rational way, as well as seeking more complete sources, appear a gradual reduction of speed limits is the only way 

to prevent road accidents. 

Introduction In a study carried out in Zurich in two stages, where the 
speed limits ranged from 50 to 60km/h, the number of 
accidents underwent a 20 percent drop when the 60kmi h 

This study outlines accident epidemiology with particu- speed limit was reduced to 50km/h. The 20 percent drop 
lar reference to pedestrians, it also describes the most of accidents also brought about a 50 percent decrease in 
noteworthy aspects of the subject, as well as suggested the death toll. 
methods for gathering data. When the driver races at a lower speed, he has enough 

time to brake. 

Problem Analysis                                   As for the influence of the type of vehicle and i~s design, 
we can sum up the problem by stressing some peculiar 
features. For example, one category is called V form, a 

We will concentrate mainly on the following: second is called Pontoon form, and a third is called Box 
form including lorries and buses that represent a wall 

¯ Age of the injured 
against pedestrians. 

¯ Vehicle speed 
Accordingly, we can say a pedestrian would be hit in 

¯ Type of vehicle 
his lower body parts by vehicles of the first category. The 

¯ Location of traumatic injuries 
higher parts would be hit by vehicles of the second 

Another key aspect is to be added; that is, in a given category, while the whole pedestrian’s body would be 

town, find the ratio existing between the number of endangered by vehicles of the third category. 

accidents occurring in certain areas and the total to In Figure 3, we see a subdivision of the types of vehicles 

determine the factors that influence the nature of the mentioned above. The individual’s height is also impor- 

accidents, tant. More accurate indications are found in Figure 4 
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_ 

2o- 

o /o ~ 4o ~o ~o zo 

Figure I. Trend of a~ident rates of pedestrians a~ording to age 

6o 

2o 

Figure 2. Trend of accident rates of pedestrians according to velocity of vehicle causing collision 

where, in a given situation, an adult (Figures 4a and 4b) body must be taken into account by imagining the human 
and a child (Figure 4c) are hit by a Pontoon form vehicle, body divided into some areas and indicating their centers. ..... 
The comparison between an adult’s and a child’s height is In Figure 6, a chart roughly analyzes this point; however, 
described in Figure 5. this should be studied with respect to the possible 

If we want to foretell the impact result as far as the trajectories shown in Figure 4. It is possible to foretell the 
vehicle is concerned, location of masses on the human impact results by following the chart. 
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A brief comment of these aspects would include a 
percentage of the injuries on a person connected with the 

~             
~ 

~ 

impact area on the vehicle; the most serious accidents 
I obviously occur in the front area (about 70 percent). 

In Figure 7, the accident rate of pedestrians connected 
with the impact area on a vehicle is shown. Many studies 

"1",,~c-o,~."~ have concentrated on the injured rate, and a case 

~[__//~¢~ 

referring to a survey of 2,582 injured is described in 

~ 
Figure 8. From this figure, we see that the rate of injuries 

~ to the head is particularly impressive compared to other 
cases; the same is true of the most serious accidents, 
which involved head shock. Other cases concerning 

~t~,,~Z-~:a,~.,z~..,~ "~:,.x.-,a"o..,.-~ 
accidents involving one or more parts of the body have 
been included; therefore, the total percentage is higher 

Figure 3. Classification of three types of vehicles      than lOO percent (227.2). 
causing collision                                   Such an accurate subdivision describes the organic 

As far as location of traumatic injuries is concerned, parts of the human body, but it demands a particular 

many studies have proved that the gravity of an accident effort to obtain further data. Otherwise it would lend 

is often ascribed to the part of the vehicle causing the itself to errors of interpretation. We will give only a broad 

accident, picture of the subject; we will describe the 15 subdivision 

It is possible to locate some particular areas of the parts of the human body. 

human body where seriousness of the accident relates to As previously outlined, the purpose of this study is to 

different conditions; this fact helps to get information for examine accident epidemiology of pedestrians, as well as 

the survey, to work out other concepts that will enable us to complete 

Figure 4a, Sequence of events referring to a standard Figure 4b. Sequence of events referring to a standard 

situation of collision between an adult and a situation of collision between an adult and a 

Pontoon form vehicle Pontoon form vehicle 
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subways linking the school entrance to the road; 

~ 
- 

furthermore, what is needed also is a responsible police, 

man at work! 

In the second area, estimates show a higher percentage 
o.o-~ez:~ of serious accidents; therefore, we need a series of laws 

enforcing speed reduction of vehicles, especially those 

coming up from the outskirts to the town and v.v., and 

racing at speed levels higher than the average security 

level. 

Figure 4c. Sequence of events referring to a standard 
situation of collision between a child and a 
Pontoon form vehicle 

a thorough picture of accidents involving pedestrians ...... /,~ _ 
This can also give indications on the procedure followed. Figure5. Rough comparison between an adult’s 

So far we have examined the solutions found in three average height and a child’s average height 

points: age of pedestrian, speed and vehicle distribution, with respect to a Pontoon form vehicle 

and location of traumatic injuries in the human body. It is 

pointless to obtain information and data on subjects 

already studied; on the other hand, location of the 

accident environment is also very important. Methodology of Data Acquisition 
To give a clearer picture, we will examine certain 

situations that are similar to those already set forth as far As has already been stated, the aim of such an analysis 

as children and old people are concerned. For example, is to examine first those problems arising from pedestrian 

accidents and work out conclusions to outline a method- we will examine an accident occurring in an urban area 

where certain social services, such as schools, bus stops, elegy of data acquisition. This methodology should 

hospitals, and shopping centers, can be found. We will make the information more reliable and give a thorough 

focus on two particular areas: picture of all centers acquiring and providing data. 

It is to be stressed that in the analysis previously carried 
¯ Central area near school buildings, bus stops, 

out, we pointed out certain concepts such as environment 
hospitals, shopping centers, and railway stations 

that have not been mentioned in other studies. They 
¯ Suburban areas close to highway exits 

should be taken into account. We have carried out an 
In the first area, we see data showing a higher analysis including the most significant yardsticks that ...... 

percentage ofaccidents involving access to social facilities; characterize accident collision to sum up what has 
therefore, regulations must be adapted for vehicles and already been set forth. Once a certain amount ofinforma- 
road crossings that will considerably reduce the number tion following our methodology is gathered, a publication 
of hazards. It is advisable to build overbridges or containing the basic elements of this studywilt be issued. 
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l~q L. 

Figt]re 7. Trend of accident rate of pedestrians accord~ 
ing to the impact area of a standard vehicle 

Figure 6. Location of masses throughout the human 

Conclusion 

A reduced number of accidents is directly connected 

with a good number of taws aimed at establishing a 
Figure 8. Percentage of hazards (Table "A") and 

serious hazards (Table "B") based on a survey 
deeper respect for the highway code. a strict application of 2,500 accidents 
of speed limit regulations, and improved service capacity 

(especially crossings in traffic-impacted areas). References 
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Vehicle Pedestrian Head Impacts: A Computer Method for Rating a Profile Without 

Previous Mathematical Modelization 

D. Lestrelin, matical model. Then, a computer program is presented 

F. Brun-Cassan, that simultaneously uses this method and statistical data 
concerning real accidents. The output of this program is a 

A. Fayon, and 
distribution of the impact probabilities for a given 

C. Tarriere profile. The head impact velocities can be utilized for 
Laboratory of Physiology and Biomechanics, weighing the results. 
Peugeot SA/Renault Possible improvements and application of this method 

are discussed. 

Abstract 

No method based on experiments is convenient for 

evaluating globally the potential risk of a given vehicle Accidentological Review 

for the whole population of pedestrians at risk, which 

encompasses the smallest children and the tallest adults 1. Between 1970 and 1980, the number of pedestrians 

simultaneously, when alarge range of impact speeds has killed in France decreased by 28 percent, 

to be considered, stabilizing in 1980 at 2,277 killed and 42,490 

Mathematical models are also inadequate, due to the injured, including 14,000 seriously injured(l). 

large number of runs required forobtainingtheprobability Between 1980 and 1984, the number of 

of impact on each section of the front end profile, pedestrians killed on the road continued to fall, 

This paper describes first a recently improved mathe- reaching a total of !,760 in 1984 (Figure i). This 

matical method for defining the head trajectories yielded drop can be explained by a number of different 

by experimental simulations or by a validated mathe- simultaneous developments: 

Evolution of the’Number of Killed per Category of Users (France) 

16- 

10- 

8- 
Cars 

Two-Wheelers 4 

2 Pedestrians 

Trucks 

°70 7’~    12 7~ 7~    ~ 46 ~ 
Year 

Figure 1. Evolution of the number killed per category of users (France) 
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i Extension of school bus services in the trian accidentology, for the speeds at which 

country severe or fatal injuries can be observed. 
i Fewer pedestrians and more cars 3. The great majority of pedestrian accident victims 

* Increased separation between pedestrians are adults with a maximum density height of 
and motor vehicles 1.64m (Figure 4). However, it should not be 

* Less aggressive modern vehicles in terms of forgotten that 16 percent of the pedestrian 
their more streamlined design and their accident victims are children. 
greater deformability, etc. 4. The size of the pedestrian and speed of the 

This favorable evolution has also been observed vehicle are the essential determining factors in 

in other industrialized countries (West Germany, the site of impact of the head with the vehicle and 

Great Britain, and the United States). the relative speed between the head and the 

2. The body segment most frequently and most vehicle just prior to the impact. 
severely affected is the head (see Figures 2 and 3). 5. Two age groups are at high risk in a pedestrian 

Moreover, at speeds lower than 25 or 30km/h, accident, in relation to the general population 

the lesions due to secondary impact with the (Figure 5) (frequency of involvement greater 

ground are more severe than those inflicted by than the demographic distribution). 

the vehicle (primary impact), but the opposite It is concluded that priority must be given to a child’s 
applies at higher speeds. The head-vehicle impact and an adult’s head, which justifies this presentation. 
is, therefore, the predominant feature of pedes- 

Scatter of the Results of Experimental 
Trials 

0% 20% 40% 60% 80% 100~ The scatter of sites of impact of the head obtained 

during experimental simulations with dummies and 
Head | performed under identical conditions, i.e., with the same 
Neck 
Spine 

Chest 164 
Abdomen 
Pelvis 
Upper-Limbs 

"9 
France 

Lower-Limbs 

Origin: University of Birmingham 
123 

Figure 2. Per-centag~ of nonminor injuries (AIS 2to 3) to 

the different parts of the body of 739 100 t20 140 
pedestrians sustaining injuries of a moderate 

Height(cm) 

degree (OAIS 2 to 3) 
Figure 4. Distribution of pedestrians involved in acci- 

dents according to their size 

demographic distribution 
0% 20%    40% 60% 80% t00% over- risk 

Head 
Neck 1 
Spine 

154 
Chest 
Abdomen 
Pelvis 104 
Upper-Limbs 

Lower-Limbs j 

Origin: University of Birmingham 

Figure 3. Percentage of very serious and fatal injuries ~ y~.~. ~o y,,. 
(AIS 4) to the different parts of the body of ........ 
253 pedestrians seriously injured or killed Figure 5. Risk of accident according to age of pedes- 
(OAIS >_4) trian 
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dummy and the same vehicle traveling at the same speed with 

at the moment of first impact and with the dummy in the 

same position in relation to the vehicle (in particular, the t~ po 
position of the feet) and without any risk of interposition -- - - A3, it2 + A3, 2t3 
of elbow, cannot be neglected: in the order of 10cm for a T T 

sample of five trials. 
The scatter of the velocities of head/vehicle impact is ~r Vot 

even greater. Under the same test conditions, the ratio of 0 = +A4, 1t2 + A4, 2t3 
2     Po 

the velocity of head/vehicle impact to the initial velocity 

.......... of the vehicle, which is in the order of 1, can vary within a ...... where the constants A (two per coordinates X, Z or/9 or) 
range of 0.5 or even !. 

were functions of V, T and G: 
In the case of real accidents, it is obvious that the 

scatter of the sites and the velocities of head!vehicle 
impact for the same vehicle at the same initial velocity 

Ai, 1 = Bi, 1, 1 T2 + Bi, 2, 1 + Bi 3, 1 ~ and the same height of the pedestrian will also be very , 

wide. V3 n ’ Vg B V2 ~ 
One should not, therefore, be excessively demanding Ai, 2 = Bi, 1, 2~"3 + "-’i, 2, Z~T + i, 3, 2 T2 ~" 

about the accuracy of the results provided by a mathe- 
matica! model of simulated shock or by a system of 
equations of trajectory of the center of the head, such as the constants B (2 x 3 = 6 per coordinate) were functions 
the one described in this paper. The essential point is that of H and T: 
these results lie within a scatter of experimental results. 

H H2 
Bi, j,k = Ci, j, k, 1 + Ci, j,k, 2 T + Ci’j’k’3 (~") 

System of Equations of the Trajectory of 
the Head: TRAJ Program 

: and the constants C (18 per coordinate) were determined 
..... In a previous paper, we explained how we validated the by a least squares method on the basis of the coordinates 

two-dimensional PRAKIMOD mathematical model in of CG of the.~head with a time interval of 10ms from the 
the context of pedestrian shock on the basis of experi- output data of the 24 PRAKIMOD simulations. " 
mental tests (some of which were reconstructions of real A form of equation was then obtained using fewer 
accidents). These tests involved the use of vehicles of terms (12 instead of 18 per coordinate), but remaining 
various sizes and shapes traveling at a wide range of close to the given points(4) by replacing T by Po in all of 
velocities--from 16 to 48km/h(2). We investigated a the denominators and by eliminating the terms containing 
mathematical form of CG kinematics of the head, G. 
obtained by means of PRAKIMOD, for 24 simulations Simultaneously, for the polar coordinates, the center 

I 
consisting of those performed during the phase of of the system, initially at ground level, was raised to the 
validation of the model and the complementary simula- level of the front of the hood. 
tions with 6-year-old pedestrians or pedestrians with a The pole of the polar coordinates was displaced 
height between that of a 6-year-old and a 50th percentile because, if we consider that on first approximation the 
adult(4), part of the pedestrian situated above the hood of the car 

The form initially selected(3) consisted of 18 terms would pivot around the anterior border of the hood, it 
adjusted by least squares for each coordinate: seemed preferable to make the pole of the polar coordin, 

ates coincide with the center of rotation than to place it at 
X Xo Vot ground level. __ _ __ + - A~,lt2 + A~,2t3 
T T T When the pole was placed at the leve! of the anterior 

border of the hood, the description of the movement by 

Z Zo 
polar coordinates generally gave better results than the 

__ = 
+ A2’ ~t2 + A2 st3 description by means of cartesian (rectangular) coordin- 

T T ’ ares for all the forms tested. 
A further improvement has recently been added to this 

or, in polar coordinates: form: 
¯ By further reducing the number of degrees of 

x - xo + /~ cos 0 freedomofthemodelfroml2to8percoordinate 
(suppression of the terms involving (H/p)2) 

z = ,o sin 0 . By replacing H/P with its inverse PoiH 
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* By replacing the height of the edge of the hood simulating the heads of pedestrians. The kinematics of 
(H) with an equivalent hood height equal to H the center of these spheres are controlled by the equations, 
decreased by the projection (Dx) of the bumper in which the coefficients have been determined by the 
bar over the anterior edge of the hood TRAJ program and which involve the height of the 

(A detailed description of the calculations will be in the pedestrian, the projection of the bumper bar, the height 
final paper.) of the anterior edge of the hood, the initial velocity of the 

Most of the original trajectories were well fitted by vehicle, and the time. 
these equations (Figure 6), except for those that involved The immediate typical applications for use with the 
vehicles with a high and angular hood border (Figure 7). PROF program are-- 
This demonstrates that the present form of the equations 1. Determination of the site and velocity of head/ 
is not optimal. They can certainly be improved while vehicle impact for a particular impact character, 
retaining the general principle of a statistical, nonlinear ized by-- 
model for all of the trajectories used in the input data. * A vehicle profile 

* The height of the pedestrian 

The Program PROF for ¯ The velocity of collision (Figure 8) 

the Determination of the Sites and Veloci- 
2. The same operation for-- 

A given vehicle profile 
ties of Impact Between the Pedestrian’s ¯ A series of pedestrian heights defined by the 

Head and Any Vehicle Profile user at the beginning of the program 
* A series of velocities of collision defined in 

the same way 
These new equations can be used by the PROF 

~rogram simulating the bombardment of the front 
The program determines the head impacts forall 
sets (height of the pedestrian and velocity of 

)rofile of any vehicle by spheres with a given radius 
.... collision) obtained by combination of the ele- 

ments of the two series (Figure 9). 0 I z ~ ~ 
3. The computerized statistical data can be used as 

input data for the heights of the pedestrians and 
the velocities of collision so as to attribute to a 

~~ 
density distribution of the probability of impact 
of the head of a pedestrian belonging to the 

~: population described by the statistical data 
(Figures 10 and 11). 

At the stage of conception of a vehicle, the attention of 

~ ~ : ’; ~kE’ ;i .~ .... 
~ 

the constructor’s research department can, therefore, be 

i~i~E : ~20~ (~ drawn to the zones with the highest risk of impact to 

~,~ ~ : ~I~g make them less rigid. 

Figure 6. Example of good adjustment of the trajectory 
by the TRAJ equations T = 1 . 23 m Vo = 32 kph 

VITESSE = dS& KMH 

~ANNE~L ?4 = HYB2 FL 
Figure 8. PROFoutput examples--determination of the 

Figure 7. Example of poor adjustment of the trajectory site and velocity of head/vehicle impact in 
by the TRAJ equations different cases 
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T: 1.64m 
Vo = 20; 28; 36; 44; 52; ’60 kp~" 

Vehicle = Renault 5 

Head Impact 

Probability 

~HICLi : RENAULT 5 

Figure 9. Determination of the site and velocity of 
head/vehicle impact in different cases 

Vehicle = Renault 5 
Statistical data - 250 collisi.on 

cases Sum of Head (mpact 

Velocities 

VEHICLE : RENAULT 5 

Figure 10, Determination of the site and velocity of Vehicle = Renault 5 

head/vehicle impact in different cases 
Sum of Head Impact 

Validation of the TRAJ and PROF Velocity Squares 

Programs 

A validation of these programs has been attempted by 

using them to determine the site and velocity of head/ 

vehicle impact in cases of collision between a Volvo 244 _           /,, 
and a 50th percentile adult in the middle zone of the front 

of the vehicle at a velocity of 40km/h. Figure 12 shows 

the impact obtained-- 

By the PROF program (using the coefficients 

previously determined by TRAJ) 

By mathematical simulation by means of 

PRAKI MOD Figure 1 1. Weighting of the results shown on FigUre 10 
¯ In five experimental collisions with mannequins by the impact velocity 
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The site and the velocity of impact predicted by PROF allow good simulation of the behavior of the head and 

were within the scatter of the values obtained by neck unit during the head vehicle impact if the trunk 

PRAKIMOD and by the experimental trials, exerts a force in the axis of the neck. 

This attempted validation can be considered to be Until more detailed data are available, we can recom- 

successful mend that the mass of the head alone or that of the head 
~ and neck together be used as the mass equivalent of 

impact. 

__~_~...._.~~~_~..__ 
Tolerance of the Head to Impact 

Although the tolerance of the head of a middle-aged 

adult is beginning to be defined, the tolerance of children 
~ and elderly people is less well known. The tolerance to 

linear acceleration is probably greater in children than in 
E~ri ~,~,eal t~s~s-l × adults and less in elderly people. 

In the absence of any precise information, we could 

V~kt0~l’¢~4 "OF "r’~ "l~oF" ~oa~e~ : adopt the criterion of adult head protecnon for all the 

(~ ~t~ ~s~ - ~o ~ - ~,,~,,’,, ~u: :~.~0,) pedestrian population. 

Conclusion 

Following a more detailed validation and. if necessary, 
Figure 12. Comparison between head/vehicle impact 

an improvement in the statistical model used. the TRAJ site 
and PROF programs described in this paper may consti- 

][Dl[SCilSSiOn tute a very valuable computerized tool to determine the 
To obtain a better reproduction of the kinematics of zones of a vehicle at greatest risk of impact with the head 

the pedestrian’s head induced by high or angular vehicle of a pedestrian. 

profiles, as described above, we need to find a better The relative potential dangers of the corresponding 

statistical model, impacts can be rated by means of an experimental 

However, it is true this type of profile is tending to procedure using a model of the head. 

disappear and is being replaced by more aerodynamic 

profiles, which are well simulated by our model. References 
To be able to supply research departments with the 

means of associating each part of a planned vehicle (or at 
1. Thomas, Ch., and H. Vallee, "An accidentological 

least those parts most frequently involved in accidents) 
reminder concerning the pedestrians involved in 

with the optimal rigidity and a depth associated with 
road accidents," in SIA Conference Secondary 

deformability, we would need to have a value for the mass 

equivalent of the head in relation to the position of the 
Safety and the Automobile of Today Facing New 

Constraints, Paris, March 18-19, 1982. published in 
body of the victim at the time of head/vehicle impact, as 

lng~nieurs de l’Automobile. No. 83-2. 
~vcH as the height and age of the victim. We also need to 

2. Lestrelin, D., F. Brun-Cassan, A. Fayon, C. Tarriere, 
have a better understanding of the tolerance of the 

human head to such impact, as a function of age. 
and F. Castan, "Mathematical simulation of accident 
victims validation and application to car pedestrian 

collisions," Proceedings Eighth International Tech- 

The Mass Equivalent nical Conference on Experimental Safety Vehicles, 

Wolfsburg (R.F.A.). 

The PRAK1MOD model allows the mean mass 3. Lestrelin, D.,"Mathematicalsimulationofpedestrian 

equivalent of the head to be determined during impacts behaviour--an application of the prediction of head 

conducted under well-defined conditions, impact localizations," in SIA No. 83-2. 

Unfortunately, in this model, the neck is reduced to a 4. Lestrelin, D., F. Brun-Cassan, A. Fayon, and C. 

simple articulation. The simplicity of this model of the Tarriere, "Mathematical evaluation of the head 

neck does not prevent good simulation of the kinematics impact risk on a linear part of a vehicle, as regards 

of the head up until head! vehicle impact, but it does not pedestrians," SAE Pa per 830059. 
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Computer Simulations of a Range of Car-Pedestrian Collisions 

........ G.D. Suthurst * 60 to 70 percent of the pedestrian fatalities are 

Ford Motor Company, United Kingdom inflicted by the car(8). 
70 to 75 percent of pedestrian injuries are due to 

R.N. Hardy primary contact with the front of the car(I,4,5,10). 

Cranfield Impact Centre, United Kingdom ¯ 60to75 percent ofAIS 4 and 5 injuries are due to 
head impact against the car(3,9). 

........... Abstract , ¯ Age groups 6 to 9 years (40 percent) and over 65 

Realistically, the only way to significantly improve the 
years (20 percent) are most at risk(3,4,10). 

pedestrian injury situation is by separation of the vehicle It is, therefore, necessary that pedestrian studies should 

and pedestrian population to prevent collision occurring, concentrate on the car front end and its effect in collisions 

since injury to a pedestrian is inevitable if hit by a car with both adult and child pedestrians. 

....... travelling at even low speeds. The car front end has been receiving increased attention 

.......... However, it is important to assess the contribution that in recent years due to the influence of front impact 

vehicle design characteristics can make to minimise the legislation and/or company policy on frontal impact 

consequences of such collisions for a variety of pedestrian performance. The need to reduce weight and the cost of 

types, and to establish the various vehicle parameters that ownership has also influenced front end design. 

can influence pedestrian injury. Reviewing the list of constraints on the front end, we 

This paper describes the initial stages of an investigation have- 

...... into these parameters by means of computer simulation. ¯ Aesthetic appearance 

First, the joint, inertia, and contact characteristics of a ¯ Engine and accessory packaging 

50th percentile adult dummy and a 6-year-old child ¯ High-speed front impact performance for oc- 

dummy were established by tests. The contact character- cupant protection 

istics of a range of car fronts were also determined from ¯ Low-speed front end damageability 

pendulum tests at speeds of 24 and 40kmi h. A vehicle, performance--low cost of ownership 

......... pedestrian interaction model was then established, and ¯ Reduced overall weight 

simulations of previously staged tests were carried out by ¯ Pedestrian impact performance--6-year-old child 

means of the Calspan Crash Victim Simulation (CVS) and adult 

program. This paper shows the comparison between tests ¯ Aerodynamics 

and simulations for adult and child representations with The final design will need to be a compromise as some 

a range of front end parameters. The particular effects of of these factors work for each other while others work 

the various parameters are also discussed, against. 

With such a list of constraints, a design and test 

Introduction exercise to achieve the compromise would be a mammoth 

Accident statistics relating to traffic accidents involving task as each item would need to be optimised and then its 

pedestrians are well documented in many coun- effect on each of the other constraints would have to be 

tries(I,2,3,4,5,6,7). In these accidents, approximately 80 checked, modified, and rechecked for an acceptable 

percent of the pedestrians are struck by cars, representing overall effect. 

25 percent of all fatalities in road traffic accidents and 16 Mathematical modelling of the impact situation is the 

percent of all those seriously injured. These statistics obvious solution to such a problem. Parametric studies 

show the need to reduce the number and severity of can be conducted rapidly, and each optimised item can 

car-pedestrian collisions. In the future, the pedestrian then be assessed relative to the other criteria prior to a 

percentage figures are likely to increase as safety measures build-and-test program. 

currently implemented for vehicle occupant safety begin This paper describes the initial stages of an investigation 

to be reflected more in the accident data. into these parameters by means of a computer simulation. 

It is self-evident that injury is inevitable if a pedestrian Included are descriptions of a test program simulating 

is hit by a car even at low speeds and that major car-pedestrian collisions, necessary for the validation of 

improvements can only be achieved through accident the prediction program details of dummy and car contact 

avoidance measures, it is, however, worthwhile to deter- characteristic tests, and the development of a vehicle- 

mine whether any realistic action can be taken in car pedestrian interaction model using the Calspan CVS 

design to reduce the severity of the injury that the program. Comparisons are shown between tests and 

pedestrian is likely to sustain, simulations for adult and child representations with a 

Examining the car-pedestrian accident data furth~ri range of car front end parameters. The particular effects 

several features can be highlighted: of the various parameters are also discussed. 
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Technical Approach implemented, and debugged and to avoid the problems 
associated with ellipsoid-plane contact models that have 
previously been reported(17). 

To provide an experimental data base for the develop- 
ment and validation of the simulation model, a test Car-Pedestrian Test Program 
program was conducted using four different cars in 
collision with pedestrian dummies of a 6-year-old child 

Test Vehicles 
and 50th percentile mate. 

Previous studies of pedestrian impacts have shown The vehicles were selected primarily to include dif- 
there are normally two impacts in the typical car- 

ferences in front end design, stiffness, materials, etc. 
pedestrian collision that can cause injury: first, the 

Figure 1 shows the main dimensions of the models. The 
vehicle impacting the pedestrian, and then the pedestrian 

model identifications A to D are in descending order of 
impacting the ground. Ashton(ll) shows that contact 

front end stiffness. 
with the vehicle is the main cause of nonminor injury and 
that severity is dependent on vehicle speed whereas 
ground contact severity is independent of speed. Other 
studies have shown that the majority of serious/fatal 
injuries are caused by head impact against the car. In tests 
using the present generation of pedestrian dummies, it is 
unlikely the response of the dummy would be accurate 
enough to reproduce the actions of a pedestrian for 
kinematics of the duration and complexity necessary to 
include the ground contact, 

ii D 
A 

For these reasons~ the analysis of the tests was 
concentrated on the car-dummy contact period, i.e., from 
initial dummy contact up to head contact with the upper 
surfaces of the car exterior. This is the period in which car 

M 0 D E kIt 

design, size, and stiffness characteristics provide the 
¢ D 

major influences on dummy kinematics and eventual 
head-to-car contact. 

The Calspan 3D CVS program was selected for the 
development of the vehicle-pedestrian interaction model 
This choice was based mainly on its three-dimensional _~ , ~o,a ~ ~a, ~a~ ~o 
capability, which was considered essential to allow for a 
rotation about the vertical axis of the dummy, and on 
previous experience gained using Calspan CVS for Figure 1. Vehicle dimensions 

another crash simulation investigation. 
Input to the Calspan CVS program includes dummy Data Analysis Criteria 

and vehicle data: therefore, tests were conducted to 
establish the joint, inertia, and contact characteristics of To assist in the evaluation of the car front ends, 
the 50th percentile adult and the 6-year-old child dummy, dummy data from the primary contact up to the time 
The contact characteristics oftheselected car fronts were immediately prior to head contact with the car were 
also determined from pendulum tests at speeds of 24 and compared. Head velocity (a function of front end design/ 

40kmi h. stiffness) immediately prior to head contact with the car 
Previous vehicle-pedestrian interaction models have was compared rather than head acceleration at head 

utitised planes to represent the profile of the vehicle, contact. The head velocity was considered to be a more 
Some researchers have used 5 or 6 planes to represent the valid comparison than acceleration data because of the 
from of the vehicle(12,13,14), while others have used up considerable differences in stiffness of possible head 
to 10 planesto achieve thecorrect geometry ofthevehicle contact areas in close proximity to each other; for 
front(15). As an alternative, TNO has written a hyper- instance, due to the location, at some point on one car, of 
ellipse contact model(16) that eliminates some of the an engine component beneath but close to the hood 
problems inherent in ellipsoid-plane contacts. Ellipsoids surface or in areas where joints occur, e.g., fender/hood 
were selected to represent the front of the vehicle for this opening lines. The influence of these variables on the 
interaction model as the authors had a relatively short head acceleration data could give quite a false assessment 
time scale available for this stage of their research--too of a particular front end parameter, such as bumper 
short to allow a new contact model to be written, stiffness, on pedestrian injury. 
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Dummies 

As the age group 6 to 9 years accounts for 40 percent of 
the injured pedestrian population, it was necessary for 
the test program to assess impacts on a child, as well as on 
an adult, to enable areas of possible conflict in design to 
be determined. The dummies currently available for 
pedestrian impact tests have been criticised for several 
reasons, but mainly due to a lack of compliance in the 
segments and joints. As dummy development was outside 
the scope of this investigation, a 50th percentile standing 
adult male dummy (Part 572) and a 6-year-old child 
dummy, both manufactured by Humanoid, USA were 
selected. 

Impact Speeds 

In European countries, collisions between vehicles and 
pedestrians occur in built-up areas at speeds below 
50km h. Of cases involving serious injury, 50 percent 
occur at speeds less than 35kin / h and 85 percent at speeds 
below 40kin h. 

Two impact speeds were selected for the test program, 
a lower speed of 24kin h typical of the below 35km, h 
range and a higher speed of40km h. This was considered 
a suitable range to include up to 85 percent of accidents 
where serious and fatal injuries occur and also to provide 
a means of validating the mathematical model prior to 
parametric studies. 

Dummy Stance                                        Figure 2. Initial adult dummy stance 

To eliminate the elbow influence, the dummy 

Seventy percent of pedestrians injured in collision with arm nearest to the car was lightly attached to the 

a car are struck by the front of the car(1,3,4,5,10); the torso. 

majority are struck on the side of their body by the inner ¯ The car centre line of car considered to be 

or outer third of the car front(1,3,4). The dummies in this preferable for repeatability reasons. 

test program were positioned for impact essentially on 
the side of the body but with the dummy rotated toward Vehicle Attitude 
the car by 30° and with the legs in a walking stance with 
the impacted leg in the rearmost position (Figures 2 and Te insure comparable and repeatable test conditions, a 
3). This position was selected for the following reasons: brake dive attitude was simulated with braking of 0.7g at 

¯ Impact on the side represents the major direc- impact with the pedestrian. The brake dive position was 
tional frequency in the real accident situation, constant throughout the impact test as the procedure 
and this position also gives the most severe leg involved bodyshells mounted on a trolley. This eliminated 
im pact condition as there is no natural rotation any rapid change of ride heights that might occur at 
in the knee joint in that direction. However, in a impact and enabled a consistent impact velocity to be 
collision using dummies, it gives an unrepresen- achieved. 
tative level of protection to the head due to 
shoulder and or elbow impact with the hood as 
these parts of the dummy are far more rigid than 
on a human. Dummy Test Program 

¯ The rotation of 30° gives representative loading 
on the legs while allowing the dummy to rotate The characteristics of the adult (Part 572. 50th per- 

during the impact to insure head contact without centile) and child (Part 572. 6-year-old) dummies were 

prior shoulder contact, measured by a series of tests to establish--- 
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® Mass and moment of inertia of each limb 
¯ Link dimensions and external limb sizes 
¯ Joint characteristics at lg settings 
¯ Skin and limb compliance characteristics 

Principal moments of inertia were measured for some 
body segments (e.g., lower torso, head, upper legs, and 
arms). 

Car Front Contact Test Program 

Dynamic force-deflection characteristics of the bumper, 
hood top, and hood edge of each of the cars were 
determined ex perimentally using a pendulum. To allow 
tests to be carried out at both 24 and 40km h, the 
pendulum consisted of a cemralised mass and shaped 
wooden former hung on a wire suspension. An acceler- 
ometer was mounted on the pendulum to determine the 

forces on the car, and deflections were measured with a 
linear potentiometer. The mass of the pendulum and 
shape of the wooden former were varied to determine 
characteristics for both dummies at the two speeds. 
Typical setups prior to testing are shown in Figures 4 and 

Figure 3. Initial child dummy stance 5. An after-test situation is shown in Figure 6. 

Figure 4. Bumper prior to pendulum test 
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Figure 5. Hood edge prior to pendulum test 

Figure 6. Bumper after test 
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CaroPedestrian Interaction Model Comparison Between Test and 
rhe use of ellipsoids to model to the front of the vehicle Simulation 

has worked wel!. Where there have been problems, they 

often related to contacts at the end of the elongated Prior to this work, it was difficult to quantify by 
segments, such as arms or legs, and especially when the experimental tests the gains, for a pedestrian, of small 
penetration was a high proportion of the semi-axes of the variations in vehicle geometry, due in part to problems of 
two contacting ellipsoids. The most severe was most repeatability. To assess these changes, it was essential to 
obvious during the leg-to-bumper contact for both the establish that a computer simulation could accurately 
child--due to the smalllimb size and the adult due to reproduce the results from experimental tests. The simu- 
the penetration. At one stage, artificially large leg lation method was validated by comparing the results for 
segments were defined for the bumper-leg contact phase, several parameters between tests and simulations for a 
The final solution adopted was to use the correct leg range of dummy impacts. These parameters were 
geometry and have a bumper ellipsoid having a longi- ¯ Time to head impact 
tudinal semi-axis up to an order of magnitude greater ¯ Longitudinal horizontal head excursion 
than the semi-axes of the leg. The curvature of the ¯ Average head velocity perpendicular to the point 
foremost edge of the ellipsoid was adjusted to the of contact during the last 20ms prior to contact 
geometry of the front of the car bumper by having a ¯ Kinematics 
lateral semi-axis that projected beyond the side of the car. Table 1 shows the comparison of results for the child 
In a similar manner, the semi-axes of the ellipsoid dummy at speeds of 24 and 40km/h and covers the first 
representing the hood top were chosen to reproduce the three parameters. Figure 8 shows the comparison of 
correct geometry over the full width of the car but were of kinematics for one of these impacts. 
necessity greater than the width of the car (Figure 7). Table 2 shows similar comparisons for the adult 

dummy. At this time, the adult simulations have not been 

completed, but Figure 9 shows the comparison of 

kinematics for one of the completed simulations. 

It was concluded that, in general, there was good 

correlation between the simulation results and experi- 

mental tests. The repeatability of the experimental tests 

was an important consideration here, and until a more 

repeatable test could be devised it was sufficient for the 

computer prediction to be within the order of variation 

normally associated with the equivalent dummy test. 

¯ - Discussion 

- ............. _ Dummy Setup 

Setting up the adult and child dummies in the attitudes 

specified in the procedure was found to be a labourious 
~i~re 7. T~pi~a! car geometw as modelled with process and is worthy ofseveral comments. The attitudes 

ellipsoids of the dummies are specified relative to templates that 

Table 1. Comparison of child test and simulation results 

Test/Simulation Comparison 
Model & Tim e to Horizontal Average 

S peed Head Contact Head Excursion Head Velocity 
(km/h) (ms) (ram) (kin/h) 

A 24 84 / 87 427 / 384 14.2 / 12.8 
A 40 - / 56 - / 341 - / 24.2 
B 24 89/88 413/383 16.2/14.0 
8 40 - / 52 - / 431 - / 30.0 
C 24 76 / 81 487 / 551 21.7 / 21.7 
C 40 55 / 55 569 / 579 33.9 / 28.6 
D 24 88/85 517/459 19.2/18.0 
D 40 56 / 60 512 / 433 23.9 / 24.2 
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Table 2, Comparison of adult test and simulation results 

Test/Simulation Comparison 

Model & Time to Ho rizontal Average 

Speed Head Contact Head ExcursIon Head Velocity 

(km/h) (ms) (mm) (kin/h) 

A 24 189 / 202 938 / 963 18.2 / 20.2 

A 40 -/126 - / 1090 - / 30.2 

B 24 208/212 931 /882 21,! / 17.6 

B 40 -/138 -/1116 -/29.3 

C 24 185/ 1181 / 24.5/ 

C 40 112/ 1251 / 47.9/ 

D 24 179/178 1031 /925 22.5/21.3 

D 40 108 / 110 1097 / 1050 46.9 / 39,7 

Figure 8. Comparison of child kinematics 

Figure 9, Comparison of adult kinematics 
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show the feet location, the lateral axis of the pelvis, the weight distribution, as well as attitude, to be controlled 
axial plane of the dummy, the Z-point, and the direction more accurately. 
of impact. The accuracy with which the lateral axis of the 

pelvis----the axis passing through the centre of the femur 

heads--can be positioned so that its orthogonal projection Adult Dummy Attitude at Head Contact 
on the template is correct must be open to question, as is 

the ability to position the shoulder axis parallel to the During all the tests with the adult dummy, a shoulder- 
lateral pelvis axis and to locate the orthogonal projection hood top contact was noted. The extent of this contact 

of the head’s hook hole Z as specified on the template. In varied from model B at 24km h, where the dummy 
addition, weight distribution between the feet is not ahnost achieved a face-down attitude at head contact 
specified, and the dummy joints can be tightened beyond (Figure 9), to model D at 40km h. where the shoulder- 

the standard lg settings should the dummy fail to stand of shoulder axis was 45° to the lateral axis of the car with the 
its own accord in the specified attitude. While it is left shoulder raised (Figure 10). 

appreciated that measuring the weight distribution as However, the initial stance of the dummy was specif- 

part of the setup woutd be extremely awkward, it is ically chosen to eliminate shoulder and elbow impact 
possible that it could vary quite considerably between with the hood top. This was because these parts of the 

various test houses. Indeed, even within one test house, dummy are far more rigid than on a human and would 
variations of upward of 10 percent have been recorded otherwise give an unrepresentative level of protection to 
despite best efforts to achieve repeatable attitudes, the head. 

With these variations, the repeatability of the whole Consequently, the initial stance recommended in the 
setup procedure is in doubt, and this has been confirmed test procedure was not achieving its desired aim. One of 
by the results from supposedly identical tests. One the reasons for this seems likely to be connected with the 
improvement would be the use of a body jig to locate the position of the right (leading) leg. To achieve the correct 
key features of a dummy (e.g., lateral axes of pelvis and positioning of the dummy features as on the template the 
shoulders, head hook hole, etc.), This may well enable right knee is forward of the hip (i.e., right upper leg 

Figure 10. Adult attitude at head contact--model D 
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rotated forward). The right ankle is behind the knee (i.e., were also similar, with models C and D producing the 

right lower leg rotated backward) (Figure 7). During the wraparound effect and consequent reductions in accelera- 

initial period of leg-bumper contact, this causes the right tions in the secondary impact areas. 
.............. leg to rotate at the hip, about an axis parallel to the right 

upper leg, in an anticlockwise direction (lateral rotation). 40km/h Impacts--Adult 
This rotation is eventually checked and reversed as 

happens during a test. However, this initial lateral Head velocities did not show a significant variation 
rotation may help maintain the torso of the adult dummy between models. They were considerably higher than the 
in its initial attitude, vehicle velocity at impact. Dummy kinematics were 

An alternative leg position could be with both left and similar to those of 24km! h except that events occurred 
right legs straight, while maintaining the footprints on earlier. 
the template, which would probably cause the full weight 

of the dummy to be more evenly distributed. In this 

stance, the right knee would be behind the right hip and 40km/h Impacts--Child 

may well cause a face-down attitude at head contact. 
The benefits of the softer front end models were 

reflected in the head velocities, with only modest increases 
Front End Parameters from these at 24km/h. However, the models with distinct 

hood leading edges caused head velocity increases of 
The severity of the initial impact and the resulting around 100 percent. As with the adult, kinematics were 

kinematics are influenced by the car front end design and 
similar but events occurred earlier. 

the stiffness of the contacted car components. 

The initial car-dummy impact location is nearly identi- 

cal, that is, at the knee of the adult dummy and the femur Head Velocity 

of the child. However, there are considerable differences 

in the actual contact depth, ranging from 72 to 165mm. Generally, the head velocities from the computer 

Tests at 40kmih were restricted to the models with simulations were lower than those from the practical 

softer front ends, i.e., models C and D, to validate the tests. The reasons for this are not clear, especially as the 

computer simulations at the higher speeds. Simulations times to head impact show good correlation, but this has 

have been completed for most models, been reported elsewhere when three-dimensional dummy 

representations are used(16). 

At the higher impact speeds, head velocity tends to 
24km/hlmpact--Adult 

approach or exceed 30km!h, and it is necessary to 

The cars with softer front ends, models C and D, had 
examine whether realistic vehicle design can prevent 

............ definite beneficial effects with respect to the major areas 
serious or fatal injury at such speeds. 

of the dummies. The softer, deeper bumper faces reduce 
If a half sine wave deceleration pulse shape is assumed 

initial leg contact acceleration and more effectively with decelerations not to exceed 80g, then the contacting 

spread the impact load. 
surface will need to deflect approximately 65mm for a 

The position of the front edge of the hood is a major head impact velocity of 30km/h (8m/s). It is debatable if 

influence on the dummy kinematics after initial impact, this amount of deflection is realistic without some under- 

The more vertical front ends of models A and B produce a hood component being contacted. Consequently serious 

pronounced knock forward effect due to the distinct 
head injury is inevitable. An upper limit for the head 

leading edge of the hood. This produces high pelvis 
velocity for which vehicle designs can realistically be 

accelerations but minimises head velocity and the hori- expected to prevent serious or fatal injuries must be less 

zontal excursion of the head relative to the front of the than 30km! h. 

car. 

The models with a lower or less distinct hood leading Conclusion 
edge--models C and D--produce a wraparound effect, 

which tends to result in lower pelvis accelerations but The trend toward the use of more resilient bumper 
higher head velocities and greater horizontal head excur, materials with larger contact areas will have a significant 
sions, part to play in reducing the initial impact severity to the 

lower limbs of adult and child pedestrians involved in 

24km/h Impacts--Child collisions with automobiles. 

Cars with lower, less distinct hood leading edges, while 

As with the adult, head velocities show the same giving benefits with respect to injuries due to the wrap- 

upward trend for models C and D. Dummy kinematics around effect, may not produce the same benefits in 
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reducing the head velocity at the time of head contact 5. National Highway Traffic Safety Administration, 
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Pedestrian Injury Protection by Car Design 

Report by an ad hoc group of the European Experimental In 1980, therefore, EEVC set up Working Group 7 to 

Vehicle Committee review pedestrian accident data in Europe and to make 

recommendations and decide priorities. The report pro- 

duced by this working group was approved by EEVC’s 
Abstract Main Committee in 1982 and presented at the Ninth ESV 

Conference (Kyoto, Japan, November 1982). 
Remaining concerned with the p roblem of pedestrians To pursue still further the making of concrete proposals, 

hit bycars, the European Experimental Vehicle Committee EEVC then set up an ad hoc group to fix the main 

(EEVC) has set up an ad hoc group on pedestrian avenues where progress in improving protection levels 

accidents, with the following tasks: formulation of ap- might be achieved, such progress being based on the 

propriate recommendations with regard to car design, report from Working Group 7 and other gains in 

survey and coordination of European research projects knowledge. 

and activities, and cooperation with the National Highway Participation of NHTSA in this ad hoc group was 

Traffic Safety Administration (NHTSA). agreed on, but unfortunately the NHTSA representative 

The report will present the conclusions of this group: was not able to attend the group meetings. 

1. Progress that has been made in the relevant In parallel with this, EEVC had set up Working Group 

knowledge since EEVC Working Group 7 8 to deal with the problem of the safety of cyclists and 

published its report (presented at the Ninth ESV lightweight motorized two-wheelers. The ad hoc group 

Conference): was, therefore, asked to insure the countermeasures 
¯ Accident analysis, injury mechanisms, and recommended for pedestrian protection would have no 

tolerance levels unfavorable consequences for cyclists and lightweight 
¯ Development of tools for protection assess- two-wheeler riders. 

ment: mathematical models, pedestrian The work of the ad hoc group had two main facets: an 

dummies, and component impact devices inventory of advances in knowledge achieved since the 
2. Means and prospects for improving pedestrian 1982 report and proposals for safety improvements. 

protection: Before setting these out in detail, it may be helpful to 
¯ Guidelines to be considered for protection recall the salient features of the report by Working Group 

policies and future regulations 7. 
¯ S hort-term recommendations 
¯ Priorities for future research Report of Working Group 7 

Introduction After setting out an overview of the statistics showing 

the share of pedestrian victims among road accident 

In the European countries that are taking part in the casualties as a whole in the six EEVC participant 

work of EEVC, pedestrians account for a major propor- countries (Federal Republic of Germany, France, Italy, 

tion of road accident victims: ranging from 13 to 33 Netherlands, Sweden, and United Kingdom), the report 

percent of those killed. Even accidents that are not fatal gave a profile of pedestrian accidents: especially those 

are often serious, and. because of the cost of treatment involving children between 5 and 15 years (who make up 

and rehabilitation and the permanent disabilities they the greater part of the injured) and elderly persons over 

engender, their consequences are extremely severe. 60 years (who make up the majority of those kilted). In 

This is why EEVC was anxious to examine specific 
orderoffrequency, the injuries concern the head, thelegs, 

problems involved in protecting pedestrians struck by the arms, the thorax, and the pelvis. It is difficult to 

cars to determine what conceptual improvements might determine accurately the role played by impact against 

be applied to such vehicles to reduce the number and the ground. As far as impact against the vehicle is 

severity of the injuries resulting from such accidents, concerned, the contact zones are, in particular, the 

Thinking has focused on those features that play a role bumper and leading edge of the bonnet for lower limb 

during the intracrash phase c fthe accident. In fact. those injuries and the bonnet and windscreen area for head 

countermeasures that have to do with avoiding pedestrian injuries. Secondary impacts against the ground are 

accidents either do not concern vehicle design char- difficult to clarify but can be the prime determinant of 

acteristics (for example, speed limits in built-up areas) or, injury severity in relatively low-speed impacts. Last, a 

when they do concern the vehicle, are not specific to this complex subject but an important one to study in depth is 

type of accident (braking capacity, handling character- the influence of vehicle-front configuration on overall 

istics, field of vision), 
pedestrian kinematics, which determines the kind and 
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speed of impacts against various body segments, whether on their own are not capable of reducing the pedestrian 
these are against the vehicle or at the time of falling to the casualty rate to a tolerable level. In the survey area, the 
ground, number of pedestrian casualties per 100,000 of population 

The report then examined knowledge in the field of who suffered fatal injury fell by 30 percent after imple- 
human tolerances and the protection criteria to be mentation of the traffic scheme, with an 18.8 percent 
considered for the head, lower limbs, thorax, and pelvis, reduction in the rate for all casualties. 
A fourth chapter listed the vehicle design features where 
improvement could be envisaged: the overal! configuration 

Head Injury and local dynamic stiffness of the zones likely to be 
impacted by a pedestrian’s body. The wide range of 

An analysis of the U.S. Pedestrian Injury Causation 
pedestrian heights and the inadequacy of knowledge of File (PICS)(3) gives the distribution of causes of head 
the impacted pedestrian’s kinematics did not, however, 

injury, as shown in Table 1. Contact with either the 
permit making definitive recommendations concerning vehicle or ground were both judged to be major causes of 
the best configurations and dimensions. Progress is, head injury. This compares with the first report of 
however, possible in reducing aggressivity of the vehicle Working Group 7(1), which reported that in early studies 
zones struck by isolating the stiff structural members and 

head injuries were thought to result from secondary 
by using new plastic materials that absorb energy. Last, impact with the ground, but more recent studies show a 
the report analyzed test and evaluation methods suitable 

different result. The changes in the importance of the 
for dealing with the problem of protecting struck pedes- different causes of head injury in all these studies may 
trians and bringing out the complementary role of global 

illustrate the difficulty of determining the true source of 
tests, vehicle component tests, and mathematical models, 

head injury. 
It was also observed from the data that, as a pedestrian’s 

A Summary of Pedestrian Protection age increases, astiffstructurebecomesincreasinglymore 

Research Reported Since 1981 dangerous to the head than a soft structure. 

Table 1. Percentage cause of head injury (PICS) file 

General Injury Source Head Injury 
AIS 2-3 AIS 4-6 

This chapter summarizes the advances made in research 
Car structure 33 55 on pedestrian protection since the first EEVC Group 7 

Groun6 60 42 
report was prepared in 1981(1). Other or unknown 7 3 

Generally the research has been based on accident Total 100 100 
investigation, accident reconstruction, accident damage 
reproduction, and mathematical corr~puter simulation Leg Injuries 
studies to gain further knowledge on the many detailed 
aspects of the problem. Leg injuries are a major feature of pedestrian accidents 

This chapter has been compiled with respect to the and a frequent cause of pedestrian disability. 
following of these aspects: accident investigation, the A study of 463 pedestrian accident cases(4) reported 
performance of dummies, human tolerance, test methods, that bumper shape has an important influence on leg 
component tests, design recommendations, mathematical injury. 
simulation, and other unprotected road users. Multiple fragmentation fractures were seen from higher 

speed contacts with wedge-shaped but not rounded 

Accident Investigation bumpers. Wedge-shaped bumpers were also found to 
cause fractures at lower impact speeds than rounded 
shapes. 

Accident studies have given added emphasis to the 
As we know, the AIS scale is designed for evaluating 

need to design cars with improved safety for pedestrians 
threat to life, and a clinical study of typical accidents to 

and have also provided more information on the cause of 
the lower limbs(5) suggested that the existing AIS scale 

head injury and the severity of leg injury, 
has poor correlation with respect to resulting working 
days lost and percentage permanent disability. 

Traffic Schemes 

Dummies In South Australia after a widespread increase in the 
use of pedestrian controlled road crossings, a study(2) In general, present dummies have shown some un, 
suggested that traffic schemes have a significant effect but acceptable limitations in performance, which are most 
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clearly demonstrated by bonnet leading edge impact The third set of tests(10)at 40kmih, using cadavers 

conditions, and ONSER APROD and Hybrid II dummies all struck 

Dummies are reported to cause considerably more on their sides, showed that the head trajectory was more 
............ damage to the bonnet leading edge than occurs in road horizontal for the cadavers than for the dummies, 

accidents, while cadavers in contrast cause slightly less. particularly at head impact. 

This difference has been attributed to the cadaver The head impact velocities of the Hybrid II and 

showing a greater tendency to slip over the leading APROD dummies were significantly lower than those of 

edge(6,7) compared to a dummy, which has more of a the ONSER dummy and the cadavers. These variations 

rolling action. The resulting difference of input energy may result from the arms of the dummies, which 

.............. between the two at this stage influences both the location frequently became interposed between the thorax and the 

and severity of subsequent head impact to the rear of the bonnet, thus modifying the head and thorax impact 

bonnet, characteristics. 

It has been suggested that the different kinematic Similar accelerations were recorded from all the 

characteristics result from the excessive lateral stiffness dummies and cadavers at head, thorax, and pelvis, but 

of dummies and, consequently, the thorax and legs have differing values were obtained from the knee and ankle as 

.......... been modified in an attempt to improve the performance, shown in Table 3. 

Table 3. Comparison of cadaver and dummy accelera- 

Thorax tions for tests at 40km/h 

Dummies with the thorax developed for an impact to Bod~ Region Cadaver Dummy 

the side have been assessed in three sets of full-scale tests. Hybrid II APROD ONSER 
.......... In one, the performance of dummies developed by 

ONSER, MIRA, and HSRI were compared with that of Head* 61 65 74 84 

cadavers and Part 572 dummies(8). It was observed that 

all the side impact dummies have a better response in a Thorax* 31 38 28 35 

pedestrian impact than a Part 572 dummy, but they are Pelvis* 39 42 42 49 
still too rigid in lateral bending of the spine. The neck of 

the ONSER dummy was reported as too stiff, and the Knee~ 104 58 53 98 

collapse force of the MIRA shoulder was too high. 

The second set of tests assessing HSRI and APROD 82 
Ankle~ 71 18t 169 95 

side impact dummies(7) initially noted that the hip of a 3ms acceleration 
standard Hybrid II dummy rolled around the bonnet ~ maximum acceleration 

leading edge, whereas the cadaver showed a greater 

tendency to slip over it, as mentioned previously. This Legs 

difference was attributed to the lateral bending of the 

cadaver’s knees and also to its more flexible hip. A need for lateral compliance at the knee was given in 

To improve lateral flexibility, laterally compliant thefirstreportofWorkingGroup7(1),andtwoexamples 

knees, as described below, were fitted to the side impact have been produced. 

dummies for all subsequent tests(9). One of these referred to above (9) allowed _+_30° of 

With the modified knees fitted, the side impact dummies rotation and utilized a rubber block to simulate knee 

were reported as having a more cadaver-like behavior, ligaments. With this configuration, a deformed knee will 

A summary of the dynamic performances is shown in return to its normal orientation when the impact forces 

Table 2. return to zero. 

Table 2. Head impact location and velocity for comparative tests at 40km/h 

Car Cadaver Dummy 
Hybrid II HSRI APROD 82 

V(km/h) 53 58 40 43 47 52 53 65 58 

Citroen L/H(m) 1.09 1.11 1.0 .97 .89 1.1! 1.17 1.07 1.08 

V(km/h) 33 35 36 40 40 35 39 43 59 

Audi L/H(m) 1,14 1.17 .84 .85 .86 1.07 1.06 1.02 1.08 

V -- Head impact velocity normal to surface contacted 
L/H-- Wraparound distance from ground to head impact point/surrogate height 
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The second example allowed ±20° of lateral rotation A report of component tests using a Part 572 headform 
with the ligaments simulated by a friction pad, whichwas weighted to 4.5kg to reproduce accident head impact 
set to give a friction torque of 200Nm(11). When the damage(13) gives the result shown in Table 4. 
impact forces return to zero, the maximum angular Results from a similar series of tests(6) are shown in 
displacement is maintained and its amplitude may be Table 5 for comparison. 
used to assess the severity of the simulated injury. In some 
instances with this arrangement, subsequent ground 

Table 4. Accident head injury AlS compared with HIC’s 
impact wilt alter the angular displacement resulting from from damage reproduction tests 
vehicle impact. 

To further improve the lateral compliance in the pelvic Accident AIS Accident Damage Reproduction Test 
region of this dummy, the hip joint was also modified to HIC 
allow up to 28° of adduction. In standard dummies, hip <1000 1000-1500 >1500 
adduction is normally 5 to 10°, but for the human body it 

0 764 is approximately 40°. 
1 538 
2 107 1082 2278 

Human Tolerance 5 1191 1919 
1392 2578 

It was noted in the first report that the aged have lower -- 
tolerance levels, and investigations have continued (to 
find representative values) for the head, thorax, pelvis, Table 5. Accident head injury AIS compared with ranges 
and legs. of HIC’s from damage reproduction tests 

Head 
Accident AIS Accident Damage Reproduction Tests 

HIC 

The head studies have concentrated primarily on a 2 2278-2596 
reassessment of acceptance values for HIC. The results of 
work with cadavers(12) suggested that an H I V tolerance 5 1392-1648 

4890-7630 
leve! of 1,000 is appropriate when striking a rigid ~ 

structure, but a value of 1,500 is acceptable when striking 
a compliant structure. This proposal has caused some Similar comparisons were reported from accident 
disagreement internationally. The value of HIC 1,000 has reconstruction tests(14) using a Part 572 dummy and 
been widely used in the past for automobile research, and from damage reproduction component tests, again using 
HIV t,500 is in accordance with tests for motorcycle a Part 572 tieadform of 4.5kg weight. The results of both 
helmets, which can result in peak headform acceleration these sets of tests are shown in Table 6. 
of up to 250g. The difficulty arises with structures that In an accident reconstruction, it is difficult to insure 
have a rapidly changing stiffness, which may give very that the simulation headform strikes the vehicle in 
high localized loadings. This situation is potentially exactly the same location as a victim’s head, althoughit is 
injurious and exists at the bonnet and wings of existing important because of changing stiffnesses that it should 
cars. do so. Nevertheless, the accident reconstruction results 

Comparative HIC and injury values have been reported do not support the suggestion that the tolerance level for 
from reconstructions of actual accidents and also from the head should be higher than HIC 1,000, when 
accident damage reproductions using headform com- measured by existing dummy headforms striking bonnet 
portent tests, structures. 

Table 6. Headform HIC from damage reproduction and accident reconstruction tests, compared with 
AIS from head injuries in accidents 

Accident AIS                            HIC Values 
Dummy Test Accident Component Test Damage 

Reconsruction Reconsruction 
2 -- 1400 
3 443 1257 
4 1367 670 

5 1371 890 
2136 779 
1934 775 
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The poor relationship between AIS and HIC in the determining the directions, locations, velocities, and 

tests to reproduce accident damage illustrates the diffi- effective masses of surrogate impact at each stage of the 

culties currently experienced in setting up and assessing impact: This information is to be used to provide a sound 

the results of components tests. It is possible that the basis for defining the requirements of the associated 

difficulties may in part result from the use of headforms component tests. 

with unrepresentative effective masses, and a possible To overcome the difficulty of establishing the effective 

method of driving an appropriate mass is outlined later, mass of the part of a dummy instantaneously in contact 

with a car, it has been suggested(6) that accidents may be 

reproduced by a successive interaction between mathe- 
Thorax matical computer modeling and component impact 

Lateral impact tests on the thorax of cadavers(15) to 
testing. 

The process would initially involve a component test to 
determine suitable tolerance values for the ribcage sug- 

gested that the degree of lateral deflection of the ribs with 
the bumper of a car under assessment to determine leg 

respect to the spine gives the most satisfactory correlation 
forces and bumper deflection characteristics. 

with injury. A half thorax deflection of 30 percent is 
These values are to be used in the mathematical 

........ reported as corresponding to an injury of eight rib simulation to determine the impact velocity to the bonnet 

fractures, having a rating of AIS 3. The report proposed a 
leading edge and this velocity will be used for a component 

tolerance level of 35 percent deflection, 
test to obtain the force and deflection characteristics of 

the bonnet edge. These values, in turn, will be used in the 
A tolerance method of this type is, of course, only 

relevant to a pedestrian dummy if the impact between the 
mathematical simulation to calculate velocity, location, 

dummy and the bonnet top is essentially to the side of the 
and direction of head impact for defining head component 

thorax and not to its front or rear. 
tests. 

Component Tests 
Pelvis 

Further studies have been made of component tests 

A further series of cadaver tests(16) to study tolerance representing the pelvic and head impact stages of a full, 

......... values for lateral impacts to the pelvis suggested the scale test. 
severity of injury is best assessed by force measurements. 

In the tests, the 3ms force on the pelvis to cause skeletal 

injury ranged from 3.24 to 12.92kN and showed a Pelvis 

correlation between fracture force and cadaver weight. Analysis of cadaver tests(18) suggested that the effective 
i 

The average force value for female cadavers was 5.6kN     mass of the hip or upper leg when striking bonnet leading 

........... and about 8.6kN for males, edge ranges between 5 and 9kg. From this, an impactor 

...... Based on weight variations, the appropriate tolerance was designed having a mass of 7.3kg and a contact face of 
value for the 50th percentile male was reported as 10kN 152 by 203ram. 
and a value of 4kN for the 5th percentile female, which The velocity of the upper leg or hip when striking the 
gives a tolerance force of approximately 5.0kN for the bonnet leading edge varied in the tests from 100 to 36 
average pedestrian casualty, percent of the initial impact velocity, depending on the 

location of the leading edge with respect to the bumper. 

Legs 

Femur samples have been subjected to static lateral Headform 

bending tests(l 7). The femurs are reported to have been Headform to bonnet top component tests to reproduce 
mounted on supports 0.126m apart and !oaded at accident damage(6) were reported as showing that accident 
midspan. The bending, breaking loads ranged between dents may be reproduced, but that each case could be 
276 and 1,13 lkg f, which gives, by calculation, bending achieved by a range of combinations of effective mass 
moments of failure of 82 to 347Nm. and velocity of the headform impactor. 

This difficulty has already been mentioned, and a 

Test Methods method of overcoming it is suggested in the Test Methods 

section. 

Recommendations for test methods generally agreed 

on a combination of full-scale simulations allied with Vehicle Design 
component tests(6,7). 

The simulation may be full-scale testing or mathematical Research into the design of cars for pedestrian safety 

computer simulation, both having the objective of includes studies of idealized shapes and stiffnesses by 
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mathematical modeling simulations, an investigation of The performance of current bonnet tops was assessed 
the design of the bonnet for head irnpact and of the by head impact component tests to eight different types 
bumper for improved safety for the legs, plus an experi- of bonnet tops at eight locations on each bonnet(22). The 
mentat safety car study, impactor was a Part 572 headform of 4.45kg mass and 

accelerated by a pneumatic gun to strike the bonnet tops 

Vehicle Shape at 40.25km/h. 

The resulting levels of HIC were strongly influenced by 
Car shape or localized stiffness can influence the the amplitude of dynamic deformation, and typical 

severity of pedestrian injury. In 50 tests in which cadavers values are shown in Table 7. 
were struck by five different types of car(! 9), it was noted 

thatatlthecarstested--Citroens2CV, VISA, GSA, and Table7. Comparison of headform HIC and bonnet 
BX, plus a Peugeot 505--were equally injury-producing, deformations in headform component tests 
but the location of the major injury varied with respect to 

the different car types. It was deduced that improvements HIC Ben net Displacement 

for the pedestrian necessitate making innovative changes (ram) 

to either small areas, in which case only localized 
1000 84 

improvements in injury will result, or major alterations 2000 60 
that could give overall improvement. 4000 42 

Mathematical three-dimensional simulations of dif- 6000 33 
8000 23 ferent idealized shapes and stiffnesses of vehicles(l l) 

studied the importance of the location and stiffness of the 

bonnet leading edge. tn general, a low bonnet leading The stiff wing-to-bonnet seam gave HIC’s of 4,000 to 
edge, 600ram aboveground, showed high loading in the 6,000 and most central regions of the bonnet produced 
region of the knees of adults. The medium height profile values of 1,000 to 2,000, but this rose at times to 6,000 
at 720mm indicated severe direct loading to the femur when the bonnet top bottomed out on rigid under- 
and indirect loading to the knee of adults and to the pelvis structures. 
of children. It was noted in cadaver tests(23) that impacting either 

~’or the high bonnet at 850mm, severe loadings were laminated or toughened windscreens resulted in only 
noted for both the pelvis and the thorax of children. The moderate head injury, whatever the collision speed, 
profile height also influenced the nature of head impact, except for one impact close to the A-pillar. Head injuries 
As the height increased, the location of head impact were seen, however, to become more serious as the speed 
moved further forward and the velocity of head impact increased for impacts against dashboards or steering 
decreased. This change was particularly significant in the wheel systems after windscreen failure. 
:range 720 to 850ram high. 

A similar study involving dummy and cadaver tests 
Leg Protection 

and mathematical simulations(20) showed similar char- 

acteristics. It was concluded that, since accident studies 
An experimental study o.f the causes of leg injury using 

suggest severe injury occurs more frequently to the head 
ordinary human leg specimens(24) gives some insight than to the pelvis, a relatively high and near vertical 
into the influence of the bumper on the severity of leg 

compliant front would be an advantage in reducing head 
injury. Test specimens were impacted by a sled fitted with i~jury, 
bumpers of rigid and compliant construction mounted at 

Head Protection heights of 450 and 325mm above the ground. Five tests 

were conducted at each condition and a summary of the 

results is shown in Table 8. The lowest overall frequency In a study of head-to-bonnet impacts, the distribution 
and lowest severity of leg injury occurred with a low of heights of pedestrians struck by cars in France were 
deformable bumper, but the low rigid bumper caused less divided into 50 groups and related in a mathematical 
injury to the knee 

computer simulation to five representative impact " " ...... 
velocities to give a range of 250 accident conditions(21). 

The simulation demonstrated the probable distribution Safety Structures 
of head impacts to the bonnet and windscreen of a car 

type, also showing the direction of motion and the Studies on an experimental pedestrian safety car were .... 
velocity of the head at impact. For the typical car profile reported as giving the following conclusions(25). A 
studied, the impacts were shown to be uniformly dis- flexible polyurethane integral skin foam, backed by 
tributed over the length of the bonnet and particularly energy-absorbing foam, may be designed to give good 
concentrated in the lower half of the windscreen, impact characteristics that overcome the stiff sections 
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Table 8. Frequency of injury AIS ->2/bumper height and stiffness 

Bumper Summation of Injuries 

.... Height mm for 5 Tests (AIS -->2) Peak Force kN 

....... Stiffness 
Long Ankle Knee Total Bumper Bonnet 

Bone 

(R 4 2 10 16 7.9 2.6 

450 (C 4 -- 6 10 2.6 2.7 

(R 9 2 2 13 5.3 1.6 

325 (C 1 1 5 7 2.4 1.6 

R -- Rigid 
C -- Compliant 

that develop in a collapsing conventional steel-skinned Mathematical Simulation 

structure. There are still, however, impact stiffness 

problems where a rigid support structure extends to or A simulation model MADYMO(29), which is based on 

close to the outer surface, hyperellipsoid contact models, was used to study its 

For soft fronts made of the above polyurethane relative accuracy with respect to the number of segments 

...... construction, difficulties may be experienced in reaching that represent the dummy and also with regard to the 

a suitable compromise between flexibility to insure safety option of two- or three-dimensional operation. 

and stability to give a durable product. There may also be The simulations of 2-, 5-, and 7-segment 2D models 

difficulty achieving a suitable finish free from distortion, and a 15-segment 3D model were compared with the 

The experimental bonnet top consisted of a 30 to results of tests with a Part 572 dummy. The comparisons 

50mm-thick energy-absorbing panel, sandwiched between in Table 9 show that at least a 7-segment model giving 

an aluminum under skin and an upper skin made of glass separately represented legs is necessary to give realistic 

........ fiber-reinforced synthetic resin. The upper surface was leg accelerations. 

covered by a thin integral foam polyurethane skin to The head impact locations were closest for the 7- 

contain glass fibers in an impact, segment 2D and the t5-segment 3D models, but the 

Aheadformcomponenttestwithamassof5kgandata 2-segment model gave the most realistic head impact 

velocity of 13.2m/s gave peak decelerations of about velocities. The velocities of the 5- and 7-segment models 

.......... t00g and approximately 95g at 3ms duration, were too high and the 15-segment too low. 

In a further study(30) including the MVMA 2D model 

and also MACDAN, a simplistic representation, correla- 

tion with head and thorax impact velocities was reported 
Safety Benefit as poor. It was suggested that, to reduce excessive 

stiffness in the lateral direction, the modeling should be 
Various attempts have been made to quantify the improved to simulate lateral flexure at the knee and 

possible reduction of injury to pedestrians that wilt result include displacement due to fractured leg bones. 
from changes in car design. 

A study (26) of the experimental pedestrian safety car, 

described above, estimated that the reduction of injuries Other Unprotected Road User 
at speeds up to 45km/h would result in a 40 percent 

reduction in fatalities to pedestrians struck by cars. Cyclists are frequently involved in accidents with cars, 

A different study(27) that considered designs giving and concern has been expressed that improvements in the 

protection at speeds up to 40km/h estimated a 33 percent design of car fronts for the benefit of pedestrians should 

reduction in serious injury, not be to the disadvantage of cyclists. 

A manufacturer(28), however, reported that the upper The accident characteristics of cyclists were considered 

head velocity limit at which it might be realistic to expect in an EEVC study(31) that reviewed accident data for 

design measures to prevent severe or fatal injuries two-wheeled vehicles and made recommendations, in- 

certainly falls short of 30km/h, which would give benefits cluding priorities for action on the vehicle to reduce the 

significantly lower than those quoted above, severities of such accidents and injuries. 

These estimates will be influenced by the percentage of Simulations of car-to-cycle frontal impacts suggest, 

head injuries resulting from impact with the ground, and however, that any improvements for pedestrians will also 

this is not clearly understood, as previously stated, be to the benefit of cyclists(32). A further study that 
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Table 9. Head impact velocity and head impact point for four models, along with 
experimental results 

2D-Model 3D-Model Experimental 

2-Segment 5-Segment 7-Segment Test-Range 

v = 3Okm!h 9.! 12.3 11~4 6.1 6.7-9.2 
Resultant head- 
impact velocity 

(m/s) 

Distance head- 0.91 0.90 1.02 0.96 0.82-1.00 
impact point/ 
hood-edge (m) 

v = 4Okm/h 
Resultant head- ! 2.7 1 6.6 15.6 9.9 11.2-12.5 
impact velocity 

(m/s) 

Distance head- O.96 0.95 1.08 1.03 1 ,OO-1,07 
impact point/ 
hood-edge (m) 

simulated impacts by cars into the sides of stationary considered as priorities in pedestrian protection measures. 
bicycles(33) reported that the distance between the Generally, lower limb injuries are associated directly 
leading edge of the bonnet and the location of head with impact against the front of the car (bumper. bonnet 
impact is 300mm greater for the cyclist, which was edge, head lamps, etc.). Several head injuries are often 
attributed to the higher center of gravity of cyclists, related to impacts against the windshield frame for 

adults, whereas head injurms of children are due mostly 

for Improving Pedestrian to head impact against the bonnet edge or the front ofthe 

Protection 
bumper. 

Long-term Recommendations 
Guidelines To Be Considered for a Pedestrian 
Protection Policy The aims of long-term recommendations should be the 

protection of pedestrians from severe and fatal injuries. 

The protection against injuries of AIS 3 and over Analysis of pedestrian accidents (see EEVC Working 

Group 7 report) helps find the guidelines to improve occurring in pedestrian accidents with an impact speed 

up to 40km/h seems a reasonable goal. These recom- pedestrian safety. The passenger car is the vehicle most 
mendations would consider first the injuries ofAIS 3 and frequently involved in pedestrian accidents, and it is 

therefore appropriate to give priority to the study of over that are the most frequent in pedestrian accidents 

car-to-pedestrian collisions, mainly injuries to the head and injuries to the legs. 

The age distribution of pedestrian casualties is impor- 

tant. Children between 5 and 10 and elderly people Long-term Recommendations for Head Protection 
constitute a great majority of pedestrians involved in 

accidents, the children involved mainly in nonfatal As the mechanisms of head injuries are not well 
accidents, established, it is not possible to make precise long-term 

Moreover, pedestrian accidents can cause injuries with recommendations for head injury protection. Head 
long-term consequences. Proposals to improve pedestrian injuries concerned with this protection level are mainly 
safety should give special attention to the requirements of head trauma with unconsciousness, skull fractures, and 
both children and old people whose tolerance levels and, some face fractures. However, facial fractures are less 
to some extent, injury mechanisms are different from frequent than other head injuries. 
those of the normal adult. The presently used injury criterion is the HIC with a 

With regard to injury distribution, it is clear that limit of 1,000 to 1.500. To give better head protection to 
injuries to the head and to the lower limbs must be pedestrians in car-to-pedestrian collisions, it is important 
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to consider the areas of the car that could be hit by the 350mm above the ground. Lowering of the bumper seems 

pedestrian’s head and produce head injuries. These areas effective for adult pedestrians but is not yet proved for 

are mainly around the windshield, especially the A-pillar, children with respect to their injuries. 
......... lower windshield frame, and the scuttle area for adult To decrease the bending moment and the shearing 

pedestrians, and in the front end of the bonnet for force applied to the leg and thereby reduce the number of 

children. It has been shown in experimental safety vehicle tibia, fibula, and/or knee fractures, it seems desirable to 

studies that it is possible to reduce considerably the value use a compliant bumper. However, the preferred stiffness 

of HICbychangingthedesignoftheseareas(25,34,35,36): is dependent on the height of the bumper above the 

In these cases, HIC values seem to remain below 1,000 in ground and its vertical depth. The bonnet leading edge 

car-to-pedestrian dummy tests at an impact speed up to also has an important influence on the severity of femur 
.......... 40ki!! h, whereas this value was clearly exceeded in many and/or pelvic injuries to adults and, in some cases, to 

tests conducted with mass production cars. However, the child pedestrian thorax and/or head injuries. 

value of HIC recorded during a pedestrian test depends However, there is an interaction between the bumper 

on the type of dummy used. Present dummies have a bad and bonnet leading edge characteristics, and it is important 

repeatability and are generally too stiff, especially in the that the influence of these elements on pedestrian behavior 

neck and shoulder areas. Redesigning a dummy for use in     is taken into consideration. 

pedestrian tests seems, then, of great importance. Al- 
though the HIC is still under review, there is at present no Short-term Recommendations 
other validated criterion for head injuries. Besides the 
HIC itself, there is a general uncertainty of head injury It is important that short-term improvements go in the 
mechanisms and human tolerance to head injuries, same direction as long-term recommendations, even if 
Biomechanical programs aiming to increase the knowledge the long-term goa! cannot be completely reached. 
in this field are to be encouraged. Many improvements for pedestrian protection could 

A series of experimental car-to-pedestrian collisions at be included in the design of new cars, with particular 
impact speeds of 30 to 40km!h gave head impact attention given to avoiding, wherever possible, localized 
velocities (normal to the surface contacted) that ranged areas of the bonnet and the top of the wings, which are 
from 1 to 1.2 times the vehicle impact speed(37). too rigid. 

However, the values published vary considerably; for The design of a front bumper is also of great importance, 
example, values of 0.5 to 1.0 times the car speed have and, even if it does not seem possible to lower it for a 
been found on American cars(22). As an alternative, the short-term improvement, fitting an air dam that limits 
dynamic response of the area hit by the head may be the leg-bending process by impacting the leg below the 
assessed by a headform drop test at the range of speeds knee would decrease the risk of knee injuries. A softer 
shown above, during which an HIC value (or a maximum and deeper bumper that decreases the impact force and 
acceleration value) is not exceeded, gives a better distribution of the impact force could also 

improve the situation for pedestrian injuries. 
It is possible, however, to give general performance 

Long-term Recommendations for Lower Limb Protection recommendations for the bumper/air dam. 

A mathematical analysis of pedestrian accidents pro- 
Most leg injuries have an AIS value equal to or less poses maximum forces as listed in Table 10 when the 

than 3; moreover, several leg injuries with the same AIS bumper is hit by a 50ram diameter cylindrical rigid 
value could have completely different long-term conse- impactor of t0kg mass at a velocity of t Ira/s(25). 
quences. Permanent disability appears, therefore, to be 
more important than AIS as a factor for assessing leg 
injury protection. 

Table 10. Maximum bumper impactor force 

Several mechanisms can induce leg injuries. The 
impact point between the car front and the pedestrian 

Verticat depth of bumper 

legs, as well as the mechanical properties of the car 

i 

100mm 300ram 

element that hits the pedestrian legs, are of great impor- 
tance in pedestrian injury causation. Max force (kS) 5 7 

It has been found experimentally that lowering the 
bumper close to the center of gravity of the lower leg 
would minimize thebendingmomentapplied at theknee If the forces shown in Table 10 are not exceeded, 

level(38). Such a measure would then decrease the risk of serious leg injuries will probably be avoided. Typical 

knee ligament rupture and other knee articular injuries, values of energy that the bumper would absorb are 

whichare severe injuries for their long-term consequences, approximately 380J in 32km/h impact and 600J at 

The corresponding value seems close to a height of 40kmih. 
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In addition to shearing forces, other criteria such as importance of linear and rotational accelerations, in 
bending moment at knee level are to be considered, order to propose and validate head injury protection 

The stiffness characteristics of the leading edge of the criteria. 
bonnet are dependent on its location with respect to the Long-term consequences of some injuries sustained by 
ground and to the bumper. From the same mathematical pedestrians are considered to be of great importance and 
analysis, it seems the stiffness is suitable if an impact force need further investigation to be quantified more precisely. 
of 5kN is not exceeded when the leading edge is deformed Most pedestrian accidents involve children and the 
to absorb the energy values shown in Table 2. elderly, and it is clear there is a change in human 

The impact energy shown in Table ! 1 is dependent on tolerance according to age. Existing studies are concerned 
bonnet leading edge height, the distance that the bumper mainly with bone strengths; it is, therefore, of great 
is in front of the bonnet leading edge (bumper/bonnet 

importance to clarify the effect ofage on human tolerance 
lead), and impact velocity, for both bones and internal organs. 

Validation of test procedures would be aided by an 
Table 1 1. impact energy of bonnet leading edge for investigation into the influence of pedestrian posture on 

~ 
different edge locations and impact speeds 

the risk of leg injuries, particularly with respect to 

Impact Bumper Height of Impact standing with all the body weight supported by one leg: 

Velocity, Bonnet Lead Bonnet Edge Energy Walking pedestrians spend almost all the time on one leg 
(km/h) (mm) Aboveground (J) whereas, until now, tests are generally performed with a 

(ram) pedestrian model standing on both legs. 

600 200 
0 720 450 Further Research Needed To Improve Test Procedure 

850 650 
32 

250          720         80           Validated test procedures should first consider a 

850 270 biomechanical analysis of pedestrian accidents. Other 

600 310 important parameters include the specification of dummy 
0 720 700 characteristics and the interactive effects of car com, 

850 1020 ponents, all of which have a great influence in the 
40 

250 720 130 choice--and the results--of pedestrian test procedures. 

800 420 Dummies currently used to reconstruct pedestrian 
impacts have been criticized for their lack of realism and 

poor repeatability. Clearly, there is a need for a pedestrian 

Need for Further Research                        dummy having good repeatability, acceptable reproduc- 
ibility, and a high sensitivity. This dummy should include 

To be able to define precise long-term recommendationa the measurement of parameters directly associated with 
and procedures and to determine the resulting improve- important injury mechanisms, especially the legs and the 
ments, it is important to continue research, especially in head. It is hoped that work in progress in Sweden and 
the field of injury mechanisms, human tolerance, and test France(40) will contribute toward the design of such a 
methods, pedestrian dummy. 

One alternative to a full-scale test is a range of 

Prospective in Pedestrian Biomechanical Research component tests. However, on their own, component 

tests do not consider the overall behavior of the pedestrian; 

Experimental and computer simulation methods to therefore, it is also of great importance to assess the effect 

evaluate pedestrian protection standards are based on the of the interaction between car component characteristics 

results of research studies of human tolerance and injury on pedestrian kinematics. 

mechanisms. So it is of great importance that an extensive 

and well-validated bank of biomechanical data is Prospectives in Mathematical Modeling 
compiled, especially for the most severe and most 

frequent injuries occurring in pedestrian accidents. Mathematical models have gained acceptance as a 
)-he problem of head injuries is of great importance, research tool and as a possible method for the approval of 

not only for pedestrians but also for other road users. It is passenger cars regarding pedestrian safety. 
also a very difficult matter, and to improve the knowledge The accident process of the pedestrian (and two- 
in this field it seems advisable to propose a harmonized wheeler rider) in collision with a passenger car is very 
program of research. This program would include detailed complex. One must therefore use all available research 
analysis of injuries sustained by traffic accident victims, methods to obtain comprehensive and reliable information 
evaluation of injury mechanisms, especially the relative that may be used as a basis for the formulation of 
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important as all research methods deal with approxima, 4. Otte, D., and E.G. Suren, "Pedestrian accidents from 
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validated. Mathematical models should be validated March 1984. 
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Experimental and Mathematical Simulation of Pedestrian-Vehicle and Cyclist- 
Vehicle Accidents 

E.G. Janssen and vehicle fronts to improve the repeatability. Some tests 

J.S.H.M. Wismans with real passenger cars were performed to validate these 

Research Institute for Road Vehicles TNO, 
tests. Simple standard dummies were used to simulate 
child and adult unprotected road users. Furthermore, 

Delft, The Netherlands 3D mathematical pedestrian and cyclist models were 
formulated with the MADYMO CVS program and 

Abstract                                           verified experimentally to support the analysis and to 
extrapolate to situations that are not experimentally 
evaluated. In the near future, the program will be 

In several European countries, unprotected road users extended to human cadaver tests under similar test 
form a significant proportion of road accident casualties. conditions as the dummy tests. The mathematical models 
The Research Institute for Road Vehicles TNO has ..... will be refined by simulating the cadaver tests. The 
started a long-term research program on pedestrian and influence of the victims’ anthropometry will be analyzed 
cyclist safety. Up to now, 38 full-scale dummy tests with in detail. All test methods will be evaluated with respect 
simulated vehicle fronts and rea! passenger cars were to future regulations in this field. Comparison of pedes- 
performed. Furthermore, 3D mathematical model trian and cyclist accidents is an important objective in all 
simulations were conducted with the MADYMO Crash 
Victim Simulation (CVS) package. A part of the program 

phases of the research program. 

....... is presented in this paper. The influence of vehicle This paper presents the results of experimental and 

geometry and speed on pedestrian and cyclist kinematics 
mathematical simulations of a number of cyclist and 

in a lateral impact is shown, as well as the influence of 
pedestrian impacts. The influence of vehicle geometry 

bicycle mass and speed. The results of cyclist and 
and speed will be illustrated and the results of cyclist and 

pedestrian tests will be compared with each other, 
pedestrian tests compared with each other. 

Introduction Accident Statistics 

In several European countries, unprotected road users Table 1 shows that approximately 20 to 30 percent of 

form a significant proportion of road accident casualties, the killed road users are pedestrians and cyclists. The 

In almost every country, the pedestrian is the most percentage of killed cyclists among all killed road users is 

frequently involved unprotected road user. In The high in The Netherlands compared to other countries. 

Netherlands, however, the bicycle is very popular, and International studies show that, in most cases (60 to 85 

more cyclists than pedestrians are killed or severely percent), passenger cars are the opponent in the pedestrian 

injured. In the past years, international research has and cyclist casualties(I,2). The pedestrian is struck by the 

focused mainly on pedestrian safety. Based on this of the car in 70 to 80 percent of the reported car~ 

research, various recommendations for the front structure pedestrian accidents. In almost all these cases (90 percent), 

design of passenger cars were developed. Discussions the pedestrian was hit from the side. Most of the cyclists 

about future international regulations in this field have (50 to 65 percent) were also hit in the side by the front of a 

also started. Cyclist safety, however, should be included car. 

to avoid development of regulations concerned onlywith In The Netherlands, most car-pedestrian and car- 

pedestrian safety, cyclist accidents occur within built-up areas where a 

The Research Institute for Road Vehicles TNO has speed limit of 50km/h or less exists. F’rom accident 

started a long-term research program on this topic. The analysis, it is known that many cars were braking before 

final objective of the study is to reduce the number and hitting the pedestrian; the impact speed in 90 percent of 

severity of injuries sustained by unprotected road users in pedestrian accidents was in the range of up to 60kmi h(1). 

a vehicle impact, by decreasing the aggressiveness of The speed variety is larger for bicycle accidents, and it is 

vehicle fronts. A research program is developed in which always clear if car speed or relative car/bicycle speed is 

several research methods, including full-scale tests, body The safety benefits to be expected from improvements in 

segment impactor tests, and mathematical mode! simuta- vehicle design, however, seem to be most irnportant for 

tions, are integrated. A relatively simple experimental the speed range up to 40km/h. 

test setup, based on accident analysis studies, is defined, The legs and head are the most frequently injured body 

and the influence of several test parameters has been areas of pedestrians as well as cyclists. Head injuries are 

analyzed. The tests were ~erformed with simulated more serious and life threatening at short term; leg 
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Table 1. Percentage of pedal cyclists and pedestrians killed in road traffic 

Countries Percentage of Killed Percentage of Killed 
Pedal Cyclists in Pedestrians in 

Traffic in 1981(2) Traffic in 1979(1 ) 

Federal Republic 
of Germany 9.2 23.9 
France 4,8 17.1 
Great Britain 5.3 33.3 
Italy 7.6 21.5 
The Netherlands 19.7 13.3 
Sweden 9.7 22.7 

injuries, however, can also lead to serious injuries at long vary only the parameter of interest. Therefore, it was 
term (disability). The age distribution of the victims decided to define one standard test (test number 8303/ 
shows two peaks; children and elderly people are often 8306) and to change parameters with respect to this test. 
involved in pedestrian and cyclist accidents. Elderly Each variation was tested twice. With regard to the 
people are more frequently killed, and children are more vehicle, important parameters are the geometry and 
frequently injured(I,2), dynamical stiffness of the vehicle front. To vary these 

parameters and increase the repeatability of the tests, a 

Experimental Simulations moving barrier with simulated vehicle fronts was used. 

’]’he vehicle front consists of three sections simulating the 

bumper, the grill, and the hood (see Figure 1) and is made 

Test Method , , 

Introduction 

The general test setup has been described earlier(3) and 

will be reviewed briefly in the next sections. Most of the 

conditions were selected on the basis of analysis of real 

vehicle-cyclist and vehicle-pedestrian accidents. The test - 
program to be analyzed here is summarized in Table 2. \ / 

\ 

Vehicle Front Figure 1. Simulated vehicle front consisting of bumper 
(1), grill (2), and hood (3)--geometry changed 
by variation of bum per height (A), hood-edge 

To determine the influence of test parameters, the best height (B), and bumper protrusion (C) (see 
approach is to keep all test parameters constant and to Table 2) 

Table 2. Variations of test parameters (see also Figure 1) 

Test Test Dummy Vehicle Impact Vehicle Front 
Number Code Speed (kin/h) Geometry (cm) 

A B C 

8303 C30H Cyclist 30 55 80 10 
8306 C30H Cyclist 30 55 80 10 
8311 C40H Cyclist 40 55 80 10 
8312 C40H Cyclist 40 55 80 10 
8317 C30L Cyclist 30 35 60 10 
8318 C30L Cyclist 30 35 60 10 
8401 P30L Pedestrian 30 35 60 10 
8402 P30L Pedestrian 30 35 60 10 
8403 P30H Pedestrian 30 55 80 10 
8404 P30H Pedestrian 30 55 80 10 
8404R P30H Pedestrian 30 55 80 10 
8407 P4OH Pedestrian 40 55 80 10 
8408 P40H Pedestrian 40 55 80 10 
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of homogenous polyurethane foam (density of 50kg/m3 
in tests presented here). The bumper height, hood-edge 

height, and bumper protrusion are varied in the test 
program. Only two geometric variations are included in 
this paper: a high vehicle front with a bumper height of 
55cm and a hood-edge height of 80cm, and a low vehicle _ 
front with a bumper height of 35cm and a hood-edge ..... 
height of 60cm. 

Dummies and Bicycles 

In these tests, the cyclist and pedestrian are represented 
by a 50th percentile anthropomorphic adult male dummy. 
The standard Part 572 dummy was chosen because it is a 
well-defined dummy and often used as a research dummy, 
in spite of its disadvantages, such as limited lateral 
flexibility. Other, more representative dummies are not __ 
available yet. To use this dummy as a cyclist dummy, 
some modifications were necessary. The range of motion 
in the hip joint was increased by cutting away some Figure 2. Initial position of pedestrian and cyclist 

............... buttocks flesh. The knees, lower legs, and feet of the 
standard Part 572 dummy were replaced by special 

compared to vehicle front height 

pedestrian body parts, supplied by Humanoid Systems. 
These body parts are reinforced and easily replaceable. 
Furthermore, the ankles have a lateral flexion possibility, 

front (total mass 930kg) started braking at vehicle- 

and accelerometers can be mounted into the knees and 
dummy contact. The moving barrier does not dive during 

feet. For the pedestrian, additionally, the pelvis of the 
braking because it is constructed without any suspension. 
Therefore, the vehicle front height is maintained during 

Part 572 dummy was replaced by a special pedestrian the complete test. To simplify the test setup in this phase 
pelvis, which allows a standing position. The neck of the research program, the initial bicycle speed was 
bracket of the Part 572 dummy was also replaced by a taken zero km/h. The influence of this will be analyzed in 
special bracket to hold the pedestrian head in a vertical 

this paper by means of mathematical simulations. 
position. The pedestrian dummy was standing in a 
prescribed position (see Figure 2) with the impacted leg 
(left) slightly backwards and the body weight equally 
distributed over both legs (controlled by femur force Instrumentation and Measurements 

transducers). The lower arm at impact side (left) was 
removed, and the upper arm fixed to the thorax to avoid The dummy was instrumented with triaxial acceler- 

disturbance of the dummy kinematics by elbow/hood ometers in the center of gravity of the head, thorax, and 

impact. The cyclist dummy was sitting in a prescribed pelvis. Additionally, triaxiataccelerometersweremounted 

standard position on the stationary bicycle (see Figure 2). into the knees and uniaxial accelerometers into the feet 

The pedal cranks were fixed in a vertical position, andthe (lateral direction). The pedestrian dummy was also 

leg on impact side was stretched downward. The bicycles instrumented with femur force transducers to measure 

are standard Dutch men’s bicycles (frame height 58cm, the body weight distribution at impact. The throwing 

wheel diameter 28in) but without chain, mudguards, distance of the (c.g. of the) dummy and bicycle were 

lighting, etc. The remaining bicycle mass was 12.5kg. measured, as well as the permanent deformations of 
vehicle components. Eight high-speed film cameras were 
used to measure and analyze the motions of the dummy 

Impact Direction and Speed and bicycle during the impact. To extend the analysis of 
the tests, an imaginary windshield, consisting of a target- 

As most pedestrians and cyclists are laterally impacted plane for high-speed film analysis, was added to the 

bythefront ofacar, the impact direction selected forthe vehicle front (see Figure 3). The chosen length of the 

standard tests is therefore 90° to the longitudinal bicycle hood (dimension D is 100cm) leads to a head impact 

axis (left side). The vehicle impact speed in these tests was approximately on the center of the imaginary windshield 

30 or 40km/h, in accordance with the findings of accident in the cyclist tests with the high vehicle front. Therefore, 

analysis~ The moving barrier with the simulated vehicle the hood length is typical for vehicles with a short hood. 
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purely latera! one in this vertical plane, without rotation 

around the dummy’s longitudinal axis. The vehicle front 

impacts the left leg, which is compressed between bicycle 

and vehicle front. Then the bicycle starts rotating and 

strikes the right leg. The cyclist rotates around the hood 

edge, and successively the left side of the hip, the left arm, 

the left shoulder, and finally the left upper side of the 

head strike the hood. When the legs are horizontal, the 

bicycle starts moving away from the dummy and vehicle. 

In the pedestrian tests, the leg on the impact side was 

positioned a little backward. Therefore, a forward 

rotation around a longitudinal axis could be observed, 

resulting in a frontal-lateral impact of the head on the 

hood. Furthermore, the whole (left) upper arm of the 

pedestrian is compressed between chest and hood, instead 

of only the shoulder in the cyclist tests. 

Figure 3. An imaginary windshield 14) added to the        The vehicle front height appears to have a predominant 
vehicle front for film analysis (hood length influence on the kinematics of the cyclist and the 
(D)--lOOcm; distance (E)--impact location of pedestrian. Figures 4 and 5 show the trajectories of the 
head on hood) head, chest, and ankles of a cyclist and a pedestrian, 

struck by a high and low vehicle front. It can be seen that 

the distance between hood edge and head impact location 

Test Results strongly increases if the hood-edge height and bumper 

height are decreased. In this test setup, the head impact 

on the hood is located approximately 30cm closer to the 

windshield, for both pedestrian and cyclist, if the vehicle 
General                                               front height is 20cm lower. 

The acceleration-time histories are also influenced by 
The permanent deformations of the vehicle front and the vehicle geometry. The increase of the dummy’s 

the bicycle, and the location of these deformations,as well 
rotational velocity, caused by a decrease of the vehicle 

as the throwing distance of the dummy and bicycle, were 
front height, leads to an increase of the maximum head 

all found to reproduce very wel!. The overall kinematics 
and chest accelerations, as well as HIC and SI, for both 

of the dummy and the acceleration-time histories of the 
pedestrian and cyclist. The HIC, for instance, is doubled 

head, chest, and pelvis also reproduced very well. Due to 

dummy construction (e.g., joint-stops) and due to the 

contact with stiff bicycle parts, the acceleration-time 

histories of the knees and feet showed more differences in 

identical tests. In one pedestrian test (8403), the left knee .... 

was broken due to direct bumper impact. Table 3 o. 
summarizes some important test results. 

Influence of Vehicle Geometry on Dummy Kinematics ./ 
/ 

The motion of a cyclist or a pedestrian as a result of a / 

vehicle impact is above all dependent on the position of 

the victim relative to the vehicle. In this lateral test setup, 
the motion is influenced by the position of the legs of the ..... ~--r~ "° ~ ....... 
pedestrian or the cyclist. In the cyclist tests presented in 

this paper, the bicycle pedal cranks were fixed in a 

vertical position and the impacted leg was stretched 

downward (see also Figure 2). This means the impact 

locations of the bumper and grill on the cyclist’s legs are 

located in or close to a vertical plane through the 
Figure 4. Influence of vehicle front height on tra- 

dummy’s c.g. and parallel to the vehicle direction of jectories of head, chest, and ankles of cyclist 
motion. Therefore, the motion of the dummy is an almost (vehicle speed 30km/h); time intervals--Nlms 
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Comparison of Pedestrian and Cyclist Tests 

"~. 
The trajectories of the pedestrian and the cyclist look 

\ \\ quite similar (except for the right cyclist’s leg in the low 
° \\ vehicle test). However, the head impact on the hood is 

\ ¯ 
\ located approximately 30cm closer to the windshield for 
\ the cyclist (see section Parameter Variations for the 

?/ influence of the bicycle speed!). In the 40kmi h tests, the 
/ ¯ difference was even 40cm. This is caused by the slightly 

!~ ....... higher position of the cyclist’s head and the higher 
~ . ............... position of the cyclist’s center of gravity (see also Figure 
": ~ ...... .--. h,~ ~e,~c~e 2). Therefore, in real road accidents, a head impact on the 

.. windshield (or roof) is more likely for cyclists than for 
pedestrians. The results show that increasing the victims’s 
(c.g.) height has the same influence on the head impact 
location as decreasing the vehicle front height. This is 
illustrated in Figure 6, which shows that the head impact 

F~gure 5. Influence ofvehiclefrontheightontrajectories location of a cyclist impacted by a high vehicle front 
of head, chest, and ankles of pedestrian {vehicle 

almost coincides with the head impact location of a speed--3Om/h; time intervals--5Omsl 
pedestrian impacted by a low vehicle. 

if the vehicle front height is decreased by 20cm. However, 
the maximum pelvis accelerations of the cyclist and 
pedestrian are reduced by approximately 50 percent if the 
vehicle front height is decreased. The vehicle geometry 
does not have much influence on the maximum knee and 

~                                        "- 
foot accelerations of the pedestrian. In the cyclist tests, "". 

however, these accelerations are lower in the tests with 
the low vehicle front (especially for the right leg). 

Table 3 shows the head impact velocities on the ~/ ~/ " 
imaginary windshield. In the pedestrian tests with the 
high vehicle front, no contact occurred, lfthe front height 
is decreased, the rotational dummy velocity ~ncreases~ 
resulting in a higher head / windshield impact velocity and - ~,~ 
a lower throwing distance (see also Table 3). The 
throwing distance of the pedestrians appears to be 
somewhat higher than that of the cyclists. 

]Influence of Vehicle Speed on Dummy Kinematics Figure 6. Influence of vehicle front height on head 
trajectories of pedestrian and cyclist (vehicle 

,An increase of the vehicle impact speed from 30 to speed--30km/h) 

40km! h also influences the head impact location on the 

hood. However, the influence is smaller than described In identical test conditions, the maximum head 
before in the geometry variation tests (an increase of accelerations (and HIC)of the cyclist were always higher 
1 lcm for the cyclist and only 2cm for the pedestrian), than those of the pedestrian. However, maximum chest 
Table 3 shows that the throwing distance of the dummy accelerations of cyclist and pedestrian were almost equal 
and the head/windshield impact speed of the cyclist in the tests with the high vehicle front and only slightly 
strongly increase if the vehicle impact speed is increased, higher for the cyclist in the low vehicle tests. Chest SI 

Accelerations and injury prediction parameters of appears to be equal (30kmih test) or slghtly lower 
pedestrian and cyclist are increased if the vehicle impact (40km/h) for the cyclist in the tests with the high vehicle 
speed is increased. The HIC and SI are (sometimes more front and slightly higher in the low vehicle front tests. 
than) doubled if the vehicle speed increases from 30 to Maximum pelvis accelerations were also of the same 
40km/h. However, the maximum foot accelerations of magnitude in identical tests. The maximum knee and foot 
the pedestrian seem to not be influenced by the vehicle accelerations were lower for the cyclist in the low vehicle 
impact speed, tests. 
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Mathematical Simulations The position of the dummy before impact was re- 

constructed in the model using detailed measurements of 

a number of dummy segment targets. Figure 7 illustrates 

.... Model Setup the resulting initial model position. 

The model to be formulated here represents a pedestrian 
or cyclist impacted from the side by a vehicle front Bicycle Model 

(Figure 7). Due to the three-dimensional nature of the 
dummy kinematics observed in some of the tests, simula- Although the bicycle consists of several segments, it 

tions will be conducted with the MADYMO ~D version(4), was decided to represent the bicycle in the present model 

The model can be divided into three separate systems: by only one element. Mass distribution data for the 

one for the dummy, one for the bicycle, and one for the bicycle, as far as center-of-gravity location and total mass 
(12.5kg) are concerned, were based on actual measure- 

vehicle. 
ments, while moments of inertia were estimated. The 
external geometry of the bicycle is represented by an 

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

i:~i 

-. ~ 
ellipsoid cylinder and two finite planes to represent the 
pedals (Figure 7). In addition, a plane is defined to 
represent the saddle (not shown in Figure 7). 

Vehicle Model 

Figure 7. Pedestrian and cyclist mathematical model The vehicle is represented in the model by one segment. 
setup The vehicle mass (i.e., moving barrier + simulated front) 

was measured (930kg) and assigned to the element. Due 
to the one-dimensional nature of the vehicle motion in 

Dummy Model the tests, moments of inertia and center-of-gravity location 

....... do not have to be specified accurately: The standard test 
The same dummy model will be used to represent the defined earlier (i.e., 8303/8306) will be used here as the 

dummy in the pedestrian and cyclist tests, except for the reference simulation. The mathematical representation 

position of the head-neck assembly relative tothetorso, of the vehicle front is illustrated in Figure 7; two 

since a special neck bracket with parallel interfaces for hyperellipsoids are used for the bumper and the grill! 

the connection to head and torso was used in the hood-edge, respectively, while the hood is represented by 
..... pedestrian tests. From earlier mathematical and experi- a plane. 1 Input for the simulation is the initial velocity of 

mental studies, it could be observed that small changes in the vehicle while a 0.7g acceleration field is applied to 
the initial arm position can have a relatively large effect simulate braking. 

on the test results. Based on this, it was decided not to 
incorporate the arms in the mathematical model and to 
assign the arm mass for 50 percent to the upper torso Contact Interactions 

mass. As a consequence, the dummy model will have nine 
segments: head, neck, upper torso, central torso, lower Force-deflection characteristics of the foarn used for 

torso, and four elements for the legs. The mass distribution the vehicle front were determined using a rigid spherical 

will be based on a recommended dataset of the Part 572 impactor(3). On the basis of these data, model parameters 

dummy prepared for the SAE Human Biomechanics and for the dummy-vehicle interactions were determined. 

Simulation Subcommittee based on measurements by Since no local stiffness data were available for the bicycle, 

three different laboratories(5). Joint characteristics model parameters for these contacts were roughly 

including j oint stops, free range of motion, friction, and estimated taking into account the gross bicycle deforma- 

damping characteristics in this model have also been tion during the crash. A coulomb friction coefficient of 

selected on the basis of measurements or estimations in 0.7 was specified for all contacts with the vehicle and 0.5 

various laboratories. Ellipsoids areattachedtothemodel for all contacts with bicycle and the bicycle-ground 

segments to describe the outer body geometry. Besides interaction. 

the standard ellipsoid as used in the Part 572 dummy 
model, two additional ellipsoids were attached to the 
upper torso to represent the shoulders. One ellipsoid was 

I The present version of MADYMO 3D graphics does not have an option for 

hyperellipsoids and, as a consequence, contact surfaces in the vehicle model 
also connected to the right hip to account for initial differ slightly from the approximation used in the graphics program 

contact beween cyclist and the right side of the saddle. (compare Figures 7 and 8). 
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Model Validation 

Six test conditions from the cyclist-pedestrian test 

program have been selected for an initial judgment of the 

model’s reliability (C3OH, C3OL, C4OH, P3OH, P3OL, 

P4OH in Table 2). For the standard test condition 

specified earlier, i.e., a 30km/h crash with a high vehicle 

front (C30H and P30H in Table 2), a detailed model 0 
verification will be presented here. The other test condi- .., [ 
tions will be discussed only briefly here. Figure 8 shows a 

comparison between the cyclist and pedestrian kinematics 

predicted by the model for this standard test condition. 

Gross kinematics appear to be very well in agreement 

with observations from the high-speed films. For instance, 

he differences in rotational motion between cyclist and 

pedestrian around the longitudinal body axis is well 

illustrated by the model. Model predictions for the head 

impact location on the hood appear to be quite realistic 

(see Table 4). The pedestrian model results are very close 

to the range of experimental variability, while the cyclist 

model shows a slight overestimation for this parameter (8 

to 10cm). 

Figure 9 shows a comparison between mathematical 

and experimental acceleration-time histories. Results are 

presented for the head, chest, pelvis, and left knee of the 

dummy and, in addition, for the acceleration of the 

vehicle. A quite good agreement between model predic- 

tions and experimental results can be observed, although, 

in general, the deviations between model and experiments 

are larger than the deviations between two experiments. 

One striking difference, for instance, between model and 

experiment is in the peak dummy accelerations, which 

show differences up to 50 percent. A sensitivity study 

showed these deviations are due mainlv to the limited ~ m~ 1~o m~ 

accuracy and reliability of the present contact-interaction 

models. Modelinput parameters are based on tests with a Figure 8. Comparison of kinematics in cyclist (C30H in 
Tables 2 and 4) and pedestrian (P30H in Tables 

~standard spherical impactor, while in reality the shape of 
2 and 4) mathematical simulation 

the interacting geometries is much more complicated. 

Table 4, Comparison of head impact location on the hood and the head impact velocity with an 
imaginary windshield 

Head Impact Location 
Test Condition on the Hood Windshield Impact Velocity 

Model (Experiment) Model (Experiment) 
(m) (m) (m/s) (m/s) 

C30H 1.22 (1.t2-1.14) 11.7 (11.1-11.7) 
C30L 1.40 (1.45) 15.4 (12.2) 
C40H 1.33 (1,24) 16.7 (16.9) 
P30H 0.76 (0.77-0,86) 10,5* (*) 
P30L 1.23 (1.12) 15.6 (13.3) 
P40H 0.79 (0.84) 1 &7* (*) 

The imaginary windshield is connected to the hood at I m from the hooch-edge so no imaginary windshield impact velocity can b~ 

detected in this experimenL For the model, the head impact velocity with the hood is incorporated, 
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It follows that the deviations between model and test 
Cyctisf Pedestrian 

results for the head impact location are all less than 

~00~ ~ ~5o0. 0.1 lm. For the head impact velocity, model predictions 
’ ~ for the high vehicle front are very close to the experimental 

.... 
_~ .... results. For the low vehicle front, they are overestimated 

~ soo 
i 

by 20 to 25 percent. 

~ ,~ .... ~ ........ ~o ,~ ....... ~o Parameter Variations 

.......... 
~ ~ .... In addition to the preceding simulations, various 

~ .... calculations were conducted without experimental verifi- 
~ .... cation. The reliability of the model is considered to be of 
~ ~ ~oo- such a level that the model results to be presented here are 

., ! ,,! ..... ~,.~,,..~v,¢~"~ ~.~;,, expected to be realistic, at least in a qualitative sense. The 

~"~’~~’.~ following types of simulation will be presented in this 

~ 
~, ..... . The influence of an initial velocity of the cyclist 

~ ~ ~oo~ 
~ Variations in bicycle mass 

~ ~ " t~ ¯ The behavior of a pedestrian and cyclist in a 

~ ~ oo0~11 simulation with a low vehicle front and a 40km h 

¯ ~ 

vehicle velocity 
Results of these simulations, together with the validated 

, 

.... ~ ......... ° .............. simulations, are summarized in Table 5. The effective 

............ ~" ........ "~°’~" head impact mass in this table is defined as peak head 
~ i load during head impact, divided by peak head accelera~ 

’°°°                       ~    i                              tion. 

The Influence of the Initial Velocity of a Cyclist 

-’~°° o o ~o ,oo ~6 ...... In the cyclist impact tests, the initialvelocity of bicycle 
..... and cyclist is zero. To study the influence of this velocity, 

~ 

~ a mathematical simulation has been conducted with an .... 
~ °°- initial velocity for the bicycle-cyclist combination of ~° 
~ 15km/h perpendicular to the vehicle velocity. Results for 

~° 
.~k the kinematics in two planes are shown in Figure 10. The 

,o    .,,,,        .a~ ..... 
~!~ 

most important effect is a shift in head impact location on 
........ - ..... ~,o o ........... ~o the hood of 67cm to the lateral side of the vehicle. 

"~’~ "~°~°~ Another effect is that the dummy model rotates forward 

around its longitudinal axis, while in the reference 
Figure 9. Comparison of acceleration-time histories 

from cyclist (C30H) and pedestrian (P30H) simulation (i.e., zero bicycle-cyclist velocity) almost no 

mathematical simulation (solid line) with the rotation could be observed. The distance of the head 
experimental results (dashed line) impact location on the hood to the hood edge is hardly 

affected, namely an increase by only lcm (Table 5). The 
Future contact models should account for such geo- effect on other response parameters such as dummy 
metrical effects, acceleration-time histories appears to be small. 

Deviations between model and experimental accelera- 
tions for the other test conditions incorporated in Table 2 
are found to be in the same order of magnitude as in the Variations in Bicycle Mass 

standard test condition. Two parameters that characterize 
the impact of the head with the hood or windshield are The cyclist impact tests were conducted with a standard 

presented here for both the experimental and mathe- Dutch men’s bicycle with a mass of 12.5kg. Two simula- 

matical simulations (see Table 4): tions were conducted with a varied bicycle mass. In the 

¯ The head impact locations on the hood first simulation (light bicycle), the mass is decreased by 90 

¯ The head velocity at the time of contact with the percent; in the second simulation (light-powered two- 

imaginary windshield wheeler), the mass is increased to 5 times the original bike 
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Table 5,The influence of some parameter variations 

Validated Head Impact H~ad Impact Velocity Peak Bumper Effective 
Simulations Location on Hood on Windshield Load Head Impact 

(m) (m/s) (ms) (N) Mass (kg) 

C30H t .22 1 t .7 159 9753 5.2 
C30L 1.40 15.4 155 7057 3.4 
C40H 1.33 16.7 124 12685 5,2 
P30H 0.76 10.5* 125" 8690 5.5 
P30L 1.23 15.6 145 7087 4,1 
P40H 0.79 1 &7* 93* 12725 5.3 

Variations 

C40L                        1.49 18,2 122 8789 3.6 
P40L 1.36 18.1 117 8910 4.1 
Light bicycle 1.18 13.6 153 7681 4.7 
Light-powered 
two-wheeler 1.23 &5 177 24423 4.8 
initial velocity 
bicycle 1.23 10.8 160 9789 5.7 

Head impact velocity on hood 

~ 
mass. Results of these simulations, together with the 

reference simulation, are summarized in Table 5. It 

follows that the head impact !ocation on the hood is 

hardly affected by these parameter variations. In case of a 

light bicycle, the head impact velocity slightly increases, 

o m~ o m~ while the bumper load decreases. In case of the light- 

~ 
powered two-wheeler, the opposite can be observed: a 

decrease in head impact velocity but a much larger 

bumper load. 

The Influence of a Low Front in Combination With a 

so ma so ms High Vehicle Velocity (40km/h) 

~~ 
~f 

In the tests in the experimental verificatiOn prOgram’ 

only one test parameter was changed with respect *o the 

standard test conditions (standard = 30km/h and high 

front). Here the effect of two variations at the same time 

will be considered, namely, a 40km/h vehicle velocity and 
~oo m~                     ~oo m~              a low vehicle front. The effect of this for a pedestrian and 

~ 
cyclist on head impact location, head impact velocity, 

and peak bumper load is included in Table 5. For both 

the pedestrian and the cyclist, a strong increase can be 

observed in the windshield head impact velocity and in 

the head impact location on the hood relative to the hood 

~4~ m~ 14~ ms edge. The bumper load is not affected much because the 

~~ 
effects of speed increase and lower front height compensate 

~_~ 
, each ol her. 

Discussion and Conclusion 

200 m~ 200 ms Injury prevention research concerned with pedestrian 

Figure 10. Mathematical simulation of a cyclist with an 
safety has focused mainly on leg and head injuries, since 

initial velocity of 15km/h (vehicle speed 30 these body areas are most frequently injured in road 

kmih; high vehicle front) accidents. Accident analysis studies show for cyclist 
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accidents a similar trend in the injury distribution over 

the body. A major objective of the present study was to velocity, 
P~oHWinffshielff 

analyze, in detail, similarities and differences between 
pedestrian and cyclist accidents. A large number of C~OL 
experimental reconstructions of pedestrian and cyclist 

~C~OH 
impacts have been conducted for this purpose, while P30L 
additional mathematical simulations were performed to 15 / C30L 

extend the analysis to conditions for which no experi- 

mental data were available. These models were formulated 13 
for both pedestrian and cyclist impacts. Experimental 

30H 
verification was conducted for three different test condi- 11 .... I 

4,0 km/h 

tions, and, in general, very realistic model results were P30H    I 

obtained. The experimental and mathematical simulation 

results offered a good insight in a large number of aspects - 

of this rather complex impact behavior. Some major 7 

trends will be summarized in this section, 
windshmld 

P~O H Figure 11 shows in eight different conditions the head 19 I Pl~OL 
impact location on the hood or windshield, and the 

corresponding head impact velocity. Results are based on 17 
mathematical simulations, since no expermental data 

were available for some of the test conditions. Incorpora- 15 I P30L ~------,~o C30t 

........... tion of experimental findings in this figure, however, 
I 

would not affect the general trends that can be observed: 13 
¯ If the vehicle impact speed increases, a strong --~ C30H 

influence on the head impact velocity can be 

observed while the head impact location is 
9 

P30H 

hardly affected (Figure 1 la). I 30 km/h b 
......... ¯ If the pedestrian is replaced by a cyclist, the I - 

opposite effect can be seen: a large shift in head 7 

impact location, with only a slight change in 
windshield 

impact velocity (Figure 1 lb). 19 P~OH~Z~I P~OL 
¯ Replacement of the high front by a low one 

influences both the head impact location and the 17 /~C40H 
...... head impact velocity (Figure 1 lc). P30L 

From the head acceleration-time histories and the 15 ~C30L 

contact load-time histories resulting from the mathe- / matical models, effective head mass values can be I~ / 
determined (see Table 5). Significant differences could be g/C30H 

observed between a high and a low vehicle front, while 11 ~0 k~/h 

the effective masses for cyclists and pedestrians in similar P30H 

test conditions are quite close to each other. 

The above findings relate to the secondary impact, i.e., 

the impact with the vehicle hood. The impact with the 7’ ~impacf location, era 
I I I l 1 " ’’~ vehicle front (i.e., primary impact) can be characterized 

60 80 1oo 12o 1~0 16o 
by the peak bumper load, which has been included in " , 

Table 5. It follows that the differences in peak bumper Figure 11. Head impact location and velocity on the 
load between pedestrian and cyclist impacts are relatively hood or windshield from mathematical 

small, in spite of the fact that the cyclist mass distribution simulations (influence of vehicle speed (a), 

relative to the vehicle significantly differs from that of the 
pedestrian versus cyclist (b), and vehicle 
geometry (c)) 

pedestrian due to the higher body c.g. location and the 

upward position of the cyclist’s right leg. The bicycle and only small differences in effective head masses. A 

mass probably compensates for these differences, major difference is found in the head impact locations 

The preceding results indicate important similarities and, as a consequence, impact of a cyclist’s head with the 

between pedestrian- and cyclist-vehicle impacts for the windshield or even with the roof is much more likely than 

test conditions evaluated in this study, namely, almost for a pedestrian. Mathematical simulations showed the 

identical bumper impact loads and head impact velocities effect of an initial cyclist velocity is small, except for the 
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safety. However, other impact locations should be selected International Technical Conference on Experimental 
for the cyclist. The mathematical model results obtained Vehicles, Kyoto, November 1982. 
here indicate the capabilities offered by mathematical 2. European Experimental VehiclesCommittee,"Cycle 
simulations for specification of the initial conditions for and light-powered two-wheeler accidents." Proceed- 
these impactor tests (impact location, velocity, and ings 9th IRCOBI Conference, Delft, September 
effective mass). If accident analysis studies or human 1984. 
cadaver tests show that typical bicycle-induced injuries 3. Janssen, E.G., and C.G. Huijskens,"Cyclists impacted 
occur that are not observed in pedestrian accidents, by simulatedvehiclefronts,"Proceedings9thIRCOBI 
special recommendations could be made in this respect. Conference, Delft, September 1984. 

It should be noted here that the results obtained up to 4. Wismans, J., T. Hoen, and L. Wittebrood. "Status of 
now are mainly based on tests with a (modified) Part 572 the MADYMO crash victim simulation package 
dummy, which is not a realistic human substitute for this Proceedings Tenth International Technical Con- 
type of impact. Deficiencies of this dummy are, among ference on Experimental Safety Vehicles. Oxford. 
~ther things, the limited flexibility of the shoulder-thorax July 1985. 
and knee areas, and the limited instrumentation pos- 5. Wismans, J.,"Comparisonofmassdistributiondata 
sibilities. Spine accelerations, for instance, are not well of the Part 572 dummy and recommendations for a 
correlated with typical dummy response; they normalize standard dataset for CVS modelling," document 
direct rigid or padded impacts on the chest(6). Further- prepared for the Analytical Human Simulation Task 
more, leg injuries cannot be assessed by knee and foot Force of the SAE Human Biomechanics and Simula- 
accelerations but should be replaced, for instance, by tion Subcommittee, August 1983. 
long bone and knee torques. In this respect, the research 6. Maltha, J., and E.G. Janssen, "EEC comparison 
program wil! be extended with human cadaver tests, with testing of four side impact dummies," Proceedings of 
special emphasis on integration of cyclist and pedestrian Biomechanics of Impacts in Road Accidents, Brussels. 
safety. March 1983. 

Experimental Research on Pedestrian Prot:ection Using a Mobile Deformable 

L. Maestripieri front ends, using foam shapes of various density and 
Atfa Romeo Auto S.p.A., Safety Laboratory moulding (Figure 1). With this barrier, a series of tests 

were carried out using a standing adult dummy as a 
pedestrian. The tests were aimed at generally reviewing 
and identifying the main factors contributing to an 
effective reduction in pedestrian injuries. As manu- 

A test device has been built that consists of a mobile facturers, we have obtained information on how to 
deformable barrier with the capacity to simulate different improve both the structures and shapes of striking cars. 
configurations and structural behaviors of various qar In testing, research is not restricted to pedestrian car 
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global mass of the barrier can be varied starting from a 

minimum weight of 700kg. 

For the deformable part, which simulates the front 

configuration of the vehicles, we chose polyurethane 

foam shapes after having considered various alternative 

material solutions (honeycomb, simplified steel structures, 

etc.). This foam shape offers the following advantages: 

.~ ................ ¯ Possibility of making practically any external 

~ 
~ configuration in a short time and with simple 

processes (cutting with a belt saw or a heated 

.......... steel wire) 

, ¯ Good homogeneity and constancy by the 

~ ....... ~ ~ .............. ~. ,~_~. force/deformation (F/D) characteristics 
~ ........ ¯ Ease in varying the F!D characteristics them- 

" .......... ~’~ - selves 

. * Moderate constancy and repeatability of the 

physical characteristics of the product 
Figure 1. Mobile deformable barrier specifications ¯ Low cost, approximately $50/m3 (machined 

product) 

contacts but includes pedestrian!ground impacts to ¯ Easy traceableness on the national market 

identify a possible correlation between car architecture 

...... and pedestrian injury levels in impacts against the Characterization of t~le Deforl~ablt~ 

ground. Barrier 

~ntrodllction 
When passing to the characterization of both the 

external configuration and the structure of the deformable 

part of the barrier, bearing in mind that improving 
Vehicle manufacturers have felt a particular need to 

vehicles to reduce injury to pedestrians involves both 
obtain information as soon as possible on vehicle con- 

figuration and structural aspects capable of limiting and 
structural and configuration aspects, it was thought 

reducing injury to pedestrians involved in road accidents, 
opportune to seek significant and optimal design values 

This has pushed the industry to use theoretical as well as 
in the first phase, privileging only the external front 

experimental research to obtain a maximum amount of 
configuration of the vehicle. This has been done bearing 

valid information and indications for organs in charge of 
in mind a preestablished and constant determined 

structural characterization that appeared to be optimal 
defining future products. In the experimental research 

and consistent with present mass-produced production 
field, this need has induced Alfa Romeo to make, in 

possibilities. 
addition to simulation by means of mathematical use of 

models, a mobile deformable barrier. This barrier has Influencing Factors Linked With the 
made it possible, during a short period of time and at 

fairly low cost, to simulate a considerable number of External Configuration 
external configurations of vehicles, as well as structural 

....... Consistent with the abundant and in-depth bibliography 
solutions, with the purpose of obtaining a series of chosen 

available, it is possible to individuate and catalogue, 
elements for the designers before final experimentation 

within the global collision phenomenon, three distinct 
takes place with definitive prototypes. To date this has 

contact phases for the pedestrian; the first two are linked 
usually been carried out with complete vehicles. 

with pedestrian/vehicle contacts, whereas the third 

involves the successive pedestrian/ground contact. 

....... Description of the Equipment During the first phase, usually defined as primary 

contact, the zones and parts of the pedestrian body 

The low cost and speedy achievement aspects have led involved are the legs and pelvis, whereas the vehicle 
i 

us to define a simplified equipment solution. It consists bumpers and front structures are involved. The principal 

essentially of a platform-truck with four braking wheels factors, linked with the vehicle configuration, that 

without suspension. A further framework can be mounted influence this first contact, are-- 

.......... on the platform-truck, which supports the various con- ¯ Contour of the bumpers 

figurations or mock-ups of previously chosen vehicle ¯ Height of the bumpers 

fronts (see Figure 1). Both vertical and transverse * Height of theenginebonnet 

adjustments of the mock-ups are clearly possible. The ¯ Bumpers/bonnet tangent angle 
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During the second contact of the pedestrian/vehicle, ............... 

the involved parts of the pedestrian body are the pelvis, 

thorax, and head; the vehicle parts are the bonnet/ 

mudguard zone and, according to speed, the windscreen 

and surrounding structures. 

The following principal influence factors, linked with 

the vehicle configuration, should be mentioned: 

Curve of the pointed low V-shaped engine 

bonnets and the pontoon shapes 

® Length of the bonnet where the initial positioning 

of the windscreen is particularly important 

Friction characteristic on the surface of the 

bonnet, which particularly influences the W.A.D. 

(Wrap Around Distance) 

iX’or the third and last phase regarding the pedestrian/ 

ground contact, particular indications do not appear 

from studies and works already carried out, which 

demonstrate that a certain aspect of the vehicle particularly 

influences same. We have, nevertheless, also considered 

this phase of the phenomenon in the hope that significant 

data would emerge due to the particular simplification 

and schematization obtainable in the configuration of 

our deformable barrier. 

Basic Prechosen Configurations 

Because of the substantial number of influencing 
Figure 2. Different PlJ foam shapes 

factors linked with the configuration alone, we soon 

realized the need to circumscribe the number of variables 

examined with the precise purpose of not increasing It was decided to obtain a bonnet contour length to 
greatly the number of necessary tests, guarantee that the pedestrian’s head comes in contact 

In carrying out a first indicative inquiry into the with thebonnetstructure, even at a speed ofapproximately 
int~uence of the front external configuration of the 40km h. to avoid, for the time being, dealing with the 
vehicle during a pedestrian collision, we have chosen ulterior problem of the head coming in contact with the 
three basic configurations (see Figure 2), of which (A) windscreen. 
and (C) represent the two extremes of the shape. (A) is a 

low, rounded contour; (C) is a squared (pontoon) 
Structural Characterization contour; and (B) is, instead, an intermediate configuration 

that approaches the average contours presently used on 

our vehicles. Our decision to begin an inquiry, limited only to the 

Consistent with a need to limit a part of the influencing possible infl uence that the external configuration may 

[dctors, the three configurations present identical solutions 
have. forced us to choose and define a very precise 

structural definition to maintain constant behavior on for some fundamental parameters, such as-- 

® Contotar of bumpers 
the part of the various configurations and during various 

repeated tests. Such a configuranon has been simulated ® Height of the bumpers from thc g round, kept at 
a value of about 350mm with elevated-thickness polyurethane elements, taking 

® Tangem angle of the bumpers the beginning of care to verify by means of static and dynamic calibration 

tests a constant and homogenous behavior in all contour 
the bonnet, kept constant at 80° 

zones. "the common preestablished values for the above 

parameters reflect, in their values, optimization indica- 

tions traceable in the many relative studies. Tests for Defining the Structural Characteristics 
In short, only the height of the beginning of the bonnet 

and the characteristics of same have been introduced as The preliminary tests for defining and characterizing 
influencing factors linked with the configuration and the materials to be used in the global collision tests have 
kept differentiated among the three configurations, been chosen from those that help us establish a good 
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correlation between replacement materials and the front ....... - 
parts of mass-produced vehicles made of steel sheets. , ~ "~/~~ " " ......... ~ .... 

In light of this, we have adopted both a simple static 

test, carried out by compressing samples of the material 
under examination with a spheric head (0 165mm) to 
obtain some F D values, and a dynamic test, using the 
head of the pedestrian dummy destined for the tests, 
opportunely equipped with accelerometers and dropped 
onto an analogous sample from a height that varies           .~ 

according to the speed adopted. In this latter test, the 
data available for analyses are represented by the acceler- 
ation values and the HIC. To obtain reference values with 
these two types of tests, we have also carried out a series 
of trials on the front parts of our vehicles presently 
manufactured in the zones foreseeably involved in pedes- 
trian’car collisions (see Figures 3, 4, 5, and 6). 

This type of inquiry and, in particular, that carried out 
by means of the test alone, unfortunately has revealed 
how the constructive solutions adopted at the present 
time and relating to certain front zones of the car do not 
permit acceptable results in contacts at a certain speed, 

Figure 5. Equipment used for head drop tests 

H,I.C 

bonnet ~ .......... 576 PLI = foam 45 Kg/~¢~ 

bonnet B 676 PU = foam 35 Kg/m~ ....... 767 

bonnet C ~i~ 1358 

Figure 3, Equipment used for static body F/D charac- 

teristics                                         ~ 2oo,oo. 
- 

IIII foam 35 kgtm~ ~ 120,00. 

F kN 

75. / 
TIME (m~sec) 

~,/ o., Figure 6. HIC and head acceleration values for diffarant 
bonnet points and PU ~oams 

/ 
when compared with presently accepted 

~s. ... criteria (see Figure 6). Nevertheless, these exper~menta~ 
.,-" data demonstrate that the structures presently used ~r~ 

relation to fairly vast engine bonnet and vehicle front 
zones seem to have 600 to 800 HIC values at a speed of 

,o ~o ~’o ,’o ~’o ~’o o ~ about 30km/h and are therefore acceptable because these 
HIC values, obtained with the tes~ alone, must definitely 

Figure 4. Various static F/D characteristics be considered more critical when compared with data 
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obtained from the same zones hit by complete dummies ¯ Thorax: three right-angled accelerometers 
at the same speed and, therefore, by a greater mass. (Fh = 180Hz) 

Bearing in mind these latter data, it was decided to ¯ Pelvis: three right-angled accelerometers 
adopt as a structural reference characteristic, in the (Fh = 180Hz) 
correlation sought between foam shapes and real vehicles, * Leg involved: one accelerometer in the knee and 
that characteristic obtained in the engine bonnet central one accelerometer in the ankle (positioned on 
zones. It was thought that such structural behavior could opposite side to the impact) 
really be adopted and extended to the whole zone To reduce the influence of the pedestrian dummy’s 
involved in the pedestrian/vehicle contact, at the same when the head is hit, a 60° angulation of the dummy’s 
time guaranteeing good fulfillment of and respect for all axial body plan with the direction of the impact has been 
other functions of the front part of a vehicle and fully adopted. 
consistent with production knowledge and techniques 
presently used when mass-producing vehicles. Experimental Tests 

Having defined as structural reference behavior that of 
the engine bonnet structure, we then passed to the 

A total of 24 tests has been carried out with the three 
selection ofthe polyurethane foams by means ofthe static configurations (A, B, and C) previously chosen (see 
and dynamic tests adopted, correlating F! D and HIC Figure 2), 12 at 40km/h, submitting each foam element to 
values, two tests in two symmetrical zones in relation to the 

The mechanical characteristics of the foam shapes are 
central line; this was possible due to the constancy of the 

easily modified both by acting on the density and by section and the good homogeneity of the material. In this 
making holes of variable diameters. The inquiry carried 

way, four tests have been carried out with each configura- 
out regarding the various samples and using exclusively 

tion at 30km/h and four at 40km/h (see Photos 1, 2, and 
density variations has enabled us to individuate a 35kg/m3 3). At the end of each test and with regard to all contours, 
density value. F’or both the Fi D and maximum accelera- 

some tests have been carried out to check the character- 
tion values as welI as the H1C values obtained, 600 to 800 istics of the foam shapes when only the head fell at 
to be very similar to the behavior of the engine bonnet 

30km/h (see Photo 4). 
metallic structure (see Figure 6). 

Analysis of the Results 

When analyzing the results (see tables in Figures 7 and 
8), we thought it opportune to analyze the values 

Barrier Test Speed obtained by each individual part of the dummy (head, 
pelvis, etc.) during the two phases, which can be tradi- 

In defining and choosing the speed at which to carry tionally distinguished as-- 

out the tests, the results of the available statistical data (a) Pedestrian/vehicle impact phase during its two 

have been borne in mind, i.e., that 50 percent of the primary and secondary contacts 
accidents produce grave injuries to pedestrians at a speed (b) Pedestrian/ground impact phase 

of less than 35kmi h, whereas the percentage of grave 
injury increases to 90 percent at speeds around 50km! h 

Since we are also interested in the influence of speed, 
together with the influencing factors linked with the 
configuration, we have chosen some test speed levels on 

chosenthe collidinglevels werebarrier30 abOVeand 40km/h.and. belOWThe 35km/h.barrier beginsSUCh 
braking at the first moment of collision with a 0.7 4- lg 
deceleration. 

Pedestrian Involved in the Accident 

The 572-50P Pedestrian Dummy Model has been used 
simulate the pedestrian involved in the accident, equipped .... 
with the following instrumentation: 

® Head: three right-angled accelerometers at the 
center of gravity (Fh : 1,O00Hz) Photo 1. 
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Ankle (A Max) 

Pedestrian/Vehicle Contact 

This part of the dummy pedestrian in contact with the 
part of the contours and which had intentionally been 
defined as constant for the three types (A), (B), and (C) 
(H = 350, constant bumper section, 80° bumpers and 
bonnet angle) has supplied acceleration values which 
have been kept moderately constant at all speeds, 
increasing consistently with the increase in same. 

It should be noted how these values, obtained with a 
35kin/m3 foam shape uniformly adopted in all its 
contours, must be considered slightly elevated on an 

Photo 2. 
average if compared with those obtained during analogous 
tests regarding a real Alfa Sud-type vehicle (see Figure 9). 

Pedestrian/Ground Contact 

This contains values that are aleatory and independent 
of the contour (Figure 9). 

Knee (A Max) 

Pedestrian/Vehicle Contact 
! 

The fact that all contours were made uniform, both 
with regard to the bumper height and the angle 
(bumper/bonnet tangent), brings about constancy of 
values in the three configurations with a moderate 
increase that can be appreciated only by passing from 30 

Photo 3.                                               to 40km/h (Figure 10). 

Pedestrian/Ground Contact 

These values are also aleatory and independent of the 
contour (Figure 10). 

Pelvis (A Max) 

Pedestrian/Vehicle Contact 

This part of the pedestrian is involved differently 
according to the deformable barrier configurations, 
which present different heights from the beginning of the 
engine bonnet and a different bonnet curve. From data 
gathered during the tests, it is, in fact, possible to 
individuate an increase in accelerations consistent with 

Photo 4. the increase in the engine bonnet height itself. 
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IMPACT AGAINST V E H I~=~~=~                      T AGA 

Figure 7. 30km/h test results 
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Figure 10, Knee A Max for different shapes 

Figure 11. Pelvis A Max for different shapes 

An analogous increase is also traceable when the Thorax (A Max) 
impact speed is increased (Figure 11). 

Pedestrian/Vehicle Contact 

Pedestrian/Ground Contact 
The acceleration values obtained show a certain insen- 

These values are aleatory and independent of the type sitivity toward the barrier configuration variation as well 

of contour and the speed (Figure 11). toward the collision speed variation (Figure 12). 
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Figure 12. Thorax A Max for different shapes 

...................,o ~, ..................... ,* ........ r ........ 
., ~ -~ ................ 

Figure 13. Head A Max for different shapes 

F~gure 14. HIC for different shapes 

Pedestrian/Ground Contact Head (A Max, HIC) 

Thoug~~ a certain dispersion of data and the usual Pedestrian/Vehicle Contact 
independence ~’rom the type of contour occurs, it is 
possible to individuate a certain increase in average value This part of the pedestrian behaves differently in the 
in accordance with the impact speed increase and, case of the two speed values: 
consistently, the speed with which the dummy’s body hits ¯ During the 30km/h tests, the speed of the head 
the ground (see Figure t2). and, consistently, the maximum acceleration 
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HIC seem to decrease when the bonnet is higher,           - 
provided a considerable dispersion of contour 

values is accepted due to a different way in which 
the arm rests on the contours. 
During the 40kmi h tests, the differences are less 
noticeable and tend, however, to disappear, 
the lowered (A) contour on an average due to a 
greater possibility of the arm resting on it before 
impact with the dummy’s head (Figures 13 and 

Pedestrian/Ground Contact 

Also in the case of the head, it is not possible to 
individuate the degree to which the gravity of injuries 

.......... depends on the vehicle’s configuration. As in the case of Q ~ other body parts, there is a certain tendency toward an 
average increase in gravity when the speed increases 
(Figures 13 and 14).                                             - 

General Considerations 

Considerations Regarding the Various 

Configurations 

We have intentionally destined the first series of tests 

for research into the eventual influence of the external 
configuration alone in relation to injuries suffered by 
pedestrians involved in collisions. 

If we carry out a reconstruction action regarding 
injuries suffered by various parts of the pedestrian’s 
body, it is possible to individuate a series of information 
that reconfirms many of the conclusions reached by other 
researchers. 

In fact, as far as injuries to the head are concerned, the 

lowered type (A) and (B) external configurations seem to 
induce impact speeds that are slightly greater on average Fi{ture 15. Nlovement of h~ad rela~iv~ ~o various shapes 

and, consequently, of greater stress in relation to more 
squared-off (C) type solutions within a collision speed nearer to the bumpers, both under the influence of speed 

band that is relatively low. The increase in the latter, on as well as type of contour. At 40km/h, L.O.I. values vary 

the other hand, seems to lead to a certain leveling out from about 800mm for the (C) profile to more than 

among the various solutions, even if much higher levels of 1,300mm for the (A) type contour. 

injury can be traced. Such a characteristic on the part of the lowered (A) 

With regard to all other parts of the pedestrian’s body, contours means that, whenever you want to limit the 

the stress seems to increase when passing from the contact between the head and the windscreen zone, a 

lowered (A) type configuration to those of the squared- bonnet length (Lw) of around 1,400ram must necessarily 

off (C) type. be foreseen--and a value acceptable only in the case of 

Nevertheless, when limiting the slight global prevalence vehicles in the superior or sports segments (see Figure 

of the (A) type contours, some aspects linked with general 17). 

modern vehicle architecture should be pointed out. In the case of vehicles in the medium-small segments, if 

In fact, if we examine the W.A.D. (Wrap Around you want to keep the kwi Lt (total length) ratio at an 

Distance) and the L.O.I. (Location of Impact) in Figures approximate acceptable value of about 0.30m, a need 

7, 8, 15, and 16, it becomes evident that the head impact clearly arises for more squared-off type (C) contours, 

zone is always further away from the tangent surface and which require lower L.O.I. values. 
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Figure 16. W.A.D. (wrap around distance) and L.O.L 
(location of impact) for dffferenl shapes 

configurations demonstrated some limits linked with the 

greater speed. 

In particular, the data obtained during the 40kmih 

tests (see the table in Figure 7) demonstrate that, even in 

the absence of contact of the head with the windscreen 

zone, no guarantees exist sufficient for obtaining accept, 

able head injury values. 

Conclusion Make Lw Lt 

ALFA ROMEO t344 4800 

~ 
We have carried out a simplified means of experimental 

~, "~oo" 
~a~ ~a~a~"~ ~_ research to obtain the greatest amount of information 

FON~ "S~ERNA" 1a07 
, 4394 and data to forward to those in charge of defining and 

La~c~ "r~A" ~as ~ 4s9o ~ 
designing our vehicles, encouraging them to install 

~ therein all that is presently available to reduce injuries 
PORSCHE ~944" ~460 4447 { 0,328 

? ~_~_ 
suffered by pedestrians involved in collisions with vehicles. 

s~ "~oo" ~ ~a~o 4~o ~ o.~ The first series of experimental tests has been aimed .................................................................. ~ ................ ~ ............... mainly at an inquiry into the most suitable configuration 
VOLVO "760 1390 ~ 4785 0 2g ~ ~ for new vehicles. The performance and fundamental 

Figure 17. Comparison of various Lw/Lt values for characteristics we have sought in the equipment have 

some compact/large cars been the capacity to rapidly assume the desired configura- 

tion with certain structural simulations, all at costs and 

times that justify its alternative use in place of real 

Structural Considerations structures. The series of experimental tests carried out, in 

addition to demonstrating the good homogeneity and 
As already mentioned, this series of tests was intended structural constancy qualities of the polyurethane foam 

mainly to review and confirm the optimal design 
shapes, has supplied a series ofindications consistently in 

characteristics for the front external configurations of the line with many conclusions offered by studies already 
vehicles in view of improving the eventual pedestrian/ carried out in this specific research area. 
colliding vehicle contact. In fact, from the point of view of the optimal con- 

The behavior of the 35kgim3 polyurethane foam figuration to be assigned to the front parts of a vehicle, 
shapes as structural elements simulating the real structures carrying out a global evaluation of the injuries suft~red 
has proved satisfactory, easily repeatable, and homo- by the pedestrian involved, it would seem that slight 
genous. This can be reconfirmed by the final calibration preference should be given, in substance, to the lowered 
tests carried out by the test alone at 30kmi h, which type (A) contours or the intermediate (B) type contours, 
presented HIC values ranging from 650 to 800 for the bearing in mind, however, the considerable bonnet length 
various foam shapes points (see Photo 4). necessary for reducing the possibility of the head hitting 

As far as the optimal characteristics of the structures the windscreen zone. 
are concerned, the fact that a type of structure similar to Among the ulterior research themes set at the beginning 
of the engine bonnet has been adopted for all the of this experimental cycle, there was also the eventual 
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individuation of a possible correlation between vehicle good and feasible they may be, such as those regarding 

architecture and pedestrian injury levels during the final the engine bonnet, does not guarantee adequate protection 

impact-with-the-ground phase. The dispersion of the at speeds of around 40kmi h. Future use of a simplified 

values in the traced data, consistent with other biblio, piece of equipment, such as the deformable barrier, will 

graphical data available, seems to make this final collision undoubtedly be of great help in rapid definition of the 

phase rather aleatory. The only consistent aspect traceable structural characteristics to be achieved and suitable for 

is a certain general tendency to increase injuries to all future vehicles. 

parts of the body when the speed increases. The really important problem will clearly be that of 

As far as suggestions connected with the choice of achieving these new structurally optimized solutions for 

suitable structures are concerned, it should be pointed reducing injury to pedestrians, bearing in mind the 

out that the generalized adoption of structures, however surrounding design and production limits existing. 

Research Concentrated on an Experimental Method for Protecting 
Pedestrians 

Kouzo Maeda, 
the number of fatalities among children under 6 has 

.......... Hisaaki Isobe, 
dropped greatly(I,2). 

.......... Various factors can be cited for this rapid decrease in 
Yuuichi Sakuma, and pedestrian fatalities in Japan.~ including an improved 
Yuuki Kurihara traffic environment, more extensive traffic safety educa- 

Nissan Motor Co., Ltd. tion, and protective modificationsI made to motor 
vehicles. In particular, improvements made to the traffic 
environment and to traffic safety education programs are 
presumed to have contributed greatly to the reduction in 

Abstract 
pedestrian fatalities. 

To investigate to what extent modifications made to 
This paper describes a test procedure in which a 

dummy and a sled impact tester are used to simulate 
the shape and compliance of the vehicle front end would 
contribute to pedestrian protection, a study was conducted 

vehicle-pedestrian accidents for the purpose of investi- to find a suitable test procedure for simulating vehicle~ 
gating pedestrian protection. In the series of tests con- 
ducted, the bumper height, hood-edge height, bumper 

pedestrian accidents. This paper presents the results of 

lead, front-end compliance of the vehicle, impact velocity, 
and other factors were varied in an effort to clarify to ..... 
what extent modifications to the vehicle front end would 

contributedummy to enhanced pedestrian protection. 

~.                   
6ooo1 

Preliminary test findings obtained with this test pro- 
cedure are also presented regarding the effects of the ~ 5ooo 
front-end shape of the vehicle and the stance of the 

at the moment of impact. ~ 4ooo 
o 

Introduction 

There has been a substantial increase in motor vehicle 
ownership in Japan since 1970. Yet the number of 1ooo 
pedestrians killed in traffic accidents dropped significantly 
during the second half of the1970’s after having peaked o ~ ~ ~ ~ ~ *--~ ~ ’ ’ : ~ ~ ~ ’ ¯ 

in 1970 (Figure 1). In recent years, the number of 
’88 ’7o ’75 ~8o ’83 

fatalities has remained at virtually the same level, and the I:i{lure 1. Chan{te in number of pedestrian 
current figure is actually less than half the 1970 level. 

A comparison of pedestrian fatalities by age group 
shows that children under 6 and elderly people over 70 

I An example of a vehicle modificatioi~ is the additioll of side bars to large trucks 
prevent people from being dragged under tire ~ heels ~hen the ~ehicle makes a 

make up a large proportion of the total number. Recently,       turn, 
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thatstudy, together with preliminary test findings obtained and a Hybrid II 50P dummy manufactured by the 
with the test procedure that was devised. Humanoid Co. was used in a lateral stance ~mpact. The 

rubber neck attachment of the Alderson-made dummy 

Test Procedure Study was replaced so the dummy’s head would be in a 

perpendicular condition. A Humanoid-made Hybrid II 

The following objectives were set for the test procedure 6C dummy representing a 6-year-old child was used as 
the child dummy. simulating vehicle-pedestrian accidents using a dummy 

and a sled impact tester(3,4): 

It must be possible to evaluate the primary     Preliminary Study 
impact characteristics at the moment of impact 

between the dummy’s legs and the vehicle front 

end as well as the secondary impact characteristics 

at the moment of impact between the dummy’s Items Measured 

head and the top of the hood. Tertiary impact 

characteristics at the moment the dummy strikes Impact Forces of Bumper and Hood Edge The load 

the ground are excluded from the analysis, cells illustrated in Figure 2 were adopted to measure the 

o It must be possible to vary such factors as the forces input to the bumper and hood edge at the m oment 

shape and compliance of the vehicle front end of impact between the dummy and the vehicle front end. 

and impact velocity to examine their respective These measurements were used to determine the impact 

influence on pedestrian protection, forces sustained by the dummy’s legs and pelvis. 

Head Impact Velocity A high-speed camera was 

employed to photograph the behavior of the dummy’s Test Buck Simulating Vehicle Front End and 
head. The head impact velocity at the moment of impact 

Dummies Used between the dummy’s head and the top of the hood was 

found by analyzing the photographs. As illustrated in 
Test Buck Simulating Vehicle Front End Figure 3, the head impact velocity was divided into the 

horizontal component Vv and the vertical component VH 
A test buck used to simulate the shape ofa vehicle front and the maximum vertical velocity VHM and vertical 

end was installed on a sled as illustrated in Figure 2. This velocity V~io were found. 
test buck was utilized in place of actual vehicles in 

investigating the influence of the shape and compliance 

of, the front end. The buck was designed so that the 

BiL 

Figure 2, Test buck configuration simulating shape of 
vehicle front end 

bumper height (H~), hood-edge height (HH), and bumper Figure 3. Head impact point 
lead (B/L) as well as the compliance of the bumper and 

hood edge could be varied as desired. Load cells were Head Impact Point The point of impact between the 
installed where the bumper and hood edge were attached dummy’s head and the top of the hood was also found by 
to measure the force input to the bumper and hood edge analyzing the photographs taken with the high-speed 
at the moment of impact between the dummy’s legs and camera. The point where the dummy’s head struck the 
the vehicle front end. hood was indicated by using the Wrap Around Distance 

(W.A.D.) and the distance from the edge of the hood. 

Dummies Used Acceleration (g) Waveforms 

A Hybrid II 50P dummy made by the Alderson Co. dummy, acceleration is generated on the dummy’s 
was used as the adult dummy in a frontal stance impact, head both at the moment of impact between the 
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bumper and the knees and at the time of impact In this study, the primary impact characteristics 

between the hood edge and the thighs. The time were evaluated on the basis of the impact forces 

of impact between the dummy’s legs and the of the bumper and hard edge and the secondary 

vehicle front end differs greatly from the time of impact characteristics on the basis of the head 

impact between the dummy’s head and the top of impact velocity and head impact point. 

the hood. Consequently, the acceleration on the 
dummy’s head can be accurately measured when 
the dummy’s head strikes the hood. Dummy Release Timing 

However, since the stiffness of the test buck 
used in this study was higher than that of an To improve test accuracy and repeatability, the 

actual hood, the acceleration generated on the dummy’s posture must be uniform at the moment of 

dummy’s head was larger than what would be impact. Changes in the dummy’s posture following 

true for a production vehicle. Therefore, the release were investigated by analyzing photographs taken 

head g waveform was treated simply as reference with a high-speed camera. The results indicated that the 

data. dummy retained its posture for about 200ms following 

¯ Pelvis g Waveform--The impact between the release and that it was necessary to keep the force 

bumper and the knees generates acceleration on suspending the dummy constant. Thus, in each test, 

the dummy’s pelvis, similar to the situation for dummy release timing was set so impact would occur 

the dummy’s head. When there is a large bumper within 200ms following release of the dummy. Further, a 

lead of 300ram, the impact between the hood load cell was employed to keep the force suspending the 

edge and the thighs produces a g waveform with dummy constant. 

two peaks (Figure 4). However, when the bumper 
lead is 100ram, the two peaks overlap and the 
acceleration generated by the impact between Measures To Prevent Dummy Knee Damage 

the hood edge and the thighs cannot be measured 
accurately. Results of experimental tests indicated that the knees 

and shoulders of the current Hybrid II dummy suffered 
.......... damage even at an impact velocity of 20km/h. To prevent 

......... Hy-IIgOP FRONTAL STANCE such damage, the adult dummy was made with steel 
160 clavicles, and the femur link rod was designed to allow 

f 
H. 8~Smm 

shape changes (Figure 5). The shape of the link rod 
H, 

450Atom 

yielded before the kneecap was damaged, and the link 

~ 120 FRONT-END 
COMPLIANCE rods were replaced after every test. 

vo 3Okm/h The same type of flexible femur link rod was adopted 
_~ for the child dummy, and, in addition, the kneecap was 

~ 
80 modified. 

/L= lOOmm 

/’~/~- B/L=3OOmm 
I 

FEMUR LINK ROD 

0 50 100 \ 
TIME ms 

.... ~ote: Front-end _c~mpliance A represents a semi-hard urethane foam (density 

.... of 0.1 gicm ) to which a urethane fascia is attached, 

Figure 4. Resultant pelvis acceleration                                     KNEECAP 

¯ Knee g Waveform--The waveform for the 
acceleration generated on the dummy’s knees by 
the impact between the bumper and the knees 
shows a certain correlation with the impact force 
of the bumper. Thus it can be regarded as one 
index for comparing the severity of an impact. Figure 5. Leg profile of Hybrid H pedestrian dummy 
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Effects o~ Ground Friction Coefficient 

The effects of the ground friction coefficient on impact 
characteristics at the moments of impact between the 
dummy’s legs and the vehicle front end and between the 

~ 17oo dummy’s head arid the top of the hood were investigated 
to determine at what value the ground friction coefficient 
should be set during the tests. 

Tests were conducted under the conditions given in ~ moo 
Figure 6, and the results obtained are shown in Figures 7 
and 8. Because the number of tests was limited and there _ 
was considerable variability among the data, no definite 
conclusions can be drawn. However, it would appear 
there is no clear-cut difference in bumper impact force, 
hood-edge impact force, and head impact point (W.A.D.) 
for various ground friction coefficients, o    o12 0.4 o.e 0.8 1.o 

As far as the head impact velocity is concerned, there GROUND FRICTION COEFFICIENT 
was only one test result. Considering the possibility of 

Figure 8. The effects of ground friction coefficient on 
head impact point (W.A.D.) 

.......... Hv-I~0P variability in the data, nothing definite can be concluded. fi~ on foregoing results, it was decided to Based the 

( \ c£~LA~£~ conduct the tests with the ground friction coefficient set 
\] BiL=10Omm IMPACT VELO~i~ " 30~)~ at a constant p = 0.67, which is close to the actual value. 

~ . ,=o ~ Additional studies need to determine whether the effects 

~ .... 
~ ~ ~’-~ I    COEFFICIENT ;.::7£:e7 

of the ground friction coefficient can be accurately 

)1\[i ~-’~-,r’~----~ 

’ =0 95 

grasped with just the evaluation index used in this work. 

~!o ~ ~,~ Effects of Dummy’s Femur Joint Torque 
/-GROUND FRICTION COEFFICIENT, 

~ ~4/// Tests were conducted under the conditions shown in 
Table 1 to investigate the effects of the dummy’s femur 

~gure 6. Test conditions joint torque on the impact characteristics and dummy’s 
behavior at the moment of impact between the dummy’s 

~ ....... legs and the vehicle front end. In these tests, the dummy’s 
femur joint torque was varied between 1 and 2g. 

,mof ~ 
The test results are presented in Figures 9, 10, and 11. 

¯ 1 There is a great deal of variability in the data, and no 
definite conclusions can be drawn. However, it would 

=~ ~200~ appear no appreciable difference even when the 
L 

there is 

!         loooloooI 

femur joint torque is increased to 2g. 

Table 1. Test conditions 

Bumper Height (HB) 450mm 

Bumper Lead (B/L) lOOmm 

0~’    ~    ’               ~     ~ 

Front-End Compliance A 

0’---~-~ 0:4 0.6 0,8 110 Impact Velocity (Vo) 30km/h 
CTION COEFFICIENT ~ 

Dummy                  Hy-II 50P 

F~g~e 7, The effects of ground friction coefficient on Dummy Stance Frontal peak impact forces of bumper and hood edge 



Section 4. Technical Sessions 

..... ~ o 
’~ 600 - FEMUR JOINT TORQUE 

Figure 11. The relationship between dummy femur 
joint torque and head impact point 

Based on these results, it was decided to set the femur 

200 joint torque at 1.5g, which would make it easier to keep 
the dummy’s posture uniform during testing. 

lg 2g Summary of the Test Procedure 
¯ 

FEMUR JOINT TORQUE 
...... A diagram illustrating the specific configuration of the 

dummy and test apparatus used to simulate vehicle- 

Figure 9. The relationship between dummy femur joint pedestrian accidents is shown in Figure 12. The various 
torque and peak impact forces of bumper and elements are: (A) dummy, (B) dummy release mechanism, 
hood edge (C) load cell for measuring the force suspending the 

dummy, (D) sled, (E) test buck simulating the front end 
of a vehicle, (F) load cell for measuring the force input to 
the hood edge, and (G) load cell for measuring the force 
input to the bumper. 

The prominent features of this test apparatus are as 
follows: 

~ , T ¯ The factors noted below can be varied in a 
simulated impact between a pedestrian and the 

_~ vehicle front end. 
o 1.0 
o 

p- Note: Vo Impact 

~ velocity 

_ VHO Vertical 

13 0.5 head 

~ 
impact /(~) 

o velocity 

0    lg               2g 

FEMUR JOINT TORQUE, 

Figure 10. The relationship between dummy femur 
joint torque and head-to-hood impact veloci? Figure 12, Test apparatus for simulating vehicle-pedes- 

ty trian accidents 
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--- Impact velocity between pedestrian and pedestrian’s legs and head. Preliminary tests were 
vehicle front end conducted with an adult dummy in a frontal stance and at 
Front-end shape (bumper height, hood-edge an impact velocity of 30kmi h. 
height, bumper lead, hood slant) 

.... Front-end compliance (compliance of Table 2. Front end specifications 
bumper and of hood edge) - 

--- Dummy stance at time of impact (lateral 
Item Front End 

stance, frontal stance, and oblique stance Ha HH 8/L Compliance 
impacts) Type 8,’L 

---- Dummy size (adult or child dummy) A 350ram 695mm 100mm A 
The dummy knee has been modified to prevent 
damage to the kneecap. 

The following items were measured during the tests: c    45Omm 695mm 

® Measurements were made of the bumper impact D 
force and the hood-edge impact force to determine 

the impact forces applied to the legs and pelvis at 

the moment of primary impact. 
¯ The dummy’s behavior at the time of secondary Bumper Impact Force 

impact was photographed using a high-speed 

The relationship between the shape of the front end camera. The head impact velocity and impact 

point were then found by analyzing the photo- and the bumper impact force is illustrated in Figure 13. 

graphs. The peak bumper impact force tends to be larger at a 

o Measurements were made of the acceleration bumper height of 350ram than at a height of 450mm. 

generated on the dummy’s head, thorax, pelvis, Moreover, the peak bumper impact force does not 

and knees, appear to change significantly when the hood-edge height 

lnthisseriesoftests, the primary impact characteristics is varied from 695 to 795mm, although a definite 

were evaluated on the basis of the bumper impact force conclusion cannot be drawn on the basis of these tests 

alone. and the hood-edge impact force and the secondary 

impact characteristics on the basis of the head impact In other papers, it has been reported that a lower 

velocity and impact point, bumper height tends to mitigate injury to a pedestrian’s 

The following preset values were employed: lower limbs, a finding contrary to the results obtained in 

® The dummy’s femur joint torque is set at a these tests. This suggests there are certain aspects about 

constant 1.Sg. lower limb protection that cannot be evaluated with just 

® The ground friction coefficient is set at a constant 

0.67. 
~ The apparatus can be set so impact occurs at all 2ooo 

impact velocities within 200ms following dummy 

release~ 

Test Results tsoo 

Using the test procedure described in the previous 

section, a fundamental study was done on the following 

items: ~- ~ooo 
~ Effects of the front-end shape of the vehicle 
~ Effects of the dummy’s stance at the moment of " 

impact 

® Effective mass of the legs in tests using dummies 

The Effects of the Front-end Shape of the 
Vehicle 

o 7oo        7~o      - 

HOOD EDGE HEIGHT mm Four types of front-end shapes were assumed (Table 2) 

to investigate what effects the shape of the vehicle front 
Figure 13. The relationship between front-end shape 

end has on pedestrian protection with respect to a and bumper impact force 
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the criteria of the peak bumper impact force and the 

acceleration generated on the dummy’s legs(5,6,7): 
1.4 

...... Hood-edge Impact Force 

The relationship between the shape of the front end ~ 1.o 

and the impact force of the hood edge is illustrated in 

Figure 14. In this series of tests, the peak impact force of 
~ 0.6 

the hood edge was smaller than the peak bumper impact 

force. The peak impact force of the hood edge tends to 

increase in proportion to increasing hood-edge height 

and is higher with a !ower bumper height. On the whole, 
~ 

0.2 

the peak impact force of the hood edge seems to be more 

strongly influenced by the shape of the front end than the 0 700 750 800 

peak bumper impact force. HOOD EDGE HEIGHT mm 

Figure 15. The relationship between front-end shape 
2000                                                         and head impact velocity 

Head Impact Point 

The relationship between the shape of the front end 

and the head impact point is shown in Figures t6a and 

16b. In Figure !6a, the head impact point is expressed in 

~ 
,=35Omrn terms of W.A.D. and in Figure 16b in terms of the 

~ distance (L) from the front of the hood edge. Both 

~ looo W.A.D. and L tend to become smaller as the height of the 

fi~ hood edge increases. Although the change in W.A.D. is 

~ 
tess than 50mm, L shows a change of more than 100mm 

_~ ,=4sprain (Figure 16b), which suggests it is strongly influenced by 

~ sop the hood-edge height. The same tendencies are also 

observed for various bumper heights. 
Results obtained in these tests show good correlation 

with the findings reported by other researchers with 

700 750 800 

HOOD EDGE HEIGHT mm 

Figure 14. The relationship between front-end shape             2ooo 
and impact force of hood edge 

H~ = 350rrfm 

~" 1800 

Head Impact Velocity ~ H~=450mm 

The relationship between the shape of the front end ~_°- 16oo 

and the head impact velocity is illustrated in Figure 15. 

The head impact velocity shows different tendencies 

depending on the bumper height. With a bumper height 

of 350mm, the head impact velocity tends to increase as 

the hood-edge height increases. 

With a bumper height of 450mm, the head impact 

velocity tends to decrease slightly as the hood-edge height 
0~’ 7(~3 7~0 800 

increases. These results suggest that the head impact HOOD EDGE HEIGHT mm 

velocity changes in a complex fashion depending on the .... 

shape of the front end. Thus more detailed studies are Figure 16a. The relationship between front-end shape 

needed to elucidate the factors involved, 
and head impact point (W.A.D,) 
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Table 3. Front end specifications 

12001 

Hood Edge Height (HH) 845mm 
HB =35Omm 

~ 
Bumper Height (HB) 450mm 

~ 1ooo Bumper Lead (B/L) lOOmm 

~ Front-End Compliance A c~ \ H~ =450ram 

2000 
6oo                                                             ~ FRONTAL STANCE 

~ -~ .... []T~ LATERAL STANCE 
L~ , ~ 1500 

750 800 
OG: LARGEST HOOD EDGE HEIGHT mm LL           / / 

~__. __ .____FAVERAGE 

Figure t6b, The relationship between front-end shape ~ 1OO0 ~ J- ";q 
////!i 

SMALLEST 

and head impact point (L) ~ 

respect to tendencies for the peak impact force of the 
~ 500 

hood edge to increase and the head impact point to shift o_ ~ ~ i i!! / / 

forward as the hood-edge height increases(8,9,10). As 
was noted, the head impact velocity shows opposite 
tendendies depending on the bumper height. Few detailed 0 B~J ~P~I HOOD EDGE 

analyses have been reported regarding this point, and it is 
difficuIt to affirm whether this result is valid or not. Figure 17. The relationship between dummy stance at 
However, since this factor has an important bearing on moment of impact and impact forces of 
pedestrian prot~ection, more detailed investigations should bumper and hood edge 
be done in the future. 

It has been seen that the hood-edge impact force, head 
The bumper impact force is smaller in a lateral stance 

impact velocity, and head impact point undergo complex 
impact than in a frontal stance impact. The impact force 

changes by simply varying the front-end shape as was 
of the hood edge is virtually the same in both types of 

done in these tests. Therefore, comprehensive investi- 
impacts. One reason for the difference in bumper impact 

gations should be undertaken to clarify what effects the 
force between the frontal stance impact and the lateral 

front-end shape and compliance, impact velocity, and 
stance impact can be found in the difference in bumper 

other factors have on pedestrian protection, 
impact force waveforms. As illustrated in Figure 18, the 
impact force waveform of a frontal stance impact has one 

D~mmy Stance at the Moment of Impact peak, whereas that of a lateral stance impact has two 
peaks. 

Preliminary tests were conOucted using an aoult 
dummy, an impact velocity of 30kin/h, and the front-end 
specifications listed in Table 3 to investigate possible Head Impact Velocity and Impact Point 

differences between frontal and lateral stance impacts. 
Particular attention was focused on the variation that The dummy’s head inevitably strikes the top of the 

occurred in the impact forces of the bumper and hood hood in a frontal stance impact. However, in a lateral 

edge at the moment of primary impact and in the head stance impact, the dummy’s head is not likely to strike the 

impact velocity and impact point at the time of secondary top of the hood because its shoulder or arm strikes the 
hood first. For this reason, a comparison of the head 
impact velocity and impact point at the moment of 

~mpac~ Forces of Bumper and Hood Edge secondary impact could not be made between the frontal 
stance and lateral stance impacts. 

The relationship between dummy stance and the Dummies used to simulate pedestrians should be 
impact forces of the bumper and hood edge is shown in improved to incorporate the features of side impact 
Figure t 7~ dummies when .used to test lateral impact. 
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result is approximately double the figure of 3.2kgf given 
in (3) for cadavers. However, a precise comparison 

1600 cannot be made because the test conditions were different. 

/- FRONTAL STANCE                Effective Mass Applied on the Hood Edge 
1200 

~ The effective mass applied on the hood edge was 
ua estimated from the impact force of the hood edge in the 

o 800 same manner as for the effective mass applied on the 
" ~ bumper. The results are given in Table 5. 
~~ 

~ /~./-~ LATERAL STANCE 
The effective mass applied on the hood edge is little 

~ 400 ~ 
affected by the dummy stance, but it changes greatly 

-- according to the bumper height and the hood-edge 
height. The values for the effective mass applied on the 
hood edge in these tests in which dummies were used 

0 fi0 !00 
compare favorably with the findings given in (t 1) for the 
effective mass applied on the hood edge in tests using 

TIME ms                           cadavers. 

In summary, the effective mass applied on the hood 
Figure 18. Bumper impact force as a function of time edge in these tests using dummies was close to that of the 

cadaver tests, but the effective mass applied on the 

Effective Mass of the Legs in Tests Using bumper was approximately twice the value reported for 

Dummies the latter. It is assumed that the reason for this difference 
is that the bumper impact force in the dummy tests was 

In tests in which adult dummies were used, the effective larger than the bumper impact force in the cadaver tests. 

mass applied on the bumper and that applied on the hood 
edge at the moment of impact were estimated. Conclusion 

Effective Mass Applied on the Bumpers This study on a test procedure for investigating 
pedestrian protection by using dummies has brought out 

The effective mass applied on the bumper at the the following results: 

moment of impact was estimated at 6.7kgf from the 
¯ The ground friction coefficient did not have a 

bumper impact force obtained in a lateral stance impact significant effect on the bumper impact force, 

using the front-end specifications listed in Table 4. This 
hood-edge impact force, or the head impact 
point within a friction coefficient range of 0.22 to 
0.95. 

Table 4. Front end specifications ¯ The dummy’s femur joint torque did not have a 

Hood Edge Height (HH) 845mm significant effect on the bumper impact force, 
hood-edge impact force, head impact velocity, 

Bumper Height (Ha) 450ram or head impact point within a torque range of 1 
to 2g. 

Bumper Lead         (B/L) lOOmm ¯ To assure a uniform dummy posture at the 

Front-End Compliance A moment of impact, the force suspending the 
dummy must be constant and the impact must 
take place within 200ms following dummy release. 

Table 5. Effective mass applied on hood edge 

Dummy Stance                   Frontal Stance              Lateral Stance 
Item 

Hood Edge Height (H Hmm) 745 845 745 845 

Bumper Height (HBmm) 450 450 500 450 

Bumper Lead (B/L mm) 100 100 100 100 

Effective Mass (kgf) 5.8 10.4 5.1 13.8 
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The results of this study suggest that the following 3. Eppinger, Rolf H., and Howard B. Pritz, "Develop- 
points are the main issues remaining to be resolved with ment of a simplified vehicle performance requirement 
~-espect to the test procedure for investigating pedestrian for pedestrian injury mitigation," Proceedings 
p~otection by utilizing dummies. Seventh International Technical Conference on 

® A dummy should be developed that is designed Experimental Safety Vehicles, Paris, France, June 
exclusively for use in pedestrian tests. Such a 1979. 
dummy would help to overcome the following 4. Harris, J., and C.P. Radely, "Safer cars for pedes- 
problems with the Hybrid II dummy: trians," Proceedings Seventh International Technical 

--- In lateral stance tests, the head of the Hybrid Conference on Experimental Safety Vehicles, Paris, 
II dummy is not likely to strike the top of the France, June 1979. 
hood. 5. Bunketorp, O., B. Aldman, L. Thorngren, and B. 

- The impact between the bumper and the Romanus, "Clinical and experimental studies on leg 
dummy’s knees also generates acceleration injuries in car-pedestrian accidents," Proceedings 
on the dummy’s pelvis, which overlaps with Ninth International Technical Conference on Experi- 
the acceleration generated by the impact mental Safety Vehicles, Kyoto, Japan, November 
between the hood edge and the dummy’s 1982. 
thighs. As a result, accurate measurements 6. Daniel, Samuel, Jr., R01f H.Eppinger, and Daniel 
cannot always be made of just the acceleration Cohen, "Considerations in the development of a 
generated by the impact between the hood pedestrian safety standard," Proceedings Seventh 
edge and the dummy’s thighs. International Technical Conference on Experimental 

® A new evaluation method should be studied and Safety Vehicles, Parisl France, June 1979. 
devised because thecharacteristicsoftheimpact 7. Pritz, H.B., C.R. Hassler, J.T. Herridge, and EoB. 
between the pedestrian’s lower limbs and the Weis, Jr., "Experimental study of pedestrian injury 
bumper cannot be fully evaluated with only the minimization through vehicle design," Proceedings 
criteria of the bumper impact force and the 19th Stapp Car Crash Conference, SAE Paper 
acceleration generated on the dummy’s knees. 751166, San Diego, November 1975. 

~he primary and secondary impact characteristics tend 8. Niederer, Peter F., and Max R. Schlumpf, "Influence 
to change in complex ways by simply varying the shape of of vehicle front geometry on impacted pedestrian 
t}~e front end. This result was brought out in preliminary kinematics," Proceedings 28th Stapp Car Crash 
tests that were conducted with the test procedure for 

Conference, SAE Paper 841663, Chicago, November 
e>:amining pedestrian protection and in which various 1984. 
~o~t-end shapes were used. However, since the number 9. Cavallero, C., D. Cesari, M. Ramet, P. Billault, J. 
and types of tests were limited, this conclusion is not Farisse, B. Seriat-Gautier, and J. Bonnoit,"Improve- 
rega~’ded as definitive. In future work, therefore, a ment of pedestrian safety: influence of shape of 
comprehensive analysis should be done to determine passenger car-front structures upon pedestrian kine- 
v.hat effects the front-end shape and compliance, impact matics and injuries: evaluation based on 50 cadaver 
ve!ocity, and other factors have on pedestrian leg and tests," SAE Paper 830624. 
head protection. 10. Daniel, Samuel, Jr., "The role of the vehicle front 

end in pedestrian impact protection," SAE Paper 
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The Influence of Car Design on Pedestrian Protection 

......... J. Harris a low bonnet with a bumper lead of 150mm, 

Transport and Road Research Laboratory 
increasing to 1,700J for an 850mm-high vertical 

front profile and reducing to 600J for a high 

N.D. Grew 
profile and 350mm lead. For some car profiles, a 
stiffness of 7kN, typical of some current small 

Austin Rover Group Ltd. B.L. Cars PLC cars, produces high child pelvic accelerations 

........ and high adult femur bending moments. Reducing 

Abstract the stiffness to 5kN gives acceptable child pelvic 

accelerations and reduces the magnitude of leg 

In pedestrian accidents, the many differences that bending moment by about 20 percent. 

occur in the impact location and size of pedestrians and 5. Within the range of shapes studied, the adult 

design of vehicles produce wide variations in the severity 
head impact velocity may be reduced by up to 40 

and location of the resulting injuries, 
percent of the worst case by increasing the 

To obtain a better understanding of the mechanisms 
bonnet height from 600 to 850mm. It may also be 

influencing the variability of these injuries, B.L. Cars 
reduced by 30 percent by reducing the bumper 
lead from 350mm to zero, but only for a 

PLC and the Transport and Road Research Laboratory 

have conducted a collaborative project using highly 
medium-height bonnet. Extreme values of head 

developed computer simulation techniques(l), matched 
impact velocity range from 40 percent above car 

...... to experimental test results, to study the relationship of 
impact velocity to 25 percent below. 

vehicle shape and stiffness with the resulting forces and 
For the child, head impact velocities are more 

accelerations acting on pedestrian dummies, 
consistently just below car impact speed, reducing 

Changes to the spoiler, bumper, and bonnet leading 
by 60 percent for a high vertical front profile. 

edge for simulated impacts to adult pedestrians at a speed 6. The most significant changes noted in the sire- 

of 40km/h show the following results: 
ulations of different dummy sizes are that head 

1. A low front profile concentrates most of its input             impact velocity increases in magnitude and the 

energy well below the centre of gravity of an 
location of head impact point moves further 

adult, inducing high angular rotation onto the 
rearward with increasing dummy height. 

bonnet resulting in high head impact velocities. The severity of pelvic acceleration is increased 

2. Increasing the height of the bonnet leading edge as the pedestrian’s height is reduced because the 

increases the energy it absorbs resulting in higher bonnet leading edge strikes closer to the pelvis. 

accelerations to the regions of the adult and child 7. The relationships determined in these studies 

that it contacts, but this is combined with 
have been utilised to give guidelines for modifying 

reduced head impact velocities, a small saloon car to give improved pedestrian 

3. In a 40km/h impact, the energy absorbed by the 
protection(2). 

bumper or bumper plus spoiler is generally 

between 1,000 and 1,200J. Introduction 
A bumper mounted at 450ram above the 

causes high bending moments and shear forces In pedestrian accidents, the many differences that 

adult knees. If the bumper stiffness is above 3kN, occur in the impact location and design of vehicles and 

child pelvic accelerations may also be high. the size of pedestrians produce wide variations in the 

Lowering the bumper reduces the risk to the severity and location of the resulting injuries. 

adult knee and child pelvis. Introducing a suitable To obtain a better understanding of the mechanisms 

spoiler (air dam) reduces the risk of adult knee influencing the variability of these injuries, B.L. Cars 

and lower leg injury and gives the most satis- PLC and the Transport and Road Research Laboratorb 

factory conditions, providing the bumper com- have conducted a collaborative project using computer 

ponent of the bumper/spoiler stiffness is ap- simulation techniques matched to full-scale dummy 

proximately 3kN. impact tests to study the relationship of vehicle shape and 

4. The input energy of the bonnet edge and grille stiffness with the resulting forces and accelerations acting 

varies widely with respect to its location, on pedestrian dummies. 

increasing as the bumper lead decreases or as the This paper summarizes the results of this work and 

bonnet leading edge height increases, gives examples of simulations that represent changes to 

For adult impact at 40km/h, energy input the spoiler (air dam) bumper and bonnet for adult and 

values for the bonnet front ranged from 150J for 6-year-old child pedestrians at impact speeds of40kmi h 
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O~iiy the impact between the pedestrian and the vehicle performance of a dummy and yet represent a typical 
i considered because this is the most predictable period car-pedestrian accident. 
and is claimed to be more injury-producing(3) than the 

fina! stage when the pedestr an fails to the ground. In the 
Pedestrian simulations, the model of the adult leg is based on 

modified dummy legs having lateral compliance at the 
The pretest condition simulates a pedestrian in a knee and increased adduction at the hip joint. 

walking stance with the right leg backward and the left leg 

forward. Both legs are straight and the full body weight 

Computer Simulation evenly distributed between the two legs. Impact is to the 

right-hand side at an angle of 30° forward of truly 

The computer model used was developed by B.L. Cars sideways. 

from the Calspan Corporation 3D Crash Victims Sim- This stance gives a near lateral impact to the lower 

t~iation Program version (CVS 111 version 20). limbs that represents typical accident conditions and 

This development(4) has been extensively validated improves the probability of head-to-vehicle contact, 

and includes improved vehicle-to-dummy contact models, without the shoulder striking in such a manner that it 

Forces and torques may be output for any joint in the gives an unrealistically high level of protection to the 

geometric reference system of a segment as seen at any head. 
point within that segment. The data are also output in the Two different postures were also simulated. In one 

slme reference system as the vehicle, which with vehicle case, the dummy was represented as having all its weight 

panel contact data allows an investigation of segment on the struck leg; in the second case, the dummy was 

struck squarely on the side. 

Dummy Model Vehicle 

The simulation model of the pedestrian is based on a Most simulations represent a 40km/’h impact on the 

d~mmy of Ogle design representing a 50th percentile centreline of the car. This speed is considered to be the 

adult male, 1.76m tall, and a 6-year-old child, 1.19m tall. maximum at which pedestrian protection could be 

The simulation of the child dummy depicted standard, practically achieved. One additional case is simulated at 

c~ trent joint movements and torques. The adult embodied 32kmi h to study the influence of speed. 

modifications that were fitted to the Ogle dummy at the The vehicle is represented as having a fixed suspension 

hip and knee to give a more realistic performance. These with the brakes applied at the instant of impact to 

dummies have been used in representative tests to check simulate a deceleration of 0.7g. 

the accuracy of the simulations discussed in this paper. 

’I~he hip joint of the leg on the impacted side only was Vehicle Simulation 
modified to increase the maximum possible angle of 

adduction to 28° with a corresponding reduction in 

adduction. 

With the leg on the nonimpacted side unmodified, both Vehicle Components 
~egs are able to swing up to 25° in the direction of impact. 

Both the knee joints were modified to allow lateral The vehicle front is modelled by using six flat planes or 

rotation in either direction, with friction pads added to groups of planes, which is the minimum number required 

give an adjustable but constant level of friction torque, to represent the important shapes and features for 

With this arrangement, the severity of the impact to the pedestrian impact. The planes are given idealised stiffness 

kt~ee is a function of the amount of lateral angular f,anctions that are initially based on those for current 

rotation that occurs. The acceptance level is judged to be production vehicles. 

6~" of rotation, uith the friction torque set at 200Nm, The panels are shown in Figure I and represent the 

representing the onset of an irkiury of severity AIS 3(4). under-bumper region, bumper, grille, bonnet leading 

edge, bonnet top, and windscreen. The dimensions of the 

car shapes that are simulated are given in Table 1. 
S mulated Impact Conditions ro increase the amount of information gained from 

each run of the program, three bonnet lengths are 
Since the simulations are based on the characteristics modelled simultaneously, each having the same leading 

of a dummy, the majority of the posture conditions and trailing edge heights. Associated with each bonnet 
chosen are those that have been shown by full-scale tests length is a group of three windscreens that are given 
to compensate most successfully for the limitations in the negligible stiffnesses. This allows the head impact velocity 
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Table 1. Vehicle parametric variables 

Vehicle Dimensions (See Figure 1) 

Height mm Bumper Lead mm 

Run 
Leading 

No. 
Edge 

A B C D E Shape 

Bonnet Bumper Spoiler Bonnet Spoiler 

L 1                                 --          150         -- 
L 3 450 -- 150 -- 

L 4         600 -- 0 -- S 

L 2 350 -- 150 -- 
150 -- S 

M 1 -- 
M 3 

-- 150 -- S 

M 4 -- 250 -- S 

........... M 5 450 -- 350 -- S 

....... - 
M 6 720 -- 
M 8 262 150 50 R 

M 9* 262 350 50 S 

M 10 -- 0 -- S 

262 250 50 S 
M 11" 
M 7 350 -- 150 -- R 

1 * 350 50 

2* 200 50 

3* 750 450 262 200 50 S 

4* 200 O 

10" 350 

11 * 250 

12" -- 450 -- -- 

13 450 

14 
to 770 -- -- 150 -- S 

16 
17 

to            770           450           232           200             O            S 
t 23 

150          --            S H 1 -- 
H 4 -- 250 -- S 

H 5 -- 350 -- S 

H 6 450 -- 150 -- R 

H 8 850 -- 0 -- S 

H 9* 262 350 50 S 

H 2 350 -- 150 -- S 

H 7 
-- 150 --- R 

R --- Radiused 

S -- Square 

Bumper generally 1OOmm deep 

Narrow Bumper 30mm deep 

with the windscreen to be determined for nine different The leading edge vertical plane, pane! 4, is utilised to 

locations of windscreen, supplement the lower panel of the rounded front to give 

Two forms of leading edge are examined, one the increased stiffness often present in this location. 

approximating to a square edge and the second to a 

radiused front. Stiffness Characteristics 
When a radiused front is simulated, a slightly more 

complex model is used (Figure 1). The three panels used The planes are given idealised stiffness functions~ 

to model the curvature operate in a dependent manner, which are shown in Figure 2 and Table 2, and describe 

and, for each body segment, only the panel with the forces that are normal to the vehicle panels. All reach a 

greatest contact is assumed to generate a reactive force at force plateau at which there is no limit of deflection and 

any instant, no allowance made for the stiffness of understructure 
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Figure 1, Vehicle simulation panels F~gure 2. Simulation panel stiffness 

Table 2. Vehicle panel stiffness 

Panel Stiffness kN (Max Force) 
see Figure 2) 

Run A B C D 
No, Leading 

Edge Grille Bumper Spoiler 
Vertical 

L1 -L2 7 3,5 4 -- 
L3 4/7" 1 4 -- 
L4 7 2,5 4 -- 

M1 7 3.5 4 -- 
M3 4/7" 1 4 -- 

M4-M5 7 3,5 4 -- 
M6-M7 5 3.5 4 -- 

M8 5 3.5 4 2.5 
M9 5 1 3 2,5 

MIO 7 2.5 4 -- 
Mll 5 1 3 2.5 

11 5 1 3 2.5 
12 3.5/5" 1 3 1.5 

13-14 3.5/5" 1 2.25 2.25 
110-t13 -- -- 4 -- 

114 7 2.5 8 -- 
1!5 7 2,5 4 -- 
ti6 7 2.5 6 -- 

II 7-123 5 1 2,25 ! ,75 

H1 -H7 7 3.5 4 -- 
H8 7 2.5 4 -- 
H9 5 1 3 2.5 

Dual phase leading edge 
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(engine, etc.). By this means, necessary material crush influence on the overall kinematics has already beer~ 

depths can be assessed for each condition. The maximum reported(4). 

stiffnesses used are based on values determined by 

dynamic impact tests on current small production cars. 

................ For the round front, the stiffness of the leading edge Adult Pedestrian (Impact Speed 40km/h) 
vertical plane is utilised to supplement the lower panel of 

the rounded front to give the increased stiffness often 

present in this location. 

Bumper Stiffness 

.......... Results Bumper stiffnesses of 4, 6, and 8kN were simulated at a 

height of 450mm, and the resulting lower leg and knee 

The impact loadings and responses calculated for the forces are compared in Table 3. 

pedestrians in the simulated tests are shown in the 

appendix. Table 3. Adult lower leg and knee forces with respect to 
In these results, the location of head impact is the bumper stiffness 

.......... distance behind the bumper front face that the path of the .... 

centre of gravity of the head intersects the bonnet top or Run No. Bumper Lower Leg Lateral Knee 
windscreen 2A, as appropriate. Stiffness Bending Knee Shear 

The head impact velocity is the average of the head kN Moment Angle Force 

velocities, normal to each of the three windscreens that Nm Degrees kN 

form the most forward group of three windscreens. 
115 4 390 6.8 1.5 

Pelvic and thoracic accelerations are the peak calculated 

values while the pedestrian is struck by the front or 116 6 478 6.9 2.1 

bonnet of the car. 

Knee lateral angular rotation is given for two phases of 114 B 560 6.8 2.7 

the impact. Phase A spans the first part of the impact up 

to the instant the bumper forces start to reduce. These 

angles will, therefore, give an indication of the influence The results show that lower leg bending moment and 
of the bumper and spoiler on knee bending forces, knee shear forces both increase with bumper stiffness: a 

Phase B gives the total angular displacement of the 100 percent increase in stiffness giving a 43 percent 
knee. The difference between the values of phases A and increase in leg bending moment and an 80 percent 
B is the influence of the cantilevering of the femur around increase in knee shear force. 

......... the bonnet leading edge, causing a loading across the The angle of lateral displacement of the knee is 
......... knee to accelerate the lower leg. constant because its magnitude is related to the total 

If the femur were to fracture from the action of these rotational energy input resulting from torque loadings, 
forces, the loading across the knee would be relieved. In and the energy required to accelerate a leg to a given 
these simulations, the femur is not programmed to velocity is approximately constant. 
fracture. 

Knee shear force is the maximum value across the joint 

of the impacted leg. Leg bending moments are calculated Bumper Height and Spoiler 
for the instant when the applied forces are a maximum on 

the upper and lower legs, respectively. Three heights of bumper were simulated, centred at 
For the adult, the upper leg bending moments derive 250, 350, and 450mm above the ground. These are 

from contact with the bonnet leading edge and the lower compared in Table 4 with cases that include spoilers 
leg moments from either bumper or spoiler contact. For mounted at 262.5mm above the ground. 
the child, the upper leg moments derive from bumper In selected cases for this comparison, the bumper was 
contacts and the lower leg from striking the spoiler, the only part of the car simulated so that its effect could 

be isolated. 
For the cases shown, lower leg bending moments are 

Comments on Results approximately constant except for a high value resulting 

from the narrow 30mm deep bumper at 450mm and low 

In general, all features of the shape of a vehicle values from the more compliant bumper plus spoiler 

combinetoinfluencethecharacteristicsofanimpact, but combinations. Both the shear forces and the lateral 

the following broad trends could be attributed to respec- angular displacements of the knee reduce with lower 

tive vehicle components for the cases studied. The bumper heights and reduced bumper-to-spoiler lead. 
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Table 4. Adult Iower~eg and knee forces with respect to bumper height and spoiler 

Bumper Bum:~er Lower Lateral Knee 
Bumper to Spoiler Plus Leg Knee Shear 

Run No. Height Lead Spoiler Bending Angles Force 
mm mm Stiffness Moment Degrees kN 

k~ Nm 

I1 ! 250*+ -- 4 399 0.1 0.9 
t10 350*+ -- 4 347 0.3 1.4 
113 450 + -- 4 389 6.1 3.1 
!12 450*+ -- 4 525 11.7 3.0 
14 450* 0 4,5 308 1.7 1.0 
13 450* 50 4.5 329 4.2 1.4 
M11 450* 50 5.5 298 3.9 2.0 
M8 450 50 6.5 379 3.7 2.2 

Bumper genera!ly lOOmm deep 

Narrow bumper 30mm deep 

+ Only bumper simulated 

Table 6. Adult upper leg bending moments relative to 

~onnet Leading Edge bonnet leading edge location and stiffness 

The position of the bonnet leading edge directly 
Bumper 

to Upper Leg Bending Moments Nm 
influences pelvic accelerations and upper leg bending Bonnet for Bonnet Leading Edge Heights mm 
moments and also affects the location and severity of Lead 
:subsequent impacts of the head to the car. mm 600 720 850 

Pelvic Accelerations Petvic accelerations vary with 
0 397 581 226 respect to bonnet leading edge height and bumper-to- 

150 307 495 218 
bonnet lead (see Fable 5). 250 -- 451 (388) 202 

The accelerations range from 18 to 64g and increase in 350 -- 303 (241) 276 
magnitude with increased bonnet height and also with 

~educed bumper lead. 

Location and Velocity of Head Impact--The location 
of the bonnet leading edge influences both the position 

TaMe 5. Adult pelvic accelerations relative to bonnet and the velocity of head impact. The location of head 
leading edge location impact may affect its severity. For example, an impact to 

........ traditionally soft bonnet top will probably cause less 
Bumper injury than an impact to a rigid scuttle or windscreen 

to             Pelvic Accelerations g frame. Table 7 shows that the head impact point ranges 
Bonnet for Bonnet Leading Edge Heights mm 

from 0.84 to 1.4m behind the bumper and moves further Lead 
mm 600 720 850 rearward as the height of the bonnet is reduced and also 

as the bumper-to-bonnet lead is increased, 
0 24 43 63 

150 18 34 64 
250 -- 30 54 Table 7. Distance of adult head impact point from 
350 -- 21 52 bumper, relative to location of bonnet leading 

edge 

Bumper Distance of Head Impact Point 
tpper Leg Bending Moment For the leg arrangement to Behind Bumper m 

simulated, the upper leg bending moments (see Table 6) Bonnet for Bonnet Leading Edge Height mm 
Lead 

were a maximum for impacts to the midsection of the 
mm 600 720 850 

upper leg and were associated with bonnet leading edge 

heights of 720 and 750mm. The 600mm- and 850mm-high 0 1.33 1.15 0.84 
bonnets struck near the ends of the upper leg and the 150 1.4 1.25 1.05 

adjacent hip joint and friction-loaded knee joints limited 250 -- 1.4 1.25 
" 350 -- 1,4 1.35 

the magnitude of the bending moments generated. 
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With a bumper height of 450mm, the velocity of head spoiler is approximately the same as that absorbed by a 

impact (see Table 8) ranges from 73 to 142 percent of car 450mm-high bumper without spoiler. 

impact speed. It increases as the height of the bonnet is 

reduced and also for a medium height bonnet as bumper- 
Changes to Dummy and to the Impact Speed 

to-bonnet lead increases. 

In nearly all the simulations, the impact speed and the 
Table 8. Impact velocity of adult head with forward characteristics of the dummy are held constant. InTable 

windscreen group relative to location of bonnet 
leading edge 10, the results of changes to these characteristics are 

compared with those from a run with the standard 

Bumper dummy arrangement described in an earlier section. 

to Head Impact Velocity m/s The variations studied are for a 5th percentile female 

Bonnet for Bonnet Leading Edge Height mm and a 95th percentile male of 1.53 and 1.85m height~ 
Lead respectively; a test at the standard dummy arrangement, 
mm 600 720 850 but with all the weight on the impacted leg; an impact 

0 13.3 9.75 8.3 with the dummy turned so it is struck squarely on the 

............. 150 14.3 11.4 8.1 side; and, finally, a simulation of a 32kmi h impact with 
250 13.0 [13,9] 8.5 the dummy again simulated as described previously. 
350 14.2 [15.8] 9.1 [10.0] Some significant differences are noted in these runs. 

Note: Velocities shown generally relate to bumper The head strikes nearer the front and at a lower velocity 

height of 450ram without spoiler, for the 5th percentile female, and this is coupled with 
Numbers in brackets refer to bumper combined higher pelvic accelerations. A more rearward head impact 

....... with spoiler, occurs at a higher velocity for the 95th percentile male, 

and there is a reduced head velocity for the side-impacted 
These velocities are increased by approximately 10 case. Accelerations were not significantly reduced for the 

percent with the inclusion of a spoiler, which effectively 32km! h run because, with a constant crush force stiffness 
lowers the height of leg contact, characteristic for each panel, the contact forces generated 

were the same for both velocities. 

Energy Distribution 

Child Pedestrian (Impact Speed 40ki!!h) 
The energy absorbed by the front panels is shown in 

Table 9 for cases having a 450mm-high bumper with no 

spoiler. The total energy absorbed by all the front panels, 

the bonnet leading edge, the grille, the bumper, and the Bumper Height and Spoiler 

bumper panels is shown together with the energy absorbed 

by the bumper and bumper under-panels only. Bumpers were simulated at heights of 350 and 450ram, 

The total energy absorbed increases significantly with and their influence on forces to child legs is compared in 

increased bonnet height and less significantly with reduced Table 11 with cases that include spoilers mounted 262mm 
! 

bumper lead. The energy absorbed by the bumper ranges above the ground. 

between 970 and 1,170J for all configurations except for The combination of spoiler and 450ram bumper gives 

zero bumper lead where values range from 280 to 500J. low leg bending moments of approximately 150Nm and 

Theresults shown in the appendix indicate that, for the low knee shear forces of 0.5kN. Removal of the spoiler 

shapes studied, the energy absorbed by a bumper plus increases the shear force to 0.gkN, and lowering the 

Table 9. Energy absorbed by car front relative to location of bonnet leading edge 

Bumper Total Energy Absorbed by All Total Energy Absorbed by Bumper 

to Front Members J Plus Bumper Under Panel J 

Bonnet 
Lead Bonnet Height mm Bonnet Height mm 

mm 
600       720       850         600       720          850 

0 1046 1207 2198 438 281 505 

150 1199 1611 1989 1042 967 1011 

250 -- 1439 1891 -- 1172 1114 

350 -- 1314 1756 -- 1170 1150 
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Table 10. Results of adult simulations with respect to changes in the impact speed or dummy 

characteristics 

All Dummy Standard 
Standard 5th 95th Weight on 90° Test at 

Simulation Percentile Percentile Impacted Side on Speed of 
Condition Female Male Leg Impact 32km/h 

Run number ! 17 I 21 I 20 I 22 I 23 118 

Distance of head impact 

from leading face of 1,23 1.0 1.4 1.23 1.22 1.22 
bumper m 

Average impact vetocity 
of head to forward group 11.32 8.3 13.1 11.2 9.6 7.9 
windscreens (m/s) 

Peak Thoracic 
Acceleration 23 27 13 26 20 9 

Peak Pelvic 
Acceleration g 25 55 21 25 26 21 

Right knee lateral A 1.8 1.0 4.0 1.9 4,5 0.4 
angular displacements* B 5,8 1,4 16.9 5.3 10.2 1,4 
degrees 

Peak upper leg bending 

moment (Nm) 228 204 247 193 284 217 

Peak lower leg bending 
moment (Nm) 245 224 275 245 243 224 

*A Ar~gular d splacement of knee at end of maximum bumper force 

*B Max mum angular displacement of knee 

Table 11. Child leg bending moment and shear forces and pelvic accelerations with respect to 
bumper height and spoiler 

Bumper Bumper Lowet Upper Knee 
Bumper to plus Leg Knee Leg Shear Pelvic 

Run No. Height Spoiler Spoiler Bending Bending Bending Force Accel 
(mm) Lead Stiff- Moment Moment Moment (kN) (g) 

(mm) hess (kN) (Nm) (Nm) (Nm) 

L 2 350 -- 4 -- 239 323 1,24 65 
L 3 450 -- 4 -- 189 147 .91 98 
I 4 450 0 4.5 192 165 122 .58 56 
t2 450 50 4.5 157 152 153 .52 62 

b~mper to 350mm raises the upper leg and knee bending sequent impacts of the head to car. It also interacts with 
moments and the knee shear force, the bumper to affect pelvic accelerations. 

Bending moments have been calculated only where 
Pelvic Accelerations--ln these simulations, the direct contact occurs, and consequently no values are 

given for the lower leg in cases where spoilers have been magnitude of child pelvic accelerations is influenced 

omitte& primarily by the stiffness of the car front, particularly the 
and also by the height of the bonnet. 

The effect of stiffness is shown in Table 12, in which the 
Bumper/Bonnet Leading Edge pelvic accelerations given, ranging from 52 to 99g, are the .... 

averages for all the shapes studied. 
For the child, the location of the bonnet leading edge Ta ble 13 shows that the effect of changes in shape is less 

directly influences thoracic accelerations and the sub- pronounced. The only direct pelvic impact with the 
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Table 12. Average child pelvic acceleration with respect to the bumper and bonnet edge stiffness 

Pelvic Acceleration. 

Front Structural Stiffness kN Averaged for All 
Car Shapes (g) 

Bumper Plus Bumper Bonnet Edge Standard 

Bonnet kN kN kN Average Deviations 

7.25 2.25 5 52 10 

8 3 5 69 12 

........ 11 4 7 99 23 

Table 1 3. Child pelvic accelerations relative to location Reduction of leading edge stiffness from 7 to 5kN gave 
of bonnet leading edge corresponding reductions in accelerations ranging from 

= 21 to 42 percent. 
Bumper Location and Velocity of Head Impact--The location 

.......... to Pelvic Acceleration (g) 
Bonnet for Bonnet Leading Edge Height mm of the bonnet edge also influences the location and 

Lead velocity of head impact for the child. Generally the 

(mm) 600 720 850 location of head impact was between 300 and 800mm 

behind the front face of the bumper with impact being 

150 73 115 107 more rearward with reducing bonnet height. 
250 -- 95 95 The head impact velocities given in Table 15 are 
350 -- 100 100 

generally in the range of 8.5 to 10.5mi s, but values of 4.0 

to 6.5m/s occur with the 850mm-high bonnet and more 
bonnet leading edge resulted in the highest acceleration vertical front. The velocity of the head striking the bonnet 
of ! 15g; for the lowest acceleration of 73g, the bonnet 

top is significantly influenced in the simulations and tests 
edge struck below the pelvis, 

by neck flexure. 
In other cases, pelvic impact was essentially to the 

softer front grille. 
Table 15. Child head impact velocity relative to 

In these cases, the effect of car shape was partly masked location of bonnet leading edge 
because a level force plateau was used to describe the _ 

stiffness function and the maximum force was reached in Bumper 
each run. to           Head Impact Velocity m/s 

Thoracic Accelerations--Thoracic acceleration is most Bonnet for Bonnet Leading Edge Heights (mm) 

.... affected by car shape and structural stiffness, and results Lead 

are shown in Table 14. The 150mm bumper lead clearly (ram) 600 720 850 

demonstrates the influence of shape. With the lower 600 
150 10.3 10.2 4.0 

and 720mm bonnets, the leading edge strikes below the 250 -- 9.7 6.5 
thorax giving low thoracic acceleration of 50g. Conversely, 350 -- 10.4 8.6 

for the 850mm bonnet, direct leading edge to thorax 

contact occurs giving a higher acceleration of 85g. 

For increased bumper-to-bonnet leads, the thoracic 

acceleration increased for the 720mm high bonnet and 
Conclusion 

decreased for the 850mm bonnet. 

Table 14. Child thoracic acceleration relativeto location This study of the influence of car shape and stiffness on 

and stiffness of bonnet lead edge of 7kN, but the protection offered to pedestrians in an accident is 
with values in brackets for 5kN stiffness based on the presumption from previous studies that the 

highly developed mathematical model used gives a good 
Bumper 

simulation of the characteristics of a car-to-pedestrian 
to Thoracic Accelerations (g) 

Bonnet for Bonnet Leading Edge Heights (mm) impact. 

Lead It has been extensively validated by comparison with 

(mm) 600 720 850 selected dummy impact tests and includes improved 
vehicle-to-dummy contact models and the output of 

t50 50 47 85 additional joint force data allowing the evaluation of 
250 -- 56 (37) 68 
350 -- 59 (34) 59 (45) 

segment bending moments. 

~ , The adult dummy simulation has improved hip and 
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knee joint flexure to give more realistic bumper and bumper plus spoiler absorbs between 1,000 
bonnet leading edge contacts, and 1,200J of energy when the bumper lead 

1. The studies show the following general relation- is 150mm or more. In the cases with zero 
ship between vehicle design and the resulting bumper lead, only 280 to 500J are absorbed. 
severity of impact to pedestrians at speeds of When assessing the safety of a bumper/ 
40kmi h: spoiler combination, the spoiler may reduce 
¯ A low-front profile concentrates most of its the bending and shear forces across the 

input energy well below the centre of gravity knee, but it will not give adequate protection 
of an adult, inducing higher angular rotation when added to a bumper that is so hard it 
onto the bonnet resulting in high head causes crushing injuries. 
impact velocities. Distribution of energy ¯ Bonnet Leading Edge--The input energy of 
input is closer to the centre of gravity of the the bonnet edge and grille varies widely with 
simulated child, resulting in lower head respect to its location, increasing as the 
impact velocities, bonnet is raised or as the bumper lead 

¯ A medium-height profile results in similar decreases. Energy input values range from 
energy inputs at the bumper but increased 150J for a low bonnet with a bumper lead of 
energy input at the bonnet leading edge 150mm, increasing to 1,700J for a high 
giving higher accelerations to the regions of vertical profile and reducing to 600J for a 
the child and adult contacted by the leading high profile and 350mm bumper lead. 
edge, but this is combined with lower head Child pelvic accelerations and bending 
impact velocities, moments on the adult upper leg are too high 

® A high profile further increases the energy in nearly all cases when the leading edge 
input of the bonnet edge, giving increased stiffness is 7kN. Reducing the stiffness to 
accelerations to the adult pelvis and child 5kN gives acceptable values for the child 
thorax, but gives a further reduction in head pelvis and reduces the magnitude of leg 
impact velocity, bending moments by about 20 percent. The 

2. Changes to individual components give the stiffness of the leading edge of some current 
following trends. Specific values relate only to small cars is about 7kN. 
the size of pedestrians that are simulated: a 50th ¯ Bonnet Top Impact--The location of head 
percentile adult male and a 6-year-old child, impact is between 0.3 and 0.8m behind the 
¯ Bumper - A bumper mounted at 450mm bumper for the child and from 0.4 to 1.4m 

causes excessive lateral bending to the adult behind the bumper for the adult. Within the 
knee but low loadings to a child knee. range of shapes studied, the adult head 
Eowering the bumper improved conditions impact velocity may be reduced by up to 40 
for the adult but gave increased loading to percent of the worst case by increasing the 
the child knee and femur. The introduction bonnet height from 600 to 850mm. 
of a suitable spoiler with the 450ram bumper It may also be reduced by 30 percent by 
gave improvement to both adult and child, reducing the bumper lead from 350mm to 

If a leg bending tolerance value of 200Nm zero, but only for a medium-height bonnet. 
isassumed(4), thenadult lateral knee bending Extreme values of head impact velocity 
is excessive from a bumper mounted at range from 40 percent above car impact 
450ram and having a stiffness of 4kN. Lower- velocity to 25 percent below. For the child, 
ing the bumper to 350mm or introducing a head impact velocities are more consistently 
spoiler giving total bumper/spoiler stiffness just below car impact speed, reducing by 60 
of up to 6.5kN gave acceptable conditions, percent for a high vertical front profile. 

For the child, the 450mm-high bumper 3. Dummy characteristics. The most significant 
influences pelvic acceleration, and a simu- changes in responses noted in the simulations of 
tated stiffness of 4kN is associated with different dummy sizes are that head impact 
pelvic accelerations of about 100go Lowering velocity increases in magnitude and the location 
the bumper to 350mm reduces these accelera- of head impact point moves further rearward 
tions to 65g. with increasing dummy height. 

A bumper/spoiler combination gives The bonnet leading edge strikes closer to the 
acceptable values for both child leg and pelvis of the 5th percentile female giving higher 
pelvis providing the stiffness of the bumper pelvic accelerations than for a taller dummy. 
component is 3kN or less. Changes to the standing arrangement of the 

When struck by an adult, a bumper or dummy do not produce major changes in the 
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Appendix A 

Results With Simulated Pedestrians 
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Evaluation of a Pedestrian-Compatible Bumper 

B.J. Kelleher and 140,000 pedestrians will be struck in 1994 with a total 
number of projected fatalities of 8,700(1). Assuming the 

M.J. Walsh 
same percentage of passenger car frontal impacts, 

Calspan Corporation approximately 77,000 pedestrians will be injured in 1994 
if the design of passenger car front structures remains 

R.D. Vergara and essentially unchanged. The purpose of the study discussed 
J.T. Herridge in this paper is the evaluation of injury reduction benefits 

......... Battelle achieved when the lower extremities of pedestrian victims 
are struck by a front bumper that is more compliant than 

R.H. Eppinger those currently produced. 

U.S. Department of Transportation, National In January 1981, NHTSA published a notice proposing 

Highway Traffic Safety Administration 
a new safety standard applicable to passenger cars that 
would require modification of front structures to reduce 
knee injuries sustained by pedestrians when struck by a 

Abstract vehicle. Since 1974, Battelle’s Columbus Laboratories 
have been performing research on trauma-producing and 

As part of an ongoing NHTSA/BattelleiCalspan trauma-mitigating mechanisms in pedestrian impacts by 
research program, 16 experimental vehicle-to-pedestrian vehicles. This research utilized both instrumented Anthropo- 
impacts at 25mph are being performed using the Calspan morphic Test Devices (ATD) and human cadavers(2-7) 
sled facility. The instrumented vehicle test buck represents in support of this proposed safety standard. From 1974 
a vehicle front end that can be equipped with either an through 1977, these impact experiments using human 
unmodified hard production-type bumper or a modified cadavers were performed at the Transportation Research 
compliant pedestrian-compatible bumper. The instru- Center (TRC) of Ohio. Since 1982, research using human 
mented pedestrian surrogates are unembalmed whole cadavers and ATD’s has been performed at the Calspan 
body anatomic specimens. The test matrix involves Advanced Technology Center (ATC). During the past 
carefully paired subjects for comparison of the modified year, Calspan has conducted eight pedestrian experiments 
and unmodified configurations. Individual results are using fresh, unembalmed cadaver subjects to evaluate the 
reported regarding pedestrian kinematics, measured forces effects of production and modified bumper impacts. 
and accelerations, physiological trauma incurred, and 
estimates of associated impairment, as well as an overall Bumper Design 
evaluation of injury-mitigating potential of the bumper 
system modifications. Early Battelle experiments resulted in the selection of a 

1978 Pontiac LeMans as a representative test vehicle. All 
Background subsequent testing performed at Calspan has used the 

LeMans as the impacting vehicle. The results of these 

Each year, thousands of pedestrians are struck by Battelle tests indicated that a bumper that limited the 

motor vehicles. Data from the National Highway Traffic acceleration to less than 100g when impacted with a 7 lb 

Safety Administration (NHTSA) Fatal Accident Report- mass (i.e., a representative knee mass) at 20mph would 
ing System (FARS) and Pedestrian Injury Causation result in significant reductions to lower extremity injuries 

Study (PICS) indicate that an excess of 135,000 pedes- in pedestrian accidents. The proposed regulation has 
trians are injured annually. Approximately 72 percent of specified a bumper design that demonstrates a 90g 

these pedestrian accidents involve passenger cars, and 74 acceleration level when impacted at 20mph with the 7 tb 

percent of these passenger car accidents involve impact mass to achieve the maximum benefit to pedestrian 

with the front structure of the vehicle. Translated into accident victims. To accomplish the desired impact 

numbers, approximately 73,000 pedestrians are struck by conditions of not over 90g, Battelle and NHTSA selected 

the front structures of passenger cars annually. Ninety- an open-cell polyurethane foam material. This particular 

one percent of these accidents occur at or below 20mph: energy-absorbing foam used in the bumper modification 

Most of the accidents at these velocities are not fatal; has a density of 4.8 lb/ft3 and a modulus at 50 percent 

however, many people suffer serious and often permanent strain of 16 lb/in2. This foam was cut into several layers 

impairment, especially to the lower extremities due to and stacked into the C section of the LeMans bumper 

knee contact with the bumper and pelvic contact with the after the face plate had been removed. Figure 1 is a 

hood leading edge areas of the vehicle. Through the use of drawing of the foam insert indicating the size and shape, 

statistica! techniques, NHTSA has predicted that over The corresponding acceleration (deceleration)time history 
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of a 20mph impact with the 7 lb impactor is presented in Load cell balance systems were designed into the 

Figure 2. Also included in Figure 2 is the acceleration- structure of the LeMans test buck at the bumper and 

time history of a similar impact at a velocity of 25mph. It hood leading edge (HLE) locations to record the longi- 

should be noted that, in addition to satisfying the knee tudinal impact forces imparted to the knee and hip 

acceleration criteria just discussed, the design criteria for regions of the test subjects. The expression hood leading 

the modified LeMans bumper included a need to (1) edge is used for convenience. The load cell balance at this 

satisfy the then existing 5mph no-damage performance location measures the forces applied to the forwardmost 

requirement, and (2) stay within the space envelope portionoftheupperfasciaandgrilleworkofthevehicle. 

provided by the production vehicle. This area is approximately 6in in front of the forwardmost 

edge of the hood. 

Cadaver Selection 

Cadavers used in this research program were supplied 

by the Department of Anatomical Sciences of the State 

University of New York at Buffalo (SUNYAB). The 

subjects had been willed to the university for use in 

scientific research. A personal interview with the next of 

kin was conducted by representatives of Calspan and 

SUNYAB. During this interview, the objectives and 

techniques of the program were explained briefly and an 

informed consent release document for use of the body 

..... ~ was signed and witnessed. After the experiment, the 

Figure 1. Foam bumper configuration subject was returned to SUNYAB for disposition 

according to the willing document. Strict adherence to 

NHTSA Order 700-4 was observed in all instances. 

Pretest full body x-rays were taken, and the femur 

20 MPH x-rays were used to determine a Percent Cortical Area 

(PCA) measurement. This PCA was used to assess the 

acceptability of the subject with respect to bone quality. 

All accepted subjects were within one sigma of the 

average normal PCA as defined by Garn(8), and extended 

by Calspan(9). One subject was rejected during this study 

due to an obvious osteoporotic condition. Cadavers that 

had been confined to bed for more than 1 week’s duration 

prior to death were also determined to be not acceptablel 

Cadaver anthropometry is presented in Table 1, and the 

o lo 20 30 ~o ~0 ~o averaged PCA values of the femurs are displayed in 

¯ ~ ~,~ Figure 3. Human cadavers are referred to as Calman XX 

during this study. Calman is a generic form used by 

25 MPH Calspan to designate a cadaver. The number is a serial 

nutnber that provides a means of reference while main- 

~2o - taining anonymity of the donor. 

To assess the benefit received from impact with the 

modified (MOD) bumper versus the production (PROD) 

bumper, an attempt was made to match the cadavers as 

closely as possible. The parameters used for matching 

cadavers are presented in Table 2. Table 3 indicates the 

modified versus production matched experiments selected 

for comparison. This table presents matched experiments 
o ~o 2o 3o 40 ~o ~o wherein the sex remains constant, and age, height, and 

TIME (ms) weight are displayed according to the degree of parameter 

..... match based on the criteria of Table 2. Comparison 

Figure 2. Seven Ib impactor acceleration versus time numbers ! through 4 show the highest degree of parameter 

history match. A good match for Calman 24 in age (46yr) and 
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Table 1. Cadaver anthropometry 

Caiman Sex Age Stature(in) Weight (Ib) Tibia height 

20 M 72 72 161 20 

21 F 77 59.5 127 17.5 

22 F 71 62 156 17 

23 M 77 68.5 155 18.5 

24 M 46 70 132 21 

26 M 77 68 157 19.5 

27 M 63 71 194 21 

28 F 79 62 121 19 

...... Table 2. Parameters used for cadaver matching 

100 ......... : ........ -P ........ T ........ ; ......... : ......... ~ ........ ": .......... 

NUMBERS REFER TO CALMAN DESIGNATIONS Parameter of Degree of Range of 
¯ ............ ~....~. ........ i ......... ~ ......... i ........ J~ ........ i .......... Comparison, Parameter Departure from 

p Matching Exact Match* 
"1"I : : i +~’"~ t i 

m 
+ ~"~~’++ + + Subject Height; Weight Match Z<2 Percent 
! , : ~ { : ! i Excellent 2<_Z<l 0 ..... +ooo PCA : ~’ [\ : + Fair 20_<Z<30 

(Z 
"/’/" P ~" ",:+~"~’i"~’~’!"’+’~21F Subject Age Match AP<2 Years 
! I J, -1~ [ ~ ~ ~27 X ~F Excellent 2~P<5 

<10 

fl Fair I0  P<I 5 
Poor &P~ 1 5 

]~ + ~-- ~ FEMALE NORMAL MEAN + 

~ Ili ~    ~,~     ,i ~ ~ ,~ *z = Absolute value of [1 - (P~/PB)] 

10 ~ ~     ~     50 ~ 70 80 

AGE (YEARS) P = Absolute Value of Age Difference 

Figure 3. Femur PCA graph 

Table 3. Matched cadaver experiments 

Degree of Parameter Match 

Comparison Caiman Bumper Age Sex Height (in) Weight (Ib) 

Number A B (A/B) (A/B) (A/B) (A/B) (A/B) 

1 20 23 (Mod/Prod) Excellent Match Excellent Excellent 

(72/77) (M/M) (72/68.5) (161/155) 

2 21 28 (Mod/Prod) Excellent Match Excellent Excellent 

(77/79) (F/F) (60/62) (123/121 ) 

3 21 22 (Mod/Prod) Good Match Excellent Fair 

(77/71) (F/F) (60/62) (123/156) 

4 26 23 (Mod/Prod) Match Match Match Match 

(77/77) (M/M) (68/68.5) (157/155) 

5 20 27 (Mod/Prod) Good Match Match Good 

(72/63) (M/M) (72/71) (161/194) 

6 26 27 (Mod/Prod) Fair Match Excellent Good 

(77/63) (M/M) (68/71) (157/194) 

7 24 23 (Mod/Prod) Poor Match Excellent Good 

(46/77) (M/M) (70/68.5) (132/t 55) 

8 24 27 (Mod/Prod) Poor Match Excellent Poor 

(46/63) (M/M) (70/71) (132/194) 
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height/weight ratio (70in, 132 lb) was not found among 
the male subjects available for this program. Comparisons 
7 and 8 show excellent matches in height between Calman 
24 and both Calman 23 and 27, but poor matches in age 
and only good-to-poor matches in weight. 

Test Procedures 

When a suitable cadaver subject was selected and 
instrumented, the impact test was performed. Whole 
body x-rays were exposed and examined by a radiologist, 
a full autopsy examination was performed by a forensic 
pathologist, and the lower extremities were dissected; 
The results of these examinations were sent to Dr. John 
D. States at the Department of Orthopedics of the 
kniversity of Rochester for evaluation of potential 
temporary and permanent impairment. 

Equipment and Setup 

All pedestrian impact experiments were performed 
using the Calspan l 2in HYGE sled facility as a velocity ~ 
generator for the 1978 Pontiac LeMans sled buck 
supplied by Battelle. Sorne structural modifications to 
the sled buck were required to insure compatibility with 
the Calspan sled facility since it had originally been I:i.qure 4. t=xperimental setup 
fabricated for experiments performed on the larger TRC 
of Ohio sled. A photograph of the experimental setup is 
shown in Figure 4. 

Each pedestrian subject was positioned in a walking A strobe-flash unit was mounted in the field of view of 

posture with the struck leg placed 18in to the right of the the cameras to indicate initial contact between the 

centerline of the vehicle (midway between the centerand bumper and the subject’s legs. Six high-speed cameras 

outside edge of the bumper) with a minimum of 50 were used to document the impact tests. They included a 

percent of the body weight on the struck leg. This fullviewoftheeventfromthecenterofthesledtrackand 

percentage increases to approximately 80 percent between an overhead view from off-board cameras. The four on- 

the time the pedestrian support quick release mechanism board cameras provided the rear view of the struck 

is triggered and initia! impact. The subject was standing extremity, front view of the whole body, front view of the 

on a load celt platform to monitor this weight distribution, upper body, and upper body view through the windshield. 

’rhe struck side arm was secured behind the subject’s back 
to preclude arm contact with the hood leading edge, and 
the subject was tethered to the sled buck to preclude Subject Instrumentation 
secondary contact with the ground. A quick release 
mechanism attached to the body harness was electronically The human cadavers selected for use in this program 
fired at a predetermined time in the testing sequence, were stored under refrigeration from the date of death 
allowing the subject to be freestanding at the time of until the morning of the test. The subjects were 
contact, unembalmed with the exception of selective light 

Contact occurred at a velocity of 25mph with the sled embalming of the prevertebral muscles bilaterally done 
brakes set to simulate a 3/4g braking deceleration. The on Calman 27 and 28. This light embalming was to help 
impact velocity of 25mph was chosen to demonstrate the stabilize the head/neck complex since no external cervical 
residual benefits of a higher velocity impact using the support was used. 
20mph pedestrian-compatible bumper design according The cadavers were clothed in tight-fitting, stretch, long 
to the specifications of the Notice of Proposed Rule underwear. Accelerometers were attached in the following 
Making(I). locations: 
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00o r 
Head 9-accelerometer head mount, 

angular accelerometer, triaxial 
...... mouth mount 800~-- 

CALMAN 20 . MODIFIED 

Sternum Upper Anterior-Posterior (A-P) .... CALMAN 23- PRODUCTION 
Lower A-P soo~- 

Ribs              #4 Medial-Lateral (M-L), 
400 l-- I 

#8 A-P, bilaterally 
| 

.............. Thoracic Vertebrae Triaxial mounts at T-!, T-12 20o~- 

Sacrum S-2 triaxial 
o~ 

" " 
10         20         30          40          50          60         70 

Knee              External triaxial 
TIME (ms) 

Ankle              External triaxial Figure 5. Knee acceleration time versus time-- 
modified and production bumper comparison 

The angular head accelerometer was attached to the 

9-accelerometer head mount. The head and mouth " 

mounts were attached to the subjects, and stereotaxic ~ooo 

measurements were taken using a Kapf sterotaxic unit 

modified for a human head. Several dummy tests were 4000 
conducted with full cadaver instrumentation to check out [ ~ CALM~N 
the system prior to any cadaver impact tests. 

[                                                        --- C~LM~. 23-PRODUCT,ON 

Experimental Results 2000 

Although electronic data were recorded for the head , !    i 
and thoracic regions of all subjects, only lower extremity 

data are presented in this paper. Table 4 contains a data 
// ~- ~ "~- 

summary of the peak accelerations on the struck knee °o lO 20 3o 4o      00 6o 
and pelvis (sacrum) and load measurements from the TIME 

vehicle bumper and hood leading edge for each test. 

It is observed from Table 4 that the accelerations Figure 6. Bumper load versus time--modified and 

experienced by the struck knees are significantly lowered 
production bumper comparison 

when the subject is impacted with the modified bumper as 

compared to impacts with the production bumper, matched experiment (Calman 2! and 22). The resultant 

Likewise, the peak longitudinal forces measured by the accelerations and hood leading edge loads are close in 

bumper load cell balance are also significantly lower both magnitude and profile. These data indicate there is 

(approximately one-third of the production bumper no significant effect in the pelvis/hood leading edge 

values). Figures 5 and 6 display comparative data from contact as a result of bumper design. 

one of the matched experiments (Calman 20 and 23) The averaged peak data from all modified and produc- 

Figures 7 and 8 illustrate pelvic resultant acceleration tion impacts are displayed in Figure 9. This figure shows 

and hood leading edge load data measured during a a significant decrease in knee accelerations and bumper 

Table 4. Electronic data summary 

Caiman Bumper Knee R (g) Bumper Load (Ib) Pelvis R (g) HLE Load (Ib) 

20 Mod 160 11 O0 63 2200 
21 Mod 180 1150 105 2950 

24 Mod 200 950 48 1920 
26 Mod 180 1000 80 2998 

22* Prod 680 2700 82 2400 

23 Prod 630 3350 78 2t00 

27 Prod 680 3425 74 2219 

28 Prod 687 2600 107 ! 927 
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200 r" over a 15 to 20ms timespan from time of contact with the 
, pedestrian knee. The pedestrian is still in a standing 

ls0~ position when his pelvic area is struck by the hood 

I~ cALl-A" 21 ~ M°°~F~E~ t 

leading edge (about lOms after knee contact). Impact 
,~ ---- CALMAN 22 P~ODUCTION with the rigid production bumper forces the pedestrian’s 

lower extremities upward on contact, and the pelvic area 
contacts the hood leading edge when the subject’s feet are 
lifted offthe ground, thus causing a possible difference in 
the contact velocity and/or the effective mass of the hip at 

~o t the time of impact with the hood leading edge. 
The test that was performed using Caiman 26 requires 

~ L some discussion, due to two apparent data anomalies. 
o ~o     ~o ~ ~o s0 ~0    ~0 The first is the resultant acceleration of the struck knee at 

~IME ~,,~ approximately 22ms. During this experiment, the right 
knee (shielded) was contacted by the left knee (struck), 

Figure 7. Pelvis acceleration versus time-modified thereby subjecting the left knee to increased loading as 
and production bumper comparison 

compared to the other subjects impacted by the modified 
......... bumper. This additional contact can be seen in the 

acceleration versus time history presented in Figure 10. 

CALMAN 2! - MODIFIED 

KNEE/KNEE IMPACT 

Figure 8. Hood leading edge load versus time--modi- 
fied and production bumper comparison                                      T~ME 

Figure 10. Caiman 26 struck knee acceleration 
PRODUC~O~ ~ 

The initial acceleration of approximately 175g at 6 to 7ms 
ooo is typical of accelerations and times of the other modified 

~o,~ bumper-struck knees. However, the second (and larger-- 

~oo 335g) peak acceleration at approximately 22ms is not 

~0~ typical. Furthermore, the major contribution to the 

resultant acceleration value was from the X (A-P) 
.......... ~-~ ,,~ ~,.,~ direction, indicating that the struck knee had been turned 
.......... ~:. .............. ~ ..... c ....... o .... 

somewhat prior to contacting the right knee. Second, the 

Figure 9. Average load acceleration data original hood leading edge load that was reported was 
4,774 lb. This value is considerably higher than the other 
loads reported both for modified and production bumper 

loads as a result of bumper modification. Pelvis resultant combinations. Upon reevaluation of the load cell balance 
accelerations and hood leading edge loads are close in data, it was noted the inboard load cell (toward the center 
magnitude; however, the average of the modified bumper of the vehicle) was recording a load that was essentially a 
hood leading edge loads is slightly higher (approximately factor of two higher than the seven other inboard load 
15 percent). This may be due to the different kinematic cell recordings from all other impact tests, while the 
responses of the cadavers to impact using the modified outboard load cell output was consistent with the other 
and production bumpers. The modified bumper crushes seven tests. It is believed that a shunt calibration resistor 
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of one-half the correct value was inadvertently installed knee of Calman 26, as noted in Table 5, are more severe 

in the load cell circuit for this test and that the sum of the than the injuries sustained by any of the other cadavers 

hood leading edge load cells should be 2,998 as shown in struck by the modified bumper. It is believed these 
.............. Table 4. injuries were due to contact between the right (shielded) 

knee and the left (struck) knee as previously described in 

Experimental Results. Table 7 displays comparisons of 
Clinical Results                                   the knee injuries for modified and production bumper 

impacts in the format of the test matrix of the matched 

As stated earlier, an attempt was made to match, as Calman experiments presented in Table 3. Note that 
closely as possible, the subjects used in the modified and comparison numbers 1 through 4 are the highest level 

......... production bumper tests. This effort was undertaken to matches that could be obtained for the maximum 
assure that, within a reasonable range of age, stature, and number of parameters. Comparison numbers 5 through 8 
weight, the outcome of the experiments would not be are presented for completeness even though the degree of 
biased toward one or the other of the systems. Therefore, parameter match is less than in comparison numbers 1 

based on the criteria of Table 2 and holding the sex of the through 4. 
.......... subjects as a match, comparisons of the clinical results .............. The clinical results for injuries to the hip and thigh for 

are presented be!ow. Tables 5 and 6 present a description both the hood leading edge/modified bumper and the 
of the injuries to the struck knees, as determined by a hood leading edge/production bumper impacts are 
complete dissection, for the modified and production presented in Table 8. 
bumper impacts, respectively. The injuries to the struck 

Table 5. Injuries to struck knee--modified bumper Clinical Evaluation impacts 

Caiman Knee Injuries A clinical evaluation was performed(10) for each test 

20 Undisplaced vertical fracture of the lateral based on the results obtained from the post-test x-rays 
tibial plateau and the complete knee and hip dissections as noted in the 

....... 21 None previous section, Clinical Results. For purposes of 
....... 24 None 

26 Lateral tibial plateau fracture; medial continuity (from previous work) and consistency (minimi- 

collateral ligament avulsed from tibia; zation of cadaver variability), the clinica! results were 

posterior cruciate ligament avulsed from treated as though the trauma reported had been deter- 
femur; posteromedial side of joint capsule mined on a 50-year-old person of the same sex as that of 

: and lateral meniscus ruptured the subject cadaver. In the sections on Experimental 

Results and Clinical Results, information was presented 

Table 6. Injuries to the struck knee--production bumper only with regard to the struck leg (only the struck leg was 

impacts instrumented) and hips. Both legs and hips were dissected. 

- The clinical evaluations presented in this section include 

Caiman Knee Injuries both knees as well as both hips. 

Temporary impairment was defined as impairment 
22 Anterior cruciate ligament avulsed; posterior lasting up to 365 days. The clinical evaluations of 

cruciate ligament partially avulsed; medial 
collateral ligament avulsed; popliteal vein 

temporary impairment (in days) for the knees and lower 
extremities are presented in Table 9. This table includes 

ruptured 
an estimate of the requirement for surgery in treatment of 

23 Anterior and posterior cruciate ligaments the injury in the last column. It should be noted the 
avulsed; superficial and deep fibers of medial requirement for surgery includes, but is not limited to, 
collateral ligament avulsed; rupture of medial 
portion of knee capsule, deep fascia of knee 

surgical reduction of fractures, avulsions, etc. 

joint and semimembranosus muscle Table 10 presents the clinical evaluation of each subject 

for residual (over 1 year) and long-term (over 5 years) 

27    Posterior cruciate ligament avulsed from impairment. The same body areas and categories are 
femur; posteromedial side of joint capsule addressed in Table 10 as were addressed in Table 9, with 
ruptured; medial collateral ligament avulsed the addition of a sensory category. Calman 22 suffered a 
from femur 

lacerated common peroneal nerve in the unstruck leg. 

28 Tibia fractured in 2 places; complete fracture Since this was the only sensory i~ury observed for any of 

of fibula; medial collateral ligament the subjects, the category was not included in Table 9. 
laceration; cartilage and bone fracture of Also included in these tables are the average days at the 
medial condyle 

four levels of impairment for each category, for the 
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Table 7. Comparison of struck knee injuries--modified and production bumper impacts 

Comparison Caiman Knee Injuries 

No. Mod/Prod Moditied Production 

1 20/23 Tibial plateau fracture Ant. and post. cruciate 
lig. avulsed; laceration 

of deep fascia, knee 
capsule and semimem 

branosus muscle; med. 
coll. ligament avulsed 

2 21/28 None Tibia and fibula fracture; 
med. coll. ligament 
laceration, med. condyle 

of femur fracture 

3 21/22 None Ant. and post. cruciate 
lig. avulsed; med. coll. 

ligament avulsed; pop- 
liteal vein ruptured 

4 26/23 Tibia plateau fracture Ant. and post. cruciate 
post. cruciate and med. lig. avulsed; laceration 
colt. ligament a~ulsed; of deep fascia, knee 
joint capsule an :f capsule and semimem- 
lateral meniscus branosus muscle; med. 
ruptured coll. ligament avulsed 

5 20/27 Tibia plateau fracture Post. cruciate and med. 
collateral ligaments 
avulsed; rupture of 
joint capsule 

6 26/27 Tibial plateau fr~cture; Post. cruciate and reed. 
post. cruciate and med. collateral ligaments 
coll. ligament avulsed; avulsed; rupture of 
joint capsule and joint capsule 
lateral meniscus 
ruptured 

7 24/23 None Ant. and post. cruciate 

lig. avulsed; laceration 
of deep fascia, knee 
capsule and semimem 

branosus muscle; med. 
coll. ligament avulsed 

8 24/27 None Post. cruciate and med. 
collateral ligaments 
avulsed; rupture of 
joint capsule 

modified and production bumpers, the reduction in days severity level for residual and long-term knee impairment, 
attributable to the bumper modification (Table 9), the as listed in Table 10, is displayed in Figure 13. 
average level of residual and long-term impairment for The two body areas reported in these tables are knees 
each category, for the modified and production bumpers, and lower extremities. The lower extremities include the 
and the reduction attributed to the bumper modification hip and everything below the hip. Therefore. the tern- 
(Table 10). The results of the clinical evaluations for the porary impairment days for the knees and lower ex- 
knees, as presented in Table 9, are graphically displayed tremities are not always the same for the level of 
in Figure 11 and that information for the lower extremities 

impairment for each category, nor for the total number of 
is presented in Figure t2. The reduction in the average days in each category. The categories used for clinical 

1030 



Section 4. Technical Sessions 

Table 8, Injuries to the hip and thigh--modified and production bumper impacts 

Caiman Bumper                        Hip-Thigh Injuries 

20 Mod Superior and inferior pubic rami fractured bilaterally; 
comminuted femur fracture; cartilage fracture to 

head of femur 

21 Mod Superior and inferior pubic rami fractured bilaterally; 
subcapital femur fracture; laceration of the lateral 

and medial femoral circumflex arteries and the 
superior gluteal vessels; left sacroiliac joint fracture 

24 Mod Spiral femur fracture; 
vastus lateralis laceration 

26 Mod Left superior and inferior pubic rami fractured; 
left acetabulum fracture 

22* Prod Superior and inferior pubic rami fracture bilaterally; 
iliotibial band lacerated--right side; wing of ilium 
fractured--left side 

23 Prod left inferior pubic ramus fractured; left acetabu~um 
fracture 

27 Prod None 

28 Prod Superior and inferior pubic rami fractured bilaterally; 
femur fracture; vastus lateratis and medialis lacerated 

Table 9. Temporary impairment (days) 

Mobility              Cosmetic/Disfig Pain Dait~ Living 

Test No. Veh. T3’pe Body Area 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1 Surgery 

Cm20 M Knees 7 14 21 328 42 318 7 7 30 316 7 30 90 230 N 

lower ex 14 14 150 180 42 318 14 14 14 21 30 90 219 Y 

CM21 M Knees 4 4 90 180 42 300 7 7 346 4 14 14 Y 

lower ex 14 90 270 42 300 14 14 330 14 90 90 180 Y 

CM24 M Knees 

lower ex 7 49 120 60 7 7 14 60 7 21 150 Y 

CM26 M Knees 21 21 120 198 42 30 7 21 30 302 30 60 90 180 Y 

lower ex 90 42 230 42 120 14 14 30 302 30 60 270 

CM22 P Knees 14 50 270 42 300 14 14 330 14 90 256 Y 

lower ex 14 90 270 42 300 14 14 330 14 90 256 Y 

CM23 P Knees 21 21 120 198 42 330 7 21 30 302 30 60 90 180 Y 

lower ex 90 42 230 42 330 14 14 30 302 30 60 27Q Y 

CM27 P Knees 14 14 30 306 42 150 7 7 14 332 7 21 332 Y 

lower ex 14 14 30 306 42 150 7 7 14 332 7 21 332 Y 

CM28 P Knees 14 14 30 306 42 150 7 7 14 332 7 21 150 Y 

lower ex 21 21 120 198 42 300 14 14 30 300 14 30 120 196 Y 

Knees M 8 10 58 177 32 0 8 155 4 9 17 241 10 26 49 103 

P 16 35 113 203 42 0 233 0 5 12 18 324 11 4! 97 I66 

Reduction due to Mod -8 -25 -55 -26 -11 O -225 155 -2 -4 -1 -83 -1 -15 -49 -63 

Average 
Lowerex M              31    37 175 75 32 0      45 155     9    12    18 173    18 45 118 137 

P 35 42 163 126 42 O 270 0 9 12 22 316 15 47 167 132 

Reduction due to Mod -4 -5 12 -51 -10 O -225 155 O O -4 -143 4 -2 -49 5 
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Table 10. Level of residual and long-term impairment 

Residual Impairment Long Term Impairment 

Test No, Veh, Type Body Area Mob Cos Sen Pain D,L Mob Cos Sen Pain 

CtV120 M Knees 1 1 1 1 2 2 1 
lower ex 1 1 2 1 2 2 2 

CM21 M Knees 1 1 2 1 1 1 
lower ex 2 2 2 2 2 1 3 3 

CM24 M Knees 
lower ex 

CM26 M Knees I 1 1 2 2 2 
lower ex 2 1 2 3 2 2 

CM22 P Knees 2 2 1 1 2 2 2 1 1 2 
lower ex 2 2 1 1 2 2 2 1 1 2 

CM23 P Knees 1 1 1 2 2 2 
lower ex 2 1 2 3 2 2 

CM27 P    Knees 1 1 1 2 2 2 
lower ex 1 1 1 2 2 2 

CM28 P Knees 1 1 1 2 2 2 
lower ex 1 1 1 2 2 2 

Knees M        0.5 0.5 0 0.75 0.5 1.5 0.25 0 1.25 1 
P t .25 0.5 0.25 1 1 2 0.5 0.25 1.75 2 

Reduction due to 
Modification -0.75 0 -0.25 -0.25 -0.5 -0.5 -0.25 -0,25 -0.5 -1 

Average 

Lower ex M        1.25    0.5    O      1.25    1.25    1.75 0.25    0      1.75    1.75 

P 1,5 0.5 0.25 1 1 ~5 2.25 0.5 0.25 1.75 2 
Reduction due to 
Modification -0.25 0 -O.25 0~25 -0.25 -0.5 -0.25 -O.25 0 -O.25 
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3. Can function normally only with narcotic drugs 
.................................... and/or invasive therapy. 

4, Cannot function normally even with narcotic 
drugs and/or invasive therapy. 

~ PRODUCT*ON 
~ ........ Daily Living 

1. Inability to do some nonessential activities. 

2. Inability to do most nonessential and/or some 

essential activities. 

3. Partially dependent on assistance for essential 
............... functions. 

4. Totally dependent on assistance for most activities 
and functions. 

Concluding Remarks and Future Work 

Figure 13. Reduction in average residual and long-term 
impairment severity levels due to bumper This effort has demonstrated a benefit to the struck 

modification knees of these pedestrian cadaver subjects at impact 
velocities of 25mph. This velocity is 5mph above the 
velocity specified in the NHTSA-proposed safety stan- 

evaluations were: Mobility, Cosmetic Disfigurement, dard. The results of eight sled tests, four using the Pontiac 

Pain, and Daily Living. The levels (1 through 4) of each LeMans production bumper and four using the bumper 
.... category are defined by the following guidelines: configuration modified to comply with the specifications 

Mobility of NHTSA’s proposed safety standard, showed significant 

1. Impaired mobility withintact functional ability, decreases in the days of temporary impairment of the 

2. Impaired mobility with mildly abnormal function, lower extremities, particularly the knees, which can be 

Partially dependent on mechanical assistance, expected from pedestrian accidents. Decreases in the 

Unable to lift reasonable size objects. Needs severity levels of residual (1 to 5yr) and long-term (over 

crutches, walker, etc. 5yr) impairment was also demonstrated. 

3. Severely impaired mobility with abnormal During this part of the program, the injuries observed 

function. Dependent on mechanical assistance in the hip and thigh areas of all subjects, regardless of the 

and wheelchair, occasionally needs attendant, bumper design, were similar in severity level. These 

4. Entirely dependent on attendant or otherwise injuries were caused by contact with the hood leading 

confined to bed. edge of the 1978 Pontiac LeMans. NHTSA has conducted 

Cosmetic Disfigurement a study that indicates the frontal geometry of the Pontiac 

1. Mild--normally covered, amenable to cosmetic LeMans used for this program is not representative of 

cover-up. Readily covered orthosis, post-1982 vehicles. Results of this study show that the 

2. Moderate--can be effectively covered by cos- location of the hood leading edge of more current 

metics and!or forces a change in dress habits, vehicles is approximately 2in rearward and 4in lower 

May require orthosis but does not require than the LeMans hood leading edge. 

prosthesis. Analytical modeling was performed that duplicated 

3. Severe--prosthesis or cover-up required, the results generated during the LeMans pedestrian 

4. Severe--readily observable, not amenable to impact experiments. Once the model was validated by 

cosmetic, prosthetic, or clothing cover-up, reproducing these results, the effects of contemporary 

Sensory vehicle front geometry were examined. This was ac- 

1. Slight-- 10 to 25 percent loss to special senses or complished by maintaining the current production bumper 

limbs, characteristics in the model while changing the vehicle 

2. Moderate--26 to 50 percent loss to special geometry to simulate a contemporary vehicle. 

senses or limbs. Results predicted that peak forces applied to the leg 

3. Severe--greater than 50 percent loss to special were identical to the baseline LeMans results, but the 

senses or limbs, maximum hood leading edge forces were significantly 

4. Maximum--total loss to special senses or limbs, lower. When the modified bumper characteristics were 

Pain incorporated into the model with the new front end 

11 Normal function with no or occasional non- geometry, a drop in the peak bumper force and a 

narcotic drugs and/or other noninvasive therapy, corresponding increase in the peak hood leading edge 

2. Normalfunctiononlywiththeuseofnonnarcotic force were noted (as was seen in the LeMans modified 

drugs and/or other noninvasive therapy, bumper experiments). This predicted peak hood leading 
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edge force, while being equal to the LeMans/production 2. Pritz, H.B., E.B. Weis, and J.T. Herridge, "Body 
bumper hood leading edge force, was less than the force vehicle interaction experimental study," Contract 
of the LeMans/modified bumper configuration. This No. DOT-HS-361-3-745, Report No. DOT-HS-801- 
indicates the contemporary hood design is less injurious 747, March 1975. 
to a pedestrian than the LeMans. 3. Pritz, H.B., C.R. Hassler, and E.B. Weis,"Pedestrian 

Based on the results of this study, it is planned that a impact: baseline and preliminary concepts evalua- 
sled buck will be fabricated using a representative tion," Contract No. DOT-HS-4-00961, Report No. 
contemporary vehicle. A similar 90g modified bumper DOT-HS-803-816, May 1978. 

will be developed and installed. Four cadaver impacts are 4. Vergara, R.D., H.B. Pritz, J.T. Herridge, T.W. 
planned with this modified bumper configuration. A Goodnight. and C.R. Hassler. "Compliance tech- 

determination will then be made, based on the leve! of niques for pedestrian protection: feasibility study," 

injury associated with hood leading edge contact during Contract No. DOT-HS-5-01218. Final report. 
these four tests, whether the remaining impacts will be January 30. 1981. 

performed using the contemporary front end/ production 5. Pritz, H.B., C.R. Hassler, J.T. Herridge, and E.B. 
bumper or (if the injury level is unacceptable) a Weis, "Experimental study of pedestrian injury 
contemporary vehicle with the modified bumper and a minimization through vehicle design," Proceedings 
modified hood leading edge. 19th Stapp Car Crash Conference, 1975. 

6. Eppinger, R.H., and H.B. Pritz, "Development of a 

simplified vehicle performance requirement for 

pedestrian injury mitigation." Proceedings Seventh 

International Technical Conference on Experimental The authors would like to acknowledge the contribu- 

tions of the following: Dr. Charles M. Severin, State 
Safety Vehicles, 1979. 

7. Pritz. H.B.. "Vehicle design for pedestrian protec- University of New York at Buffalo, for subject selection, 

instrumentation implantation, and lower extremity tion." Proceedings Seventh International Technical 

dissection: Dr. George Alker, Erie County Medical 
Conference on Experimental Safety Vehicles, 1979. 

8. Garn, S.M.A.K. Poznanski, and J.M. Nagy, "Bone Center, for radiologic examinations; Dr. Justine Uku, 
measurement in the differential diagnosis of osteo- Erie County Morgue, for full-body pathologic examina- 

tions; and Dr. John D. States, University of Rochester, 
penia and osteoporosis," Radiology, September 1971. 

for clinical evaluations. 
9. Walsh. M.J., and B.J. Kelleher, "Pre-test osteologic 

studies for determining cadaver skeletal quality," 

Proceedings Eighth International Technical Confer- 

ence on Experimental Safety Vehicles, 1980. 

t0. Hirsch, A.E., R.H. Eppinger, et al., "Impairment 
1. Federal Motor VehicleSafetyStandards;Pedestrian scaling from the abbreviated injury scale." Final 

Impact Protection, FederalRegister, Vol. 46, No. 14, report. Contract No. DTNH22-80-C-07455 (T.O. 
January 22, I981. No. 8), June 1983. 
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An Experimental Study of a Modified Compliant Bumper 

B. Aldman and system for pedestrian protection(l). One prototype of 

J. Kajzer this bumper system was tested previously at the Depart, 

Department of Traffic Safety, Chalmers 
ment of Traffic Safety, Chalmers University of Tech- 

nology(2). An experimental model system, developed for 
University of Technology detailed kinetic analysis of car front-leg impact sequences, 

has been used for this purpose(3). In the first test series, 
O. Bunketorp 20 human leg specimens were struck with a 1978 Pontiac 
Department of Traffic Safety, Chalmers LeMans car front using the standard rigid and a compliant 

University of Technology, and Department of bumper system. Collisions were made with a normal 
Orthopaedic Surgery, University of G6teborg front configuration with the bumper structure impacting 

at the 45cm level and a 12.5cm lower front configuration 

R. Eppinger with these structures impacting at the 32.5cm level. The 

U.S. Department of Transportation, National impact velocity was 30 to 32km/h. Serious leg damage 

Highway Traffic Safety Administration 
was noted with both front configurations and bumper 

types. The compliant bumper impacting at the 32.5cm 

level caused less serious damage than the rigid one 

Abstract impacting at the 45cm level. This bumper also seemed to 

cause less serious damage than the more rigid one at both 
In a previous experimental study, a comparison was the 45 and 32.5cm levels, but the difference was not 

.......... made between a 1978 Pontiac LeMans car front with a 

standard bumper and the same front with a more 
statistically significant. 

compliant bumper developed by the National Highway 
To try to reduce the risk of injuries to the lower 

Traffic Safety Administration (NHTSA). The tests were 
extremity in impacts at the 45cm level, a modified, even 

made with the two car front and bumper systems 
more compliantbumpersystemwasdevelopedbyNHTSA 

mounted at the normal bumper level 45cm and with a 
and tested in the same way as in the previous study: 

....... lower front configuration with the bumper level 32.5cm 

above the ground. The experimental biological model Scope 
system developed at Chalmers University of Technology 

for detailed kinetic analysis of car front to leg impact The purpose of this study was to investigate the 
sequences was used for this comparison. The tests were protective effect of the modified, more compliant bumper 
carried out at 30 to 32km/h impact speed. A significant system developed by NHTSA. The tests were carried out 

........ difference was found only between the standard bumper at the 45cm impact level and comparison made with the 
in the higher position and the compliant bumper in the rigid bumper and the less compliant bumper investigated 
lower position, in the earlier test series. 

A still more compliant bumper than that used in the 

previous test series was produced by NHTSA and tested 

with the front and bumper system in the normal position Method and Material 
45cm above the ground. Ten impacts to the biological 

model were made at 32km/h with loaded and unloaded The experimental setup and the test procedure have 

specimens, and five impacts were made at 20kin/h with been described earlier(3,4,5). The simulated car front was 

unloaded specimens, the same as in the previous series with the rigid and the 

Damage to the knee was seen, including fractures of moderately compliant bumper(2) (Figures 1 and 2). In 

the knee condyles, in two tests with the loaded specimens, the actual series, all tests were made with the car front 

Knee ligament tears were observed in all the tests, mountedinsuchawaythatthemiddleofthebumperwas 

indicating the importance of the inertia of the lower leg at the 45cm level. This bumper level was kept during the 

and foot when the impacts occur at knee level. The impact, and the test cart was not braked until 120 to 

modified, more compliant bumper in this test series 140ms after impact. 

caused equally serious damage to the knee as did the The materialproperties of the deformable polyurethane 

slightly stiffer bumper in the previous series, block of the compliant bumper and the flexible plastic 

cover were the same in the two series. 

Introduction 
The force-deflexion relationship of the three bumper 

types was measured statically by pressing a 60ram iron 

In the research program for improved pedestrian tube at right angles against the impact area with and 

safety, NHTSA has developed a compliant bumper without the plastic cover (Figure 3). 

1035 



Experimental Safety Vehicles 

wires and separated by plastic foam. The specimen and 

~ 
the body mass were supported by stabilizing cords 

/’ released by the test cart just before impact. 
a = bumper (impact) level 

.... "~ b = bumper width Five tests were made at 32km/h with the full load 

Ie) r- , 
c = bumper lead distance (50kg) on the specimen. Five tests were made at the same 

\[ d.~" /~J k¢ 
~ dl d = bonnet edge height 

e = bumper lead angle velocity with the specimen unloaded, i.e., with the body 
~__~~...e -.i f = front inclination angle mass supported by cords and the specimen hanging with 

(f = 90° - e) 

_ the foot just above the foot plate. Another five tests at 20 
to 21 km/h impact velocity were made with the specimen 

Figure 1, The experimental setup 
unloaded in the same way. 

The impact sequence was covered by high-speed 
cinematography. Accelerometers were strapped on the 

.... "---" specimen opposite the impact side at the ankle, the 

I/.~-~ ~~-.-- 
impact level, and the knee. The impact forces were 

"o .... recorded from two horizontal force transducers in the 
bumper and two in the bonnet. All channel classes signals 
were stored on magnetic tape (filters used). 

The specimens were radiographed after the test, and 
the knee stability was measured as in the previous 

i~ 
study(2). A complete dissection was made after the test. 

I’~0 -- The severity of the damage to the specimen was classified 
according to the ADS system, similar to the AIS system 
for living human bodies. 

! 190 i 

Results 
Fi~.ture 2. Section of the impact zone 

Fifteen tests were made in this series. All experiments 

....... provided a complete set of data. The specimen data are 
ro~c~ ’-~-~ shown in Table 1, the kinetic data in Table 2, and the 

__ ~o~ ~o~t ~0~ damage in Table 3. 

~ ~=~ ~.~ ~, Damage to the Specimen 
._~_ 190 mm wL~h~{ 

_~_ t~0 mm ~ith ~e, Knee damage was noted in all experiments. There was 
no damage in other parts of the specimens. The knee 

~ ~ ,ZZ~Cr~0N damage included fractures of the tibial condyles and 

.... ~o z0 C~) stretch or rupture of the ligaments and the knee capsule. 
Fractures of the tibial condyle were noted in two of five 

Fi£~ure 3. The force-deflexion relationship of the three 
bumper types with and without the plastic experiments with loaded specimens at 32km/h. One of 

cover (static test) these was an intraarticular fracture (No. 4). There was 
also a complete rupture of at least one of the knee 

Unembalmed human leg specimens with the hip joint ligaments in the fractured specimens. At this velocity, the 
included were used. These originated from individuals 63 fact that the leg was loaded by a simulated body mass did 
to 87 years of age without skeletal abnormalities. Each not seem to influence the damage to the collateral or 
specimen was radiographed, and the stability of the knee cruciate ligaments. Complete (ADS - 3) or almost 
joint was measured before the test. The bone mineral complete (ADS = 3-)ruptures were noted in two or more 
content was not measured in this series since equipment of these ligaments or in the capsule in all tests with loaded 
for this was not available at the time. specimens at 32km/h. The same type of ligament damage 

The specimen was kept in a standing posture with the was noted in four of five tests with unloaded specimens at 
foot covered by a shoe on a foot plate before the impact this velocity. In the fifth test, there was only a partial 
with the toes turned 15° toward the car front from a pure rupture (ADS = 2) of the medial collateral ligament. The 
lateral impact. It was balanced with the knee extended specimen in that case was from the youngest individual 
and struck on its anterolatera! aspect. A simulated, 50kg (63yr) in the series. At the lower speed (20km! h), the 
body mass was connected to the iliac bone. This mass ligament damages were complete in two and partial in 
consisted of two equal metal blocks connected with steel three of the five tests. 
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Table 1. Specimen data 

Test Test Specimen 

........... Conditions No, Age/Sex Weight Tibia Condyle Constitution 

Length Width 

kg mm mm 

1 83M 6.0 370 80 Ordinary 

A:                   2 71M 7.0 360 78 Ordinary 

loaded: 3 91F 5.5 330 73 Ordinary 

= 32 k m / h 4 67 M 6.0 360 81 St u r dy 

5 78M 6.0 340 80 Ordinary 

6 74M 8.0 350 85 Sturdy 

B:                     7 84F 7.0 360 75 Ordinary 

unloaded:            8 75M 8.0 380 81 Sturdy 

= 32km/h 9 63M 6.0 360 80 Ordinary 

10 84F 7.0 330 73 Ordinary 

11 67F 6.5 330 74 Ordinary 

C:                  1 2 75F 9.0 380 86 Sturdy 

unloaded:           1 3 81M 8.5 360 88 Ordinary 

= 20km/h 14 86M 7.5 360 86 Ordinary 

1 5 70F 6.5 350 77 Ordinary 

Table 2. Kinetic data 

Test Test Peak Impact Force Peak Acceleration 

Conditions No. Bonnet Bumper Ankle Impact Knee 

Edge Joint Level Joint 

kN kN g g g 

1 0.9 2.6 45 78 72 

A:                   2 0.8 2.8 40 65 70 

loaded: 3 2.0 2.6 35 67 65 

= 32km/h 4 1.2 2.5 40 65 65 

..... 5 1.2 2.6 27 63 68 

6 0.8 3.1 50 78 54 

B:                    7 1.5 2,5 40 74 65 

unloaded:            8 1.3 2.7 30 62 66 

= 32km!h 9 1.4 2.5 38 62 68 

10 3.0 3.1 20 98* 102* 

11 1,4 1.7 30 50 46 

C:                  12 0.8 2.4 40 44 34 

unloaded: 13 0.8 2.4 36 43 35 

= 20km/h 14 1.0 2.0 26 60 34 

15 0.7 2.0 28 42 43 

* Some play was noted in the accelerometer mounting. 

The medial collateral ligament was damaged in all (No. 11)of these cases. 

tests. The ligament was completely ruptured in nine tests One or both of the cruciate ligaments were completely 

at 32km/h and in two tests at 20km/h. In nine cases, there or almost completely ruptured in seven of ten experiments 

was a complete rupture of the ligament at the femoral at 32km/h. Complete ruptures of the cruciate ligaments 

attachment point with a bone fragment in five and were not seen at 20kmi h. However, almost complete and 

without a bone fragment in four cases. In twocases, there partial ruptures of the cruciates were noted in two 

was a complete rupture of the superficial part of the experiments at this lower velocity. The cruciates were 

ligament quite near the tibial attachment point. The ruptured at the femural attachments in al! except two 

deeper part of the ligament and the capsule were com- cases, 

pletely ruptured in one and partially ruptured in the other 
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Table 3. Nonminor damage (ADS_>2) and knee instability parameters 

Test Test Fracture of Rupture of the Knee Instability Parameters2 Maximum 
Conditions No, the Tibia Liga ments land ADS 

Condyle (ADS) Capsule (ADS) 

M A    P    C e v r KAt s 
deg deg deg deg cm 

1 3 3 0 0 3 11 24 20 55 0,7 3 
A: 2 0 3 0 3 3 3 29 41 73 0.3 3 
loaded: 3 0 3 3 3 3 28 34 68 130 2.1 3 
V = 32km/h 4 3 3 3- 0 0 7 33 32 72 0.6 3 

5 0 3 3 3- 3 18 30 44 92 0.7 3 

6 0 3 0 0 3 0 13 14 27 0.3 3 
B:                   7 0 3 3 3- 3 8 22 27 57 0.7 3 
unloaded:            8 0 3 3- 0 3 121 11 26 41 0.2 3 
V = 32k,mih 9 0 2 0 0 0 2 6 15 23 0.2 2 

10 0 3 3 3- 3 13 22 33 68 0,8 3 

11 0 3 0 0 2 0 13 13 26 0,3 3 
C:                   12 0 2 0 0 0 4 5 5 14 0.2 2 
unloaded: 13 0 2 2 0 0 1 1 0 2 0.1 2 
V = 20km/h 14 0 2 0 0 2 1 6 11 18 0.0 2 

15 0 3 3- 3- 2 2 32 41 75 0.5 3 

1 M = the medial collateral ligament; A = theanteriorcruciateligament;P = theposteriorcruciateligament;C = thecapsule 

of the knee (A - behind the ADS number indicates that there was slightly less severe damage than the number itself defines), 
2 e = hyperextension increment; v = {vargus+) algus bending increment (20° flexion); r = inward + outward lower leg 

rotation increment (20° flexion); s = sagittal translation incremen: (20° flexion); KAt == e+v+r = the total Knee Angular 

Instability increment. 

Impact Forces tests (Table 1). The force pulses were somewhat more 

extended at the lower velocity (Figure 4c), and the peak 

The time histories of the bumper forces were similar for forces were about 2.0kN in these tests. The velocity 
the loaded and unloaded specimens at 32kmi h (Figures (Figure 4c) and the peak forces were about 2.0kN in these 
4a, 4b, and 4c). The peak force varied between 2.5 and tests. The bonnet edge peak forces were low (less than 
3olkN. The force pulses were somewhat broader for the 3kN in allcases) and approximately the same in tests with 
unloaded specimens (Figure 4b). This probably corres- loaded and unloaded specimens at 32kmi h (Figures 5a, 
ponds to the somewhat higher specimen weights in these 5b, and 5c). 

Figure 4. Time histories of bumper forces for (a)loaded Figure 5. Time histories of bonnet edge forces for (a) 
and (b) unloaded specimens 8t 32km/h for (c) loaded and (bl unloaded specimens at 32km/h 
unloaded specimens at 20km/h impact veloc- and for (c) unloaded specimens at 20km/h 
ity impact velocity 

1038 



Section 4. Technical Sessions 

Accelerations strikes at the 45cm level at 32kmi h. This injury mechanism 

explains the high incidence of ligament damage in this 

The magnitude of the accelerations of the leg specimens and the previous series for 45cm bumper level. The 

............. with loaded and unloaded specimens was the same (Table injury-producing effect of the inertia exists even at 
! 

2). At 32km/h, the accelerations at the knee level and at 20km/h. Serious ligament damage (ADS = 3) was noted 

the impact level varied between 50 and 100g in both test in two collisions at this lower velocity. The damage was 

configurations. The accelerations at the ankle joint moderate (ADS = 2) in the other three tests. 

varied between 20 and 50g. The accelerations of the leg The knee ligaments are very vulnerable to impact 

specimens in impact test with the less compliant bumper forces near the knee if the leg is struck on its fronto-lateral 

at the 45cm level in the previous series(2) were almost the aspect 10 to 20° from a pure lateral impact. 

same as in this series. The degree of damage to the knee joint was estimated 

by the Knee Angular Instability Increment (KAI) and the 

sagittal translation increment (s) (Table 3). There seems 

Discussion to be a limit between isolated serious (ADS = 3) and 
combined serious damage to the cruciate and collateral 

According to the results of this and the previous ligaments for a KAI-value approximately equalto 40°. A 

studies(2,3,4,5), the risk of injuries to the ankle joint, the complete rupture of the medial collateral ligament 

lower leg, the femur, and the hip joint seems to be low at corresponds to a valgus instability increment exceeding 

or below 32km/h if the bumper strikes 45cm above the 10°. A sagittal translation increment exceeding 0.3cm 

ground level. No damage was noted in these parts of the seems to be associated with a rupture of the anterior 

specimens in this series, and isolated damage was noted in cruciate ligament. In test number 15, the two cruciates 

only a few cases the previous series with the rigid and the were ruptured macroscopically in 70 percent of the cross- 

less compliant bumper at the 45cm level(2). There may be section area. However, the instability parameters indicate 

a higher risk ofmoderate (ADS = 2) damage to the ankle a considerable elongation of the rest of the ligament 

joint with the rigid bumper at the 45cm impact level due tissue corresponding to serious knee ligament damage in 

to the somewhat greater accelerations in these cases. Two that case. 

such damages were noted in five tests in the previous The risk of knee ligament damage appears to be the 

series with that bumper(2). No damage has been noted in same for the two compliant bumpers for a 45cm impact 

the ankle joints in 15 tests with the two compliant level. This might be explained by the force-deflexion 

bumpers. The bumper type does not seem to influence the relationship of the two bumpers(Figure 3). This relation- 

risk of damage to the other parts of the specimens except ship does not differ significantly below 70mm compres- 

for the knee if the bumper strikes at the 45cm level, sion. The 70mm compression corresponds to a bumper 

On the other hand, there is a high risk of injury to the force equal to 1 kN in a static test. This is approximately 

knee joint if the bumper strikes at this level. There was a the ultimate tensile strength of the medial collateral 

high incidence of serious (ADS - 3) knee damage in this ligament(8,9). Thus, theoretically the more compliant 

test series as in the previous one with the two bumper bumper will cause a ligament injury of the knee as easily 

types at the 45cm level(2). In this series with the modified, as the less compliant one. There might even be a higher 

more compliant bumper, serious (ADS = 3) knee damage risk of knee ligament injuries with the 19cm more 

was noted in all tests with loaded specimens and in four of compliant bumper as the front inclination is less steep in 

five tests with unloaded specimens at 32km! h. The type this case and might give less support against the femur 

of damage and the ADS damage severity was the same as and thus less protection against knee bending during the 

in the previous series with the less compliant bumper at impact compared to the 12cm less compliant bumper 

the 45cm leve!. (Figure 2). On the other hand, there might be less risk for 

The vertical load on the specimen does not seem to injuries due to direct impact forces with the modified, 

influence the ADS damage severity significantly. How- more compliant bumper according to these deformation 

ever, the load may influence the type of damage. Fractures characteristics. However, dynamic deformation tests 

of the tibial condyle were noted only if the specimens should be made to clarify this. 

were loaded with the body weight. This type of damage In all tests with this biomechanical leg irnpact model, 

was also noted in the previous series with loaded the test cart was accelerated to reach a constant speed 

specimens(2). There is qmte a high risk of sucha bumpe before the collision and did not brake during impact. 

fracture" if the pedestrian is struck when walking because Furthermore, the bumper impact level was equal to the 

the vertical load on the knee exceeds the static body static bumper level. In some real accidents, the car front 

weight during approximately 50 percent of the walking may pitch down due to braking before the impact. The 

cycle(6,7), less compliant bumper tested in the previous series(2) was 

The inertia of the lower leg and foot is probably the investigated at the 45cm impact level as well as the 32.5cm 

most important injury-causing factor if the bumper level. The risk ofserious (ADS = 3) damage seemed to be 
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side with an extended knee. and B. Romanus, "Physical simulation of human 

® For a bumper impact at the knee level at leg-bumperimpacts,"Proceedings4thIRCOBICon- 
20km/h, the risk of serious (AIS = 3) knee ference on the Biomechanics of Trauma, Bron: 
ligament injuries is reduced but it cannot be IRCOBI Secretariate, pp. 232-242, 1979. 
neglected. 6. Morrisson, J.B., "The mechanics of the knee joint in 

* The inertia of the lower leg and foot is the most relation of normal walking," J. Biomechanies, 3:51, 
important injury-producing factor for a bumper 1970. 
impact at the knee level. 7. Strandberg, L., "On accident analysis and slip- 

o Compared to the rigid bumper, the less compliant resistance measurement," Ergonomics, Vok 26, No. 
and the modified, more compliant bumpers l, pp. 11-32, 1983. 
tested in these series do not reduce the risk of 8. Aldman, B., L. Thorngren, O. Bunketorp, and B. 
serious (AIS = 3) knee ligament injuries if the Romanus, "An experimental model system for the 
bumper strikes at the 45cm level, study of lower leg and knee injuries in car-pedestrian 

* The primary, less compliant bumper and the accidents," Proceedings Eighth International Tech- 
modified, more compliant bumper will cause nical Conference on Experimental Safety Vehicles, 
injuries of equal severity if the bumpers strike at U.S. Department of Transportation, Washington, 
the 45cm level. D.C., pp. 841-849, 1980. 

® The less compliant and the modified, more 9. Kennedy, J.C., R.J. Hawkins, R.B. Willis, and K.D. 
compliant bumper will both probably reduce the Danylchuk, "Tension studies on human knee liga- 
risk of serious injuries to the lower leg and ankle ments," J. Bone and Joint Surgery, Vol. 58-A, No. 3, 
joint compared to the rigid bumper, pp. 350-355, April 1976. 
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Simplified Test Recommendations for Pedestrian Protection 

.......... J. Harris force is adjusted with respect to the height 

Transport and Road Research Laboratory, aboveground and the vertical depth of the 
bumper. 

Department of Transport, Crowthorne, United ¯ Bonnet Leading Edge--Assessed by an impact 
Kingdom test using a 16kg hipform. The impact velocity is 

adjusted with respect to the height of the bonnet 

Abstract edge and the bumper-to-bonnet lead. The 
recommended maximum impact force is 5kN. 

Pedestrian accidents are a serious problem in many 
¯ Bonnet Top-Assessed by a conventional head- 

form impact test using adult and child headforms. 
countries, and some form of vehicle design recom- 
mendations to improve pedestrian protection are urgently 

The impact velocity is adjusted with respect to 
the height of the bonnet edge, the bumper-to- 

required. 
Research has shown that in an accident the severity of 

bonnet lead, and also the location of the impact 

injury is influenced mainly by impact speed, shape of the 
point. 

car, stiffness of the car components struck by the 
It is suggested that these performance criteria may be 

pedestrian, and the stature and strength of the pedestrian 
used as the basis of recommendations for the pedestrian 

(young or old, frail or strong). A measure of the 
safety performance of cars and used as preliminary 

importance of these variables has now been demonstrated, 
guidelines before final recommendations are made for 

but limitations, in the performance of dummies and gaps 
regulatory tests. 

in existing knowledge, particularly a human tolerance, 
These proposals formed the basis of the U.K. contribu- 

have also been identified. These limitations reduce the 
tion to the EEVC ad hoc group on pedestrian protection. 

precision with which car design requirements for pedes- 
trian safety may be specified. Obtaining further informa- 
tion and proving a test dummy to overcome these Basis of Recommendations 
limitations may be a lengthy process. 

Sufficient information is available to allow generalised Accident investigations and tests simulating accidents(I) 

recommendations to be compiled that could be used as have shown the regions of a car that most frequently 

guidelines until more precise requirements may be cause injury are the bumper, the leading edge of the 

determined, bonnet and wing, and the top of the bonnet, wing, and 

This paper proposes a set of simple guidelines for the windscreen frame. Some measure of protection may be 

depth and stiffness of protection to be built into the built into each of these areas, but the appropriate stiffness 

various components of the car front, which are determined characteristic will depend on the overall shape of the 

by the shape chosen for the front profile. Meeting these front of the vehicle, the designed maximum safe impact 

guidelines should insure a good level of protection but, speed, and the severity of injury considered to be 

although necessary, they may not be entirely sufficient, acceptable. 

and further experience may eventually suggest some fine In these proposals, the aim is to give a high probability 

tuning of the proposals, that the severity of injuries from contacting these areas of 

This paper shows that for the areas of a car that are a car will be limited to AIS 2 or less, for accidents at 

important for pedestrian safety ( bumper, bonnet leading speeds up to 40km/h. 

edge, and bonnet top), the protection requirements may These levels have been chosen to reduce the risk of 

vary considerably according to the overall shape of the permanent disability, particularly to the legs, and because 

front of the car. at least 30 percent of fatalities are reported to occur from 
It can be shown that the major safe characteristics of accidents at speeds of 40kmih or less(l). 

these areas may be isolated and examined (with due The stiffness recommendations and design perform- 

regard to the overall shape of the car) to assess their ances are derived from the results of a series of computer 

potential for causing injury, simulations(2) studying the influence of vehicle shape 

Methods of testing each of these areas are being and stiffness on the severity of an impact to a pedestrian. 

proposed and performance criteria are suggested, which These investigations showed clearly that in an accident 

are based on a maximum safe impact speed of 40km/h all features of the shape of the front part of a car interact 

and an acceptable injury level of severity of AIS 2. to influence the severity of an impact, but the tbllowing 

These test criteria are-- broad trends could be clearly identified for the bumper 

¯ Bumper--Assessed by impact test using a t0kg and bonnet leading edge and also for head impact to the 

legform. The maximum recommended impact bonnet top and surrounding structures, 
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Bumper and Spoiler 1,200J (approximately 600J per leg) for all car shapes 

except those with zero bumper lead, and the effective 

Current bumpers mounted at approximately 450ram mass of the adult leg striking the bumper ranges from 8 to 

above the ground can cause severe loading to the knee lOkg. 

and lower leg of an adult and to the pelvis and upper leg If the onset of serious knee injury is set at 6° angular 

of a child, with knee injury possibly the most likely to rotation of the knee joint(3), then serious injury from 

cause permanent disability. These injuries result from bumper contact would probably be avoided by bumpers 

bending moments and shear forces required to accelerate meeting the following recommendations. 

the lower leg and also from crush forces at the point of 

impact. Bumper Recommendations 
Lowering the bumper gives an improvement for the 

It is recommended that the appropriate impact force 
adult, moving the impact away from the knee to the less 

shown in Table 2 is not exceeded when a bumper is struck 
vulnerable lower leg. For the child, the impact moves 

at any point at a velocity of 40km/h (llm s) by a leg 
away from the pelvis and closer to the knee. Although 

impactor of 10kg mass that spans the total effective depth 
serious knee injury to the child has not been a feature of 

of the bumper. In Table 2. the recommended force varies 
accidents in the past, a change of this nature may put 

with respect to the height of the centre of the bumper 
knees slightly more at risk for some age groups, 

above the ground and the effective vertical depth of the 
The introduction of a spoiler (air dam) mounted less 

bumper. 
than 50:mm behind a 450mm bumper (in effect, a deep 

A spoiler will only effectively help to reduce knee 
bumper) reduces knee bending moments and shear 

injuryifitismountedlessthan50mmbehindthebumper. 
forces, and, if the upper part of the bumper is compliant, 

Typical safety bumpers (spoilers) absorb approximately 
this then gives improvements similar to those obtained 

500 to 600J of energy from each adult leg in a 40km lq 
with a low bumper, 

impact. 
This suggests that the injury potential of a bumper or 

bumper/spoiler combination is influenced by its height Leading Edge of Bonnet and Wing 
above the ground and its effective vertical depth. 

Typical simulation results are shown in Table 1. The bonnet leading edge is the single most important 
The 40kmih simulations also show that the total area controlling the characteristics of an ~mpact to a 

energy absorbed by the bumper and spoiler is 1,000 to pedestrian. 

Table 1. Results of child and adult leg impact simulations for different bumper arrangements 

Bumper Plus Spoiler Adult Child 

Height of Total Total Lateral Knee Knee        Pelvic 
Centre Above Vertical Stiffness Angular Shear Bending Acceleration 

Ground Depth Rotation of Force Moment 
Knee Joint 

(mm) (mm) (kN) (degrees) (kN) (Nm) (g) 

350 100 4 0,3 1.4 239 65 
450 1 O0 4 6,1 3,4 189 98 
450 30 4 11.7 3.0 
350 280 6.5 3 7 2.2 250 75 

Table 2. Recommended leg impactor to bumper I~ads for different bumper arrangements 

Recommended Safe Loads (kN) 
Height of Centre Fcr Vertical Depths of Bumper 

of Bumper (and Spoiler) (and Spoiler) of 
above ground (mm) 

100mm 300m 

350 5 7 

45O 3 
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Increasing thebonnetheightandreducingthebumper- The effective vertical depth of the leading edge is 
to-bonnet-edge lead causes a progressive increase in the important. Essentially the deeper it is, the safer it is. 

energy of the bonnet edge contact and a consequent Although it may be possible to design a nearly vertical 

reduction in head impact velocity, high car front with an acceptable stiffness characteristic, 

In the simulations, the energy absorbed by the bonnet this shape is inherently dangerous because it is likely to 

leading edge in a 40kmih impact with an adult ranges knockasmallchild forward to the ground. This increases 

from 64 to 1,025J as shown in Table 3. the risk of being run over. 

Table 3. Energy absorbed by the bonnet leading edge Bonnet Top 
with respect to bonnet height and bumper lead 
in simulations of a 40km/h impact with an 
adult This section considers head impact with the top of the 

bonnet or wings, the scuttle, and windscreen lower edge. 

Energy Absorbed by In the simulations, child head impact is confined to the 

Bumper to Bonnet Edge (d) forward region of the bonnet up to 800mm behind the 

Bonnet Lead bumper. Impact velocities are about 10mi s for all but the 
...... (mm) for Bonnet Height of 850mm-high bonnets, which are generally closer to 7mi s. 

Adult head impact is, with one exception, more than 
600mm 720mm 850ram 

0 312 700 1025 1,000mm behind the bumper with impact velocities, at 

150 64 341 564 right angles to the bonnet, ranging from 8 to 14m/s. 

250 -- 134 425 From the simulations, typical adult head impact 
350 -- 115 269 j velocities normal to the bonnet are shown in Table 5. 

The effective mass striking the bonnet edge ranges Table 5. Simulation results showing impact velocityof 
adult head normal to bonnet top, in relation to from 5kg for a 600mm-high bonnet to 16kg for one 
bonnet height and bumper lead 

850mm high. 

Adult and child tolerance levels are generally not .............. 

..... exceeded if the leading edge stiffness does not exceed Bumper to Head Impact Velocity (m/s) 
5kN. Bonnet Lead for Bonnet Heights of 

Serious injury from contact with the bonnet leading (mm) 600mm 720ram 850ram 

edge would probably be avoided if the following 
0 12 9 8 recommendations are satisfied. 

150 13 11 8 
250 13 8 
350 14 9 

Bonnet and Wing Leading Edge 
Recommendations 

On the basis of these simulation results, current head 

It is recommended that the impact force not exceed protection standards would be met if the structures under 
5kN when a 16kg hip impactor strikes the leading edge of consideration satisfy headform impact at the velocities 

a bonnet, wing, or head lamp surround in a fore and aft specified in the following section. 

direction at the velocities shown in Table 4. These The simulation results are based on the performance of 

velocities are appropriate for the bonnet edge arrange- a dummy that, although improved at the knee and hip 

ments shown with respect to a vehicle impact of 40kmi h joint, still has a torso that is too stiff. The headform 

(1 lm! s). impact velocities would, therefore, be more representative 
if they were based on the results of a large number of 

Table 4. Hip impactor velocity m/s with respect to cadaver tests. 

position of bonnet leading edge 

Bonnet Top Recommendations 
Bumper to Hip Impactor Velocity m/s 

Bonnet Lead for Bonnet Heights of 
The top of the bonnet and wings, scuttle, and windscreen 

(mm) 600mm 720mm 850mm 
lower edge would meet current safety standards for the 

0 6 9 11 head if existing HIC or acceleration acceptance levels are 

150 3 7 8 not exceeded when struck by headform impactors at 

250 -- 4 7 velocities in accordance with those recommended in 
350 -- 4 6 Table 6. These impact velocities, at right angles to the 
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Table 6. Recommended headform impact velocity with respect to car shape and position of impact 
point 

Distance Bumper Recommended Head Impact 
of Test to Velocity (m/s) 

Point Behind Bonnet 
Bumper Lead for Bonnet Heights of 

(mm) (mm) 60Omm 720mm 850mm 

Under 800 All 10 10 7 

0 12 9 8 
Over 150 13 11 8 
800 250 -- 13 8 

350 -- 14 9 

surface of the bonnet and wings, are appropriate for the adjusted with respect to the height of the bonnet 
bonnet edge arrangements shown with respect to a edge and the bumper-to-bonnet lead. The 
vehicle impact of 40km/h (11 m/s). recommended maximum impact force is 5kN. 

Two sizes of irnpactor are proposed, one representing a ® Bonnet Top--Assessed by a conventional head- 
child headforrn for tests on the forward section of bonnet form impact test using adult and child headforms. 
within 800ram of the bumper and an adult headform for The impact velocity is adjusted with respect to 
the rear section more than 800mm behind the bumper, the height of the bonnet edge, the bumper-to- 

bonnet lead, and also the location of the impact 

point. 

It is suggested these performance criteria may be used 

as the basis of recommendations for the pedestrian safety 

It has been shown in various simulations and tests that, performance of cars and used as preliminary guidelines 

before final recommendations~are made for regulatory for the areas of a car important for pedestrian safety (the 
tests. These proposals formed the basis of the U.K. bumper, bonnet leading edge, and bonnet top), the 
contribution to the EEVC ad hoc group on pedestrian protection requirements may vary considerably according 
protection. to the overall shape of the front of the car. 

It can be shown the major safety characteristics of 

~hese areas may be isolated and examined (with due Re~[’ererlces 
regard to the overall shape of the car) to assess their 

potential for causing injury. Methods of testing each of 1. Ashton, S.J., J.B. Pedder, and G.M. Mackay, 
these areas are proposed, and performance criteria are "Pedestrian injuries and car exterior," Proceedings 
suggested based on a maximum safe impact speed of International Automobile Engineering Congress, 
40kmi h and an acceptable injury level of severity AIS 2. Detroit, February 1977. 

These test criteria are---- 2. Harris, J., and N.D. Grew, "The influence of car 
¯ Bumper--Assessed by impact test using a 10kg design on pedestrian protection," Proceedings Tenth 

tegform. The maximum recommended impact International Technical Conference on Experimental 
force is adjusted with respect to the height Safety Vehicles, Oxford, England, July 1985. 
aboveground and the vertical depth of the 3. Fowler, J.E.,andJ. Harris, "Practical vehicle design 
bumper, for pedestrian protection," Proceedings Ninth Inter- 

¯ Bonnet Leading Edge--Assessed by an impact national Technical Conference on Experimental 
test using a t6kg hipform. The impact velocity is Safety Vehicles, Kyoto, Japan, November 1982. 
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Experimental Simulation of the Pedestrian Impact 

G. Stiirtz Problem of Accident Simulation 
Daimler-Benz AG, Sindelfingen, Federal 

Republic of Germany The main problem of pedestrian accident simulation 

will be explained by statements regarding the complexity 

of accident events, the efficiency of protection measures, 

Abstract and the reproducibility and transmissibitity of results. 

Higher complexity of accident events makes it more Simulation of Accidents With Occupants and 
difficult to analyze the efficiency of protection measures Pedestrians 
for pedestrians than for vehicle occupants. Considering 

the quality of transformation of the results found (dummy Principal differences exist between the simulation of 
quality) as well as their statistical reliability (reproduc- accidents with passenger car occupants and pedestrians 

...... ibility), it is necessary to find a methodically clear with regardtoaccidentandtrafficparticipantparameters 
solution. (Figure 1). 

The special problem of pedestrian accident simulation 

will be explained by examples showing the complexity of 

accident events, by valuation of protection measures, and Occupants Pedestrians 

by the reproducibility and transmissibility of results. Accident Frequency (p.c.) 601 772.3 
.... Advantages and disadvantages of experimental methods Brakino of Vehicle Yes Yes4 

Velocity of Traffic Participant No Yes 
(integrated or component tests) to valuate the vehicle Perpendicular to Impact 
exterior will be shown, using our own test results, as well Direction 

Impact Direction of the Frontal Divers 
as results taken from literature. Following this, a pro- Traffic Participant 
cedure is derived. 

Finally, car design characteristics are described that 
Physiolooicat Data 

..... improve the protection of exterior road users. ¯ stature3,5 ~ (cm) 173 160 
R:5 - 95% (cm) 157-179 101-176 

¯ age3,5 ~ (years) 24 31 

Introduction ¯ male sex (p.c,) R5 - 95% (years) 
15-64 3-80 

In the Federal Republic of Germany in 1983, 70 " r Daimler-Be ..... identdata 

.... percent of the pedestrians and two-wheel riders---exterior 
2 60 percent for the six most frequent types of collision 

3 Diversion by literature (1,2.3) 

road users--were impacted by a passenger car. Exterior 4 Lo~,e,ng of contsct zones 

road users have a rate of 46 percent among fatally injured 5 Severe or lethal injured traffic participants(l) 

traffic participants(l). 

Among exterior road users, the protection of pedes- Figure 1. Selected parameters of accidents with traffic 
trians has priority since they show a higher rate and participant in the case of passenger car 

absolute term of fatalities. Contrary to passenger car frontal impacts 

occupants, the distance of deformation for impact pulses 

is considerably shortened and the ratio of mass differs In accidents involving pedestrians, the individual types 

extremely. Vehicle impact as the main cause of trauma is of collision represent smaller percentages of the accident 

overlapped by an additional trauma caused by the road events than in accidents involving passenger car occupants 

surface. (a maximum of 20 percent). 

Mitigation of accident trauma can be achieved by In contrast to occupant accidents, the motion sequence 

measures concerning hardness and plasticity of the in pedestrian accidents is mostly three-dimensional, and 

impact, as well as accident kinematics. These are in the head impact of adults occurs later. 

conflict with other design characteristics. The simulation of pedestrian speed at impact 

Valuation of protection measures is more difficult for vq = 9kmi h(2) and the resulting thvorable increase of the 

vehicle exterior safety than for passenger occupant contact zone has to be omitted, otherwise reproducibility 

safety. This is caused by the higher complexity of would be drastically reduced. 

accident events. Considering the quality of transformation In case of pedestrians, a higher range of stature and age 

of the results found, as well as their statistical reliability, of traffic participants has to be considered. This means 

it is necessary to find a solution to the problem, at least also a greater range of different biomechanical load 

for qualitative statements, capacities, and it requires a stronger differentiation in the 
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anthropometry and characteristics of the dummies. Sex- mostly known for sagittal load directions. For lateral 

specific signs have to be considered more intensely, loads, which are typical for pedestrians, they cannot be 

The selected parameters show a higher complexity of transferred. The little knowledge in the field of the 

the pedestrian accident and of its simulation, biornechanical load capacity of children involves basic 
problems for the main group of pedestrians. 

Valuation of Protection Measures 

The behavior of a dummy is different from that of a Reproducibility of Results 

living human being. This results in different kinematics. 
positionofcontactzones, and accident loads. Protection Reproducibility of accident loads in the case of 

measures, therefore, can only be valuated qualitatively pedestrians colliding with passenger cars--especially 

(with reference to the type of dummy). Efficient points of with adults is not insured. This applies to a lesser degree 

application for protection measures can be found by to vehicle contact zones and to a greater degree to contact 

correlation of trauma and cause of injury (accident regions on the body as well as to accident loads. The main 

research)(2,4), reasons for this are that accident kinematics are mostly 
three-dimensional; there is a high lag in time between the 
first contact and head impact, and there is a scatter of 

¯ Transmissibility of Results measured dummy values within the limits specified for 
dummy element tests (Part 572, Federal Register NHTSA). 

Dummies are at present insufficient substitutes for 
tiring human beings. Only in individual cases(2) can 
results of simulation be transferred to real cases by 
derived correlation. The low simulation quality of 
dummies is contradictory to the required highly sophis- Integrated and Component Tests 
ticated accident simulation. 

For analyses of exterior passive safety of passenger To find a starting point for the determination of the 
cars, dummies require an extensive revision. For instance, traumatic effect of vehicle elements and also as a basis for 
the adult pedestrian dummy (Hybrid II P/~ 95 percent accident simulation, data of"in depth, at scene"individual 
pedestrian) developed for occupant safety analyses in case analyses of traffic accidents should be used (Federal 
frontal impacts was only modified by replacing the Highway Research Institute, BASt, Daimler-Benz AG). 
pelvis/thigh region. At present, there exists no typical The correlation of injuries and their causes, using 
adult dummy. Regarding the different body regions, the specific accident data of vehicle manufacturers, results in 
situation is as follows(5,6): efficient points of application(7). 

neck-/lumbar vertebra too stiff; differences between 
ante-, retro- and lateral flexion 
are not considered 

thorax/shoulders too stiff 

pelvis geometrically incomplete (child) 

thighs!shanks not fracturable 

knees no lateral flexion possible 

dummies in the case of pedestrian accident 
loads                                         Figure 3. Points of application for pedestrian protec- 

tion measures 

It is especially unfavorable that for some significant 
traumatized body regions spine and lower extremities - In addition to the fundamental problems of accident 
no relevant mechanical loads are measured. On the other simulation, the advantages and disadvantages of different 

hand, some mechanical loads thorax acceleration-- present-day experimental methods are shown in detail. 
have no biomechanical correlation. They are used to valuate the vehicle exterior. This aims at 

Inj ury criteria that are found by biomechanical research the definition of a procedure to reach maximim efficiency 
and transferred as protection criteria to dummies are of protection measures. 
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Integrated Tests The reproducibility of accident loads for collisions 
between passenger cars and pedestrians is not sufficient 

An integrated test or full-scale test means a complete for kinematic values; on the other hand, it is. 

simulation of vehicle/pedestrian collisions, considering 
relevant accident parameters. 

Analyzed in the following are the influence of the type 
of vehicle, the stature of the pedestrian, and the vehicle Component Tests 
impact speed on the reproducibility of vehicle impact 
points, kinematic values, and accident loads. For this, the A component test or subsystem test means an impactor/ 
CCMC! AHP-type of collision is used. vehicle collision where the impactor with different quality 

simulates body regions. The test concerns kinematic 
accident parameters. 

The following examples are shown for the three vehicle 
areas causing the highest trauma. The endangered body 

~ 

regions of adult pedestrians are simulated by the impactor. 

............. Front Bumper 

.... Tests with translatoric horizontally guided impactor: 
......... Figure 4, Full-scale simulation of vehicle/pedestrian The latter is of wood and has a semicylindrical shape. 

collision Defined are impactor mass, impact and rebound speed, 
protection criteria, and test zone. 

When using the coefficient of variation (V) as a Unrealistic is the lack of simulated soft tissue and the 
measure of reproducibility, the following findings can be high radius of curvature of the contact zone. The latter 
derived from Figures 5 and 6: will reduce the normal depth of deformation. The 

.......... i In the case of accident load, V depends on the adaption of the adult pedestrian is traumatically signifi- 

type of pedestrian, type of vehicle, and sometimes cant and, in principle, also possible for children. The 
on the vehicle impact speed, advantage of a low, induced impact force and, therefore, 

¯ For vei0city and direction of head impact, as also a low contact mass cannot be measured, but 
well as for the wrap around distance, V has low simulated by mass correction. The reproducibility is 

values, classified as good. 

Vehicle Head Thorax Pelvis 

Type n v v a3ms HIC v.20ms ff WD a3ms a3ms 

(-) (kin/h) (%) (%) (%) (%) (%) (%) (%) 

A 6 24 14(I) 49 68 -- -- -- 39 37 
6 40 1 17 21 5 6 2 23 14 

B 6 24 2 21 19 11 9 1 16 18 
6 40 1 23 38 21 3 2 7 4 

C 6 24 2 41 50 24 46 2 26 65 
6 40 7 43 48 9 6 2 15 9 

V.2Oms head velocity relative to the vehicle 20ms before impact 

Angle between head vector of velocity--just before impact--and 
contact surface 

WD Wraparound distance 

(-) Without head impact 

Figure 5. Coefficient of variation for impact points, kinematic values, and accident loads in collisions 
between passenger cars and Hybrid II P 
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Vehicle Head Thorax Pelvis 

Type n v v a3ms HIC V_2Oms ~ WD a3ms a3ms. 

(-) (km/h) (%) (%) (%) (%) (%) (%) (%) (%) 

A 6 24 2 6 26 ~ -- -- 19 12 
5 40 1 4 10 -- -- -- 22 8 

B 5 24 2 13 20 4 21 6 17 10 
5 40 1 15 34 10 22 2 7 5 

C 6 24 5 7 11 10 18 I 12 9 
5 40 1 21 36 7 10 2 10 5 

V.20ms Head velocity relative to the vehicle 20ms before impact 

~ Angle between head vector of velocity--just before impact--and contact surface 

WD Wraparound distance 

(-) Without head impact 

Figure 6, Coefficient of variation for impact points, kinematic values and accident loads in collisions 
between passenger cars and VIP 6 C, 

Upper Front End 

~D~spiacement Sensor 

15.2cm W x 15,9cm 

Gear Rac~" 

~C~uC~On 

~ Ve~oc ry Sensor                                                                                       Total Mass 7,3 kg 

Figure 8. Simulator for hip/thigh impact(9) 

~~/ 

~~~, ~ 

Tests with translatoric horizontally guided impactor: 

~.~ ~ The latter has a semicylindrical shape. The material is 

.~ 

~ - ~ - 

~__ wood, in the contact zone, covered with foam. Defined is 

[ 4" the impactor mass. The impact velocity has to be varied 
~ ~ depending on the bumper position. 

~/~/ c~ whi~ ~ /,~,~,o~, ~,~ The adaption to the hip/thigh impact of adult pedes- 

~ c~t~ ~;~ trians is traumatically significant but not described for 
~ the child’s thorax and head impact. The reproducibility is 

Figure 7. Simulator for shank impact!81 declared as good, 
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Bonnet and Fenders influencing factors cauge various and partially contrasting 

requirements for the protection of pedestrians. 

Evolutionary design characteristics to improve the 

protection of exterior road users are shown in the 

following, based on Mercedes-Benz Series 201 and 124. 

i 

i 

Figure 9, Simulator for head impact{10} 

Tests with translatoric vertically guided impactor: The 

latter is a modified Part 572 dummy head with frontal 

orientation. Defined are impactor mass, impact speed, 

protection criteria, and test zone. Figure "10. Front end 

The adaption to the adult pedestrian is traumatically 

significant and, in principle, also possible for children. 

The reproducibility is declared for the HIC with a The front end has a smooth surface causing large-area 

variation smaller than 25 percent and is very good in initiation of the impact force (mitigating soft tissue 

general, injuries). The protective strip and the flashing of the 

bumper are made ofvisco-elastic material. In front of the 

.......... bumper bending support there is an energy-absorbing 
......... In General foam, which is getting thicker to the vehicle sides. Taking 

the Mercedes-Benz Series !23 as a basis, the maximum 
Component tests can basically be classified as simple force is reduced for the 201 and the ! 24. The point of first 

and having a good reproducibility, also of accident loads, contact is lowered up to 50mm in the case of the 124, 
They allow large-area qualitative valuation of vehicle which reduces in addition the bending load in the lower 

........ areas. To reach a higher level of simulation quality, the extremities. The radiator grille is of thin sheet metal that 
....... impactors have to be developed more realistically. The has been reduced in thickness to 0.8ram. Thereby it has 

kinematic input values should be derived by mathematical become a deformation zone. 
or experimental simulations of the vehicle/pedestrian The front end of the bonnet is rounded off, and its 
collision. Existing test devices--head impact pendulum- frame is deformable by using a Z-profile and punching. 
have to be considered. The headlamp units can, in the case of the 124, shift 

backward under load. "Faking the 123 as a basis, the 

maximum force is reduced by 10 percent for the 124. 
Consequences Vertical rigidity is reduced by using punched fenders 

and increasing the clearance between the wheel arch and 
Integrated tests should be used only to find contact the top of the fender. Taking the t23 as a basis, the 

zones on the vehicle, as well as kinematic values of the maximum force is reduced by 30 percent for the 124. 
loaded body region, because of the poor reproducibility The single axis of the wiper system and the cross 
of accident loads. They are also suitable to adjust member is covered, ln contrast to the123, the sheet metal 
mathematical models, of the 124 bonnet has a 10mm higher clearance to the 

Contact zones are specific to each vehicle. Therefore, bonnet cross member. Taking the 123 as a basis, the 
they can best be determined by the car manufacturer, maximum force is reduced by 20 percent for the 124. 
Valuation of contact zones should be carried out at The external shell of the pillar is made of thin sheet 
present and in the near future by component tests only. metal. Taking the !23 as a basis, the maximum force is 
The latter, however, have to be better adjusted to the reduced at low impact speeds for the 124. 

living human being. The large volume lateral roof frame has a smooth 
Measures to protect pedestrians are in conflict with surface and can be wel! deformed under the impact of 

other design characteristics. Diversity and range of two-wheel riders. There is only one external shell, which 
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Figure 11, Substructure of upper front end 

Figure 12, Kinematics of the headlamp under impact load 
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Figure 13. Transition from bonnet to fenders 

Figure 14. Upper end of bonnet 

is made of thin sheet metal. Taking the 123 as a basis, the in the future. A substantial reduction of the number of 
maximum force is reduced by 10 percent for the 124. severely or fatally injured pedestrians will only be 

The high exposure of pedestrians to trauma, mostly a possible if, in addition, other measures are enforced. 

result of basically different impact partners, shows that These are traffic education, separation of traffic areas, as 

vehicle-specific measures will have only limited efficiency well as improvement of visibility. 
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Figure 15. Windscreen side pillar 

Figure 16. Lateral roof frame 
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Y. Nakamura, Chairman, Japan 

Leg Protection for Riders of Motorcycles 

B.P. China and dummy rider, the dynamics of rider and motorcycle 

e. Hopes during impact were studied to check that the leg protectors 

Transport and Road Research Laboratory, used did not increase the risk of other types of injury. 

Department of Transport, Crowthorne, United 
....... Test Programme ...... Kingdom 

M.A. Macaulay The initial series of tests involved medium-sized motor- 

Brunel University, Uxbridge, United Kingdom cycles of 175cc engine size running into a flat, rigid 
barrier similar to those used in conventional motor car 
impact tests but only 1.23m high to simulate the height of 

.... a car roof. The barrier was inclined at 30° to the direction 
Abstract of travel of the motorcycle, as shown in Figure 1, and was 

faced with a sheet of 15mm plywood. The speed at impact 
A major cause of serious injury in motorcycle accidents was 48km/h. Subsequent tests were performed with light 

is the rider’s leg being trapped between the motorcycle stepthrough motorcycles of less than !00cc engine size, 
and a car. This paper gives results from a number of heavy motorcycles of 800cc engine size running into the 
full-scale impact tests of motorcycles with and without rigid barrier, and a heavy motorcycle running into the 
leg-protecting fairings. Motorcycles were crashed into a side of a stationary Morris Marina car at the same angle 
flat, rigid barrier inclined at 30° to their direction of as the rigid barrier. 
travel. Three basic configurations were studied: motor- Three basic configurations were studied: a motorcycle 
cycles with no leg protection, with hard leg protection with no leg protection, one with a hard leg protector that 
that absorbed negligible amounts of energy, and with soft 

leg protectors that absorbed 5 to 10 percent of the kinetic 
energy on impact. The use of a leg-protecting fairing 
substantially reduced damage to a dummy rider’s legs in 
crash tests, and a protector that absorbs some energy 
seems preferable to one that does not. These results were 
achieved without increasing the risk of other types of 
injury. 

Introduction 

A major cause of serious injury in motorcycle accidents 

is trapping the leg of a rider between the motorcycle and a 

car(l). It has been suggested that a suitable fairing 

attached to the motorcycle could prevent this happening. 

Few tests of such fairings have been reported, but from 

these it appears a fairing could alter the dynamic 

behaviour of the rider during impact in such a way that he 

might be more likely to receive some other type of 

injury(2,3). 

This paper gives results from a series of full-scale 

impact tests of motorcycles with and without leg- Figure 1. Overhead view of oblique barrier impact test 
protecting fairings. As well as damage to the leg of the of a motorcycle 
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absorbed a negligible amount of energy on impact, and 
Large one with a soft leg protector that absorbed about 5 to 10 

~o ........ 
, ......... ,e 

percent of the total kinetic energy on impact. This energy 
absorption took place within the protector, and no 
energy-absorbing padding was used in front of the leg 
except with the heavy machines where padding had to be 
used because the protector was situated well forward of 
the rider’s leg. This padding contributed very little to the 
total energy absorption and has been ignored. 

Hard protectors were tested only on the medium-size 
rnachines. Some development tests of soft protectors 

Tentative Design Limit (Ref 1 

were also made on these machines, but no attempt was 
made to optimise the energy absorption of the protectors. 

The dummy rider was a 50th percentile male OPAT Figure 2. Energy absorbed by leg in tests of motor- 
with the standard legs replaced by damage-indicating legs cycles into oblique barrier at 48km/h (one test 

using aluminum honeycomb glued to thick fiat plates: into carl 

Two estimates of damage were used; the energy absorbed ........... 

was related to the likelihood of bone fracture, and an 
40 ll~ Medium Large 

estimate was made of the surface area of the leg that 
would have been lacerated. These legs are described more t One standard 
fully in (l). ~0 do,,at,on 

"~’ U 
Upper leg 

Results I L .... ,or 

shown in Figure 2. Also shown is a tentative limit of 20J 
suggested for the maximum energy that can be absorbed 
by the leg in (1). Mean values that break the upper and 
lower leg bones in bending are also given. A range of one 

0    ,~ _ 
standard deviation is shown about the mean of each set of 
measurements. This would include about 70 percent of Figure 3. Areas of legs damaged in tests of motor- 
the population, assuming a Gaussian distribution at cycles into oblique barriers at 48km/h 
breaking loads. These values are estimated from results the dummy’s head as it crosses the plane of the barrier, 
given in (4) and (5). and the mean angular velocity of the motorcycle in the 

Only the results for the final version of the soft horizontal planeoverthefirst 100msoftheimpact. These 
protector are given. For the medium-size motorcycle, are shown in Figures 4 and 5. Note that the forward 
there is a consistent reduction from the damage with no velocity of the rider’s head can be greater than the 
protection for the leg, to some with a hard protector, add velocity of the motorcycle because he pivots about his 
more with a softer one. The behaviour of the heavy hips and his torso can have rotational as well as 
motorcycles is anomalous. The machines used had translational velocity. 
horizontally opposed flat twin engines, and a cylinder With the medium-size motorcycles, thereis a consistent 
head made contact with the barrier and altered the reduction in the forward velocity of the rider’s head from 
behaviour of the motorcycle completely. It did not rotate, that for no protector, for a hard protector, and for a soft 
and the impact was similar to a violent frontal impacL protector. With the light motorcycles, there is no difference 
The leg damage was fairly low. in forward head velocity, but, with the heavy motorcycles, 

The addition of a soft protector produced rotation of the addition of a soft leg protector reduces the forward 
the motorcycle and increased the damage to the leg head velocity by about 35 percent. 
slightly. The average angular velocity of the motorcycle during 

Estimates of lacerated surface area are shown in Figure the first 100ms of the impact shows a reduction with the 
3. They follow the same pattern as the energy absorbe& light and medium motorcycles and an increase with the 
Details of damage estimation are given in (6) for both heavy motorcycles when soft leg protectors are fitted. 
bone breakage and lacerated surface area. When a heavy motorcycle with no leg protectors was 

Leg protectors changed the dynamics of motorcycle run into a motor car, the protruding cylinder head 
and rider during the impact. Two simple parameters are deformed the car structure, which absorbed some of the 
used to summarise these changes: the forward velocity of kinetic energy. The behaviour of the motorcycle and rider 
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-smog, Moo~om Lo,g, When a heavy motorcycle was run into a stationary car 
...... yc, ....... yc, ....... ~c~° ~ instead of a rigid barrier, it rotated and trapped the rider’s 

~ ~ leg causing severe damage. 
........ ~ 

~0 

~ ~ 

~- ~ A leg protector that absorbs some energy on impact 
~ 

20-~ ~ ~ ~ ~ ~ ~ 
; appears to be preferable to a hard one that does not. The 

_~ ~ ~ ~ ;; ~ soft leg protectors used absorbed about 5 to l0 percent of 

: ~ ~ ~ ~ ~, ~ ~ the kinetic energy of the motorcycle plus rider, but no 

_~ tl attempt was made to optimise the amount of energy 

~ -~o~ } absorption. Leg protectors reduced the forward velocity 
~- of the dummy rider’s head. They also reduced the average 

angular velocity of the motorcycle in a horizontal plane 

except for the heavy motorcycle where a protector 
increased this velocity. They also effectively eliminated 

Figure 4. Change in forward velocity of head in tests of 
motorcycles                                   pitching of the motorcycle in a vertical plane. 

In the initial tests using medium-size motorcycles of 

..... conventional design, the soft protectors absorbed about 
~ ~,~ ~o~ ~a~ 10 percent of the kinetic energy of the motorcycle plus 

rider. The protectors used on the small and large 
motorcycles were modified so they should again have 
absorbed about 10 percent of the kinetic energy, but, in 

~0 - .~ ~ ~ each case, they absorbed only about 5 percent. With the 
~ ~ ~ heavy machine, this is almost certainly because of the 
~ ~ ~ ~ ~ interaction of the engine cylinder head with the barrier; 

- ~ ~ ~ with the smaller machine, the reasonis unclear. It may be 
z ; ~ -= ~ because the rider sits in adifferent way withlegs together  i-!l 

} I 1 ~ 

1 III 

instead of straddling the petrol tank. At present there is 
" ,, ~ no theoretical basis for 10 percent energy absorption, 

~ 
which should be taken as a tentative empirical value. 

o 11 11 n When the heavy motorcycles were run into stationary 
motor cars, the effect of the protruding cylinder heads 

Figure 5. Mean angular velocity of motorcycle during were less marked because the car deformed to absorb 
first 100ms some of the motorcycle’s energy. This machine can 

was then similar to that of the unmodified medium-size 
therefore be regarded as inherently aggressive, and it 

machine and its rider, 
seems likely that the addition of suitably designed soft leg 
protectors would make it less aggressive. 

Discussion 

The main test programme used a flat, rigid barrier Conclusion 
because it is generally found with motor cars that tests 
with a rigid barrier are easier to perform and the results The impacts of motorcycles into a rigid barrierinclined 

are more consistent and easier to analyse than tests with a at 30° to their direction of travel reproduced the trapping 

deformable barrier. In the rigid barrier test reported here, of the rider’s leg that has been reported from accident 

the use of a leg-protecting fairing on the motorcycle studies. This simulation was less successful for the heavy 

substantially reduced damage to the dummy rider’s leg motorcycles tested, where protruding cylinder heads 

except for the heavy motorcycles. Leg damage was prevented rotation of the motorcycles. When a heavy 

already fairly low on these machines, and it increased motorcycle crashed into a stationary motor car, trapping 

damage to the upper leg in these test circumstances. The of the leg occurred. 

cylinder head on the horizontally opposed engine of the The leg protectors tested reduced the energy input into 

heavy motorcycles prevented rotation of the motorcycle the leg of the dummy rider appreciably from a level at 

and stopped it violently, increasing the forward velocity which severe damage is certain to one below the level 

of the rider’s head, The addition era soft fairing reduced needed to break the leg bones of 50 percent of the 

this velocity appreciably. This indicates a greatly reduced population. Leg protectors that absorb some energy on 

chance of head injury, which more than compensates for impact also reduce the forward velocity of the rider’s 

slightly greater damage to the leg. head. 
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Application of Fluidics Technology to the Development of Antilock Brakes 
for Motorcycles 

Robert R. Purves lock during braking, steerability of the front wheel and 

Jet Propulsion Laboratory, California Institute in-line travel of the rear wheel are lost. Capsizing of the 

of Technology vehicle following loss of control during braking accounts 

for a large number of motorcycle accidents. A solution to 

Abstract this problem is the use of an automatic antilock brake 

system. 

A number of prototype antilock brakes are in existence, This work was undertaken to develop antilock brakes 
but to date none have appeared on production vehicles. 

for motorcycles utilizing the advantages of fluidics 
These prototypes can be classified according to whether technology. Fluidic components are immune to electro- 
they are electronically or mechanically controlled. magnetic interference, resistant to severe vibration, and 

potentially low in cost. The vehicle and brake control 
Although designs using electronic control are potentially 

more capable of adapting to road conditions than a components were modeled. Using a system approach to 
simple all-mechanical type, they also tend to be more 

the design, a nonlinear computer analysis was performed 
expensive to manufacture, subject to electromagnetic 

to determine acceptable delays and frequency functions 
interference, and generally more sensitive to the harsh ~or rapid and stable response. Emphasis was given to 

examining the transient characteristics of two functions 
environment of the motorcycle. This work was undertaken 

to determine the feasibility of applying fluidics technology of anguiar motion (acceleration and jerk) at the onset of 
to a design that would be low-cost yet have most of the wheel lock. Based on results of computer analyses and 

instrumented braking tests, angular acceleration was 
advantages of both the electromc and all-mechanical 

types. selected to initiate brake control. The control system 
Fluidic devices amplify pressure of a fluid such as air in 

components being developed are comprised of a unique 
much the same way that electronic devices amplify 

pneumatic/fluidic velocimeter, a fluidic differentiation 

circuit~ a fluidic amplifier, and a fluidic/electric threshold 
voltage. Fluid flow is analogous to current flow; there are 

detector for toggle control of brake pressure. The components in fluidics equivalent to resistors, capacitors, 

and diodes. Amplifiers, filters, and logic circuits are development status of these components is discussed. 
feasible. The brake-pressure modulator is not being developed for 

this phase of the work. Results indicate a fluidic control 
Although fluidic circuits do not have the frequency 

system is feasible if the design focuses on minimizing the 
response and gain possible with their electronic counter- 

time response of the pneumatic/fluidic components, 
parts, they do have characteristics advantageous for 

some applications. Fluidic circuits are not affected by 

nearby radio transmissions or by the electrical noise that 

Introduction exists near a motor’s ignition system. Fluidic devices are 

not as sensitive to damage in a high vibration or extreme 

Safe braking of a two-wheeled vehicle depends on the temperature environment as most electronic devices In 
existence of sufficient lateral force at the tire/road some applications, fluidic designs have proven to be less 
contact to maintain control and balance. If the wheels costly than their electronic equivalent. 
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Because of these advantages, fluidic technology has that provided data for determining computer model 

been used in a variety of applications. A computer using constants. These tests also supplied data for studying the 

fluidic components has been designed for a Grumman wheel dynamics during braking as wheel lock occurs. 

........... fighter aircraft control. DC-10 and L-1011 aircraft 
depend on fluidic circuitry for operation of thrust- System Design 
reverser and environmental-control systems. A military 
tank navigation system utilizes a fluidic motion sensor The system approach to antilock design and develop- 
instead of a gyroscope. Fluidic components are also used merit is a departure from traditional approaches. His- 
for a variety of industrial controls where severe environ- torically, antilock brakes have been developed by a 
ments preclude the use of electric devices, combination of qualitative and trial-and-error methods. 

Fluidic antilock brakes have been designed by Boeing An alternate approach using classical control principles 
for commercial aircraft and by the Army’s Harry Diamond was used here in an attempt to characterize the corn- 
Laboratories for military trucks. Efforts toward the ponents more accurately before fabricating them. 
design of fluidic antilock brakes for motorcycles were Basically, an antilock brake system is a device installed 
begun by Harry Diamond Laboratories in 1975. Two in the hydraulic brake line between the master cylinder 
studies of control system concepts resulted(I,2). In 1978, and the wheel’s brake assembly. It functions to prevent 
Garrett Corporation continued the previous work and the braked wheel from !ocking up while the vehicle is in 
developed a fluidic/mechanical angular jerk (rate-of- motion. The antilock system does this by automatically 
change of acceleration) sensor for use in sensing the onset modulating the applied brake pressure so the braked 
of wheel lock(3). wheel never has a tangential speed that is much less than 

......... the vehicle’s forward speed. By doing this, the tires are 

........ Scope able to retain most of their lateral force capability, 
allowing the vehicle to remain steerable and under the 

The work described here is a continuation of that operator’s control. In mostcases, the stopping distanceis 

started by Harry Diamond Laboratories and Garrett shortened in comparison to a locked wheel stop. 

Corporation, with emphasis on system analysis and As shown schematically in Figure 1, the antilock 

motorcycle braking tests to determine design requirements system consists of three key components: 

......... for control system components. The status of the ¯ Modulator 

component design effort is included. Design details and ¯ Controller 

test results are given for development models of a fluidic ¯ Sensor 

angular velocimeter, fluidic amplifiers and differentiator, Together, these elements provide the antilock system 

and fluidic control logic. These constitute the major function. Referring to Figure 1, the operator initiates the 
.... components of the control system, except the brake- force command to the system. This action causes the 

...... pressure modulator, which was not deve!oped for this vehicle and braked wheel to decelerate. A transducer 

task. This latter component, therefore, was treated senses the rotational action ofthe wheel and communicates 

conceptually for system design purposes, this information to the controller. When a preset threshold 
of some function of wheel speed (usually deceleration) is 
exceeded, the controller unit, which is an on-off toggle, 

Approach initiates a rapid command to the modulator, which 

Past studies for applying fluidic technology to motor-                                                        -- 
cycle antilock brake design focused primarily on sensors. 
Little consideration was given to the response require- I ~’~" 
ments for other components that made up the control 

~ ~ ~@7 ~-~ 
system. No analyses were made regarding the stability of 

I "’ t - ’~"~ ~ 
the overall system, which includes control components - ~ 

and the nonlinear dynamics of the motorcycle with its 

tire/road interface.                                         ~ 
The approach of this study was to analyze antilock 

brakes as a closed-loop, nonlinear control system with J 

parameters chosen for stable operation and a reasonable ~ ~ 
stopping distance. The analysis objectives were to justify 
which variable of wheel motion (acceleration or jerk) to 
use for feedback and to identify the response requirements ~ 
of the system components. These objectives were achieved 

~ 

by computer analyses and by motorcycle braking.tests Figure 1. Basic antilock brake system 
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causes reduction of hydraulic pressure. As the wheel Analysis of toggle width (a2-~1) and bias (~;-~) 
begins to recover speed, a second threshold is crossed, values showed the effects of these parameters on limit- 
and the brake pressure is reapplied. The system continues cycle stability. In particular, a wider toggle gives more lag 
cycling until the vehicle is near rest, or the brake and ultimately lockup, whereas a narrower toggle gives 
command is reduced below the first threshold. This less lag and no reappty (no stopping). A more negative 
nonlinear cyclic action is called the limit cycle, toggle bias lenghtens the dump well time, resulting in 

Antilock system requirements include such parameters lockup. More positive biases reduce the dump dwell time, 

as response, performance, operation, and reliability, resulting in poor stopping performance. 

these have been reviewed elsewhere in some detail(4). For acceleration feedback and the type of controller 
Vor this work, however, the main focus was on response- and modulator assumed, stability of the control system 
centered requirements, operation was easily achieved. However, stopping per- 

formance was very sensitive to the net time delay in the’ 

Summary of Analysis Results system. A delay of 110ms was clearly unacceptable, while 

a 20 to 30ms delay gave reasonably good results. 

In the analysis,~ the simplest feedback system that Analysis of pressure dump and reapply rates showed 

would result in a feasible, minimal-cost control system that dump rates primarily affect the stability of the 

was sought. Results presented here pertain to the system, while reapply rates mainly affect stopping per- 

particular analysis model assumed, that is------ formance. In particular, higher dump rates give higher 

o Suzuki GS1000 SN (1979) with a rider weighing limit-cycle frequencies and higher stability, and higher 

!65 lb reapply rates (within some limits) give shorter stops. 

o Dry and wet asphalt road conditions 
¯ Wheel angular-acceleration feedback Sensing the Onset of Wheel Lock 
¯ Single-loop control, as illustrated in Figure 1 
¯ Sudden and sustained application of front brakes Wheel lockup must be anticipated by sensing some’ 

by the rider function of wheel rotational motion such as angular 
k nder these conditions, several parameters were varied velocity, acceleration, or the rate-of-change of acceleration 
to achieve stable antilock brake action with reasonable (jerk). In a limit-cycle type of control, this function would 
stopping distances. ’I’hese were be monitored for a predetermined threshold level, which, 

¯ The magnitudes of wheel acceleration (toggle when reached, would start the release/apply cycle of 
thresholds) at which brake pressure is released to brake pressure. Clearly, angular velocity is not an 
prevent lockup and then reapplied to continue appropriate function for threshold detection. However, 
stopping (crl,cr2) acceleration and jerk are feasible candidates for con, 

~ l~he rates at which brake pressureis dumped and sideration since either changes rapidly as wheel lock 
reapplied by the modulator upon receiving occurs, regardless of vehicle speed. 
commands by the controller (Pd,Pr) The purpose of the following section is to compare 

,} Total delay of control system components accelerationandjerkassuitablefeedbackparametersfor 
including brakes (ri) brake control. 

A~a optimum design was computed as follows:                  Three methods of comparison have been used here: 

cr~ = -97radis~ 1. Computer model analysis, where a model of a 
q2 = 0radis~ braking motorcycle has produced time domain 

.Pd = -3,600psi/s plots of acceleration and jerk for severaltypes of 

Pr = 2,000psiis road surfaces 
rr = 20-30ms 2, Braking tests, where wheelmotion parameters at 

’Ihese values gave low-mu stops of -0.23g and high-mu lockup were recorded during road testing of a 
stops of-0.54g at a limit cycle rate of 13Hz. motorcycle and the acceleration and jerk re- 

Perturbations of --+50 percent in each of these design sponses were compared 
parameters gave littte change in performance and stability. 3. Control system analysis, where the stability of a 
This indicates a desirable level of insensitivity to controller closed-loop brake control system was compared 
variations. Perturbations somewhat beyond 50 percent for acceleration and jerk feedback 
gave sharp changes in stability and performance in most 

cases. 
Computer Model Analysis 

Analyses of the computer model indicate there are no ~ .~a~ ,~or~ ,~,~d ~, ~ ~’~m ~,~ ~,a~ p~rfo~me~ b~ ~,m~ 
apparent advantages to using jerk rather than acceleration 

Research. Inc., o{ 1 orrance. California, under contract to JPI.. Details of 

~his v, ork ave given in (5), ~hich is a companion paper to this paper, for brake contro!. In fact, for some surfaces such as gravel 
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and glare ice where the maximum tire/road stopping Braking Tests 

force occurs with the wheel locked, jerk does not give a 

usable signal, while acceleration does. The real braking situation differs from computer 

......... Figures 2 through 5 illustrate the computer analysis, simulation in significant ways. The computer simulation 

These plots show, as a function of time, torque on the assumes a constant tire/road interface during braking, 

wheel due to the brake (TB), which represents the input represented by a muislip curve. It does not take into 

function; torque on the wheel due to the tire/road account sudden variations in road surface, such as thin 

interface (TR), which is a function of the mu/slip curve; patches of dirt, bits of debris, painted lines, oil spots, etc. 

wheel angular acceleration, which is a function of the net Such variations in the coefficient of friction can signifi- 

torque on the wheel or TR - Tt~; wheel angular jerk, which cantly affect the motion of the wheel when it is on the 

is the first derivative of angular acceleration; and angular verge of locking. These perturbations in acceleration and 

velocity. Each plot is for a particular road surface jerk constitute a noise level that the control logic must 

characterized by its mui slip curve. Only that period of contend with. It is clear that consideration of the signal- 

time prior to lockup is significant, to-noise ratio is of primary importance in designing a 

Accompanying each set of wheel transient curves is a threshold-sensing control system if false triggering of 

mu-slip curve for the road surface considered. To make brake-pressure release or application is to be minimized. 

them more amenable for computer entry, these mu-slip A jerk sensor, since it differentiates angular acceleration, 

curves are simplified versions of data in (6). will amplify acceleration noise in direct proportion to its 

These plots show that jerk does not cross zero at frequency. This means that noise levels, whether the 

maximum road torque, as concluded in a previous study, result of road surface variations, brake, frame, or suspen- 

Figures 2 and 3, dry and slippery asphalt, show a sudden sion vibrations, or background noise present in the 

............. decrease in jerk and acceleration very near the maximum sensor/controller system, can be many times greater if 

road torque. However, Figures 4 and 5, gravel and glare jerk rather than acceleration is sensed. Unfortunately, 

ice, show that acceleration produces a much stronger reduction of this noise by filtering is generally not an 

response. If system noise is taken into consideration, as acceptable solution because filters introduce a delay in 

discussed in the following section, it is unlikely the jerk response that seriously degrades control system perform- 

signal would be strong enough to be useful, ance. 

/ 
Figure 2, Braking wheel dynamics--dry surface Figure 3. Braking wheel dynamics--slippery surface 
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F:igure 4. Braking wheel dynamics--loose gravel Figure 5. Braking wheel dynamics--ice surface 

A series of braking tests were run using a motorcycle The 8Hz filter was judged best¯ considering the compro- 
(Suzuki GS 1000) instrumented to record wheel dynamics, mlse between low n rose and rapid res ponse. To show the 
Yo simplify the analysis and instrumentation, braking delay effect of each filter on the acceleration and jerk, the 
was done on the front wheel only¯ The road surface was filter for the velocity channel was fixed at 20Hz. 
dry asphaltic concrete, a commonly used material. In Referring to the figures, three traces that represent the 
each test, the front brakes were applied suddenly and motion of the braked wheel (angular acceleration, angular 
hard enough to cause the wheel to lock and skid. jerk. and angular velocity) are shown. The point at which 
Parameters recorded on a magnetic tape recorder included the wheel velocity suddenly rises is when the motorcycle 
wheel angular velocity and angular acceleration. Upon rider released the brakes enough to resume normal 
playback of the tape, acceleration was electronically braking. 
differentiated to produce jerk. For visual comparison, all Starting with Figure 8, each figure is for a differenl 
signals were then recorded on an oscillograph, from stopping event (run). The velocity trace indicates where 
which Figures 6 to 1 ! were produced. These figures whee! lock and release occurred. It also shows several 
illustrate what is happening to the wheel as it approaches instances ofimpendinglock before actual lockup occurred. 
and achieves a locked condition. In each case, acceleration and jerk traces show a response 

Brake pressure, which represents the input to the brake to these events as well as to the noise. These records are 
system, was not measured during these tests because of typical of all the runs (25) and show acceleration signal 
the tape recorder’s limited channel capacity. The rider level at impending lock is greater, relative to the noise 
was instructed to apply the brakes suddenly and hard level, than the jerk signal level. In fact, in Figures 9 and 
until lockup occurred and then release them for a normal 11, the jerk signal has no distinctive characteristics and 
stop. Although he may not have applied the brakes at the would not be useful for initiating brake-pressure release. 
same rate each time, each test run does represent a 
braking situation that could occur in reality. To be Control System Analysis 
usable, jerk and acceleration signals must show good 
characteristics regardless of how lockup is approached The closed-loop analysis presented in (5) was made for 
and how much noise is present, each of the feedback parameters being considered. The 

In playing back the data, each channel was filtered to results indicated that acceleration would give stable 
reduce noise. To identify the effect of filtering, four-pole operation and jerk would not. Jerk feedback would be 
low-pass filters with cutoff frequencies of 4, 8, 16, and stable if the proper network were added, but this would 
32Hz were compared. The effects on the same data for be equivalent to making the jerk transducer an acceler- 
three cutoff frequencies are shown in Figures 6, 7, and 8. ometer. 
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Figure 6. Run 6o 16Hz filter Figure 8. Run 6, 8Hz filter 

Figure 9. Run 7, 8Hz filter 
Figure 7. Run 6, 4Hz filter 

Comparison Summary 3. Closed-loop analysis shows that, for the control 
system concept proposed for this task, jerk 

When wheel lock begins, a pulse occurs in both the jerk feedback does not produce a stable control cycle, 

and acceleration signals; however, if the pulse were used whereas acceleration does. 

to initiate control action, the two signals compare as 
follows: 

1. At impending lock, the acceleration signal is Component Design 
consistently greater in magnitude relative to the 
noise level. The overriding physical requirements for a motorcycle 

2. For gravel or glare ice road surfaces (or other antilock brake control are that it be small and resistant to 

surfaces where the maximum stopping force the environment. It also must be inexpensive. Preferably 

occurs at lockup), the jerk signal has poor it should be a single unit mounted near the wheel’s brake 

characteristics near lockup and is of such low caliper and coupled to the wheel to operate the sensor and 

magnitude that in the presence of noise it would the modulator. An example of how the unit could be 

be useless, mounted on the front fork is shown in Figure t 2. 
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¯ One rotating part the impeller angular velocity. Two small capacitances are 
¯ No rotating pneumatic coupler formed by the volumes following the orifices. 

o No friction problem The output pressure developed by a centrifugal-type 
....... ¯ Less expensive to fabricate pump, pumping fluid through a resistance load, varies as 

¯ More compact the square of the angular velocity or shaft speed. Thus, 

This sensor, as shown in Figure 14, is basically a P~ = KIto2 
centrifugal pump with pressure sensed at the input rather where 

than the output. Sensing the pressure at the input P~ = Pressure drop across the pump 

eliminates the problem of pressure pulses, or noise, that K~ = Constant of proportionality 

.............. appear on the pump output. In addition, a fluidic circuit to = Pump speed in radians per second 

applied in a unique way is used to linearize the pressure Assuming the toad resistance to be a linear element such 

signal.2 Linearization is necessary to make the acceleration as a tube or a pipe whose length-to-diameter ratio is 

signal amplitude independent ofvelocity when the velocity sufficient to establish laminar flow (flow in which 

signal is differentiated, laminar shear forces reach from the pipe inside walls to 

Referring to Figure 14, the impeller is a disk with six air the centerline), the flow through the device would be 

ducts connected to a common opening in the center, directly proportional to the pressuredrop across it. In the 

Rotation of the disc causes air to flow from the center to case of the nonlinear pump applied to the linear (capillary) 

the perimeter, in the manner of a centrifuga! pump. The load resistance, a flow rate, Q, that is proportional to the 

case is fixed. The air inlet is through a fluidic resistor and pump pressure, or proportional to 0)2, would result. 

two orifices that function to linearize the relationship However, if a nonlinear resistance, such as an orifice, 

between the pressure across the resistor, or output, and were substituted for the linear load resistance, a flow that 
is influenced by the nonlinear characteristics of the new 
load resistance would be established. 

~ -- ~ AIR EXHAUST allows a fluid (in this case, air) to flow through it to a 
Referring to Figures 15 and !6, an orifice, Ro, which 

~ 

~~x~ ~dus~ lower pressure region on the output side establishes a 

~ ..... 
~ ~ flow rate, Q, that is proportional to the square root of the 

~ ~ 
.oa~tces ~oa pressure drop across it, P~. This is true regardless of the 

........ 
[ ~~ u~z~l~o~ ratio of orifice to pipe diameter in which the orifice plate 

~~ 

~~ 
/M~ASOREMENT PORT,t~ ~,,,~ is inserted’ Since P’ = P2:~//~2 

-- U~d~ ~ (PRESSURE PROPORTIONAL 

TO ~R V~OC~T~                                            K~ 
KIw2 = K2q2, so Q = 

] ] [ ]~1~- 

REsIsToR 

which states that the circuit flow rate is proportional to 

~ 
~A~ 

speed. 

IN 

/ ~xx’x I II //         // / X ORIFICE DISC 
PRESSUR~ - 

~ . .f/~.<. 
/ Figure lS. Pump and orifice Circuit 

Figure 14. Angular velocity sensor--functional     ,,, 

representation 

Figure 16, Circuit with linear resistor adde~ to measure 
2 Patent applied for flow rate 
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The addition of RL, however, introduces a nonlinearity 
as follows:                                                          300 ..... 

Now P~ = P2 + P3 

or K~to2 = K2Q2 + R~Q 

or Q2 + RLQ KI WliH LIN~ARlZ[R 
- __ to2 = 0 

K2     K2 
100                                                    WITHOUT LINEARIZER 

Solving for Q, -RL _ / RL2 K~to2 

Q= 
+V 

2+ 
2K2 4K2 K2 °o 5O0 

SENSOR SPEED IN R,PoM.+ 6 

q is no longer a linear function of to. However, if, by 

design, RL is an insignificant part of the total load, or Figure 18, Effect of linearizer 

RL<<K2, Q will be proportiona! to speed, or, as before: 

Testing the sensor was done by using an electric motor 

~ with closed-loop speed control (Figure 19). The speed 
Q = - 

to was varied with a DC voltage input. By using a linear- 
ramp voltage generator, the motor speed was accurately 

However, when RL is small, the pressure P3 is small; programmed to produce a known acceleration. Also. a 

therefore, a tradeoff of linearity for signal sensitivity 
sine-wave voltage generator was used to produce the 

must be made. 
frequency and phase response curves shown in Figure 20~ 
For this test, the motor ran at 3,000rpm, and its speed It can be shown that the addition of orifices may be 
modulated with a sine-wave. The results show the used to linearize flow (see Figure t7). An analysis similar 
transducer has a flat attenuation response to 12Hz, the to that above shows that adding orifices diminishes the 
frequency limit of the test apparatus. Phase shift is about nonlinear effect of RL by making RL a smaller part of the 
9° at 12Hz. Assuming the sensor has a transfer function total load. 
similar to a single-pole low-pass filter, the measured 

For the experimental model of the sensor, two orifices, phase response is that of a filter with a cutoff frequency of of a size determined by test, gave the desired degree of 
76Hz and a time delay of 2ms. This delay is well within linearity. The linearization effect is shown in Figure 18. 
our requirements for a total system delay of 20 to 30ms. Without linearization, the pressure output versus velocity 

The experimental model of the transducer with the closely follows a square-law curve, as expected. With the 
fluidic stack is shown in Figure 21. The case and impeller linearizer, the curve is linear to within + 1.5 percent, if the 
are made of aqrylic resin. Details of the impeller and portion below !,000rpm is not used. One-thousand rpm 
orifice disks are shown in Figure 22. The two disks, which is equivalent to 16km/h, which is below the required 

operating range of the antilock control, are metal with 0.6mm orifices, are shown with two 
spacer-cavities. Since the velocity output must be differentiated to get 

acceleration, the slope of the velocity curve is the 
significant characteristic. Over the range of interest, the 
slope variation of the nonlinearized curve is +300 
percent, while that of the linearized curve is ± 15 percent, 
a twentyfold improvement. 

i O~IFtC~, Rol) 
~P2: K2Q2 

LINEAR 
P4 RLQ I RESISTOR, RL 

Figure 17. Multiorifice linearizer Figure 19. Sensor test apparatus 
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! 

Figure 20. Sensor frequency response Figure 22. Sensor impeller and orifice disks 

to operate the logic switch. This diagram represents the 
experimental setup, which operated from a positive 
pressure source. The final version would operate from 
engine vacuum and would include a vacuum reservoir 
and a pressure regulator to control the operating pressure 
to about 11 kPa. The fluidic elements would be stacked 
and attached to the sensor, as shown in Figure 13. 

i 

Differentiator 

In order to have a simple, low-cost sensor, a velocity 

type was designed. Since an acceleration signal is required, 
the velocity signal must be differentiated. While several 

Figure 21. Velocity sensor approaches may be taken, the circuit shown in Figure 23 
was fabricated and evaluated first because of its simplicity. 

Fluidic Circuits It consists of diaphragm capacitors and resistors, equiva- 
.......... lent to a single-pole RC high-pass electrical network. 

Referring to Figure 23, the fluidic circuitry following This approach to differentiation is valid over a limited 

the velocity transducer is comprised of a preamplifier, a range of frequency, being most effective at low frequencies. 

differentiator, a driver amplifier, and a power amplifier The design goal was to select component values that 

1 

SENSOR 

~DU~T~ 
CONTROL 

Figure 2a. S~hem~ti~ diagram 
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would result in an ~cceptable compromise ofthe compet- where T = ( RL + Rs )C 
ing characteristics discussed below. 

The fluidic differentiation unit was configured as Since R~. is significantly larger than Rs, by design, 
shown in Figure 24. Referring to the figure: 

~ ~ Po(S) ST 

Pi(S)      ST + 1 

I~~[APHRA(~M 

This equation is the transfer function of a true dif- 

RS 

ferentiator, S, with a gain of T.I combined with a simple 

one-pole low-pass filter, ST + 1 ’ having a time-con- 

P;(t) Q----’-]- P (t) 1 
|NLET ’]                                     For this device to be an acceptable differenuator, the 

L 
low-pass filter must have a small T to reduce the effects of 

phase shift and attenuation on the control loop, and 

OUTLET reduce the lag in response. However. as shown by the 

transfer function, reducing T also reduces the differentia- 

tor’s sensitivity, producing an undesirable effect on the 
Figure 24. Fluidic differentiator                            signal-to-noise ratio. Since excessive noise on the 

acceleration signal will cause erratic operation of the 
R~. = load resistance 

control logic, careful attention must be given to minimize 

noise generated before the differentiator. 
Rs = input source resistance 

Results of evaluation tests are shown in Figures 25 and 

26. Figure 25 is the frequency response in terms of 
Q(t) = volume flow rate 

attenuation and phase shift of the sensor differentiator 

combination (hereafter referred to as acceleromete[), 
Pi(t) = input pressure 

These curves represent the relationship between input 

angular acceleration of the sensor and the pressure 
Po(t) = Q(t)R~, = output pressure 

output of the fluidic driver amplifier (see Figure 23). The 

following conclusions may be drawn from these results: 
where Pi, Po, and Q are a function of time, t. 

The cutoff frequency (-3db) of about 1.5Hz is 

much too low for use in the control loop. It C = diaphragm capacitance 
should be about 10 times higher to reduce the 

A2 
effect of phase lag on the closed-loop limit-cycle 

= -- frequency. As thelimit-cycle frequency becomes 
K~) 

lower, the stopping time increases to an un- 

acceptable duration. 
A = diaphragm area ® The time-constant equivalent of a 1.5Hz cutoff 

frequency is about lOOms. This delay, added to 
Kr~ = diaphragm spring constant 

other delays in the system, is too long to prevent 

wheel lockup in a panic stop. 

Summing the pressure drops across each element, Figure 26 shows the results of a transient test where a 

_~ 
sudden acceleration (velocity ramp) was applied to the 

Pi(t) = Rs Q(t) + f Q(t) dt + R2 Q(t) accelerometer. Preliminary analysis (see System Design) 

concluded that the threshold of wheel acceleration for 
Pi(s) = Q(S) [( RI + R~) + ~ ] triggering the reduction of brake pressure should be 

-97rad/s2. Accordingly, for test purposes, the acceleration 

where S = Laplace variable input was adjusted to a somewhat higher level of about 
__+ 130rad / s:. The transient response of the accelerometer 

Po(s) Q(S)Rt~ shows an unacceptable time constant of about lOOms 

= (time to reach 63 percent of final value), which was 
P~(s) Q(S) [Rt, + Rs + ~@C] predictable from the frequency response results. 

To get satisfactory performance from the differentiator. 

( RI. ) ~(~) 

the RC time-constant must be decreased by about a 

factor of 10, and the gain must be increased by adding 
RL + Rs another stage of fluidic amplification 
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Figure 25. Combined sensor/differentiator frequency response 
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Figure 26. Sensor/differentiator response to acceleration step 

Figure 27 shows the fluidic stack attached to tl~e Control Logic 

sensor. For convenience~ the stacks were divided into two 
parts, one for the preamp and differentiator and another The function of the control logic is to initiate reduction 

for the succeeding amplifier stages. The first stack is of brake pressure at the correct level of wheel deceleration, 

made up of the laminates shown in Figure 28. Most are and then to initiate increased pressure at the correct leve! 

standard C-format laminates from Harry Diamond of wheel acceleration. It does this by switching the 

Laboratories. The exceptions are those in the second row modulator solenoid on or off in response to the accelera- 

with large round holes. These are the differentiator tion pressure signal from the fluidic power amplifier 

capacitors, which, for the experimented model, have (Figure 23). 

latex diaphragms of 0.15mm thickness, rather than metal An adjustable differential-pressure switch and a 

diaphragms, solenoid-controlled switch comprise the control logic. 

1069 



Experimental Safety Vehicles 

then rapidly apply pressure on another command. The 

result should be a quick stop without wheel lockup. It is 

also necessary that the modulator not interfere with 

normal braking and the antilock action stops when the 

vehicle operator releases the brake lever. 

Since the modulator was not developed as part of this 

work, the analysis model of the control system assumed a 

hydraulic type rather than the slower acting pneumatic 

type, which is probably not capable of operating with 

delays less than 20ms. 

To explain the odulator s operation, the conflguranon 

shown in Figure 31 was chosen. It is simple and similar in 

concept to one developed by Mullard Research and 

TRRL in England(8). 

Figure 27. Fluidic stacks                                     Referring to Figure 31, normal braking occurs when 

the solenoid valve is closed. If the wheel is about to lock 

33 MM SQUARE 

r~_~To DRIVER AMP        0       ~       0 

~ DIAPHRAGM ~- ~\ 

t~ ] ~ ELECTRICAL ~ / 

~ TO DRIVER AMP        0        ~       0 

Figure 2~. Pressure-operated logic switch 

Figure 28. Fluiaic preamp and differentiator laminates 

Fhc logic s~itch shown in Figure 29 has adjustable 

! contac[spacing~whichpermitsanindependentadjustment 0k_. , 
~or deceleration and acceleration logic levels. The solenoid ~00 

wkch, which is closed when the solenoid is energized, is {~ 
v~c~ S~D 

needed to hold the solenoid energized while the logic 

sx~ itch is changing direction between contacting positions. 0 
Ihe relationship between the switch action (control 

command) and the resulting braking dynamics is shown 
~ s by the computed data in Figure 30. The cyclic action 

shown is the intentional result of the nonlinear form of 

~ 
5~~ 

control, Fhe smoothly changing frequency of the limit- 

cyce rate indicates a stable control system. 
Because the sensitivity of the logic switch developed        =-s00 

~as not compatible with the pressure levels produced by 
r 

the fluidic circuits, an overall test that included the logic BRAKE 

s~4~ch could not be rum To do so w~ll require mor~ fluidic 

amplification ahead of the switch, This modification is in o 
progress 

BRAKE kEV~R FORCE 

Modulator 
0~ ........... 

0 1 2 3 4 

The function of the modulator is to reduce hydraulic 

pressure rapidly on command from the logic switch and Figure 30. Brake control action 
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greater variety of surfaces would require adaptive tech- 

~o~ niques using more sophisticated logic involving other ,,~S~E~CYL,NoE~ 
parameters, such as wheel slip. Such techniques are 
within the capabilities of fluidic technology but may be 

too complex for an inexpensive and compact brake- 
VAlvE PRESSURE control system. 

VALVE Although more work is needed for verification, it 

appears that a fluidic control system is feasible. The 

design challenge is to achieve fast response in the fluidic 

components. 

ooo Acknowledgments 

This research was carried out by the Jet Propulsion 

Laboratory, California Institute of Technology, Pasadena, 

California, for the National Highway Traffic Safety 
Figure 31. Modulator concel~t 

Administration, Department of Transportation, under 

because of high brake pressure, the solenoid will open the 
contract with Harry Diamond Laboratories. 

valve, allowing pressure to move the reservoir piston to 

block the connection between the master cylinder and the References 
caliper and to provide a volume for pressure reduction in 

the caliper line. The pressure in the caliper line also forces 1. Tenney, Stephen M., "Towards a low cost highly 
the pump piston against the cam, and some fluid is forced reliable ant/lock brake system for small motorcycles." 
back into the line. When the solenoid is deenergized, the Contract No. DOT-HS-802-288, February !977. 
valve closes, causing the reservoir piston to move back, 2. Tenney, Stephen M., and John M. Goto. "Develop- 
opening the line to the caliper, and causing the pump to ment of a low cost ant/lock brake system for smal! 
force excess fluid back into the line. motorcycles," Contract No. DOT-HS-803-861. 

Design requirements dictate a fast-acting solenoid and December 1978. 
rates of pressure change to match those specified in the 3. Thurston, John F.,"Development of fluidic ant/lock 
System Design section, system for motorcycles, Phase III," Final report. 

N000 19-78-G-0288 WY31, Garrett Pneumatic Sys- 

Conclusion                                           tems Division, Phoenix, Arizona, June !982. 

4. Zellner, J., and M. White, "Advanced motorcycle 

The fluidic velocity sensor developed for this application brake systems," Final report. Contract No. DOT- 

met requirements for simplicity, compactness, and func- HS-806-095, November 198 !. 

tional capabilities. It adapts well to the fluidic stack 5. Zellner, J.W., and D.P. Chiang,"A feedback controt 

concept of fluidic circuitry, and its response time is method for ant/lock brake design," Proceedings 

negligible. Tenth International Technical Conference on Experi- 

The differentiator must be modified to reduce its time- mental Safety Vehicles. July 1985. 

constant. This should present no particular problem if 6. Harned, J.L., et al.. "Measurement of tire brake 

attention is paid to low-noise component design. Other force characteristics as related to wheel slip {antilock) 

types of differentiators that would not require moving control system design," SAE Paper 690214. 

parts, such as diaphragm capacitors, should be invest/- 7. Scheer, Lawrence E., and Mel M. Steele. "Fluidic 

gated. Also, more signal amplification must be included ant/lock braking/traction transfer system (FAB 

in the design modifications to operate the logic switch. TRAC) sensor development," DAAK-30-78-C-0081. 

Analysis concludes that an acceleration feedback loop 8. Zellner, J., and D. Weir. "Evaluation of the 

will give reasonable stopping distances for the road Mullard TRRL ant/lock brake system," Contract 

surfaces considered. Optimization of performance for a No. DOT-HS-804-192, May 1979. 

1071 



,Experimental Safety Vehicles 

Accidents of Motorcyclists -- Increase of Safety by Technical Measures on the Basis of 
Knowledge Derived From Real-Life Accidents 

Mo Danner, shows a continuous downward trend after 1982 (Figure 
K. Langwieder, and 1). The number of accidents with motor-assisted bicycles 

A. Sporner and motor-assisted bikes with kick-starters has been 

HUK-Verband, Automobile Engineering decreasing also. Only the accidents with light motorcycles 
have increased in the past few years. This is due mainly to Department 
the conduct of beginner adolescent cyclists. 

Nevertheless, there were still 1,548 fatally and 30,544 

Abstract seriously injured cyclists in !984, so we need to keep 
trying to achieve more safety. 

Technical safety measures call for detailed knowledge 
of how accidents occur. Accidents involving two-wheel 
,~ehicles pose particular problems in describing the course 
of the accident and injury severity as well as ascertaining 
the causes, 

Using material covering approximately 3,500 accidents 

with motorized two-wheelers, a realistic classification        ~ ~. 
s,~stem is explained and problems of the different two- 
~ heel categories are shown in this paper.                     - 

Experimental and mathematical simulations of the 
main accident type lead to some suggestions on how to 1~7~ 
change the motorcycle by adding some safety elements to 
reduce the injury risk of the driver ..... 

o~elle: 

A safety motorcycle is introduced that can improve, in Figure 1. Accident with motorized two-wheelers 
a positive way, the flight path of the driver after an impact 
~ithout being unrealistic. 

Technological Status Quo 

l[ntroduction Demonstration of accident numbers clearly shows it is 
not very sensible to evaluate motorcycle accidents 

Safet5 research for motorcycles, compared with invariably and generally. The main distinguishing features 
motorcar research, has only begun. Therefore, it is are summarized in Figure 2. 
important not to aim at general solutions but to find the At present, there are four different types of motorcycles 
main causes of accidents after analyzing the characteristic in the Federal Republic of Germany: 
{eatures of accidents. Only then will it be possible to ¯ 15-year-olds can drive a motor-assisted bicycle 
search for improvements, i.e., new safety elements to no faster than 25kmih. 
reduce the motorcyclists’ risk of being injured and to * 16-year-olds can choose between the motor- 
make motorcycling safer in the future, assisted bicycle with kick-starter (no faster than 

In the early 1970’s, one of the first institutions to record 40kmi h) or the Leichtkraftrad (80km/h). 
a~d evaluate motorcycle accidents systematically was the * From 18 on, one can drive any motorcycle 
HUK association. This started when the number of without any limits to the power, apart from the 
motorcycles was lower than ever; for example, in 1972 producer’s voluntary limitation to 100hp. 
there were 198,221 motorcycles and, in 1984, 946,572. The planned introduction of a graded driving license 
This early research made it possible to utilize a funda- will place motorcycles in the following categories: 
mental basis of accident analysis and experimental ¯ Beginners’ motorcycles up to 20kW power 
simulation that put us in a position to introduce sensible ¯ Motorcycles with unlimited power 
technological measuresconcerningthedecreaseofinjuries. There are characteristic accidents in each group of 

To date. more than 3,500 motorcycle accidents have cycles. One has to make differences, especially between 
been evaluated and recorded in EDP data files by HUK the light-powered motorcycles and the heavy ones. It is 
engineers. These accidents mark the starting position for the exact knowledge of these sequences of motion that is 
further experimentation and mathematical models. The the requirement for acquisition of realistic safety concep- 
study of accidents in which motorcycles were involved tions. 
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that are typical of the motorcycle accident. Generally one 

can distinguish between single-vehicle accidents and 

collisions. The single-vehicle accident is being examined 
presently in research, and some possibilities can be seen 

already how to technologically influence the single- 

vehicle accident and the mechanism of injuries during the 

fall. 

As far as collisions are concerned, there are, apart from 

the rare glance-off collisions, two completely different 

accident sequences (Figure 3): 
Collision of the vehicle involved against the 

Figure 2. Motorized two-wheel vehicles in West 
motorcycle 

Germany ¯ Collision of the motorcycle against the other 

vehicle 
Problems With Light-powered 

....... Motorcycles - 
COLLISION 

From an extensive study of 1,700 accidents with 1 ’~ 
motor-assisted bicycles(l) and from a special analysis of / \ 1,000 accidents with Leichtkraftr~idern(2), it can be seen 

that a main factor is found in the adolescent driver and TWO-WHEELER AGAINST OPPONENT AGAINST 

his conduct. Lack of experience and a high readiness to 
OPPONENT TWO-WHEELER 

take risks lead to driving maneuvers often resulting in an 

accident. Adolescent beginner drivers often recognize 

critical situations too late. 

A further aspect limits the possible technological 

improvements. The design of motor-assisted bicycles and {MAINLY MOTORCYCLES) (MAINLY UGHT POWEREDr~,~WHEELER’, 
motor-assisted bikes with kick-starters (Mofa, Moped, ~ 

Mokicks) hardly permits additional parts on the cycle Figure 3. Collisions with two-wheelers 

because they are constructed with the lowest possible 

weight to achieve competitive power. Furthermore, if In the first case, the motorcyclist is impacted and run 
safety devices are to fulfill their function, they must have over by the other vehicle. The cyclist’s kinetic energy is of 
a certain solidity that is difficult to obtain on a light less importance, and the sequence of motion is, in some 

.... frame, respects, similar to that of an accident with pedestrians. 
As we will show, this is especially true for side In most cases, the casualty is caught by the other vehicle, 

collisions, which are predominant with smaller motor- hurled onto the bonnet, and eventually dropped. The 
cycles. This result leads to the conclusion there will be injuries result mainly from contact with the other vehicle 
only limited success in technological safety measures for and are in first approximation proportional to its kinetic 
light motorcycles, energy and shape aggressiveness. In other words, the 

On the other hand, not all safety reserves known have faster and more edged the other vehicle, the more serious 
been realized so far. Improvements can be found con- the cyclist’s injuries. This type of collision happens most 
cerning the pedals of the motor-assisted bicycle, which often with lighter motorcycles, such as the motor-assisted 
have proved to lead to a higher risk of falling than bicycle and the Moped/Mokick. As already mentioned, 
footrests. Further improvements might be made in the effective protective devices are difficult to reaiize, 
lighting equipment and frame stability of cycles. Also, particularly as the light construction of these cycles does 
antimanipulation measures, which make it impossible to not permit a heavy protective bar in the area of the lower 
increase the power and speed, are among the desirable extremities. 
technological measures known but not yet fulfilled. In the second case of a collision of the cyctist with 

another vehicle, the accident sequence is completely 

Accident Characteristics of Motorcycles different. Here the cyclist’s speed and thus his kinetic 

energy is the central parameter for the motion path and 

The analysis of all motorcycle accidents reveals sensible the severity and kind of injuries. In addition, motorcycles 

starting points, especially for heavy motorcycles, to and light motorcycles can be found in this group, and 

influence the risk of injuries by technological measures, thus the requirements for the realization of technological 

But first, the main characteristics have to be described measures are fulfilled. 
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The expensive and heavy touring motorcycles are 

ideally suitable for safety elements without giving up the pRE-CRASH ! C R A S H 
I 

pOSt-CRASH 

characteristics of a motorcycle. Besides the promising 
":i)< r prospects concerning technology, the relative frequency - 

~ 
of this accident type-s-motorcycle against other vehicle-- ,~L, .... ,L ~,A~,,~ , 
was a reason to deal more thoroughly with these problems. ~" ....... "~ ’ .... ~°"’"~’ ’"’" ............. 
Vigure 4, from another research project of the HUK "<.2 

~0,0,c .... 

association(3), shows it clearly. ~.~ 

About 60 percent of all accidents with motorcycles and 

Leichtkraftr~dern belong to the category of motorcycle ~u~a~u~ 
bumps against other vehicles. As for motor-assisted ~;;o~°~~’ ................. 
bicycles and Mokicks, this accident type is only 33 ~ ,,. ~ 

percent. ~ 
~ 

There are two reasons for a closer examination of this Figure 5. Motorcycle bumps against other vehicles 
accident sequence: the frequency and the promising 

prospects for technological measures. 
Motion Sequences and Injury Patterns 

SINGLE VEHICLE kCCIOE~r ~’~’.~?~ a~CE 0~E ~CC~OE~ Starting points for developing protective measures are 

of greatest use during the precollision and the collision ~ OPPONE~T "-~ TWO’WHEeLER ~.._._ _~ TWO "V~"H EE tE R --’~" OPPt-IN EN]" 

phase since the course is set here for the decision: bump or 
overflight. 

~.z 
5a.~ How decisive this difference is shows the severity of 

5z.z aza injuries suffered by cyclists, divided into bump and 
~a.~ 

overflight. The real accident sequence shows clearly that 

safety measures are possible only if they influence the 

cyclist concerning an overflight with its reduced strain 

(Figure 6). The seriousness of injuries increases according 

to an increase in speed, but the rate of seriousness after a 
Mo,~a 54oped/~’4okick Lkr/Kkr Motorcycles 

~ 46 9~ 76 215    ~428 , bump in any speed range exceeds the rate resu lting from 

Figure 4. Distribution of motorcycles by main accident overflight. 

types Which causes can be found for these different motion 

seq uences? 

The analysis of the real accident sequence(5) shows 

Accident Sequence that cyclists on special types of motorcycles were more 

often able to start an overflight. These types were mainly 

To find starting points for future safety elements, this enduros and cross-country motorcycles (Figure 7). 
collision scquence~-- the bump of a motorcycle against With similar collision speeds and similar vehicles, the 
another vehicle-has to be divided into its single phases cyclists were much more often able to overfly the other 
( Vigure 5). vehicle than the cyclists of normal motorcycles and light 

~[n the first phasc~- the precollision phase.-.the pre- motorcycles. This result shows there are technolog~ca~ 
conditions are determined for the kinds of motion in the parameters that influence the path of motion. The 
second phase. The cycle, for reasons of its single-track knowledge of this then led to experimental and mathe- 
construction, drive into the collision phase already in a matical simulations of the possible influencing parameters. 
falling way, and thus produce completely different Possible parameters might be points that result on the 
motion sequences that do not occur with motorcar one hand from the geometrical measurements of the 

accidents(4), motorcycle and on the other hand from defense reactions 

During the collision phase, main differences can be of the motorcyclist himself. If we first ignore the second 
seen in the direct bump of the cyclist against the other point, then there is a variation of the parameters that 
vehicle and in the overflight. This phase is decisive for the determine the essential measurements and characteristic 
seriousness of injuries to the cyclist since the energy is features of a motorcycle: 
reduced either by the cyclist’s hard bump against the * Height of seat 
other vehicle or by the overflight. * Seating position, influenced by the position and 

The post-collision phase then shows the results, that is, form of bench-seat, handlebar, and footrest 
whether the cyclist has suffered a bump or if he was able * Shape of contact surfaces: tank. handlebar, 
to destroy his energy by rolling onto the street, baffle-pad 
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’ - The deceleration of the motorcycle is strongly 

0 = I]berflu9 (Fly-over) dependent on the geometry and rigidity of 

A = Aufprall (Impact) the impact point as the deceleration sequence 
with the rear crash shows. 

Here, tire, fork, and rim could not deform themselves 

~ ~ ~ 

in the desired way because the motorcycle has driven 

under the rear of the car with its front wheel and has been 
~ decelerated only by the very hard contact between 

AIS-AVERAGE1,/~ 2,1 1,6 2,0 2,2 3; ?:.3 ~,,5 ~1t5,3 
steering head and bumper. But there was no reaction to 

......... 1] j A I] A {J U t A "" A this different deceleration to be seen in the dummy,s 

v (Kin/h) 0-25 26-t,0 Z~l-60 61-80 I >80 motion sequence. 
,, The deceleration has a neglectable influence on the 

Figure 6. Injury severity with reference to collision cyclist’s motion path. Yet the chronological description 
speed of the single phases provides important hints (Figure 10). 

In the upper part of the figure, the dummy’s activities are 

the motorcycle. Both systems can be related to each 

noted; in the lower part, the deformations and motions of 

other. If you take the case of a collision against the 
passenger compartment of a motorcar with a collision 
speed of 50kmi h, the most important incidents happen 
during the first !OOms after to. This is a very short time for 
measures to have an effect, but there is a possibility to 
influence the cyclist’s motion path in this time by varying 
some of the construction elements. The aim of a safety 

Figure 7. Cross-country motorcycle 

Experimental Results 

In the experimental part of the research, two series of 
crash experiments were carried out, which on the one 
hand very welt complemented one another, and, on the 
other hand, led to important individual results--the real 
crash and the sledge-test. 

In the real test, motorcycles of the same type were 
driven against different surfaces of a stationary vehicle 
(Figure 8). 

Besides the decelerations of the motorcycle, the Figure 8. Motorcycle driven against stationary vehicle 

decelerations of the head and the chest of a 50th 
percentile Sierra dummy were measured; by means of 80 
high-speed film, a chronological description of all 
incidents in the first 200ms was made. The measured 

70 

decelerations of the motorcycle permit the following 60 

conclusions (Figure 9): 50 
The form of deceleration sequenceofthe motor, 
cycle can be varied theoretically by technological 

t~0 

measures because it is determined essentially by 30 

the parts--tire, fork, and rim. 20 
¯ Such a measure would not be successful with 

10 
regard to the cyclist, since--- 
-- The cyclist is connected with the motorcycle 0 

10V20 30 /~0 50 60 70 80 90 |00 ll0 
only by sitting friction; therefore, a soft g 

t t 1 t 1’ -{ i i ~ms- deceleration cannot be passed on to this ~ ~ ’    ’ 

body. Figure 9. Measured decelerations of motorcycle 
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DUMMY 
FLIGHT- PHASE 

WITHOUT COMPARTMENT-CRASH 

\ 

Figure lb. Chronological description of a 50kmfh test 

Figure 12. Handlebars 
conception was to start an overflight and avoid the 

~angerous area roof edge for the cyclist’s head(4), where the position of the head is relatively low in relation 

The first contact after ~ between dummv and motor- to the roof edge of the other vehicle. To raise the low 

cycle takes place after about 30ms. The lower part of the position of the head by technological measures during the 

body bumps agains~ the tank. On varying the shape of the first 100ms so the head is removed from the dangerous 

tank. it has been shown that a tank-rising angle of about roof edge area is extremely difficult, if not impossible. 

40~ to 45~ is the best corn promise (Figure 11). A very high handlebar, also called a chopper handlebar. 

First. a too-flat tank does not exercise any reactive creates an optimal seating position but unfortunately 

power on the cyclist to raise the center of gravity: second, develops characteristic features during the collision 

with a too-flat tank. the ~mpact of the thighs against the sequence that lead to the body getting caught on the 

handlebar is very hard because there is no speed reduction, handlebar, thus preventing the desired flight path. In 

a steep tank does raise the cyclist’s center of gravity but addition, the seating heigh~ on chopper motorcycles is 

also involves a heavy rotation of the upper part of the very low. 

body around the lower part. which does not remove the 

c~ clist’s head Irom the dangerous area. Mathematical Description of the Motion 
The handlebar is influential in two respects. The 

seating position is determined by its shape, and it is Sequence 
r~ponsible for serious thigh ~uries if there ~s an impact 

against it. The ~mprovement must. therefore, find the All variations described so far have been carried out on 

mos~ suitable seating position for an overflight and a sledge installation with which it was possible to contrel 

~revent a bump of the lower extremities (Figure 12), the effects of the single parameters easily. At the same 

Here. too. the middle course in the form of a touring or time. the motion sequence was calculated in a mathe- 

cross-country handlebar has proven to be the most matical simulation program to obtain the rising powers 

- ~itab le, A too-flat handlebar, as can often be found with and decelerations(5). By means of a converted passenger 

sporfingcycles, makes thecyclistsit in averylow position model with l0 degrees of freedom. ~t was possible to 

simulate the powers and motions of a cyclist who bumps 

against a stationary obstacle--a motorcar (Figure !3). 

TOO FLAT 

Figure 11. Shapes of fuel tanks Figure 13. Simulation without leg-pad 
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Results The dummy’s body stretched and the bumping point of 

the head was some centimeters higher than it had been in 
The first pos ttive influence on the cyclist’s path turned the experiments without pad and with a sporting handle- 

out arithmetically and experimentally after the intro- bar. 

duction of baffle-pads in front of the cyclist’s legs. The possibility of influencing the flight path through 

Because of these, the bad impact of the legs against the the search for safety elements will continue within the 

handlebar could be prevented. Not only is the danger of HUK accident research. 

thigh injuries averted, but also the danger of the body In the past few years, there was no lack of suggestions 

being caught on the handlebar-the so-called "flick- on how to fix the cyclist by hold-back devices to the 

knife-effect", can be eliminated in this way. An optimal vehicle to minimize the risk of being caught on the bar. 

function of this pad also includes absolutely necessary Looking at the patent applications, one can find con- 

support of the entire lower leg. The full effect of the structions that try, some in a futuristic and others in an 

leg-pad could be observed afterward with the combination amateurish way, to force safety on the motorcycle. The 

of a touring handlebar, as in this case the flight path was probability of realizing these inventions is very low. as the 

also influenced (Figures 14 and 15). effect of the new safety element is uncertain or the 

Figure 14. Test without baffle-pad 

Figure 15. Test with baffle-pad (leg-pad) 

1077 



Experimental Safety Vehicles 

conception of the entire motorcycle would have to be tackled, which do not seem to cause substantial problems. 
changed. The situation might be differem with an On the basis of these theoretical considerations and 
additional safety element that has actually been applied preparatory work already done. a first series of experi- 
for the car. namely, the airbag. At present, the airbag is merits has been started to observe the effect of the airbag 
one of the few car-safetx elements that could also have an experimentally. Figures [ 6 and [ 7 show the simulation of 
effect on motorcycles, but only if it is used additionally on a collision with the sledge facility mentioned previously. 
the basis of the measures discussed and if it does not alter The dummy is raised slightly by the airbag and thus is 
the characteristic features of the motorcycle. To fulfill also removed from the dangerous area of the roof edge. 
these requirements, the effect of the airbag has to be In the further course, the airbag can soften the impact as 
extended. Concerning the motorcycle, apart from it moves together with the body toward the vehicle. 
cushioning the ~mpact. an influence on the flight path Further research must show which of the designs 
might be possible by means of the airbag. Compared to mentioned above is most effective for the motorcycle and 
the car airbag, there are other priorities for the motorcycle if there is a realistic chance to influence the flight path. 
airbag: Other problems, such as economical aspects or questions 

¯ Influence on the flight path and the driver concerning bag activation safety, will have to be examined 
movemem in following phases. Another future prerequisite would 

¯ Cushioning the impact between driver and other be that airbag system costs are reduced, since prices of 
vehicle about DM2.000 charged for a motorcar airbag are. of 

Ten years ago, experiments were made(6) with airbags course, illusory for motorcycles. 
on motorcvcles, at that time mainly to protect the cyclist Nevertheless. the search for technological safety ele- 
from a bump against the other vehicle. They did not ments mus~ not fail because of these hindrances. The 
consider an influence on the flight path. so the shape of more the airbag is accepted in the car. the more certainly 
the airbag at that time had to be oriented to a support, the costs of the system might be reduced in the long run. 
Furthermore. this airbag had a volume of 200:1 and was and it is not unrealistic to hope the motorcycle could also 
very difficult to fill gain from this. 

A further development of those ideas has not become 

known, except for an inflatable protective suit for the 

cyclist himself. This has never been able to fulfill its 

function entirely, since the filling was done with com- 

pressed air and therefore took longer than 150ms. This 

time period is long enough to protect the cyclist in a fall 

but not in a collision during which the decisive incidents 

take place during the first lOOms. 

Fortunately, airbag technology has developed further 

because of activities in the motorcar sector and the basic 

knowledge can be taken over. Today filling the airbag (in 

its third generationl is done by burning solid fuel and no 

longer by compressed air (firsl generationl or by hybrid 

liquid gas (second generationj. This defined burn-up with 

controlled expansion enables inflating times, dependent 

on the temperature, of about 30ms(7). As the chrono- 

logical sequence of a motorcycle collision is known from 

previous experiments, this time period is long enough to 

realize a protective effect. 

The volume of the bag, in the motorcar about 60:1. will 

not be sufficient for the motorcycle. Further points of 

improvement are also in the shape of the airbag and how 

to pack it on the cycle to achieve the two priority aims as 

much as possible. 

The release of the fuel and the electronic control 

equipment have deliberately not been mentioned in this 

list These partial system components are not yet impor- 

tant. First. it must be shown how the best influence on the 

cyclist can be achieved by coordinating all measures, and 

only then can the solution of these partial problems be Fixture 16. Simulation of collision with sled{te t’acilit~/ 
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Figure 18. Summary of sate~y ~easures 

How realistic and easily carried out the discussed 

Figure 17. Simulation of collision with sledge facility technological measures are can be seen in the latest 
models of some motorcycle producers who have already 
realized some safety elements. But since an flnproved 

Summary protective effect is guaranteed only by the combination of 
all elements suggested, more developmental work remains 

The complex nature of motorcycle accidents requires to be done. It is to be hoped it won’t be long before all 

an exact knowledge of motion sequences and accident technological safety measures already known will be 
realized. characteristics in the search for technological measures 

aiming at increased safety. With some types of motor- 
cycles, such as the light-powered motorcycles (Mofa, 
Moped, and Mokick), there seem to be only limited Conclusion 
possibilities to influence safety by technological measures. 
This depends on their design and frame stability and on The authors are indebted to all the member insurance 

the collision mechanism since these motorcycles are companies of the HUK-Verband, in particular, for 

impacted mostly by another vehicle, making their claims records readily available for this 

Concerning heavy motorcycles, the prospects seem study; to the staff of the AZT for their help with the tests; 

more positive, even if there cannot be total protection, and to the HUK staff who carried out accident analysis 

Here, the collision of the motorcycle against the other and evaluation work. The authors also owe a debt of 

vehicle is dominant and the design of the motorcycle gratitude to all the companies whose suppo~ made it 

permits additional technological measures that can possible to execute the various tests. 

increase safety. 
On the basis of the analysis of real accidents and 

experimental and mathematical simulations, the following References 
requirements have been worked out. 

An effective safety element for the cyclist has to 1. HUK-Verband. Unfaltcharakteristik und 

influence his motion path. The risk of being injured can Verletzungsfolgen bei Mofa-Unf~llen~ HUK- 

only be reduced if the direct impact against the other Verband. B~ro f~r Kfz-Technik, M~rz 1983. 
vehicle is avoided. The sum of all possible measures is 2. Langwieder, K., H. Klein, and H.D. Zipfel, 

summarized once again in Fibre 18. When bumping Untersuchung von 100O Leichtkraftradunf~llen in 

against a motorcar, the risk of suffering serious or fatal Bayern, Noch nicht ver6ffentlichte Untersuchung. 

injuries can be reduced essentially by 3. Danner, M., K. Langwieder, J. Polauke. and A. 

= A seating position as high as possible Sporner, Schutzkleidung f~r motorisierte 

= A touring handlebar combined with a baffle-pad Zweiradfahrer, Bundesanstalt f~r Straflenwesen. 
in front of the legs December 1984. 

¯ An optimized tank 4. Langwieder, K.,"Collision characteristics and injuries 

= An antidive system that does not make the to motorcyclists and moped drivers," Proceedings 
cyclist’s body dive during an emergency braking 21st Stapp Car Crash Conference. 1977. 

= Perhaps an additional airbag system 5. Sporner, A., Experimente!le und Mathematische 

Furthermore, the cyclist’s legs can be protected Simulation von Motor-radkollisionen im Vergleich 

additionally by integrated protective barsin side collisions zum realen Unfallgeschehen, Dissertation. TU 

and falls. M~nchen, 1982. 
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Hirsch, A.E., and P. Bothwell, "Air bag crash 7. Daimler-Benz AG, Luftsack und Gurtstrammer ftir 
protection for motorcycle application," U.S. Depart- Mercedes-Benz Pkw., Technische Information. 
ment of Transportation, National Highway Traffic 

Safety Administration, Washington, D.C., 1973. 

Analysis of Straight Running Stability of Motorcycles 

Tornoo Nishimi, running stability of the rider-motorcycle combination, 

Akira Aoki, and 
but the work to establish a rider model is still being 

Tsuyoshi Katayama 
gathered. 

In this paper, a mathematical model of 12 degrees of 
Japan Automobile Research Institute, Inc. freedom is introduced in consideration of the degrees of 

freedom concerning the frame rigidities and the rider’s 

vibration characteristics, and the straight-running stability 

Abstract is studied without considering the controlling behavior of 

the rider. Six kinds of frame rigidities are adopted for this 

In this paper, straight running stability without study as follows: torsional and lateral bending rigidities 

controlling behavior of the rider is analyzed with regard of the front fork, the main frame, and the rear swing arrn. 

to a mathematical model of 12 degrees of freedom, This As to the vibration characteristics of the rider’s body, 

model has 2 degrees of freedom concerning leaning leaning movement of the rider’s upper body and the 

movement of upper body and lateral movement of lower latera! movement of the rider’s lower body are adopted. 

body of the rider as well as 4 degrees of freedom of These characteristics are measured by means of an 

excitation bench experiment. Furthermore, a comparison sidestip~ yawing, rolling of motorcycle, and rotation of 

s~.eering handlebar, and 6 degrees of freedom of frame is also made between the results of the theoretical 

r gidities, calculation employing a 12 degrees of freedom model and 

Vibration characteristics of the rider’s body influence those of the full-scale running experiments. 

bo, h weave and wobble modes. Theoretical calculation 

r suits b3 using a mathematical model of 12 degrees of Vibration Characteristics of Rider’s Body 
freedom are relativel) and qualitatively similar to the 

rc:,u[ts obtained by full-scale running experiments. The 

extent ol quantitative coincidence between theory and 
Rider Model 

experiment, however, varies with types of motorcycles. 

Parametersconcerningvibrationcharacteristicsofrider’s 
Prior to the measurement of the rider’s vibration 

~pper bod) int]uence weave mode, and those of rider’s 
characteristics, it is necessary to determine the degree of 

~ower body influence mainly wobble mode, 
freedom of rider model. Observation of rider’s movement 

on the running motorcycle indicates that leaning move- 

Introduction ment, lateral movement, yawing movement, and pitching 

movement are among the degrees of freedom. It is 

~Ihe studies on handling and stability of rider- considered that, amongthem, the former two movements 

motorcscle combinations have recently made remarkable have primary influence on the straight-running stability, 

p ogress. Particularly since the publication of Sharp’s while the latter two have only secondary influence. 

stt~dy report(I) on the straight-running stability of the For the establishment of rider model, a 2 degrees of 

rider-motor%cle combination, researchers in several freedom model is adopted as the first step as shown in 

c ~untries have energetically participated in the analysis Figure 1. In this rider model, the rider’s body is divided 

ot the ti~eme by adopting mathematical models(2,3,4,5), into two portions- -upper and lower bodies. Then, it is 

It is~ however, still not experimentally ascertained fully assumed the upper body has a degree of freedom to lean 

that the theoretical calculation results using mathematical with reference to the center of gravity of the lower body, 

models can, or to what extent, represent the actual and the lower body has a degree of freedom to make 

behaviors of the rider-motorcycle combination qualita- lateral movement only. Both upper and lower bodies are 

tiveb and quantitatively. Furthermore, in addition to the assumed to have concentrated mass, linear spring, and 
d,,namic characteristics of motorcycles, the vibration linear damper, respectively, and the moment of inertia of 

characteristics of the rider’s body influence the straight- the upper body having the degree of freedom of rotation 
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...., , 
/ \ 

Figure 1. Rider model of vibration characteristics Figure 2. Rider’s behavior measurement device 

movement shall be represented as the product of squared 
radius of gyration and mass. 

Experimental Method 

As mentioned before, a rider on a motorcycle behaves 
with 4 degrees of freedom. Accordingly, a rider on a .... 
motorcycle placed on an excitation bench is also assumed 
to behave similarly, having these degrees of freedom. 
Hence, a rider’s behavior measurement device as shown 
in Figure 2 was prepared, and the excitation experiment 
was performed with it. 1 , 2, 3,and 4 in Figure2are 
sensors (potentiometer) for the measurement of leaning 
angle, yawing angle, lateral movement, and pitching 
angle. Figure 3 shows a scene of excitation experiment 
with the device shown in Figure 2 being installed on a 
motorcycle and a rider. 

The experimental method is that, as shown in Figure 4, 
a motorcycle is excited in rolling movement in reference 
to the axis through the centers of tire contact of front and 
rear wheels. The handlebar of the motorcycle was fixed in 
a straight-running position to restrict the movement of Figure 3. Scene of excitation experiment 
the motorcycle to rolling movement only. The Japan 
Automobile Research Institute (JAR1) hydraulic excita- Excitation method was a frequency sweep. The range 

tion device(6) is used as an excitation source. The rider of excitation frequencies was from 0. l to 10Hz, and the 
subjected to the excitation experiment was not given any amplitude of excitation was about 0.5°. The data collected 
special instructions and was allowed to behave freely, from this experiment were processed by the data process- 
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[~__.____-.~~ EXPERIMENTAL VALUE 
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,         \ .~\’J~ ~/ THEORETICAL CURVE 

EXPERIMENTAL VALUE -~ LF~{1 

I IIIIiii 
0.1 0.5    I 5 0 

FREQUENCY Hz 
gioure 4. Exc{tation experiment method 

Figure 5. Measurement resu{ts of r{der’s v{brat{on 
ing device to obtain the frequency characteristics of the character}st{cs (w{thout centre{ of {ean ang{e 

rider at each output with regard to the rolling angles of bV rider) 

motorcycle body. The estimation of values of these parameters are 
explained in the following. In the rider model (Figure l), 
it is assumed that mass, position of center of gravity and 
moment of inertia of upper body, and mass and positio~ 

E~pe~imentM Results and Estimation of 
of center of gravity of lower body are known, and that 

Parameters rigidities and damping of upper and lower bodies are 

unknown. Values of mass, position of center of gravity~ 
Figures 5 and 6 show the measurement results of and moment of inertia of upper and lower bodies are 

leaning angles of the rider with regard to the rolling obtained by calculation using the data collected by JARl 
a~gles of the motorcycle frame. From the viewpoint of from living bodies and the data concerning individual 
phase characteristics, Figure 5 shows the condition when portions of bodies collected by Chandler(7) from cadavers. 
the rider conducted no controlling behavior (eight riders Figure 8 shows mass distribution in human bodies. 
,~ere subjected to the experiment). Figure 6 shows the Percentage value of each portion indicated in Figure 8 is a 
condition that the rider behaved to control his upper mean value of the data collected from six human bodies. 
body in a frequency range between 0.1 and 1.5Hz (six Using this figure, the upper body comprises four portions, 
riders were subjected to the experiment). For this study, it namely, head, chest, upper arms, and lower arms. Total 
is decided that straight-running stability is to be studied mass of these portions amounts to 32.7 percent of total 
without considering the controlling behavior of the rider, mass of human body. The lower body comprises three 
a~d, therefore, values of parameters concerning the portions, namely, hips, upper limbs, and lower limbs. 
vibration characteristics of the rider’s body were estimated, Their total mass amounts to 63.5 percent of total mass of 
based on the measurement results indicated in Figure 5 human body. Here, it is considered that as hands or feet 
and those of corresponding lateral movements (see are rested on the handlebar or the footrest, respectively, 
~igure 7). these are not included in upper or lower bodies. 
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Figure 6. Measurement results of rider,s vibration Figure 7. Measurement results of rider’s vibration 
characteristics (with control of lean angle by characteristics (without control of lateral 
rider) movement by rider) 

Centers of gravity of upper and lower bodies and 
F~R(s) 

moment of inertia of upper body are obtained through 

the process shown in Figure 9 from the ridcr’s riding ~ (s) 

position determined by means of photographic measure- 1 + A~s + Ae~s; + Ae~s~+ A~4s4 

ment; centers of gravity are located at the one-third point 
1 + B~s + B2s2 + B~s3 + from the top end regarding head and at the middle points 

regarding chest, upper arm, lower arm, hips, upper limb, K ~ = 17.45(M ~+M~)gi K~ 
and lower limb. From these values, centers of gravity of A~ = C2/{+(Kz-M2h2g)g} 

upper and lower bodies and moment of inertia of upper AR2 = -h~/g+{M~M2(h~+e~)+M~e ~ {(M ~+M2)(K2-M2h2g)} 

body can be calculated. 

By using the above-mentioned data and applying AR3 =-C2h2i{(K2-M2h2g)g} 
transfer function of Equations (1) and (2), fixed curves in AR4 = -{+M,M2h~(h~+e~)+M~(hvh2)e~} !{(M~+M2) 
Figures 5 and 7 were obtained. In this case, each {(K2-M2h2g)g} 

parameter value is indicated in Table 1. Parameter values Ko = M2h2g/ (K2,M 2h2g) 
of rigidities and damping of upper and lower bodies were AO~ = C~ / K 
selected from among those obtained by calculation’by A¢2 = -(h~h2+e~)/h2g) 
changing parameters step by step to make theoretical Ao 3.= -(h~hz+e~)C~/(h2gK 
curves coincide with experimental results. AO4= -(M ~+M2)e~i (h2gK 

y,R(S) BI = C~/K~ + C2/(K2-M2h2g) 
FyR(S) - ~ - B2 = M2(h~+e~)/(K2-M2h2g) + (M~+M2)iK1 + C~C2/ 

¯ (s) {(K2_M2h2g)} 

1 + ARIs + AR2S2 + AR3s3 + AR4S4 B3 = C2(M~+M2)/[K~(K2-M2h2g)}+ Mz(h~+e~)CI!{K~ 

KR 
1 + BlS + B2s2 + B3s3 + B4s4 

(K2-M2h2g)} 

B4 = M2{(M t+M2)e~+M ih~} i{K ~(K2-M2h2g)} 
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ml= 6.1% 
m 2= 1 7.4 % 

m3= 5.8% h2 rnsL/ 

m4= 3.4 % 
M1 

m== 34.9 % 
-0.5 0 0.5 (m) 

m6=20.4% 

m7= 8.2 %                            m7 

7 

Figure 9. Mass centers (centers of gravity) of ride~’s 
upper body, lower body, and other potions 

Figure 8. Rider’s mass distribution(7) tained by calculation in accordance with these data are to 

be used hereafter. 

Table 1. Data of rider’s vibration characteristics Analysis of Straight-Running Stability 

M1        4.2    kgs2m-1 

Mathematical Model 
M2 2.0 kgs2mq 

e~ 0.041 m2 The mathematical models treated in this paper are 

based on some assumptions and simplifications as ex- 

h1 0.87 m plained below. 

The rider-motorcycle combination shall be composed 
h2 0.39 ca 

of six masses as follows: (i) front wheel, (ii) front frame 

K1 39t 6. kgm1 (excluding front wheel), (iii) rear wheel, (iv) main frame 

(motorcycle complete excluding (i), (ii), and (iii)), (v) 

C~ 100 kgsca4 upper body of the rider, and (vi) lower body of the rider. 

The mathematical models shall be of 12 degrees of 
K2 32.0 kgmrad-1 

freedom that comprises: 4 degrees of freedom of sideslip, 

C2 3,0 kgmsradq yawing, and rolling of motorcycle, and rotation of 

steering handlebar; 6 degrees of freedom of frame 

rigidities, i.e., torsional and lateral bending rigidities of 

’|hen, natural frequencies and damping ratios in the frontfork, mainframe, and rear swing arm; and 2 degrees 

directions of leaning and lateral movements are obtained of freedom of leaning movement of upper body and 

by using these parameter values as follows: lateral movement of lower body of the rider as mentioned 

¯ Natural frequency (leaning movement) 1.27Hz before. 
¯ Natural frequency (lateral movement) 4.0Hz The controlling force inputted by the rider to the 

¯ Damping ratio (leaning movement)- 0.489 motorcycle shall be steer torque only. The controlling 

¯ Damping ratio (lateral movement)--0.321 behavior of the rider shall not exist. Therefore, the rider- 

[:or the analysis of straight-running stability, parameter motorcycle combination, during running, is treated as 

~alues concerning rider’s vibration characteristics ob- one-input open-loop system. 
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The range of movement treated in this paper is limited and rear wheels during running shall be influenced by 
within linear domain, and, therefore, each displacement aerodynamic drag, lift, and pitching moment only. The 
is very small. The sine of angular displacement equals change in tire characteristics due to change of loads on 
angular displacement itself, and the cosine of angular front and rear wheels shall be taken into consideration. 
displacement equals 1. The product of each displacement Aerodynamic force and moment that influence latera! 
and its differential shall be so small as to be negligible, movement of the rider-motorcycle combination shall be 

The motorcycle shall run on a flat and level road only the lateral force and the yawing moment due to air 
surface at a steady speed. The influence of pitching and sideslip angle (sign is in reverse to frame sideslip angle) 
vertical movement of motorcycle shall be negligible, corresponding to frame sideslip angle. 

The front and rear wheels are represented as circular Disturbance forces due to crosswind, uneven road 
discs contacting the ground at a point, and no longitudinal surface, and driving and braking forces shall not be 
slip shall exist. Forces and moments applied to the tires considered. 
shall be lateral forces due to sideslip angle and camber Torsional axis of the front fork, as shown in Figure I0, 

angle, aligning moment, and overturning moment only. shall be in parallel with the steering axis and through the 
The transient characteristics of the tires shall be repre- center of the front wheel axte. The front frame is 

.... sented in the relaxation length (first-order lag element), composed of handlebar, steering head, steering stem, and 
When steer angle is zero and motorcycle is in the front fork, which are considered to be connectedwiththe 

upright position, all centers of gravity of six masses in the front wheel through torsional springs. 
rider-motorcycle combination shall be located within The lateral bending of the front fork is in such a way as 
plane XZ, a longitudinal plane of symmetry, shown in Figure 10. The relation between bending 

The rotating shaft of the flywheel of the engine shall be deflection and deflection angle is assumed as follows: 
mounted on the motorcycle transversely to the longi- ~ ’f =-C0 ,fsf 
tudinal plane. Torsional axis of the main frame, as shown in Figure 

The rider-motorcycle combination shall run through 10, shall be through the pivot of the rear swing arm, and 
stationary air. The change in load distributions on front torsion shall take place in reference to an axis perpen- 

BENDING 

I OF REAR SWING ARM 
Mrw 

STEER AXIS M 

OF MAIN FRAME \ PIVOT 

{BENDING ~ / Sm~ BENDING 

~’~--~.. "~Mr OF REAR SW~NG ARM 

TORSIONAL AXIS 
OF FRONT FORK STEER AXIS 

Figure 10. Motorcycle model in consideration of frame rigidities 
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dicular to the steering axis. The actual torsional axis, reference to the torsional axis ofthe main frame obtains a 

however, is slightly deviated upward from the said axis, coordinate system of OX4Y4Z4, deflection by sm perpen- 

but the said axis is adopted in this paper as an assumption dicular to the torsional axis of the main frame (i.e., 

for convenience, rotation by the deflection angle to’m) obtains a coordinate 

The lateral bending of the main frame shall occur system of OXsYsZ5, and rotation by steer angle 6 obtains 

within a plane perpendicular to the steering axis as shown a coordinate system of OXdYdZ6. This coordinate system 

in Figure !0. The deflection angle, as in the front fork, is fixed to the front frame (excluding front wheel). When 

shall be proportional to the deflection, this coordinate system is rotated by t0’fin reference to the 

(to ’m C¢ ,raSm) torsional axis of the front fork, which is in parallel with 

Torsional axis of the rear swing arm, as shown in the steering axis and through the center ofthe front wheel 

Figure 10, shall be through the center of gravity of the axle, a coordinate system of OXTYTZ7 is obtained. In 

rear wheel and in parallel with the road surface, addition to the above, deflection by sf perpendicular to 

Bending of the rear swing arm shall take place within a the torsional axis (i.e., rotation by deflection angle ¢’f) 

plane perpendicular to the rear wheel including the obtains acoordinatesystemofOXsYsZs. This coordinate 

torsional axis of the rear swing arm. As in the front fork system is fixed to the front wheel axle. 

and the main frame, the deflection angle shall be Meanwhile, rotationofcoordinatesystemofOX2Y~Z2 

proportional to the displacement, by ¢’t in reference to the assumed torsional axis of the 

(to ’t = -C~ ~s~) rear swing arm to be in parallel with the road surface and 

Rider model shall be as mentioned before, through the rear whee! axle obtains a coordinate system 

The right-hand orthogonal axis system is adopted, of OX9YgZ9, and, in addition to this, deflection by st 

Origin of the coordinate system can be represented as the perpendicular to the said torsional axis (i.e., rotation by 

p~ojection point A of the center of gravity of the main deflection angle to’t) obtains a coordinate system of 

trame on the road surface when the motorcycle is in an OX!oY~oZto. This coordinate system is fixed to the rear 

upright position as shown in Figure 11. The movement of wheel axle. 

the rider-motorcycle combination shall be represented in When the coordinate system of OXzY2Z2 is moved in 

relation to the coordinate system mentioned below with the direction of Yz-axis by lateral displacement YR of 

point A as origin, rider’s lower body, a coordinate system of OX~ ~Y~ ~Z~ is 
obtained. In addition to the above, rotation by lean angle 

4~ a of rider’s upper body in reference to X ~ axis obtains a 
coordinate system of OX~zY~2Z~z. 

~.~.,~, /--- / ~ Equations of motion have been introduced by using 

~/ l’~ ~ Lagrange’s equation as shown in Appendix I. 

~/! h ~0 ;i 
All the values of parameters used in the equations of 

_ ,~ v~_z 
~ motion, except for polar moment of inertia of engine 

flywheel, are based on the actually measured values. 
c 

t2--~ (Polar moment of inertia of the flywheel was calculated 

STEER AXIS by assuming it to be 150 percent of the moment of inertia 

of the rear wheel in reference to its axle.) Individual 
Figure 11+ Motorcycle model in consideration of fram~ 

values of parameters used for calculations in this paper rigidities and rider’s vibration characteristics 
are shown in Appendix 11 (see (8) through (12) for the 

First, a coordinate system of OXoYoZo, which is fixed measurement methods and results.). 
to the road surface, shall be adopted. Here, X0 means 

forward direction coordinate, Y0 sideward direction 

coordinate, and Z0 downward direction coordinate. Results and Discussion 
Next a coordinate system of OXIY~Z1 shall be obtained 

b~ rotating the frame by yaw angle to in reference to OZ0 It has been known that the vibration modes that 

axis. Subsequently, a coordinate system of OX2Y2Z2 govern the straight-running stability of the rider- 

shall be obtained by rotating the above coordinate system motorcycle combination are three modes, namely, capsize, 

by roll angle 4~ in reference to OX ~ axis. Thus obtained weave, and wobble modes. Capsize mode is an aperiodieal 
coordinate system is fixed to the main frame. Further, rolling motion of the frame construction that occurs at a 

rotation by caster angle ~ in reference to OY2 axis obtains speed of about 50kmi h or more causing slight instability. 

a coordinate system of OX)Y)Z> rotation by angle O’s in Weave mode is a coupled motion between yawing and 
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rolling motions of the frame construction. This is a 

vibration mode (I-4Hz) whose natural frequency increases ~ WOBBLE MODE 
0.4 

WOBBLE MODE 
in accordance with the increase of vehicle speed. Wobble 

¯ Experimental value 

..... mode is a high frequency vibration mode (6-10Hz) of the z~ 
IL .... holding of 
steering handl~ bar) 0.3 

Ld 0 Experimental value      0 ...... steering system, and its natural frequency does not vary 
~ (Tight holding of 

with vehicle speed. In this paper, weave and wobble ,, steer,rig handle ha,) ~ 0.2 

modes are studied as important modes that have influence 

on straight-running stability, and the influence of rider’s 

vibration characteristics on straight-running stability is ~ <~ O0 

explained and compared with experimental results, z .... lO-degree of freedom ca 

...... Kigures 12 through 15 are comparisons between ~.xl --12-degreemodet of freedom 
theoretical calculation results of 10 degrees of freedom 

and 12 degrees of freedom models and running experiment 
ca 0 ~00 200 0 ~00 200 

VELOCITY km/h VELOCITY km/h 
results with regard to {’our motorcycles. 10 degrees of 

freedom model means addition of 6 degrees of freedom :~ 6 WEAVE MODE 
08 

WEAVE MODE 

concerning the frame rigidities to 4 degrees of freedom 

model, and 12 degrees of freedom model means addition ~ 5i 0.~ o 

of 2 degrees of freedom concerning rider’s vibration o 
characteristics to 10 degrees of freedom model. The 

running experiment results show damped natural 

frequencies and damping ratios of weave and wobble ~ 

/=~"- 

z 

modes obtained from the frequency response charac- .~ 2 ~: 0.2 

teristics of yaw angular velocity in accordance with the 
z 

~ ca 1 
~ 0.0 

steer torque input measured by the pulse response 

method(t3) (see Appendix Ili). Fhe piston displacement < 0 -- ’ 
;    --0.2 .......... ca 0 1 O0 2 0 0 1 00 200 

VELOCITY krnlh VELOCITY krn/h 

.... N WOBBLE MODE WOBBLE MODE I:igure 13. Comparison between theoretical calculation 
-r 12 ® E×perimentel value 0.4 results and experimenta~ results {experiment 

(Loose holding of 

~ 
steering handle bar) motorcycle 

zm 1 C o (T~ght holding of 

St ..... g hQndle bar) O~ of four motorcycles A, B, C, and D are 400cc, 750cc, 
~ 

e ~ode~ ~ ¯ ® 250cc, and 1,100cc, respectively. 
.... lO-degree of freedom <:~ 0.2 

In_ 
I2-degree of freedom 

.~ .... o g**8®° 
mod~ Z~ 0.t Firstofall, influenceofrider’svibrationcharacteristics 

~ ~ ~~o~ K is studied. Among the theoretical calculatio~ results 

~ -"- -~T. <~ 0.0 concerning 12 degrees of freedom model where rider’s 

~ 
4 -0.~ vibration characteristics are considered, the particularly 

~_ 
notable matter is that weave mode shows discontinuity 

< 2 ....... 0.2 ~ a vehicle speed range between 40 and 60kmh This is 
C3 0 1 O0     200 0 1 O0     200 

VELOCITY km/h VELOCITY km/h supposedly because, in this vehicle speed range, damped 

natural frequencies and damping ratios of weave mode 
~ WEAVE MODE WEAVE MODE :c 6 08 are close to those of rider’s lean mode causing interference 

b 
between them. Weave mode and lean mode shall be 

z 5 0.6 determined by eigenvectors in the said range of ~ehicle 

OLU 4 <~ 
..~ speed. 

~: OA Upon comparison between ~0 degrees of freedom 

3 o ~:,, model and 12 degrees of freedom model with regard to 

~ g_ 02 the theoretical calculation results, it is recognized tha~ 

< < rider’s vibration characteristics have influence on weave 
Z , 

¯ ’ 0.0 ....... and wobble modes; in weave mode, damped natul:al 
a. frequencies are increased in upper medium vehicle speed 
~: 0 ~ -0.2 ’ 

~ 
range, and damping ratios are decreased in medium ca 0 ! O0 200 1 O0 200 

VELOCITY km/h VELOCITY km/h vehicle speed range and increased in upper vehicle speed 

range, As to the damping ratios of the weave mode, the 
Figure 12. Comparison between theoretical calculation influence of rider’s vibration characteristics given to 

results and experimental results (experiment medium- or small-size motorc}cles such as 
motorcycle A} 
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N WOBBLE MODE WOBBLE MODE ~ WOBBLE MODE WOBBLE MODE 
~: ~ 0.4 -r 12 0.4 

~ (Loose holding of (Loos~ holding of 
steering handte bor) 

03 
~ steering handte bar) 

01’3 
W ~ 0 Expe~’imenta~ value 

~ ] 0 O-Experimental ~lue 

~ 
(Tigh~ ho~dmg of    0 

~ 

(Tight holding of    0 
s~eermg handle bar) ~ 0,2 s~eer~ng handle bar) ~ 02 

¯ mo~e~                                                          model 
~ 0.] ~12-degree of freedom ~ 0.] 

Z ~ model Z 

o.o < o.o 
~2-degreeof freedom    -0,1 ~ 

4 

model 

"       ~             -O2 ~ ’ ~ 2 ’ .... 0.2 
~ 0 ~OO    200 0 ~00 2~ ~ 0      ~00     200 

VELOCITY km/h VELOCITY km/h VELOCITY km/h VELOCITY km/h 

~ 6 
WEAVE MODE 

08 WEAVEI MODE 
~ 6 

WEAVE MODE 
0.8    WEAVE MODE 

~ 2 ~ 2 

~ ~ ~ oo ....... ~ o.o 

~ ~ -0.2 ~ ’ ~ 0 ’ ’ -0.2 ~ O0 IOO 200 0 100 2~ 0 100 200 0 100 200 
VEL~ITY km/h VELOCITY km/h VELOCITY km/h VEL~ITY km/h 

F~gure 14~ Comparison between theoretical calculation Figure 15. Comparison between theoretical calculation 
results and experimental results (experiment results and experimental results (experiment 
motorcycle C) motorcycle D) 

larger than that gixen to big motorcycles such as B or D. results in big-size motorcycles B and D coincide with the 
ttox~ever, in the wobble mode. damped natural frequencies experimental results very well, while the theoretical 
are decreased in lower medium vehicle speed range and calculation results are somewhat smaller than the 
damping ratios are increased in lower vehicle speed range experimental results in medium- or small-size motorcycles 
and decreased in upper medium vehicle speed range. A and C. As to the damping ratio of wobble mode, like in 

When theoretical calculation results are composed the damped natural frequency, the experimental results 
with experimental results, the theoretical calculation show some scattering in their values, but the theoretical 
results of the damped natural frequencies of weave mode calculation results in each motorcycle are regarded to 
h: ~2 degrees of freedom model coincide with the coincide with many of the experimental results. As 
experimental results in medium- orsmatl-size motorcycle mentioned above, in each motorcycle, the theoretical 
A or C or in big--size motorcycle B, while the theoretical calculation results of 12 degrees of freedom model 
calculation results in motorcycle D, which is bigger than coincide comparatively and qualitatively with the experi- 
B in dimensions, show larger values than the experimental mental results. 
results in both 10 degrees of freedom and 12 degrees of Finally, the influences of individual parameters on the 
freedom models. As to the damping ratio of weave mode, rider’s vibration characteristics are stated below. Table 2 
d:e theoretical calculation results of 12 degrees of freedom shows the extent of influences of individual parameters 
mode~ show better coincidence with the experimental concerning the rider’s vibration characteristics in 12 
results of each motorcycle in the upper medium vehicle degrees of freedom model on weave and wobble modes. 
speed range than those of 10 degrees of freedom model. In this table, circle-marked items mean "large in-- 
The discontinuity of weave mode in the lower medium fluence," triangle-marked items mean "noticeable in- 
~ehicle speed range that was found in the theoretical fluence," and hyphen-marked items mean "negligible 
calculation results has not been proved by the experi- influence."Table 2 is made with the theoretical calculation 
mental results yet. As to the damped natural frequency of results obtained from four experiment motorcycles by 
wobble mode, the experimental results show some changing parameters used for the calculations by ~t0 
scattering in their values, but the theoretical calculation percent, ~20 percent, and ~50 percent from their standard 
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Table 2. Influences of individual parameters on rider’s Acknowledgments 
vibration characteristics 

Weave Wobble This paper is a part of the results of the research 

Mode Mode conducted by JARI for a long period of time under 

commission and financed by the Japan Automobile 
Mass and moment of inertia O O Manufacturers Association Inc. (JAMA). We would like 

Rigidity of upper body O -- to express our appreciation to the Motorcycle Handling 
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Damping ratio of upper body 0 ~ experiment motorcycles and test riders for the running 

Rigidity of lower body ~ iX 
experiments of this research. We, also, are deeply thankful 

to the staff of JARI, Messrs. M otomiya, Sato, Okayama, 

Damping ratio of lower body m iX Mogi, and Kobayashi, for the great cooperation extended 

to us for this research in the measurements of frame 
Height of center of gravity O -- characteristics, tire characteristics, aerodynamic char- 
of upper body acteristics, etc. 

...... This research was conducted independently by JARt, 
....... Longitudinal location of O O which is responsible for all results, knowledge, and other rider’s center of gravity 

contents of this paper. 
values within a vehicle speed range from 40 to 160kmi h. 

From this table, it is understandable that the parameters 

concerning rider’s upper body influence weave mode, and 

those concerning rider’s lower body influence mainly References 
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steering characteristics of motorcycle tires," Journal body 

q!’JA R l, Vol. 2, No. 6, pp. 167-171, 1980. i2x, i2~ Moments of inertia of rider’s upper 

~1~ Study Report on Motorcycle Dynamics, JAMA body 
Report, prepared by JARI under the auspices of i 

JAMA, 1979-7, 1981-5, 1982-9. ifx, it.y, i~.~ Moments of inertia of front wheel 
I2 Study Report on Handling and Stability of Motor- 

irx, lrv’ irz Moments of inertia of rear wheel 
cycle JAMA Report, prepared by JARI under the KI, K2 Rigidities of rider’s body 
auspices of JAMA, 1983-7, 1985-1. (l:Lower body, 2:Upper body) 
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790265, pp. 94&961, 1979. MI, M2 Masses of rider 

Mr, Mfw, Mr, Mrw Masses 

Ta Aerodynamic yawing moment acting 

on center of gravity 

Appendix I T~f, Txr Overturning moments on front and 

rear wheels 

T~, T~. Aligning torques on front and rear 

Symbols and Equations of Motion wheels 

Y,,. Aerodynamic lateral force acting 

on center of gravity 

Yf, Y~. Lateral forces on front and rear 
Symbols wheels 

Z,., Zr Loads on front and rear wheels 

c. ...... e. f’. f,,. h. h’, he,’ h> h~,o                                crf, a~ Sideslip angles of front and rear 

j, k, !1, 12, 1’, wheels 

1<, R, R, t Dimensions (see Figure 10 and g Caster angle 
Figure 11) ~ Gear ratio between rear wheel and 

C~ Cx Damping constants of rider’s body engine flywheel 
(l:Lower body, 2:Upper body) 

cry-, 
o-r Relaxation lengths of front and 

Product of inertia about Xz and Z2 rear wheels 
axes of main frame r Steer torque applied by rider 

(-vs> C’~s2 Cornering stiffnesses Of, 0~ Camber angles of front and rear 

(1 :Front wheel, 2: Rear wheel) wheels 

C.,,v: , C¥c2 Camber stiffnesses ~, 0, Om, Oa, Ot, 

(1 : Front wheel, 2: Rear wheel) ~0, O~. Angular displacements 

(z~, Czs2 Aligning torque coefficients due to sl., sin, st Bending displacements 

sideslip angle YR Lateral displacement of rider’s lower 

Cz;.:~, Czc.~ Camber torque coefficients due to body 

camber angle 

Cxsi, Cxs2 Overturning moment coefficients 

due to sideslip angle 

Cx(!, Cxc~ Overturning moment coefficients 
due to camber angle                  Equations of Motion 
Damping constant of steering 

( ~,~,~, C¢,I., C¢~t Transformation constants of deflec- 

tion (>0) Equation of Equilibrium of Lateral Forces 

CI~ C¢,t, Cs~ Damping constants of frame (Mr+ Mfw+ M,.+ Mrw+ M!+ M2)})1 + {Mfk+ Mfwli-M~wl2- 
g Gravitational acceleration 

(M + M~)la}O + (M~.+ M~w+ M,.+ M,.w+ M1 + m2)~l~b + 
1~, 1 Moments of inertia of front fork 

about X(, and Z~ axes {M~j + Mf~Rt.+ Mrh+ M~wRr+ M lhl + M2(h~ + h2)}O -{Mff’ 

I~.;¢, l;z Moments of inertia of main frame + M i.,,.(f’ + fw)}¢~’~ + {M~(I + eel/m) + Mt,,,,(1 + cC¢,m)}’gm + 

about X2andZ2axes (Mte + Mlwc)i$ + Ml.,,;gf + mr,~;gt + (MI + M2)9a + 
i Polar moment of inertia of engine 

flywheel M2h2OR - Yt- Yr- Ya = 0 
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Equation of Equilibrium of Yawing Moments K¢,m}l~ m’ - { M ff’( 1 + eGo,m) + M l,~,(f’ + fw)( 1 + cCo,m)}’~m + 

{Mt.k + Mfwli-M~wl2-(MI + M2)I~}~I + {M~k2 + Mfwll2 + 
(ifsi Rf)C¢,mkl~m- {Zf(1-tCo,m) + M~g(1 + eCo,m) + Mf,,g(1 

+ cCo,m)}COSESm - {Mtef’ + Mfwc(f’ + fw)}0 + (ifyi Rf)i~l~ + 

Mr’~122+(Ml+M2)lR2+(Ifx+ifx)Sin2~:+(Ifz+it~)c°s2~’+Irz 
(tZf- Mfeg- Mfwcg)cos~d) + (ify!Rf)Xlt]-/f, + 

+ i,.~ + i~}g, + {Mi.k + Mf,,li-Mrwl2-(M! + M2)11~.}5¢1~ + 
RfZfsinacosa~O~, - {Mfw(f’ + fw) + ifxCo’f}’gf- {Zf(1 + 

{M~ik + Mt,, 11Rf-M r~ 12Rr-M ih!l R-M2(h! + h2) l R + (Ifz-lfx 

+ if;if~)sin~cose-C~.~}4~ - {if:i Rf + (iry + ik)i R~}5:¢b - 
RfC¢,fcosE) + Mfwg}cos~:sf + h¢’yf- Tx~COS~ + T~fsine = 0 

...... {Mff’k + Mfw(f’ + fw)ll + (Ifx + if.0sin~}O~ (ifyi 
....... Equation of Equilibrium of Lateral Forces in Main 

Rf)cos~kl~bm, + {Mfk(1 +eCo,m)+ Mfwli(1 +cC0,m)+(Ifz 
Frame 

+ if~)Co,mCOSE}’gm - (ify/R~)Co,mSin~i~.~m + { Mfek + M~wClI + 

(Ii.z + if~)cose}3 - (ifviRf)sinexi6 + i~.~cos~tpf, - {Mf(l + eGo,m)+ Mfw(1 + cCo,m)}~?! +{Mfk(1 + eGo,m)+ 

(ii.y, RfsinE:k~bf, + (Mf,~!! + ifxCo,fsin~)’gf + (ifyiRf)Co,f Mfwll(l+cCo,m)+(Ifz+ifz)Com cos~}O + {Mf(t +eC0,m) 

cosgi~l~f - (i,.yiRr)i~bt, - (M,.wl2 + irzCo,t)’gt - (M1 + + Mfw(t +cCo,m+(ify/Rf)Co,mSing}xl@ + {M~j(1 +eCo,m) 

M2)laS, a-M2h21aOa-llYf+12Yr-Tzf-Tzr-l’Ya-Ta=0 + MfwRf(l + cC0,m) + (Ifz + ifz)C¢,mSinE}4} - 

(ifv/Rl)C¢,mCOSgi~b -{Zf + Mfg(1 + eGo,m)+ Mfwg(1 + 

Equation of Equilibrium of Rolling Moments 
cCo,m)}O - {Mff’(l + eGo,m) + M~-w(f’ + fw)(1 + cC0,m)}¢m, 

-(ify/Rf)Co,mi~t~,bm, - {Zf + Mfg(t + eGo,m) + Mfwg(1 + 

{MIj + M~,~Rf. + M~.h + Mr~Rr+ MlhI + M2(ht + h2)}~~ + cCo,m)}Cos~q~m,+{Mf(l + eC0,m)2+ Mt.w(l +cCo,m)2+(Ifz+ 

{Mok+ Mr,,1 tRI-M~.~12R~-M Ihll a-M2(hl + h2)l a + (If~-lfx if~)Co,m2}’gm + C~mgm + {Ksm-(Mte + Mt.,,c)gCo,m2Sin~}Sm + 

+ itz-i~x)Sin~cos~-Crxz}tp + {M~ + MfwRf+ M~.h + MrwRr+ {M~e(l + eC¢,m) + MfwC(l + cC¢,m)+ (Itz+ ifz)C¢,m}d~- (Mteg 

it.v/Rt. + (i~> + ik)i R~. + M ~hI + M2(hI + h2)}:k~¢ + {M~j2 + + Ml.,~.cg)Co,mSinE~5 + if~Co,mtp ~., + Mfw(l+cCo,m)’gf + 

....... ..... Mf,,Rf2 + M~h2 + MrwR~.2 + M ihl2 + M)(hI_ + h2)2 + (Ifx + (ifyi Rf)C¢,mCo,fXl’Sf - MfwgCo,msine~sf- Yf = 0 

~f×)cos-~ + (li.~ + if~)sin2a + I~ + ~× + ~!× + i2.,}45 - {Mfj + 

M>"RI+M"h+Mrw’R~+(MI+M2)hI+M2h2}gc/)’{Mff’J+ 
Equation of Equilibrium of Moments About Steering 

Mf~(f’ + fw)R~-(If~ + ifx)COS~}~bm, - (ify/Rf)sinESclOm, + Axis 

{h¢’Zf + Mff’g + Mt.w(f’ + fw)g}O m’ + {Mtj(1 + eCo’m) + 

M,,wRr(I + cC~0,rn) + (If~ + ii-~)Co,rnsine}’gm + 
(Mle+Mi~c)YI+{M~ek+MtwCl~+(ll~+if~)c°se}q3+{Mie+ 

(ify/Rf)Co,mCOS~ki~m -{Z~(1-tC¢,m) + Mfg(1 + eGo,m) + 
MiwC+(ityiRf)sin~}~lg"+{M~ej+MiwCRf+(If~+i~~)sin~}¢ 

Ml.,~g(l + cC¢,m)}Sm + {M~ej + MlwCRf + (lfz + ifz)sin~-}O 
-(i@’Rt)c°s~l~b+(tZffMteg-Mf~cg)O-{Mtef’+ M~wC(f’+ 

+(il-yiR~)cos~:kl3 + (tZf-Mfeg-Mlwcg)6 + if~sin~Of, + 
f,~)}Om’- (ifsiR~)~l~bm’ + (tZt’Mteg-MlwCg)c°SgOm’+ 

(if.,/Rf)cosgkl¢f, + RfZtsinaOf, + (Mt.wRt-ir~C~,,fcosE)g~, + 
{M,e(1 + eGo,m) + Mfwc(1 + cC0,m) + (liz + i,~)Co,m}’g 

(tZ~-Mteg-Mfwcg)sina6 + ilztpi, + RfZ~sin2ag,{. + MfwCg1, + 
(ify/Rt.)Co,~.sin~i~l~t.- {Zt(I + RfCo,~cos~) + Mfwg}Sf+ irx~t,+ 

RrZrOt,+ MrwRr.gt_(iryiRr)Co,t:klkt_(Zr+ Mrwg)St+{MihI (il.yi Rf)C¢,f~l~t- (Zl. + Mt,,g + RfZ~C~,fcosE)sings~ + tYt. 

+ M2(hI + h2)}2~ - (M~ + M2)gy~ + }M2(hI + h2)h2 + i2~}0R 
-T,fsine - T~tcosa = r 

-M2h2g¢a - Txt.- Tx,. - h’Ya = 0 

Equation of Equilibrium of Moments About Torsional Equation of Equilibrium of Moments About Torsional 

Axis of Main Frame Axis of Front Fork 

- {Mff’ + M,,~,(f’ + fw)}}¢I - {Mff’k + Mfw(f’ + f~)lI + (Ifx + ifzc°s~tP + (i~.y/Rf)sin~:i~t~, + ifzsinE~ - (ify/Rf)cos~l~ + 

il.x)sin~}O-{Mff’+ Mf~(f+ fw) - (ifvi Rf)c°s~’})kt~ -{Mlf’J + RfZfsin~¢- (ify/Rf)Scl~br~ + RfZfsin~:cos~’Or~ + ifzC¢,m’~m + 

Mfw(f’ + fw)Rt.-(lt~ + i~)cos~}O + (i@’ Rf)sinE/i~b + {h¢’Zf÷ ~ RfZfC¢’mSin2~Sm + iffl + RfZpsin2~:O + if~O}+ C~,f~’ + (Ko,f 

M ff’g + Mt.w(f’ + f,,)g}O + } M ff’2 + M~.w(f’ + fw)2 + I fx + ifx{Om, + RfZlsinag’)O~+ (ifyi ROC¢,f:k ~f- (Zf+ M fwg + R fZfC¢,fcos~ 

+ C¢,mq5m, + {ho’Zlcos~" + Mff’gcos~" + Mfw(f’ + fw)gCos~: + sinesr + RtYesine - T~sine - T~tcose = 0 
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Equation of Equilibrium of Lateral Forces in Front Fork Equation of Side Force on Tire of Rear Wheel 

MI,,~’~ +(MI,,1 t + it~C¢,fsin~)q~ +{M~,~-(ity Rt)C~,.~cos~}J;iq~’ (0",.,’ Rl)¥1. + Yr = - Cys21Xr+ Cyc2~r 

+ (M~,,R-i~,.C¢,~cos~)~- (ib R~)C~.fsin~ - (Z~ + 

M ’ ~ 
M ,,g)O - { ,,,(f + f,,) + i~xC¢,~}¢£- (Z~+ M~,g)coS~Om + Equation of Aligning Torque and Camber Torque on 

M~,,(I + cC¢~)g~,.~- (i~ R~)C¢,mC~@~;m - (Z~ + 
FrontWheel 

M~,g)C¢,~sinzs~ + Mt,&g - (ib Rt)C¢,~it6- (Zt, + (~fih~)T~t,+ Tzf= Czsia~,+ Cachef 

Equation of Aligning Torque and Camber Torque on 
(_ ~-)s~ + Cs~?s + Ks~s~- Y~ = 0 Rear Wheel 

Equation of Equilibrium of Moments About Torsional (o-~/~I)T,~. + T~ = Czs2a’r + Czc2~r 

Axis of Rear Swing Arm 

i ’ ’ Equation of Overturning Moments on Front Wheel 

RrZ~)¢~ (~?~ Rr)C¢,t~t - (Zr + Mr~g)st + RrY,. - Txr = 0 
(~ii~)T~. + Txf = Cxs~af- CxctOt~ 

Equation of Equilibrium of Lateral Forces in Rear Swing 

Arm Equation of Overturning Moments on Rear Wheel 

M ,,,~<~ - (M~,,I2 + i~C¢,~)~ + M~.,,i~ + M~.,,R,.~ + (ffriil)Txr+Txr=Cxs2ar-Cxc2¢r 

R )C¢,t~- (Z~. + M~.~,g)¢ + (i~.~ R~.)C¢,tk~~ - (Z~. + 

q~.,~)¢~ + (M,, + irzC¢,t-)st Cst;t + Kstst - Y,~ 0 Sideslip Angle of Front Wheel 

Equation of Equilibrium of Lateral Forces in Rider         af= {)~ + 1 ~-h¢’~ + (l-tC¢,m)~m-tg-R~sin~. + (1 

R~.C~,&os~)sf} iR~ + ¢£sin~ - SmC¢,mCOSff - ~cosE 

+ h~)}¢-(M~ + M?)gO +(M~+ M2)~’R+C~)R+ K~yR 

+ M~h~a = 0 Sideslip Angle of Rear Wheel 

Equation of Equilibrium of Leaning Moments of Rider ar = ()~-l~&-Rr~ + st)/X~ + stC¢,t 

M.~h~ - M?h21a@ + M~h?K~ + {M2(h~ +hpei~x}¢ - 
Camber Angle of Front Wheel 

M h:g¢ + M~h2~a + (M~h2~ + i2x)¢R + C2~R + (K2- 

M~:&.~,)¢ a~ = 0 el= ¢ + ¢,~’~cos~ + SmC¢,mSin~ + fisin~ + ¢~.sin~ - sfC¢,tcos~ 

Equation of Side Force on Tire of Front Wheel Camber Angle of Rear Wheel 
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Appendix II 
Table 2-3. Tire characteristics data used in theoretica~ 

calculation 

Parameters                                                         A B c 
Cys1 kgdeg"1 26.90 35,70 23,70 36,00 

6.10 13.20 6.20 7.50 

Cys2 kgdegq 25,70 36.60 19.80 47.50 

9.60 11.10 7,90 10.05 

Cyct kgdeg"1 2.86 3,98 2.26 3.64 

Table 2-1. Masses, moments of inertia, dimensions -0.33 0.19 -0.49 -0.81 

and geometrical data used in theoretical C¥c2 kgdeg°t 2.53 4.05 2.96 5,27 
-0.59 -0.66 0,13 -0, t7 

calculation 
Czs~ kgmdegq 0.23 0.46 0.28 0.33 

-0,24 -0.39 -0.188 -0.208 

......... .......... A B C D CZS2 
kgmdeg"1 0.29 0.34 0.26 0.34 

Mf       kgs2m"1 2.~49 2.57 2.109 2.833 
-0.206 -0.538 -0.247 0.813 

Mr       
kgs2rn"t 15.23 19.55 15.93 23,65 CZCl kgmdeg-1 0.019 0.044 0.016 .0.032 

Mfw 
kgs2m-1 1.20 1,43 1.04 1,81 

-0.0134 -0.0055 -0,0109 -0.0071 

Mrw 
kgs2m-1 1.51 2.01 1,34 2.00 Czc2 kgmdegq 0.034 0,044 0.033 0.065 

kgms2       0.048    0.025    0.063    0.074                                   0.0005 -0,0318 -0.003    -0,0242 

Ilffzx kgms2 0.048 0.025 0.063 0.074 Cxst kgmdegq 0,09 0.12 0.10 0.02 

lrx 
kgms2 0.826 1,635 0.981 1.843 

-0.297 -0,391 -0.246 -0.332 

Irz 
kgms2 1,450 2.826 2.232 2,531 Cxs2 kgmdeg"! 0.032 OA3 0.08 0.12 

Cr×z kgms2 0.0 0.0 0,0 0.O 
-0.523 -0.702 -0,308 -0~937 

i~ 

kgms2 0.053 0.059 0.045 0,076 Cxc1 kgmdeg-I 0.120 0.162 0.106 0.175 

kgms2       0,062    0.076    0.061    0.087                                  -0.026    -0.031    -0,026    -0.041 

!f× kgms2 0.027 0.031 0.023 0.041 CXC2 kgmdegq 0.161 0.248 0,160 0,298 

itx kgms2 0.033 0.043 0.0~2 0.047 
-0.052 -0.092 -0.060 -0.083 

kgms2 0.093 0.114 0.092 0.130 Gf m 0.176 0.179 0.157 0.158 

2~ 1,0 1.0 1.0 1.0 
0.052 0.092 0.029 0.040 

Zf kg -107,5 -129.5 -115.5 -176,9 ~rr m 0,147 0.162 0.134 0.185 

c m 0.065 0.050 0,050 0.047 
0.060 0.034 0.082 0.081 

e m 0,065 0.160 0.049 0,042 tZfl kg 110.0 140.0 110.0 150.0 

...... j m 0.727 0.728 0,692 0.696 tZrt kg 140,0 190,0 140.0 200.0 

k m 0.593 0.634 0.556 0.602 

t m 0.079 0.095 0.086 0,111 
Notes: When two figures are indicated in a box, the upper figure 

shows differential coefficient and relaxation length of tire 
h m 0.531 0,566 0.530 0,510 

11 m 0,828 0.860 0.759 0.913 component force corresponding to values of tZfl and IZrl 

12 m 0.561 0,561 0.594 0.636 
listed in the table, and the lower figure shows differential 

h" m 0,620 0.633 0.633 0.599 
coefficient and relaxation length of tire component force 

1" m 0.026 0.026 0.008 0.021 when values of tZft and IZrl are zero, IndividD2tZf s in their using 

f" m -0,049 0.033 0.045 0,118 ranges, in linear relations to ~ZfA21Zf,s in their using ranges, in linear 

......... fw m 0.438 0,402 0.443 0.434 relations to Zf and Zr. 

Rf m 0.311 0.320 0.299 0.321 

Rr m 0.313 0,323 0,312 0.317 Table 2-4. Zerodynamic characteristic data used in 

~ deg 27,5 27,0 27.0 29.5 theoretical calculation 

l 
A      B C D 

CFx kg -0.281 -0.267 -0.28 

CFy/~ kgdeg-1 -0.00985 -0.0064 -0.00975 -0,00735 | 

....... CFZ kg -0.035 -0.0313 -0.0336 -(Z0290    | 

......... GUy kgm 0,0290 0.0450 0,0428 0.0580 

Table 2-2. Data concerning {tame rigidities used in 
CMZ/j kgmdeg~ -0.00t50 -0.00085 -0.00127 

-0,00~J 

theoretical calculation 

Table 2-5. Rider’s vibration characteristic data used in 
A B C D 

K¢,m kgmdeg-1 72.13 238.49 78,66 150.91 theoretical calculation ..... 

C#~,m kgmsdegq 0.0 0,0 0.0 0,0 

Ksm kgmq 60170. 62950. 33540. 33050. A B C D 

Csm kgsm"1 0.0 0~0 0.0 0.0 M 1 kgs2m-1 3.80 4.24 4,01 4,48 

radm-g 2,714 2,379 2,6’67 2.238 M2 kgs2m"1 1.96 2.t9 2.06 2.30 

KO,f kgmdeg"1 2.67 3.65 2.95 3.47 qx kgms2 0.252 0.281 0.265 0.296 

C~,f kgmsdeg"1 0.0 0,0 0.0 0.0 i2x kgms2 0.081 0,090 0,085 0.095 

Ksf kgm"1 31120, 25890. 25930. 24880. 

iz 

kgms2 0.249 0.271 0.270 0,256 

Csf kgsmq 0.0 0.0 0.0 0.0 h~ m 0.843 0.844 0.873 0.899 

radm"1 3.09 3.41 3.30 3.40 h2 m 0.386 0.385 0.397 0,396 
C~,f 

K¢~.t kgmdeg-1 15.39 24,11 13.91 90.08 1a m 0.139 0.138 0.157 0.192 

C¢,t kgmsdeg-1 0.0 0.0 0.0 0,0 K1 kgm-1 3638. 4062~ 3834, 4283, 

.... Kst kgm-! 57290. 86830. 52500. 1587050. Ct kgsm-1 92.9 103.8 97.9 t09,4 

Cst kgsn~ 0.0 0.0 0.0 K2 kgmrad"1 32.1 35.8 35.2 39.1 

C¢,,t radm÷’ 3A25 3.226 3,226 3.529 C2 kgmsradq 3.02 3.36 3.32 3,69 
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Appendix III 

Running Experiments 

( YAW VELOCITY) ! ( STEER TORQUE) 

1oo.~ ~PEAK VALUE Xp 

- 0 707 

WEAVE MODE .° 

l’: "~" 
~ I ¯ WOBBLE MODE 

_- ~. (f2-fl)/(2fr) 

0,1= 

I’ f2 

FREQUENCY 

Figure A-1 Experimentai data processing method 
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The Protective Effect of a Specially Designed Suit for Motorcyclists 

: Bertil Aldman and Janusz Kajzer motorcyclists. Feldkamp and Junghans(1) showed severe 

injuries were reduced by protective clothing. The reduction Chalmers University of Technology, 
of soft tissue injuries was also shown by Aldman(2) and 

Gothenburg, Sweden EngstrOm(3). 
A motorcycle helmet consists of a shell and an inner 

Hans Gustafsson shock-absorbing layer to prevent injurious forces from 
........ Folksam Traffic Safety Group, Stockholm, reaching the head(1). A motorcycle suit is to some extent 

Sweden constructed in the same way. It consists of a covering 
layer of leather and a shock-absorbing material on 

.!~ke Nygren and Claes Tingvall vulnerable spots of the body, knees, elbows, and 

Folksam Traffic Safety Group, Karolinska shoulders(2). To be comfortable, the suit must have 

Hospital, Stockholm, Sweden special properties to allow necessary movements. This 

concerns especially the shock-absorbing material covering 

the joints. The leather must be supple and also strong. 
The insurance company Folksam, together with the 

Abstract Department of Traffic Safety at Chalmers University of 

Technology, has constructed a suit based on the knowledge 
Injuries to motorcyclists lead to permanent disability from real accidents. This suit will be presented in this 

........ more often than injuries to car occupants (10 percent study, which consists of the following: 
versus 6 percent). The use of helmets has decreased the ¯ Evaluation of the properties of the leather and 

risk of head injuries. Other injuries leading to permanent shock-absorbing material 
disability are currently concentrated on the extremities ¯ Evaluation of the effect of the constructed suit 
(about 70 percent). Almost all are due to fractures located on bodily injuries 
in joints where knees, elbows, shoulders, and ankles are 

...... the most common spots. 

..... In a study based on 200 motorcycle accidents, it was 
Evaluation of the Properties of the 

shown the existing protective clothing had no effect on Leather and Shock-absorbing Material 
the incidence of fractures to knees, elbows, and shoulders. 

Based on that knowledge, a new motorcycle suit was 

constructed. The main goal was to find a shock-absorbing Objectives 

material to protect knees, elbows, and shoulders in an 

accident. Confor Foam, a medium-density urethane The objectives of this study were to evaluate the 

foam, was tested and found to possess relevant character- following: 

istics. The materialwas tested under experimentalcondi- * Movements of the body in case of an accident 

tions and found to be sensitive to dampness and tempera- ~ Essential differences between different types of 

ture with an optimal shock-absorbing effect of +10° to leather and between samples of the same type of 

+30° C. Experimental studies on the protective effect of leather 

different kinds of leather indicated the importance of ¯ Influence of temperature on the shock-absorbing 

continuous tests of leather when manufacturing motor- material 

cycle suits. The protective effects of the safety suit have ¯ Influence of dampness on the shock-absorbing 

been studied in real-life accidents during a 2-year period, material 

A preliminary study showed the number of fractures ¯ Shock-absorbing ability in different suits with 

decreased significantly, and without shock-absorbing material 

Background Material and Method 

Driving a motorcycle is one of the most dangerous The movements of the motorcyclist when meeting with 

modes of travel. Efforts to reduce the injury risk must an accident were studied by viewing films of real accidents 

concern both active and passive safety. Until recently, in motorcycle races. 

passive safety development was concentrated on head Goatskin and bovine leather were studied in laboratory 

protection and motorcycle design. It has, however, been conditions regarding wear and tear, strength, and firmness, 

shown that leather clothing has some effect on the The shock-absorbing material Confor Foam, which is 

incidence and severity of soft tissue injuries among a polyurethane foam, was tested in real traffic at different 
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temperatures and under laboratory conditions. The Table 2.    Scores for different types of grinding and 
temperature was m.easured inside the material and on the tearing damages to test pieces of leather 

inner and outer surfaces. 
The shock-absorbing ability was tested under laboratory 

Type of Damage Score Description of Damage 
conditions at different temperatures and with varying 
degrees of dampness. Grinding 1 Superficial damage, superficial scratches 

damage 2 Superficial damage, deep scratches 
3 Deep scratches, small scratch holes 
4 Deep scratches, long scratch holes 

Result 5 Large scratch holes 
Tearing 0 No damage 
damage 1 Small damage 

In single motorcycle accidents, the motorcyclist 2 Extensive damage 
normally skids on the road. During that time, the ..... 
motorcyclist will normally be in the same position. The 
moment the motorcyclist reaches the verge of the road, Table 3. Grinding and tearing damage on different 
he/she will start to roll over or roll around. The vertical pieces of leather 
falt is normally low, but the horizontal speed can be very 
fast. This type of accident causes no dangerous injuries Boar Area Type of Leather Grinding Damage Tearing Damage 

unless the victim hits something or the protective clothes Elbow Goat 26 4 
are torn into pieces, which may result in contaminated 

Bovine             34               2 

wounds. 
Shoulder Goat 13 0 In a collision, the impact on the body can be hard and 17) 

produce fractures to unprotected limbs. To protect the Bovine 15 2 
body from injuries, leather and Confer Foam should be 
used, micrometer with a plate were 1.03, 1.36, and 1.60mm. 

Goat leather had a mean thickness of 0.98mm measured 

Test of Leather with a pointed micrometer and 1.37mm with a micrometer 
with a plate. 

Leather from goats and oxen was tested as to wear and Figure 1 shows that bovine leather Types I and IV had 

tear. Pieces of leather were mounted on dummies that a lower resistance to penetration compared with Type II 
and goatskin. This means it is possible to distinguish simulated an elbow or shoulder, e.g., a sharp and a round 

part of the body. The leather was subjected to a rotating between good and bad quality by using a penetration test. 

road Surface. The thickness of the different test pieces was 
measured (see Table 1). On an average, bovine leather 
was thinner than goatskin. 

Table ’10 Thickness of different test pieces of leather \\    / 

Typ~ of Leather Thickness 

C1 Min, C1 Max, C1 Mean C2 Min. C2 Max, C2 Mean 

8ovine 0,75 1,O5 0,81 t.10 1.50 1.35 

Goat 0.85 1,15 0.98 1,10 1.50 1.39 

Figure 1. Resuits of penetration tests summarized~ 
Table 2 shows the score for damage to leather. Table 3 by linear regression 

shows the sum of the scores for !2 tests on the elbow 
dummy and 7 tests on the shoulder. It can be seen that the 
difference in resistance to grinding and tearing between Test of Shock-absorbing Material 
goatskin and bovine leather is small. 

Wear and tear strength of different test pieces el Table 4 shows the temperature inside and on the inner 
teather was also tested as to penetration. The results of and outer surface of the Confer Foam, measured in a real 
this test can be seen in Figure 1. The worse the wear and traffic situation for different air temperatures. 
tear strength, the larger the diameter of the hole. Bovine The mean temperature measured over the shock- 
teather Type I had a mean thickness of 0.64mm, Type II, absorbing material varies between + 11.1° C and +26.3° C 
0.90mm, and Type IV, 1.14mm, measured with a pointed in the test situation at a temperature in the air of 0° C and 
micrometer. Corresponding values measured with a +21~ C when driving in urban traffic and at l l0kmi h. Itis 
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Table 4. Temperature inside, on outer and inner surface 
of the shock-absorbing material measured in L 
real traffic situations 

Air Temperature 
0oc 21°C 

Urban 110km/h Urban 110km/h 
Traffic Traffic 

Coa for ~oa~ 

Outer surface    9.4      5.4     24.3     22.6 

Inside the 13.5 10.3 26.1 25.0 
confor foam 2 

Inner surface 21.1 17.7 28.6 28.3 o    o 

Mean 14.7 11.1 26.3 25.3 Figure 3. Shock-absorbing ability for Confer Foam at 
......... different concentrations of water 

thus desirable that the shock-absorbing material keep its 
shock-absorbing ability between + 10°C and +.30° C. The knee areas of the two suits were exposed to two 

Figure 2 shows the shock-absorbing ability for Confer falling weights of 5kg of different shapes: one with a 
Foam at different temperatures inside the material. One spherical impact area with a diameter of 45mm and the 
plate of Confer Foam (15mm) was exposed to falling other with a plane surface with a diameter of 40mm. 
weights of 5kg and plane impact area (177cm2). It can be These two weights were dropped at different heights. The 
seen that Confer Foam has good shock-absorbing force directed toward the underlying surface was 
properties between +.20° C and +30° C at which tempera- measured. The temperature was +20°, and the relative air 
ture a motorcycle is normally driven, humidity was 60 percent. 

, Figure 4 shows the force curves for a plane impact area 

and Figure 5 for a spherical one. It can be seen that a suit 
F~, without shock-absorbing material has a linear force 

~’ " curve. The protective effect is thus very low (<5.0J) and 
~ cannot he measured in this study. 
~° The suit with shock-absorbing material, on the other 
’~ ~ hand, can absorb energy. At energy levels between 10 and 
’~ 30J, the curves are not linear, which means the shock- 
" n ~.t~.---’°" ¯ = ~ooc absorbing material will absorb energy until it touches the 
~ 

~~_’,/" 2~ 

~ o +,oc bottom and the relation between force and energy 
,o 

~ 

¯ o +~0o becomes linear. 

o , ~,o , ;o , ~ , ~,o , , , , ,    , 

Figure 2. Shock-absorbing ability for Confer Foam at 
different temperatures 

Figure 3 shows the shocl~-absorbing ability at different 
concentrations of water: Confer Foam loses its shock- 
absorbing ability at a low concentration of water. 

Testing of the Shock-absorbing Ability in 
Different Motorcycle Suits 0    ,                              ~°~ , 7      , ~, , ~,°      , ’~-~ ’f     ~-, ’~’-- 

A suit with Confor Foam on knees, elbows, and 
shoulders was compared with a suit without any shock- Figure 4. Force as a function of ~alling distance for two 
absorbing material. The test was made on the knee area different suits with and without Confor 
as to shock-absorbing ability. Foam-plane impact area 
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Table 6. Soft tissue injuries per contact area related to 
body region and type of clothing among motor- 
cyclists involved in accidents for both injured 
and uninjured, head injuries omitted 

Body Region Not Covered Covered by N 
by Leather Leather 

Knee, elbow 77.9% 24.4% 203 
~, shoulder 

.............. ’~ ~’~" Other body (4/17) (5/21) 38 
regions 

~ 2 ........................... In Table 6, it can be seen that soft tissue injuries are less 
.................................. ,., common among those wearing leather clothing compared 

Figure 5. Force as a function of falling distance for two to those wearing other types (significant). It is also shown 

different suits with and without Confor that contact areas are concentrated on the joints of the 
Foam--spherical impact area extremities, e.g., knees, elbows, and shoulders. 

Table 7 shows that contamination of soft tissue injuries 

is more uncommon to areas covered by leather compared 
Evaluation of the Effect of the Con- 

to uncovered areas (significant). Table S shows 46 percent 
structed Suit Bodily Injuries of eli injuries that led to medical disability were located at 

shoulders, elbows, and knees. The most common location 

Me~hod a~d Mate~al                             was the knee (32 percent). 
Table 7. Soft tissue injuries; contaminated and not 

contaminated for areas covered and not 
Among policyholders having a motorcycle insured covered by leather 

wih the Fotksam Group (about 35,000), several studies 

have beer~ co:aducted Type of Clothing Contaminated Not Contaminated All 
® A sample of 1,00t rnotorcyclists, irrespective of 

Leather 4 34 38 their being involved in an accident or not 

® A sample of motorcyclists injured in 1983 and Not leather 28 29 5’7 

!984 All 32 63 95 ÷ At| motorcyclists that received a [nedical disability 

>t0 percent from 1976 to 1982 

[ nsurance records were completed with questionnaires Table 8. Number of injuries causing medical disability 
>1 0 percent) among motorcyclists injured 

on how the motorcyclists were dressed, in 1976-1983. N = 93 

Localization Number Localization Number 

Shoulder 7 Head (incl. face) 10 Table 5 shows that 10.3 percent of the injured motor- Elbow 5 Vertebrae 6 
cyclists suffered a medical disability of> t0 percent. The Soft tissue, leg 1 Spinal cord, nerves 4 
corresponding figure for car occupants was 6.2 percent. Knee 30 Hands (incl. joints) 12 

Viscera 1 
Pelvis 2 

"Table 5 Relative frequency of permanent disability Ankle 14 
>10 percent for motorcyclists compared Total 43 50 
with c~r occupants 

Type of Road User     Relative Frequency of 
Permanent Disability >10% The suit with Confor Foam was introduced in 1983. 

Motorcyclist 10.3% During 1983 and 1984, about 12,000 safety suits were sold 
Car occupant 6.2% in Sweden. These suits fulfilled certain regulations 

according to Folksam specifications, built on the 
Table 6 shows contact areas for motorcyclists involved experimental studies described earlier. 

i~ accidents. Contact areas are defined as areas that came Two studies in 1984 analyzed the injury-reducing 
~to cow, tact with different surfaces during the accident effects of the safety suit. One was a sample among those 

and were recognized by the motorcyclist or could be seen wearing safety suits whether they were involved in an 
:m the clothing after the accident, accident or not. 
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Table 9 shows a comparison between all kinds of 
In this study, the effects and properties of a specially 

c!othing except safety suits. Contact areas were defined 
designed suit have been evaluated in reaMife situations as 
well as under laboratory conditions. When the movements 

as described in Table 5. It can be seen there is a big of the motorcyclist involved in an accident are taken into 
difference between safety suits and other types of clothing, consideration, it is obvious a layer of strong material 
The difference is highly significant, should cover the body. During this type of sliding 

movement, there is great risk of wounds and contamina- 
Table9. Numberofcontactsbetweendriverandany 

tion of these wounds. Contaminated wounds near a 
surface in an accident to areas protected by 
safety suit (knees, elbows, shoulders) and fracture lead to longer treatment periods and increase the 

..... number of fractures to these areas risk of long-term consequences. 

I 
No Safety Suits Safety Suit Leather is considered to be the best protective material. 

Prime and Woods(5) showed that synthetic materials 

Number of contacts 187 78 cannot offer efficient protection. 

Number of fractures 25 (13.4%) 1 (1,3%) 
What magnitude of forces produces fractures? Patric, 

Kroell, and Mertz(6) showed that a force of 6kN was the 
level for injuries to the knee. Injuries to patellae can occur 

In the other study, a sample of injured motorcyclists at lower levels. A force of 5kN was chosen as a reference 

was examined. All fractures were divided into two level for minor patella injuries. Powell(7) showed 80 

groups: fractures located in areas protected by the suit percent patella fractures and 33 percent fractures of the 

with shock-absorbing material and fractures located in condyles at a force of 10.5kN, and FMVSS 208 (t977) 

other areas (except the head), suggests a force of 10kN as a realistic limit for the risk of 

.... Table 10 shows the ratio between protected and femur fractures. 

..... unprotected areas is different for those wearing a safety Confor Foam protects from fractures. Experimentally 

suit compared to those not wearing one. The difference in it was shown that Confor Foam accumulates energy 

distribution is highly significant, between 10 to 30J. The energy absorption for a suit with 
Confor Foam was 14.1 times higher than for a suit with 

Table 10. Number of fractures to areas protected by no shock-absorbing material at a force of 10kN and with 

safety suit and other areas for injured motor- a plane impact area. The corresponding value for a 
.... cyclists wearing and not wearing a safety suit spherical area was 6.5. 

in an acc, ident Tests on the suit with shock-absorbing material show 
that the suit seems to give satisfactory protection, and 

Body Region No Safety Suit Safety Suit experimental tests appear useful to test the effect of 

Knees, elbows, 26 2 different materials and suits. 

shoulders 
Conclusion 

Other areas 22 15 

Total 48 17 Studies made in an insurance study have led to the 
following conclusions: 

Leather clothing diminishes the risk of wounds 

From Tables 9 and 10, it can be calculated the injury at least 50 percent in an impact between the body 
reduction to knees, elbows, and shoulders is more than 50 and the ground or other hard objects. 
percent. To calculate with a higher precision, the research ¯ Leather clothing diminishes the risk of the 

must be extended since the technique of relating different wounds becoming contaminated by at least 50 

kinds of injuries to each other (affected versus unaffected percent. 
injuries) requires further study. ¯ Shock-absorbing material on knees, elbows, and 

shoulders diminishes the risk of fractures by at 
Discussion                                                 least 50 percent. 

¯ Almost 50 percent of all disabling injuries were 

The number of motorcycles is increasing all over the 
concentrated at knees, elbows, and shoulders. 

world, and this results in an increase in the number of 
The following conclusions could be drawn from the 

injured and killed. Efforts must be made to reduce this 
experimental studies made: 

¯ The quality of leather varies, and it is important 
trend. Motorcycle helmets are compulsory in many to have continuous tests when manufacturing 
countries, and this has decreased head injuries con- 
siderably. By studying disabling injuries, it is obvious 

motorcycle suits. 
A number of different shock-absorbing materials 

that fractures near joints are important injuries to 
prevent, 

can probably be used. 
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A Study of Motorcycle Leg Protection 

H~detoshi Tadokoro Introduction 
Motorcycle Rider Protection Subcommittee, 
Japan Automobile Manufacturers Association It has been generally recognized the most frequent 

ir~jury, although not the most serious, to the motorcycle 

occupant involved in a multivehicle collision is injury to Shigehisa Fukuda and 
the lower extremities(I). 

Kyoichi Miyazak~ The inherent design of the motorcycle leaves the 
Japa~ Automobile Research Institute occupant exposed to the environment, in contrast with an 

automobile that fully encloses the occupant within a 

substantial structure. Such inherent characteristics present 

Abstract the researcher with a formidable task in attempting to 

increase motorcycle occupant protection from injury 

during vehicle collisions. 
Researchers concerned with motorcycle occupant In the area of leg protection, studies by various 

protection ha~.e attempted to develop ways to protect the organizations were begun in the 1960’s and have continued 
motorcycle occupant from injury. In the hope of finding a to the present(2). The studies sought a means to preserve 
means to protect the motorcycle occupant’s lower sufficient leg space for the motorcycle occupant when 
ext "emities, the authors have investigated past research, impacted by an automobile. However, all of the numerous 
designed a device that incorporates an energy-absorbing devices tested to date, including those previously examined 
component, tested the device in a series of collisions with by the Japan Automobile Manufacturers Association 
automobiles, and performed an analysis of the test results (JAMA) during the mid-1970’s(3), were found to be 
to assess the merits of the new device. Results show that unsatisfactory. Such devices were either structurally 
although the device may under certain circumstances inadequate to preserve the leg space(2) or, when of 
reduce lower leg injuries, there may be increased potential sufficient structural strength to preserve leg space during 
tot upper leg, chest, and head i~uries, the collision, were found to pose a significant potential to 
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increase injury to the head and chest of the motorcycle C o n s i d e r a t i o n s a n d P r o p o s e d 
occupant(4). Requirements for the Design of a Leg 

In the hope of finding a solution to this problem, 

JAMA developed a device possessing energy-absorbing Protection Device 
properties. In conjunction with the Japan Automobile 

Research Institute (JAR1), the effectiveness of the new Due to the problems identified above and in the hope 

device was analyzed by a series of vehicle collision tests, of discovering a solution, basic principles were first 
reassessed and in doing so the following considerations 

resulted: 

....... Review of Past Studies Concerning ¯ To reduce or eliminate head and chest injury 

...... Motorcycle Leg Protection Devices caused by ejection into the opposing automobile, 

energy absorption was considered as an element 

The study of motorcycle occupant leg protection 
in the design of the new leg protection device. A 

new crushable component was incorporated 
originated from the intent to prevent the legs from being 

trapped and crushed between the opposing automobile 
with the hope that such a device would sufficiently 

reduce the initial motorcycle acceleration, 
....... and the motorcycle. Initially, crash tests were performed ......... occupant ejection, and chest and head injury 

in the late 1960’s and early 1970’s with tubular steel 

structures to determine their ability to preserve the 
caused by preservation of the leg space. 

As alternatives, motorcycle occupant ejection 
necessary leg space(2). However, the studies concluded 

that such devices then available did not possess sufficient 
prevention by utilizing restraint systems such as 
seatbelts or airbags were considered. However, 

strength and failed, due to the loads placed on them by such alternatives had been previously considered, 
the opposing automobile, tested, and rejected by other researchers for 

Subsequently, greatly strengthened and variously 
various reasons(7). 

configured devices were designed, fabricated, and tested ¯ To preserve necessary leg space, the leg protection 
during the mid-!970’s by various researchers in Great device should possess sufficient strength so it 
Britain, the United States, and Japan(3,4,5,6). would not permit the opposing automobile to 

Although the more substantial of the reinforced intrude to the extent of causing the leg to be 
.......... structures did at times succeed in preserving the necessary ....... trapped and crushed between the automobile 

leg space when struck by automobiles at speeds up to 

48kmi h, the reported conclusions stated such a device 
and motorcycle. 

could not be recommended for use because of the 
Table t sets forth the details oftheapplicationofthese 

following findings: 
considerations. 

¯ When the leg space is sufficiently preserved so Table 1. Considerations and requirements for the design 

that no leg trap occurred, the motorcycle of a leg protection device 

occupant seemed to be more readily ejected from 
Proposed 

the motorcycle at the time of the impact, resulting Element Requirements Remarks 

in the potential of causing significant injury to Energy- Energy-absorbing The energy-absorbing 

the motorcycle occupant’s head and chest. Since absorbing component is to be component is to be provided 

head and chest injuries present a danger to life, 
component provided~ to reduce the acceleration 

of the motorcycle on impact, 

The size of the energy- 

such potential was identified as a primary absorbing componentissuch 
that its outer dimension is 

concern(3,4), not So large as to create 

¯ Although the lower portion of the leg was 
other safetyproblems. 

generally protected from injury, it was found Preservation The leg space is A reinforced structure which 

that at times even the reinforced device did not 
of leg space to be preserved does not deform and thereby 

with the preserves leg space is to be 

eliminate all leg injury. For example, serious reinforced installed as an inner 

structure, portion of the device, 

upper leg injury occurred when the upper leg was The reinforced structure 
should be strong enough to 

subjected to a torsional moment, which may endured broadside collision 

have been sufficient to cause injury to the pelvic 
at 48km/h with an automobile. 

joint. Such is an undesirable result(3). The leg space Excessive leg space is not 

is to be the desirable because the 

¯ Other injury-producing causes were identified, minimum required, occupant will be more readily 

ejected resulting in greater 
such as leg fracture due to the leg impacting the iniury. 

leg protection structure itself(5). 
Restraint Restraining the When restrained with the 

In summary, although the substantial leg protection of occupant occupant with motorcycle, the occupant may 

structures did at times preserve necessary leg space, such isreStraintnot device andbe caughtopposingbetweenvehiclemOtorcyCleor road 

a device was identified as being the cause of potentially 
recommended, surf ..... esulting 

greater injury(7). 

more serious injuries. 

1101 



Experimental Safety Vehicles 

The following items were also to be considered to 

reduce injury-inflicting potential: 

¯ Direct leg impact against the reinforced structure 
¯ Hyperextension of the knee 
¯ Trapping of the leg by the reinforced structure 
¯ Highsiding of the motorcycle 

In the design of this device, the maximization of the 

protective effect of the Crushable Leg Protector (CLP) 

was sought; therefore, no consideration was given to 

aerodynamic effects, braking, lean angle, or other 

performance requirements. 

Test Procedures 

Currently, there are no formal standards that apply to 
motorcycle crash tests as there are for automobiles. For Figure ]. Side view of motorcycle with CLP 
the purposes of this test program, the following require- 
ments were considered appropriate for evaluation of the 
CLP: 

The program should permit an evaluation of the 

effeCtSaccident.Of the device on the occupant during an 

The program should permit kinematic analysis 

of various collision modes. 

Test Motorcycle 

In view of the above, a Yamaha XS 400 SP motorcycle 
was selected for all tests. It is a medium-size motorcycle. 
The basis for the selection was, first, that accident 
statistical reports(l) have indicated the 50th percentile 
size is a medium-size motorcycle; second, to permit the 
kinematic analysis it was determined that the medium- 
sized motorcycle would be appropriate. Test motorcycle 
specifications are given in Table 2. 

Table 2. Specifications of test motorcycle 

Manufacturer Yamaha 
Model XS400SP 
Overall length 2,070mm 
Overall width 870mm 
Overall height 1,140mm 
Weight 170kg (210kg for 

the CLP type) Figure 2. Front view of motorcycle with CLP 
Appearance Figures 1 and 2 

Opposing Automobile 
Crushable Leg Protector (CLP) 

The Toyota Crown automobile was selected for the test 
The CLP used in this test program consisted of a rigid program. The basis for this selection was accident 

understructure made of steel tubing covered by an statistical studies that show that when motorcycles 
energy-absorbing component constructed of aluminum collide with opposing vehicles, approximately 80 percent 
honeycomb and urethane foam. The specifications for of the opposing vehicles are identified as passenger 
these materials can be found in Table 3 and Figure 3. The automobiles( 1}. The Toyota Crown. which is representa- 
CLP was attached to the motorcycle as shown in Figure uve of a medium-s~ze automobile when viewed from a 
4. worldwide perspective, was believed to be appropriate 
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Table 3. Specifications of CLP for the kinematic analysis. Its specifications are given in 

Table 4. 
Energy-Absorbing Component 

Construction Foamed urethane and aluminum honeycomb 

..... on stee~ sheet Collision Speed 
Energy-absorbing 
component size Thicf~ness 150ram 

Aluminum honeycemb Manufacturer: Hexcel & Shows 

Model No.: At. ~-50S2-001 TO determine the effects of the device, the speeds for 
Compaction chsracteristic: 5kg/cm2 

Density: 0.026 gr/cm3 the collisions included 0, 24, 32, and 48km/h. It is notable 
Urethane festa Manufacturer: Sekisui Chemical that this speed range encompasses the speed of 34.4km/h, 

Model No.: High-density poly 
urethane which one accident study found to be the mean collision 

..... Expansion ratio: 33 

Density: 0.03 gr/cm3 speed(1). 
Steel Sheet SPCC, 1.0ram (JIS G 3141) 
Leg space structure Collision Composition : Steel tube structure 

Steel tube used : SGP(JIS G3452) 

Tubeouter diameter : 42,7mm 

Thickness : 3.Smm --"’’-:’’~’lnessence, tnreecontslongeometr~eswerese~ecteut-at 

the authors believed would satisfy the criteria. The three 

collision geometries are as follows: 

8 ~247 I 
¯ Angled Collision--The opposing automobile 

[~ 
Polyurefhone I and motorcycle both in a moving configuration 

~ :~~/Foam(!OOmm) .~ 
collide at a 45° angle with the motorcycle ? 

~22~t’.~Aluminum 
] striking the front of the automobile. 

6 Honeycomb ] ¯ Broadside Collision--The opposing automobile 

~ 
strikes the motorcycle at a 90° angle. m° 

¯ Offset Frontal Collision--The motorcycle trav- 

eling at a speed of48km/h collides with the front 

corner of the opposing automobile in an offset 

mode. 

Table 4. Specifications of opposing automobil~e~ 

Manufacturer Toyota 

Model Crown 
Overall length 4,680rnm 

0 , .... LJ Overal! width 1,690ram 

0 50 IO0 150 Overall height 1,445mm 

Displacemenf (ram) Weight 1,330kg 
=-=-=- Appearance Figures 5 and 6 

Figure 3. Load-displacement characteristics of energy- 
absorbing component 

T                     ’i~,’~ 2         ~,              Figure 5. Side view of opposing automobile 

~ ~@~)~ Dummy Selection 
i__. L ..................... "~ ............................ .......... 

~      ~ ~ A Humano~d, Hybrid II dummy was selected for the 

.......... ~ .... - tes~ program. Its characteristics are given in Table 5. 

Figure 4. DragOn9 ~f mo~ore~el~ oquipp~d ~ith 
To permit analysis of leg injuries, the dummy was 

crushable [e~ protector                        modified in that a breakable bakelite bone was used 
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Table 6. Test conditions 

Collimon Motorcycle Automobile Motorcycle 
Configuration No, Speed(kin/h) Speed(km/h) Configuration 

Angled collision A- 1 32 32 STD* 

A-2 32 32 CLP** 
A~3 48 48 STD 

A-4 48 48 CLP 

Broadside collision B-1 0 48 STD 

B-2 0 48 CLP 

B-3 24 48 STD 

B-4 24 48 CLP 

Offset frontal collision C-1 48 0 STD 

C-2 48 0 CLP 

Figure 6. Front view of opposing automobile                 STD--D ............. ~,d .......... 
~ CLP - Denotes the motorcycle eqmpped wdh ~he crushable leg prete¢~or 

Table 5, Specifications of dummy Collision Test Facilities 

Manufacturer: Humanoid 
The collision tests were performed at JARI’s collision 

Model: Hybrid II with standing kit test facility. This is shown in Figure 8 wherein the facility 

Hands: Able to grip specifications in terms of towing speeds, propulsion 
Legs: Breakable bakelite bone with drive, tow system, and test capabilities are set forth. 

urethane foamed muscle 
Fracture 
Characteristics: See Figure 7 for bending 

characteristics 

both the upper and lower leg. The bending properties of 

the bakelite bone as compared with human bone are 

shown in Figure 7(8). The dummy wore a helmet, shirt, 

pants, and boots during all of the collision tests.            ~° 

{average odult ) 

Figure 8. Specifications of JARI vehicle crash testing 

Z00 
facility 

~ Experimental Bakelite Bone’s 
~ Fracture Characteristics The motorcycle was transported to the point of impact 

~= bv, the utilization of a four-wheeled trolley. The motorcycle 

.3 Fracture Displacement was held in place by attachments at the handlebar, the 

lO0 Lood(kg) (ram) lower section of the wheels, and the upper rear section of 

Human [Femur 277 12 the motorcycle until its release just prior to impact. 

, (B) tTibia 296 t0 Figures 9 and 10 show from a frontal and side view the 

Bakelite Bone 261 II four-wheeled trolley used and the motorcycle mount 

o 
system. 

o IO 20 30 
Displacement (ram) 

Measured Items 
Figure 7~ Bending fracture characteristics of bakelite 

and human leg bone 

Leg Space and Fracture 
Test Conditions 

The crushable leg protector device was evaluated for 

Based on the above stated test purposes, the tests run leg protection effectiveness by analyzing leg space 
are described in Table 6 as follows: preservation and leg fractures. 
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Occupant Motion 

In addition to the above, the dummy was further 

modified in that an accelerometer was placed at the hip. 

The lift of the hip was also measured to determine the 

tendency of the occupant to eject from the motorcycle. 

Motorcycle Motion 

Using film analysis, the motion of the motorcycle itself 

was observed. 

Test Results 

Leg Protection Effect 

Leg Space 

It was difficult to measure directly how much space 

existed around the leg at the time of the collision. 

Accordingly, the leg space was estimated on the basis of 

Figure 9, Front view of trolley how near a reference mark on the opposing automobile 

came to a reference mark on the motorcycle. 

Figure 11 shows the comparison between CI.P and 

STD. In all cases, the motorcycle with CLP did preserke 

the leg space better than STD. The leg space in this design 

seems to be the minimum required for the prevention of 

bone fracture for a broadside collision at 48kin h, as 

discussed below. 

A-2 CLP B-2 CLP B-4 CLP 

40 

Figure 10. Side view of trolley 

Energy Absorption 

A triaxial accelerator was placed in the motorcycle at 

the point of its center of gravity. This was used to monitor 

the motorcycle acceleration and evaluate the effectiveness 5o 
Time (ms) 

of the energy-absorbing component.                      __ 

Note: Measurements were not obtained for A-3 and A~4 because of 

Head Velocity 
excessive deformation of vehicles 

Figure 11. Comparison of estimated leg space 

As past studies indicated that reinforced-type leg 

protection structures possessed a potential to increase Leg Fracture 

injury to the head and chest, the subject device was 

analyzed for such resultant effects To evaluate these The state of the art of dummy technology for human 

effects, a detailed head velocity and head travel analysis injury analysis imposes some limits on the findings. The 

were performed, using photographic data. analysis of leg injuries was limited in scope because of the 
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lack of means of identit~,ing the actual human injuries. Table 7 shows the CLP to have the following effects on 
Although it is believed the bakelite bone was a repre- the motorcycle occupant: 
sentative available means of identifying fracture modes in ~ In the angled collision (A l-A2), the CLP caused 
dummy analysis, it is also recognized there are limitations compression fracture in the upper leg that, in 
therein, Further research concerning the mechanisms of turn, may possibly extend to the pelvis. 
leg fractures is necessary. ® In the broadside collision (B l-B2), the CL P does 

Eor example, in the current test case, B-2, the bakelite reduce fracture of the lower leg and could cause a 
bone did not fracture. It was found that the bakelite bone torsional fracture in the upper leg. The latter 
e~d experienced slippage at its connector; this was may possibly extend to the pelvis. 
i~terpreted as a potential torsional fracture of the femur. ® In the oft~set frontal collision (C 1-C2), the CLP 
’1o verify this, film analysis was used, and this showed caused transfer of bone fracture from the lower 
that the enormous inertial loading would surely fracture leg to the upper leg and such may possibly 
the ~emur(9}. Nevertheless. such experimental ihctors extend to the pelvis. 
had to be addressed in imerpreting the test results. The fracture terminology shown is for descriptive 

Note that in el! tests, the leg of the dummy impacted purposes. It is recognized that generally both the bending 
~gains~ the front o~ %e opposing automobile. Impacting and the compression fractures are more appropriately 

o} the leg resulted from the teg being caught between the termed transverse fractures. 

motorcycle and opposing automobile or from the inertial As used herein, the bending fracture describes the 
force of the unrestrained leg itself. Figures 12 and 13 transverse fracture resulting from a bending moment 
s~ow examples o~ the bak elite leg bone fractures for tests applied to the bone. The compression f?acture describes 
~3 and A~4, respectively, the transverse fracture that results from axial loading 

applied along the longitudinal axis of the bone. 

Experimentally, such was determined by an examina- 

tion of the shape of fracture point and film analysis of the 

motorcycle occupant’s movement. 

Energy Absorption 

The object of the CLP was to reduce the motorcycle’s 

acceleration due to impact by means of the energy- 

absorbing component. Therefore, the impact acceleration 

was measured for the broadside collision, which allows 

more accurate evaluation of the effect of the absorbing 

component. Erom the measurement, it was evident that 

the motorcycle acceleration was lower for the motorcycle 

with CEP than STD by approximately 10 percent. 

Figure 12 Example of bakelite leg fracture (test A-3) Potential Head Injury 

~ Head Velocity 

~ 
The analysis of injury to the head and chest is 

necessarily incomplete. Not only is there lack of agreement 

in the medical field concerning injury criteria, but, in 

addition, appropriate dummy technology is lacking. 

The potential for head and chest injury was evaluated 

by comparison of resultant head velocities relative to the 

opposing automobile after impact. A higher resultant 

head velocity indicated a higher potential for injury due 

to subsequent impact with the engine compartmenL 

automobile roof, windshield, etc. For this study, velocity 

was chosen rather than acceleration because the latter is 

overly sensitive to impact angle, impact location, rigidity 
Figure ~3. Example of bakelite leg fracture (test A-4) of objects, etc. 
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Table 7. Leg fracture data 

Test No. A-1 A-3 B-1 B-3 C-1 

........ Upper Leg Bending Compression Bending Compression None 

STD 
Lower Leg Bending Bending Bending Bending Bending 

Test No. A-2 A-4 B-2 B-4 C-2 

Upper Leg Compression Compression Torsional Compression Compression 

CLP 
Lower Leg    Bending     Bending      None       None        None 

Figure 14 shows the effect of CLP on resultant head Occupant Motion 
velocity. In most cases, the motorcycle equipped with the 
CLP showed higher resultant head velocity than did the To determine the tendency of the occupant to eject 
STD motorcycle. This shows potential for increased head from the motorcycle, the lift of the hip was measured. 

.... and chest injuries due to CLP. The results in Figure 16 show that the mo, torcycle with 
.... -- -------’-- the CLP has higher hip lift than STD, showing that the 

~-1 s~ 
[~ ~-3 STD 

CLP allows ejection more readily. 

x1~.2c~. ~_,cLp~-ls~      ~-3STD ~]~-2C’.P 

~-,ero In performing the overall evaluation of leg space, 
energy absorption, and occupant motion, it appears the 

effect of leg space is so great in contributing to increased 
velocity of the motorcycle occupant’s ejection that the 
benefits of the energy-absorbing component are overcome, 
In other words, the CLP-equipped motorcycle possesses 
the potential for increased injury. 

| v~                                                           A-2 CLP           A-4 CLP          B-4 CLP 
100    200       100    200       100    200        100    200 

Figure 14, Comparison of resultant head velocity 
~ 60                       -~ 

Head Travel 

....... 
Figure 15 shows the effect of CLP on horizontal head 

travel relative to the opposing automobile. More travel 
indicates more tendency for ejection. Ejection may result 
in the increased likelihood of impacting other vehicle 
structures. 0 ~oo ~0,~, ~0o 2oo ~o0 2oo 

In almost all cases, the CLP causes more travel across 
the opposing automotive engine compartment, meaning ........ 
more ejection tendency. 

Note: Measurements wore not obtained for 8-2 

Figure 16. Comparison of hip lift 

Motorcycle Motion 
~-~ c,.~ ~-~ c~ ~-~ c~ ~-~ c~ Ananalysis of the film data showed that, at the time of 

~-~ ~ collision, the STD overturns and comes to a halt after 
~ "~ sliding for a short distance. The CLP exhibits a tumbling 

~ 
~ Z motion after impact, which may possibly involve third 
~ ~ : : parties in the accident. In some conditions, this tumbling 

means the so-called highside phenomenon occurs. 

0 rz Conclusion and Recommendations 
].OO 200 100 200 100 200 100 200 

Time (ms) 
The CLP was shown to be of generally sufficient 

Figure 15. Comparison of horizontal head travel structural strength for typical collision speeds and geo- 
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metries. In some cases, it did preserve leg space so the of countermeasures," Contract No. DOT-HS-5- 
opposing automobile did not cause the leg to be trapped 01160, Traffic Safety Center, University of Southern 
between the automobile and the motorcycle. In particular, California, Los Angeles, California, 1981. 
the CLP prevented fracture to the lower leg in three of 2. Bothwell, P.W., R.E. Knight, and H.C. Peterson, 
five cases. However, in at least one collision geometry, "Dynamics of motorcycle impact," Volume II, 
the CLP does seem to cause a torsional fracture of the Motorcycle Crash Test Program, University of 
upper leg, while with the standard motorcycle no torsional Denver, Denver Research I nstitute, Denver, Color- 
fracture circumstances were observed. This is a concern ado, July 1971, NTIS PB-204-998, HS-800-587 
because it is believed the torsional fracture is a more (DOT), Contract No. F11-11-7307. 
serious injury. In summary, the CLP did not prevent 3. Uto, T., "Side collision test of motorcycles equipped 
injury to the motorcycle occupant’s legs, but rather with side protection devices," Rider Protection 
tended to move the site up into the upper leg and hip Working Group, Japan Automobile Manufacturers 
region. Association, Proceedings International Motorcycle 

Atso, the energy-absorbing component appeared to Safety Conference, pp. 267-307, December 1975o 
function so the motorcycle’s acceleration on impact was 4. Bartok J.A., G.D. Livers, and R. Miennert, "Near 
decreased to a degree, term safety improvements for motorcycles, Phase 

However, the potential may still exist that the CLP II," AMF Incorporated, NTIS PB-244-604, Report 
may increase injury to the motorcycle occupant including No. DOT-HS-801-653, Contract No. HS-4-00815, 
the head and chest. As the velocity analysis shows, the July 1975. 
motorcycle occupant in general had a higher ejection 5. Bothwell, P.W., R.E. Knight, and H.C. Peterson, 
velocity when the motorcycle was equipped with the "Dynamics of motorcycle impact," Volume Ii,- 
CI, P, In one case, the ve!ocity was significantly higher. Motorcycle Crash Test Program, University of 
This higher velocity produces a potential for more severe Denver, Denver Research Institute, Denver, Color- 
subsequent impact, ado, NTIS PB-225-710, Contract No. DOT-HS-126- 

The motorcycle equipped with the CLP also tended to 1-186, September 1973. 
umble for a long distance following the collision, while 6. Bartol, J.A., G.D. Livers, and N.R. Hirsch, "Near 

the standard motorcycle did not do so. The tumble term safety improvements for motorcycles," AMF 
condition could cause an accident or injury to third Incorporated, Report No. B24-101-73, Report No. 
parties who were initially uninvolved in the motorcycle- DOT-HS-800-971, Contract No. DOT-HS-257-3- 
automobile collision. 584, November 1973. 

Based on the limited data, a fundamental problem 7. Yamamoto, T. (1981), "Some basic considerations 
appears to be the effectiveness of the CLP in preserving on occupant restraint systems for motorcycles," 
eg space may produce an undesirable increased velocity Rompe, K. (ed.), Sicherheit bei motorisierten 

on ejection. Zweiradern, TUV-Akademie Rheinland, Koln, pp, 
As there is a potential tk~r the CkP that was presently 257-278, December 1980. 

tested to cause increased injury, the CLP device cannot 8. Motoshima, T., "Studies on the strength for bending 
be recommended for use on a motorcycle. Further study of human long extremity bones," Magazine of Kyo~o 
of human injuries in motorcycle collisions and of leg Pr@cmral, University of Medicine, Vol. 68, No. 6, 
p~otection devices may be indicated, pp. 1377- ! 397, September 14, 1960. 

9. Sonoda, T., T. Zeniya, and S. Ibuki, "A study on the 
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Aspects of Motorcycle Braking 

G.L. Donne and The rider is faced with the almost impossible task of 

P.M.F. Watson assessing these factors and applying correctly the necessary 

Transport and Road Research Laboratory, 
control inputs. Failure to do so is manifest in two main 

ways: simple misjudgment of brake application leading 
Department of Transport, Crowthorne, to the high incidence of skidding already mentioned and 
Berkshire, United Kingdom reluctance to apply high brake efforts because of the 

known skidding risk, which leads to unnecessarily long 

Abstract stopping distances, in addition, there are problems 

related to the design of particular machines, such as 

This paper discusses the problems inherent in the 
inadequate provision of brake power and susceptibility 

to the effects of water on the brake friction surfaces. 
braking of motorcycles and other powered two-wheeled As in all aspects of riding a motorcycle, the experience 
vehicles and suggests ways in which antilock brake and skill of the rider must play a considerable part in the 
systems and other engineering measures can assist riders. effective and safe application of braking. Nevertheless, 
Evidence is presented of the failure of many motorcyclists the task is so complex that it is beyond the abilities of the 
to brake effectively, and it is suggested that advances in 

majority of riders, however experienced or well trained 
engineering will lead eventually to an improvement in 

braking behaviour. Results obtained by the antilock 
they are. Although training has a part to play, engineering 

measures applied to the machine appear to offer the 
.......... system installed in ESM-2 are compared with those 

greatest possibility of bringing about an improvement in 
....... obtained by a variety of riders. 

PTWV braking generally. ESM-2 is equipped with 

antilock brakes that probably offer the greatest potential 

Introduction benefit of any such measures. The various factors involved 

in PTWV braking and the ways in which antilock systems 

For many types of vehicle, incorrect or inappropriate and other measures can improve matters are now 

brake application is not critical under most circumstances, discussed. 

With powered two-wheeled vehicles (PTWV), however, 

the situation is different. A mistake by the rider that leads 

to either wheel being overbraked wilt cause the machine Load Transfer During Braking 
to skid, become unstable, and capsize. The consequences 

can be serious, depending on surrounding traffic condi- All vehicles are subject to the transfer of!oad from rear 

tions and nearby obstacles. The incidence of skidding in to front wheels as a result of the deceleration produced 

personal-injury accidents has been higher for PTWV during braking. This effect produces changes in the levels 

than other vehicles(l) for many years, and more recent of brake effort that can be safely applied, generally 

data show no sign of this decreasing (Table 1). increasing those on front wheels and reducing those on 

The high incidence of skidding in PTWV accidents is rear wheels. In the case of cars and most commercial 

an illustration of the difficulties faced by riders in braking vehicles, which have wheelbases that are long in relation 

such machines effectively. Motorcycles are inherently to the heights of their centres of gravity, the effect is less 

difficult to brake safely and efficiently because of a severe. A motorcycle with its rider has a centre of gravity 

number of factors: a large load transfer from rear wheel that is very high in comparison with its wheelbase. This 

to front wheel during braking, separate controls for front leads to considerable load transfer and produces a wide 

and rear brakes, and a wide variation in the proportion of range of optimum brake distributions, which depend on 

front and rear brake effort required on different surfaces the deceleration required and the road surface type. With 

to give optimum performance. PTWV, this effect is significant. For instance, it is 

Table 1. Incidence of skidding in injury accidents in Great Britain--1983 

Dry Wet Ice/Snow All Conditions 

Skidded Total % Skidded Total % Skidded Total % Skidded Total % 

PTWV 6338 47375 13 5162 17471 34 695 1113 62 12195 65959 18 

Other Vehicles 19024 197930 10 17976 106058 17 3650 7330 50 40650 311318 13 
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estimated that load transfer prevents a deceleration of tyre and surface that remains after sideway force has been 

more than about 0.36g when the rear wheel only is generated will be available for braking. 

braked, even on a surface with a high friction co- If, for instance, a rider has to make an abrupt change of 

efficient(2). Simple measures such as a fixed relation direction while braking hard, there is no danger of wheel 

between the brake efforts of the two wheels or valves that lock because the brake effort will be reduced to accom- 

reduce rear brake effort are not sufficient to counter the modate the side force requirement. The antilock system 

difficulties caused. Because almost all PTWV have fitted to ESM-2 works in this way. 

separate means of application for front and rear wheel 

brakes, it would be possible for the rider to make Braking in Wet Conditions 
continuous adjustments to the levels of each. However, as 

already illustrated, the task is too difficult to permit even 
In addition to causing problems by acting as a 

an approximation to optimum braking, particularly 
lubricant between tyres and road surfaces, rainwater can 

trader adverse road surface conditions. 
affect the frictional properties of motorcycle brakes. It 

A braking system in which the brake effort is related to 
has been recognised for several years that disc brakes 

the behaviour of the braked wheel would overcome the 
have been prone to problems in some wet weather 

problems caused by load transfer. The antilock system 
conditions(3). Under these conditions, a laminar film of 

that is flitted to both brakes of ESM-2 does just this. 
water exists between the brake pads and the disc and 

Each wheel is continuously monitored during braking, 

and brake effort is reduced if the level of wheel deceleration 
prevents dry contact. In extreme cases, it appears the only 

braking force generated between disc and pads is that due 
reaches a value at which the wheel locks. In this way, the 

to the sheer strength of the water film(4). The motorcycle 
maximum braking effort obtainable on any surface can 

rider is thus faced with the possibility of extremely low 
be reached without danger of instability caused by wheels 

brake power being available in wet conditions. The effect 

is, however, unpredictable and variable in its extent, 

which leads to considerable difficulty for the rider in 

Braking While Cornering judging the correct control input to give the required 

vehicle deceleration. It is reasonable to assume this effect 

It is not uncommon for a PTWV to brake while it is has contributed to a considerable number of motorcycle 

also changing direction. This situation can arise not only accidents and is another factor that leads to the high 

when it is necessary to reduce speed unexpectedly while incidence of skidding in two-wheeled vehicles. 

negotiating a bend, but also during attempts to avoid an An investigation of the factors involved in the perform- 

obstacle in an emergency. When a two-wheeled vehicle ance of motorcycle disc brakes in wet conditions has been 

changes direction, the angle of inclination of the machine made by TRRL(5,6). This took the form of measuring the 

s adjusted to take account of the centrifugal force that is braking distance of an experimental motorcycle under 

induced, controlled conditions. 

A reaction, in the form of a sideway force at the tyre The results obtained with a completely dry brake 

contact area, is deve!oped. This force is related to the system were compared with those obtained when the 

mass of the machine and rider, the square of their brake friction surfaces were wetted at various rates from 

"~angential speed, and inversely to the radius of the curve a supply of water carried on the machine. Many hundreds 

tra\ ersed. Depending on the magnitude of these factors, of test runs were made, using a variety of brake disc and 

it can be shown(l) is a minimum coefficient of friction pad materials with water applied over a considerable 

hat must exist to enable the cornering manoeuvre to be range of flow rates. As a method of quantifying the 

accomplished without braking. The frictional force performance of a particular brake system, the term"wet 

between tyre and road must be divided between corn- retention"was used. This is the ratio of dry brake to wet 

ponents for the sideways force required for cornering and brake stopping distances from the same test speed, 

the braking force. If grip is low and the cornering force expressed as a percentage. It was found in some cases that 

requirement is high, there may be little left for braking, brake systems using standard pad materials were capable 

This situation adds another variable to the rider’s of a wet retention of only 15 to 20 percent, and it was 

problems in achieving a balance between safe and uncommon to obtain a figurein excess of 60 to 70 percent 

effective braking. It means that instability will occur if even at very high levels of braking. (It is important to bear 
either the cornering radius is reduced while hard braking in mind that wet brake problems are most likely to occur 

is being undertaken or if brake force is increased while under circumstances in which the available tyreiroad 

traversinga curve of fixed radius. However, ifthelevelof adhesion is low and high braking forces are not 
braking applied to a wheel is controlled by a system that appropriate.) 
continuously monitors wheel behaviour, whatever Although variations were found in the performance of 

component of the overall coefficient of friction between brake systems depending on disc material, the most 
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significant factor was the selection of the pad material; and produced excellent results on machines ranging from 

sintered metal compositions were found to exhibit very a 200cm3 lightweight to one of the largest and heaviest 

little deterioration when wet, whereas some conventional motorcycles produced. 
organic materials were very poor and could not reach an ESM-2 is fitted with an antilock system developed by 

acceptable standard. As a result of this work, a type Lucas Girling to both front and rear wheels. Wheel 

approval test for wet brake performance has been behaviour is sensed by a small flywheel driven via a 

incorporated into ECE Regulation 13. This specifies a toothed belt from the roadwheel hub. Under braking, the 

minimum wet retention of 60 percent, based on a dry flywheel follows the deceleration of the roadwheel unless 

brake deceleration of 3mi S2 with water applied to the the latter reaches an unsafe level (equivalent to a vehicle 

brake at 15 litre/h. Although the conditions are not deceleration of about !.2g). At this point, the inertia of 

particularly stringent, the advent ofthe type approval test the flywheel is such that it cannot respond to the 

and the interest generated by the research programme roadwheel deceleration, and it overruns. As it does so, it 

results have led to the use of friction materials that are operates a valve that reduces the hydraulic pressure 

better than those of recent years, and a range of sintered applied to the brake and allows the wheel to regain a safe 

metal pads is cornmercially available for the majority of level of deceleration. This causes the control flywheel to 

motorcycles, tt is hoped this use of suitable friction return tothe state offollowingthe roadwheelacceleration, 

materials will, in due course, eliminate the problems of and full braking is reapptied. This cycle of events 

inconsistent braking in wet conditions, continues until the vehicle comes to rest. The system on 

Antilock systems have a secondary role in overcoming ESM-2 is similar to the Lucas Girling Stop Control 

wet brake inconsistency. Clearly they can do nothing to System, which is to be made available for cars(8,9) 

restore normal friction between brake discs and pads that Many hundreds of experimental braking distance 

are wet. They can, however, prevent wheel lock that measurements have been made with the various antilock 

might result from excessive brake torque becoming systems that have been developed for motorcycle use. In 

suddenly available when the water film is penetrated this way, considerable experience has been gained in the 

during a braking stop. However, the prime requirement is ways in which such systems might be of benefit and their 

that motorcycles be equipped with brake systems that performance relative to that of test riders. Limited results 

offer a consistent performance whether or not the friction have also been obtained with a small number of riders 

surfaces are wet, thereby presenting riders with a less with a range of limited experience(I). However, there are 

complex task. There seems to be scope to increase the no data available either on the performance of antilock 

requirements of the ECE test eventually, for example, systems on motorcycles that are in service or from 

either by increasing the wet retention requirement or by performance measurements obtained with a large number 

reducing the dry brake deceleration on which the test is of riders. To provide this information, two trials have 

based. This latter change would be an additional step been conducted. 

toward consistency. 

The Field Trial 
Antilock Braking 

A number of machines have been equipped with the 

The high incidence of skidding in accidents that Lucas Girling system, as on ESM-2, and issued to police 

involve motorcycles has been mentioned already along forces to be used in their patrol vehicle fleets. The first of 

with some of the factors that lead to it. This problem has these, a B M W K 100, was handed over to Gwent police in 

been recognised for many years, and an experimental May 1985. During the course of 2 to 3 years’ use, the 

antilock installation on the front wheel of a motorcycle performance of the system from the point of view of 

was produced at TRRL more than 20 years ago. This effectiveness, reliability, and rider reaction will be 

demonstrated the effectiveness of the principle ofantilock monitored. 

on a two-wheeled vehicle in that riders were able to retain Each machine will be fitted with counters that will 

control of the machine in adverse conditions and, in some record the number of cycles of operation of the antilock 

cases, braking distances were shorter using the system installations. The information obtained from this trial is 

than when riders braked without it. A version of the of great importance. For instance, little is known about 

Dunlop Maxaret system, which was used on aircraft, the question of reliability in a system likely to operate 

formed the basis of this experimental installation. This only very infrequently. In experimental use, there has 

employed a flywheel overrun device to control the brake been no reliability problem, but in these circumstances 

effort applied to the roadwheel. A system that could have the frequency of operation of the system is high. It will 

been developed into a commercially acceptable unit was also be of interest to note the reaction of riders, particularly 

fitted to the first TR RL experimental safety motorcycle, with regard to the amount of use they make of its braking 

ESM-I (1,7). This sensed wheel behaviour electronically capability. 
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Comparison Between Riders equal or exceed the deceleration obtained by the antilock 
system. Of these, one is familiar with the characteristics 
of the TRRL surfaces and has been involved in the 

In terms of system performance, comparison of braking development of antilock systems. Two others are regular 
distances achieved with the system operating with those riders with long experience and two are occasiona! riders. 
obtained by riders with the system immobilised is valid. Five riders achieved average decelerations that were at 
{wenty-one riders, ranging widely in experience and least 80 percent of those obtained by the antilock system. 
ability, were asked to achieve, using their normal However, one of these, with over 30 years’ experience, 
technique, braking distances shorter thanthose obtained lost and regained control during three runs and two 
with the antitock system working. (Although the experi- others had at least one run that resulted in the motorcycle 
mentat machine was equipped with skids to prevent falling on a skid. The remaining eleven riders comprised 
capsize, the locking of the rear wheel can cause a sideway three who were unable to achieve decelerations of 50 
skid, which could throw the rider from the machine. As a percent of that reached by the antilock system and eight 
safety measure, the rear wheel antilock system was left who obtained values between 50 percent and 80 percent. 
operative throughout these tests.) The tests were In the former group was a rider of 30 years’ experience 
conducted at the TRRL track on a wet, slippery surface who locked the front wheel in four of his runs and lost 
(gridport gravel macadam). Note was taken of the control. 
~mmber of occasions on which riders locked the front Under the conditions of this trial where riders brake in 
wheel and caused the machine to fall onto the safety skid a situation of no danger from losing control of the 
and any obvious cycling of the rear wheel antilock machine or of striking an obstacle, it is to be expected 
system, that those with skill and a degree of familiarity with the 

Measurements were made from a nominal speed of test surface will achieve results comparable with those of 
50kmi h (30mii h), and five runs were made by each rider the antilock system. However, a number of riders were 
rising both brakes, in addition, a sixth measurement was consistently unable to avoid losing control because they 
obtained with the rider using only the front brake. Table misjudged braking effort and locked a wheel. This failing 
2 presents the complete results. As there was some seemed not to be related to experience. It is interesting 
~ariation in test speed between riders and within each that a number of riders were successful in completing five 
~ider’s set of runs, the braking performance is expressed runs using both brakes but failed when asked to use only 
as average deceleratiom the front brake. This suggests they were unable to adjust 

The results show that five riders were able to consistently quickly to the greatly reduced deceleration that was 

Table 2. Average decelerations obtained by 21 riders braking without front wheel antilock compared with 
average deceleration using antilock (wet, slippery surface) 

Rider No.         Average Deceleration Remarks Rider No. Average Deceleration Remarks 
%g %g 

1 47) 5 22) Slight wheel lock-- 
Regular rider with 48) 46 Both 31 Year’s 42) 31 Both front 

knowledge of 39) brakes ex.oerience 30) brakes Slight wheel lock-- 
test surface 52) 32) front 

46) 31 ) Slight wheel lock- 
27 Front brake only 19 Front brake only front 

2 34) 6 25) 
38 Year’s 36) 38 Both 25 Year’s 29) 34 Both 

experience 40) brakes experience Fail) brakes 
39) 40) 
42) 42) 
28 Front brake only Fail front brake only 

3 23) 7 32) 
:Motorcyclin£ writer 27) 24 Both 30Year’s 26) 25 Both 

23) Brakes experience 29) brakes 
24) 20) 
30) 17) 
14) Front brake only 15 Front brake only 

4 Fail) Rider chose to use 8 31) .... 
31 Year’s Faii) 19 See only front brakes~ Regular rider 31) 33 Both 

experience Fail) Remarks his normal method 30) brakes Slight wheel Iock~ 
Fail) 38) front 
19) 36) 

23) Front brake only 
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Table 2, continued 

Rider N0, Average Deceleration Remarks Rider no, Average Deceleration Remarks 
% g % g 

9 27) 13 25) 
15Year’s 37) 36Both 13Year’s 23) 23Both 

experience 36) brakes experience 20) brakes Slight whee~lock-- 
43) 23) front 
38) 26) 

...... 27 Front brake only Fail front brake only 

10 41 ) 14 Fail) Wheel lock--front 
15 Year’s 38) 39 Both 4 Year’s Fail) 30 Both Wheel lock--front 

experience 39) brakes experience Fail) brakes Wheel lock--front 
39) 29) 
39) 31) 
29 Front brake only Fail front brake only 

....... 11 34) 15 27) 
12 Year’s 34) 35 Both 10 Year’s 26) 24 Both Slight wheel lock-- 

occasional 34) brakes occasional 31) brakes front 
Fail) 29) 
38) 35) 
18 Front brake only Fail front brake only 

12 17) 16 16) Several slight whee 

2 Year’s 16) 17 Both 6 Year’s 27) 22 Both Iock~--front 
experience Fail) brakes experience 24) brakes Slight wheel lock 

17) 21) 
Fail) Fail) 
Fail front brake only Fail front brake only 

17 40) 21 14) 
4 Year’s 45) 43 Both Not ridden 16) 15 Both 

experience 47) brakes for 25 years 13) brakes 
36) Slight wheel lock-- 16) 
47) front 18) 
Fail front brake only 11 Front brake only 

18 46) Antilock 
Occasional 40) 41 Both operating 36) 

rider 41) brakes onboth- 41) 38 
37) wheels 
39) 
Fail front brake only 

19 36) 
6 Year’s 26) 29 Both Several slight wheel 

experience 27) brakes locks--front 
26) 
Fail) 
Fail front brake only 

20 22) 
7 Year’s Fail) 24 Both Rear wheel lock 

experience 26) brakes 
Fail) Front wheel lock 
Fail) Front wheel lock 
Fail front brake only 

possible and indicates that, when confronted with a While the antilock system produced shorter braking 

strange situation, many riders commit errors. As distances than did many of the riders in this trial, it is the 

mentioned, attempts were made to record cycling of the stability that it confers, particularly in an emergency, that 

rear brake antilock system so that runs in which it was is more likely to lead to a reduction in skidding accidents 

present could be counted as rider failures. It is likely there than any improvement in overall braking distances. 

were occasions on which riders were able to obtain more However, if reliable and effective systems become common 

braking from the rear wheel because of the antilock in the motorcycle population, there will undoubtedly be 

system than they would have if the system had been such an improvement as riders gain confidence in their 

immobilised, operation and brake accordingly. 
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Antilock Systems for Small Machines tightly wrapped and brake torque is reapplied to the 

wheel. This sequence is repeated until the vehicle comes 

A!I the antilock systems mentioned above are applicable to rest. 

only ~o machines equipped with hydraulically actuated It is unlikelv this system will have the finesse of those 

with electronic wheel speed sensing or those that employ brakes. Disc brakes actuated by this means are now 
common on motorcycles. However, in the United overrunning flywheels for sensing alone. (The flywheel in 

Kingdom about 60 percent of the PTWV are lightweight the capstan spring system provides the modulating force 

machines with a capacit3 of 150cm3 or less and mopeds, in addition to sensing wheel deceleration, hence it needs 

Many of these are fitted with mechanically operated disc relatively high inertia.) However, if a satisfactory overall 

brakes or drum brakes. It is, of course, technically performance is attainable, this system should be relatively 

impossible to equip such machines with the Lucas GMing cheap to produce and could be fitted to almost any cycle, 

antiIock system unless their brake systems are redesigned moped, or motorcycle, whatever the mode of brake 

and~ additionally, such cheap machines would be unlikely operation. 

to stand the cost imposed by such an addition. 

A purely mechanical system has been devised and is 

~mder development for machines fitted with any type of Effect of Suspension Movement on Operation 

brake that acts on the roadwheet hub. This system is of Antilock Systems 
illustrated schematically in Figure 1, and its method of 

operation is as foitows. Telescopic front forks are fitted to the majority of 

motorcycles for several reasons. They are simple and 

Normal -- ......... economical to manufacture, keep unsprung weight to a 
~-otat~on minirnum, are aesthetically acceptable, and may be 
~oad~el ~ubo~ ~oaa ~h~ replaced as a unit in the event of minor machine damage. 

However, there is evidence(l()) that such a suspension 
Biasspring arrangement can not only lead to instability but is 

capstan spring mechanically inadequate in some circumstances, particu- 

larly if antilock braking is applied to the front wheel. This 
Capstan drum 

Anchor pin is brought about by the cyclic behaviour of the antilock 

Inertia disc installation and the fact that such systems operate at a 

level of brake force near the maximum available. Study 
Brake dis, of high-speed cine film of a B M W R 100, similar to ES M- 

~ 2, braking using the Lucas Girling antilock system has 

revealed several aspects of suspension behaviour, which 

need more study to assess their implications. For instance, 

when using the front brake (either a!one or with the rear) 
Anchor pm 

on a high-grip surface, the initial effect is for the front 

suspension travel to be fully used followed by considerable 
~ioure 1. Capstan antilock brake system rearward bending of the fork legs. This reaches a 

maximum as wheel lock approaches. As brake force is 

~lhe hub of the roadwheel carries a capstan drum that is reduced by the antilock system, a partial recovery of the 

free to rotate independently. Around the drum is wrapped forks occurs, and this cycle continues until the machine 

a spring, one end of which ~s pinned to the roadwheet and comes to rest. Perhaps the most important effect is the 

the other is attached by a pin to a flywheel, itself free to modification of the behaviour of the front wheel caused 

rotate through a limited angle independently of all other by fork flexing and suspension movement. In both 

components. A brake disc (or drum) is attached to the circumstances, the wheelbase of the motorcycle changes, 

capstan drum. ’Ihe flywheel is held at one end of its generally becoming shorter than in the static state. The 

rotational travel by a light spring. In normal conditions, result is that an acceleration is imparted to the front 

al! parts of the device rotate together and, under braking, wheel in addition to that caused by braking torque alone. 

the wrapped spring connects the brake disc to the In the case of the R!00, a rearward deflection of 65mm at 
roadwheel. If, however, the wheel decelerates at a high the wheel spindle was noted when braking from a speed 

rate, the flywheel overruns against the force of its bias of 50kmi h with the antilock system operative. This alone 

spring and partially unuraps the spring from the capstan produces an apparent wheel acceleration of nearly 10 .... 

drum via the end that is pinned to it. This disconnects the percent of the deceleration due to braking. This lasts for 

brake disc and roadwheel, thus removing the brake about 80ms; during shorter time periods, it is possible 
~orque and allowing the wheel to regain speed. When it that larger accelerations occur. A film speed higher than 

reaches the speed of the I~ywheel, the spring is again the 200 frameis used would be necessary to obtain 
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sufficient resolution to estimate these effects. The super- Conclusion 
imposed acceleration of the wheel could, depending on its 

sign, inhibit a necessary operating cycle of an antilock Accident statistics show that PTWV’s are more prone 

system or lead to an unnecessary one. In either case, the to skidding than are other vehicles, particularly in 

antilock system would operate in a less than fully adverse conditions. This is a result of features of the 

effective manner, vehicles themselves and of incorrect techniques applied 

TRRL is examining front suspension systems other by riders. It is likely the former have led to the latter 

than those based on telescopic forks and is fitting a centre during the history of motorcycling and produced, for 

hub-steered design to a BMW RS0, similar to ESM-2, for instance, a widespread fear of the use of the front brake. 

evaluation. Such suspension designs are inherently stiffer Education and rider training have a part to play in 

than telescopic forks and should result in less interference leading to improvement in rider techniques, but the most 

to the operation of antilock systems, direct approach to the PTWV braking problem is to 

adopt engineering measures that simplify the demands 

placed on riders. 

The availability of effective wet-weather brake pads 

.... has reduced the problems of wet thde, but most other 

.... Rider Behaviour adverse features are inherent in the design of motorcycles. 

The effects of load transfer, cornering, and road surface 

It is clear from the above there are many aspects of the coefficient on brake effort proportioning can be overcome 

PTWV that make safe and effective braking difficult to only by the use of antilock systems that respond to the 

achieve even if the rider is aware of the problems and behaviour of the wheel as it is braked. Widespread use of 

......... behaves accordingly. There is evidence to suggest that, in such systems will eventually eliminate the effects of poor 

addition to the practical difficulties, riders do not even rider technique and will lead to an overall improvement 

attempt to brake in an effective manner in many cases(11), in motorcycle braking performance generally. 
To obtain short braking distances, it is essential that 

both brakes be used; this is the method advocated Acknowledgments 
officially(12). However, Sheppard(ll) suggests that 

among many motorcyclists there is the view that the front 
The work described in this paper forms part of the 

brake should not be used at all, almost certainly based on 

fear of a skid caused by locking a front wheel. In 
programme ofthe Transport and Road Research Labora- 

Sheppard’s study, driving test records were examined, 
tory and is published by permission of the Director. 

roadside observations of braking behaviour were made, 

and riders were interviewed regarding their braking References 
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of some severity during the emergency stop, particularly safety motorcycle--ESM-l," Proceedings Seventh 

"omits use of front brake." A similar incidence of poor International Conference on Experimental Safety 

braking technique was not found in car test candidates(13). Vehicles, U.S. Department of Transportation, 
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be used correctly. One control to apply both brakes 6. Donne, G.L.,and P.M.F. Watson, "The influence of 
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Motorcycle Rider Protection in Frontal Impacts 

BoPo Chinn, considerable potential for serious injury when an object is 

GoL. Donne, and struck by his body. Clearly some form of energy- 

PoD. Hopes 
absorbing system must be incorporated into the motor- 

cycle if any reduction is to be achieved in the injuries 
Transport and Road Research Laboratory, caused by frontal impact. 
Crowthorne, Berkshire, United Kingdom Various investigations into the mechanics of frontal 

impacts and possible rider restraint methods have been 

made. Severy(3) described a series of controlled impacts 

Abstract of motorcycles into stationary cars and concluded that 

the space between the rider and the impacted obstacle is 

wasted from the point of view of the absorption of rider ~he problem of motorcycle rider injuries in frontal 

impacts is discussed in relation to the trajectory of the energy, the characteristics of the motorcycle front provide 

a deceleration pulse for use with a rider-restraint system, ~ider. Possible methods for reducing injury severity are 

also considered. A system is described that provides and the rider moves forward in his seated position after 

partial restraint to the rider in frontal impact and is impact until an obstacle is struck. Bothwell(4)examined 

combined with devices intended to reduce rider injury in a number of variables in a series of frontal impact 

other accident situations. Results are given of checks on experiments, including various restraint systems. Several 

this s?stem by means of tests on a dynamic impact rig and researchers(5,6) commented on the problem of pitching 

ir~ cow, trolled vehicle-to-vehicle impacts, of the motorcycle and suggested a rigid projection at a 

level above the centre of gravity to counteract this. 

Whitaker(7) investigated the trajectory of riders after 

introduction frontal impact and examined the effects of a number of 

possible restraint devices. These were a chest pad, an 
it is well established that powered two-wheel vehicles airbag, and a block of energy-absorbing foam mounted 

st~ffer an accident rate that is disproportionately high on the fuel tank. TRRL produced prototype chest pad 
when compared with that for other vehicles on any basis, installations(7,8), but the acceptability problems of such 
The results from genera! and detailed(1,2) investigations devices are considerable. 
of accidents that involve motorcycles indicatethat by far Airbag installations can be envisaged that would 
the most commo~i vehicle conflict causing i~iury to intrude little into the traditional character of the motor- 
moto~c) ctists is the frontal collision. About two-thirds of cycle. Considerable research into the use of airbags for 
aI1 collisions occur at an angle within 15° of head-on for car occupant restraint systems has been conducted in the 
~he motorcycle. In many cases, the motorcycle is travelling United States and elsewhere, and it appears possible that 
at a normal traffic speed at the time of impact, and such devices will be used widely, at least in North 
injuries are caused to the rider when he hits obstacles America. Problems posed by the use of airbags in cars 
after being thrown from the machine. Studies of simulated (sudden inflation in confined space, spurious inflation) 
impacts show that aslittte as 15 percent ofa rider’s kinetic either do not exist or may be easily overcome in 
energ} is absorbed during the vehicle impact, leaving motorcycle applications. The installation of an airbag 
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restraint system in conjunction with measures to protect load is applied to the inflated airbag in a substantially 

against leg injuries(9,10) in the TRRL experimental vertical direction. 

safety motorcycle ESM-2 is described in this paper. ~lhe The airbag itself is a prototype unit manufactured by 
..... effectiveness of this system has been assessed in a Talley Industries in the United Statesand is of disc form, 

programme of controlled impacts both on a dynamic test approximately 700mm in diameter and 250mm thick, 

rig and with a free-running motorcycle into cars and with a volume of 70 litres when inflated. A pyrotechnic 

barriers. In both cases, instrumented dummy riders are inflator assembly, 100mm in diameter and 50mm thick, is 

used and provide data on the decelerations and loads mounted on the front fork assembly and discharges 

likely to be applied to critical areas of the human body. directly into the bag, which is folded around it when not 

Results obtained with the restraint system in use are deployed. On inflation, the bag is at an angle of 

compared with those from tests using similar but approximately 45° to the horizontal in side elevation and 

unmodified motorcycles, is supported by the handlebars, the front of the fuel tank, 

and the upper surface of the fairing with its strengthened 

The Restraint System areas. 

One of the major problems with airbag installations in 

.... cars has been spurious deployment due to various causes 
: In the form exhibited on ESM-2, this consists of a such as high-intensity electromagnetic radiation from 

strengthened and modified version of the BMW RT radar stations. This affects the deceleration-sensitive 
fairing as fitted to twin-cylinder BMW motorcycles of switches used to fire the bag inflators. In the ESM-2 
850 and 1,000cm~ capacity, tn addition, an energy- installation, the bag inflator is fired by a switch activated 
absorbing knee restraint is provided, and an airbag is 

by the seat of the motorcycle. This is mounted in such a 
mounted above the steering he,,d on a bracket attached to 

way that it is able to slide forward under the effects of 
the front fork assembly (Figur~ 1). vehicle deceleration in an impact, in normal use, the seat 

is held in place by a section of aluminum honeycomb 

material, the dimensions of which determine the load at 

which the seat will move. Obviously it is essentia! that the 

actuating !oad level is set sufficiently high to prevent bag 

deployment in normal conditions of usel In calculating 

the dimensions of the seat assembly, it was assumed there 

would be at least some interaction between rider and seat 

during the bag initiation phase of the impact. Results 

from simulated impacts on the dynamic test rig(1 !) show 

it is possible to achieve reliable bag actuation with this 

system while maintaining sufficiently high seat sliding 

loads to prevent the possibility of accidental bag 

deployment. 

As already stated, it is generally accepted by those in 

the field of motorcycle impact testing that a rider 

continues in his seated position after impact until an 

obstacle is struck. This does not provide the ideal 

situation for a practical airbag installation. It is essential 

the bag be welt supported to withstand the loads applied 

to it by the rider. On a standard motorcycle, there is little 

possibility of providing this support for withstanding 
Figure 1. Airbag installed on impact rig test frame horizontally applied loads; in the ESM-2 installation, the 

rider trajectory is modified to cause rotation of the torso 

The modifications to the fairing are a strengthened and so a large proportion of the toad is applied vertically. In 

extended bracket in the nose surrounding the headlamp this case, it is possible to provide support for the bag by 

to prevent pitching, a sheet metal instrmnent panel below means of the upper surface of the fairing, the instrument 

the windscreen to provide increased stiffness and a panel, and the fuel tank without markedly changing the 

reaction surface for the airbag, and a tubular steel character ofthe motorcycle. Rotation ofthe rider’s torso 

internal structure to support the outer shell and provide is induced by the provision of energy-absorbing knee 

lower limb protection in oblique impact(9,10). This last restraints attached to the rear of the fairing structure. 

supports energy-absorbing knee restraints; which are After impact and as the rider moves forward i~ the sliding 

present both to reduce knee injury and to modify the seat, his knees make contact with these restraints. The 

trajectory of the rider to induce rotation of the torso so lower body is then decelerated, causing rotation about 
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the pelvis, which leads to his torso striking the inflated 

airbag~ I Unmodified 2 {:)re,inflated 1 ,rn~act-actuated 

1,51 
motorcycte air bags air bag 

Performance Tests 

Two main methods of testing have been used to 

develop and assess the restraint system. First is the 

dynamic test rig(11) in which either a complete motorcycle 0,sl 

or a simulation frame is mounted on a trolley that is 

subjected to an appropriate controlled deceleration from 01 

the test speed. The level of deceleration is chosen to 

simulate an impact. The second is controlled impacts on a 

test track, in which a complete motorcycle collides with a 

fixed barrier or part of another vehicle( 10}. In both cases. ~.s - 

the motorcycle carries an anthropometric dummy to 

represent its rider. This carries instruments to record ~.0- 

accelerations in the head, chest, and pelvis, and loads 

applied to the femur. In addition, all tests were recorded 
0.5 

using high-speed cine cameras to enable analyses to be 

made of vehicle and rider trajectory and velocity. 
0 

Results 

In the case of simulated impact on the test rig, there is ~-~ 

no crushing of the motorcycle, such as would occur in a 

real vehicle-to-vehicle collision. Consequently, a 

Hypothetical Vertical Barrier (HVB) was used as a datum 

to enable comparisons to be made of rider velocity and 

energy between the various test conditions. The HVB was 

placed ahead of the test motorcycle by a distance that 

depended on the recorded deceleration achieved. In the 0 ", 
analysis of high-speed film records, the dummy rider was " 

assumed to have struck the HVB, which simulated an Figure 2. Rider torso kinetic energy at hypothetical 
obstacle struck by the motorcycle. Figure 2 gives the vertical barrier 

kinetic energy of the rider on striking the HVB in three 

~ests: using an unmodified motorcycle, with two pre- optimise their size or shape. Despite this. a 30 percent 
h~flated airbags, and with one impact-actuated airbag, reduction in kinetic energy of the rider has been obtained 
~r~he energies were calculated using the rider linear and when using one airbag. The use of an airbag designed 
angular velocity and the mass and inertia of the torso, specifically for motorcycle applications and the careful 
The test with two airbags (one mount ed on the steering design of other components of the motorcycle to provide 
head and one on the petrol tank) was conducted to assess suitable crush characteristtcs should enable greater 
the effects of a large airbag installation, reductions in rider energy to be achieved. 

It is clear that modifications to the motorcycle impart Preliminary analysis of a vehicle-to-vehicle impact 
more rotational energy but greatly reduced linear energy indicates that a machine equipped with a single airbag 
to the rider compared with the standard machine. In the provides a reduction in rider energy of 55 percent in 
case of the double airbag installation, the rider’s linear comparison with a standard machine as he reaches a 
kinetic energy was zero at the HVB and reduced by 30 hypothetical point of impact of the motorcycle (the 
percent with the single impact-actuated airbag. The total H VB). 
kinetic energy of the rider was reduced bv 78 percent for 

the double airbag and by 30 percent with the single airbag 

i~ comparison with the standard machine. Acknowledgments 

Discussion and Conclusion The work described in this paper forms part of the 
The work described is at an early stage. The airbags programme of the Transport and Road Research 

used were standard items, and no attempt was made to Laboratory and is published by permission of the Director. 
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Motorcycle Conspicuity in Daylight 

G.L. Donne Introduction 
Transport and Road Research Laboratory, 
Crowthorne, United Kingdom Detailed investigation conducted by the Transport and 

Road Research Laboratory into accidents between 

E.J. Fulton motorcycles and other vehicles concluded that, in almost 

Institute for Consumer Ergonomics, United 
one-thirdoftheaccidents, another vehicle driver had not 
seen the motorcycle prior to the collision(I,2). The 

Kingdom accidents occurred principally at junctions in urban 

areas, and many involved manoeuvres in which other 
P.G. Stroud vehicles infringed on the motorcycle’s right-of-way. Using 
Loughborough University of Technology, 1983 data, it is estimated that approximately 18,000 

United Kingdom motorcycle accidents are of this type each year in Great 

Britain(3). There appeared to be several reasons why 

people might fail to see motorcycles. Because of their 

Abstract small size, they can be obscured easily and are able to 

travel in positions on the road where other road users do 

In recent years, a series of studies has been conducted not expect or search for traffic. Also, because of their 

by the Institute for Consumer Ergonomics for the irregular outline and the dark colour of much specialist 

Transport and Road Research Laboratory concerned motorcycle clothing, they do not readily stand out. Some 

with finding effective and acceptable ways of improving of these qualities are inherent in the nature of motorcycles 

the conspicuity of motorcycles in daylight. The relative themselves, but it seemed likely that accident numbers 

effectiveness of clothing for riders, lighting, and other could be reduced if the conspicuity (i.e., ability to attract 

treatments for motorcycles was examined. Results from attention) of motorcycles was improved. 

these studies have shown there are ways of effectively A programme of work was conducted(4,5)to examine 

increasing motorcycle conspicuity in a wide range of ways of achieving this. Treatments to the motorcycle, 

daylight situations. Pairs of daytime running lamps, large such as the use of various types of lights and fluorescent 

dipped headlamps, or clothing displaying a large fluores- materials, and the use of special clothing for riders were 

cent area are all effective. Small headlamps on low, considered. 

powered machines or small areas of fluorescent treatment There were thought to be advantages in machine-based 

are not effective, options over those affecting riders because they are 

11t9 



Experimemal Safety Vehicles 

permanent features and the motorcycle itself is already 
subject to vehicle legislation that could be readily adapted 
if necessary. 

Options Assessed 

Several different types of aids to conspicuity were 
examined. 

Fluorescent Materials 

~rhese were applied to both rider and machine-based 
items, such as legshields, headlamp cover, sleeves, 
waistcoat, jacket, and helmet. The items of clothing 
conformed to BS 4610:1970, specification for high- 
visibility clothing, 

Headlamps 

Standard headlamps with a dipped beam were used 
and ranged in size from 100 to 180ram in diameter and in 
power from 18 to 55W. The effects of modulating the 
o~xtput of such lamps and the use of high-intensity bulbs 
ir~ the parking light position were also assessed. 

Running Lamps Figure 1. Experimental motorcycle fitted with a pair of 
running lamps and double running lamps 

These are specially designed lamps, measuring 100 by First, as a rough sorting procedure, a laboratory-based 
80ram, fitted with a muItiprism lens. They were used tachistoscopic experiment was conducted using slides of 
either in pairs, mounted on the motorcycle handlebar street scenes that included motorcycles. The mean time 
approximately 1000ram above the ground and 410mm taken by subjects to detect the motorcycle using each of 
apart, or singly, centrally mounted below the headlamp the test options was used as a measure of its effectiveness 
(b’igure 1). They were assessed with a variety of bulbs, compared with the control condition. A short detection 
ranging in power from 6W tungsten to t5W glass- time indicates a conspicuous option. 
halogen. Luminous intensity along the central axis of Second, using those options that had offered irn- 
each lamp varied from less than 100 to 825cd depending provements over the control condition in the first 
on tl~e bulb fitted, experiment, a field trial was conducted. A motorcycle 

and rider were positioned in a side street, and pedestrians 
who crossed the street at its junction with the main road 

Methods were questioned to determine whether or not they had 
seen the motorcycle. This method enabled data to be 

Several assessment methods were used at different collected from a large number of people. To avoid 
stages in the investigation to compare the effectiveness of influencing subjects’ responses, it was found to be 
the proposed conspicuity aids. The measure of effective- essential they were unaware of the nature of the experi- 
hess used by all methods was based on judgments by ment. In this case, the percentage of subjects who 
numbers of people about the presence or otherwise of detected the motorcycle was used as the measure of the 
motorcycles with and without the test options. In all effectiveness of each option as a conspicuity aid. The 
cases, the control condition comprised a motorcyclist in higher the percentage of detection, the more effective the 
dark clothing on a motorcycle with its lights switched off option. This method has the advantage that large amounts 
and with no special conspicuity treatment. This type of of data can be gathered economically and from people 
measure was used because conspicuity is not only a who are unaware of the purpose of the experiment and 
matter of physically measured properties of an object but their own part in it. However, it differs from the driving 
also of the physiological and psychological characteristics situation in important respects: subjects are pedestrians, 

of observers, and the motorcycle is stationary. 
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A third method was developed that used drivers as Large areas of fluorescent material (e.g., jackets and 
subjects and in which the test motorcycle was moving, waistcoats) were detected more quickly than the control 

Subjects. seated in the driving position in a car. were condition. 
allowed brief glimpses through a shutter along the road 
ahead of them, The road might not contain any traffic or 

there might be just the vehicles that were incidentally 
Method 2--Pedestrian Field Trials 

present, but sometimes there would be the test motorcycle. 
The measure of conspicuity was based on the frequency 

Pedestrian field trials were conducted at several sites 

with which experimental options were detected, compared 
on many separate occasions. There was a wide range of 

with the control cond ition of the motorcycle, 
overall detection rates between sites, and Table 2 shows 

the range of detection rates for each option. In all, 18.596 

Results 
subjects were involved. 

Results for the three methods are presented separately 
Table 3. Mean values of ranks--road glimpse trials 

below. Experimental Option Mean Values of 
Ranks t 

Method l~Laboratory Trial 
Control 2.68 

40W 180mm diameter headlamp 3.22~ 
1x15W Daytime running lamp-g ass- 

Table l shows the mean detection times for 100 halogen 2.90 
2xl 5W Daytime running lamp- 

subjects. It was apparent that small areas of fluorescent tungsten 3.11 ~ 

material (e.g., sleeves and headtamp covers) provided no 
Fluorescent Jacket 2.99~ 

significant improvement over the control. 
Denotes mgnificantly better than control ~ <0.05) 

Table 1. Mean detection times for options using                !" Denotes always seen, O denotes never seen 
fluorescent material--laboratory method 

Experimental Option Mean Detection 
Time (seconds) Method 3--Road Glimpse Trials 

Control-not fluorescent                    1,090 
For each subject, five sets of data were collected in the 

Legshields-fluorescent from front 1 .O48 
Jacket-completely fluorescent 0,896* form of a seen (designated 1) or not seen (designated 0) 

Headlamp Cover-fluorescent from front 1.070 response for each of the five motorcycle conditions. The 

Helmet-covered in fluorescent material 1.008 five conspicuity aids were put into a rank order on a scale 
Waistcoat-completely fluorescent 0.880* 

Sleeves-completely fluorescent 1.116 of 5 to 0 with 5 denoting the most seen. Table 3 shows the 

means of these scores obtained with 197 subjects at three 

Denotes significantly better than control tP <0.05) experime ntal sites. 

Table 2. Summary of results from pedestrian field trials 

Experimental option Range of Detection Level of Performance 
Rate % Corn pared with Control 

Control 7.1 26.5 

Fluorescent helmet 15.2 No si nificant benefit 
Fluorescent jacket/waistcoat 22.5 Sign cantly better 
Small dipped headlamp, l O0mm die. 18W tungsten 17.3 No si nificant benefit 
Small dipped headlamp, lOOmm dia. 40W tungsten 3.9--29.5 No si nificant benefit 
Small dipped headtamp. 100mm die. 40W tungsten (flashing) 11.2 20.7 No si~ nificant benefit 
Large dipped headlamp. 180mm die. 24W and 40W tungsten 21.5--29.7 Signi: cantly better in some trials 
Large dipped headlamp. 180mm dia. 40W tungsten (flashing) 13.2 26.0 Signi cantly better at 1 site only 
Large dipped headtamp. 180mm dia. 55W halogen 8.1 34.2 Signi cantly better at 2 sites only 
1 x daytime running lamp. lOW tungsten 21.O 28.4 Signi cantly better in some trials 
I x daytime running lamp. 15W halogen 12.1--33.3 Signi icantly better at 1 site only 
2 x daytime running lamp. 6W tungsten 30.8--38,0 Signi icantly better 
2 x daytime running lamp. 10W tungsten 14.2--31.9 Signi icantly better 
2 x daytime running lamp. 15W tungsten 18.7--44.7 Signi icantly better 
Double daytime running lamp. 15W tungsten 11.5--37.7 Signi icantly better at 2 sites only 
(2 running lamps mounted centrally, side by side) 
Small parking lamp--100mm dia. 15W halogen 12.5--28.8 No significant benefit 
Large parking lamp--180mm die. 15W halogen 15.5--30,5 Significantly better at ~ site only 
(high-intensity halogen bulb in parking light position 
of headlamp). 
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The results from field trials show that the use of small depends on riders’ choosing to wear it. and fluorescence 

single lamps (including headlamps) provided no ira- decays with exposure to light. So, to be effective.jackets 

pro~ement in detection compared with the control con- must be stored away from light and replaced every few 

dition, months if in frequent use. 

All pairs of daytime running lamps, fluorescent jackets, The ex perimental safety motorcycle ES M-2 is eqmpped 

and waistcoats performed significantly better than the with a pair of running lamps of the type assessed in this 

control condition, work. 

Results for large headlamps (i.e., those of 180mm 

diameter arid 40W, or greater, power) were inconsistent Acknowledgments 
but, in most cases, were an effective improvement over 

the control condition. 
The work described in this paper forms part of the 

programme of the Transport and Road Research 

Conclusion and Discussion Laboratory and is published by permission of the Director. 

~f’he major conclusion from this work is that it is 
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would be unlikely to be of benefit to machines of all sizes, motorcycle conspicuity," Department of the Envi- 

It would enhance the conspicuity of large machines but ronment. Departmenl of Transport. TRRL Supple- 

would be of no benefit to the riders of the majority of mentary Report SR 625, Crowthorne. 1980 

motorcycles in use. 5. Donne. G.L.. and E.J. Fulton. "The evaluation of 

Of alI the rider-based options assessed, a fluorescent aids to the daytime conspicuity of motorcycles,’" 

jacket or waistcoat was found to be more conspicuous Department of Transport, TRRL Report No. LR 

than the control condition. This conspicuity aid is 1137. Crowthorne. 1985. 

available to all motorcyclists but has two disadvantages 6. "Transport statistics Great Britain 19837’ Her 

when compared with running lamps, lts effectiveness Majesty’s Stationery Office. London. 1984. 

A Feedback Control Method for Antilock Brake Design 

John W. Zellner and system. The analysis emphasized the frequency response 

Dean P. Chiang of system components and effects on stopping perform- 

Dynamic Research, Inc. ance and stability. Results showed wheel angular 
acceleration provides a feasible single loop feedback for 
antilock control; wheel angular jerk is probably not a 
desirable primary feedback variable; nominal design 

Abstract requirements for modulator and controller exist that 
represent a compromise among high and low/a perform- 

An analysis of antilock brake system dynamics--based ance, stability, roughness, and signal-to-noise ratio; net 
on nonlinear control theory---was performed. Results time delay between modulator and brake caliper is a key 
were used to define initial performance and design design parameter and should be investigated more 
requirements for a prototype fluidic motorcycle antilock thoroughly. 
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Introduction This paper focuses on the analysis method used. An 

example preliminary design for a motorcycle antilock is 

used to illustrate the approach and typical results. 

Since the t930’s, antilock brake technology has been 

developed and applied to a variety of vehicles, including Analytical Approach 
railcars, aircraft, automobiles, commercial vehicles, and 

more recently motorcycles(I). The advantages of antilock 

for each vehicle category tend to be different: reduction 
The antilock design task involves sensing the rotational 

of damage to wheels and tires has been a main goal for 
motion of the braked wheel or wheels and using this 

..... rail and aircraft systems; improved steerability and yaw 
information to modulate the brake fluid pressure applied 

..... stability are the goals of automotive systems. Motorcycle 
to the wheel to avoid overbraking and lockup. The main 

antilock examples--all in prototype versions only--have 
motion variables, as shown in Figure 1, are the wheel 

attempted to reduce the capsize tendencies of two- 
angular velocity and acceleration, the linear velocity and 

wheelers encountered under limit braking conditions. So, 
acceleration of the vehicle itself, and the relative velocity 

over the years, the antilock trend has been increasingly 
or slip ratio at the tire/road interface. The design goal is 

....... toward the role of stability and control augmentation and 
to keep the wheel tangential velocity somewhat less than 

...... also toward applications involving smaller, lighter, more 
the vehicle velocity. This does two things. It retains most 

quickly responding vehicles. For motorcycles, these 
of the sideforce capability of the tire needed for vehicle 
stability and control, and it allows the vehicle to be 

factors have combined to produce challenging prospects 
decelerated at near the limit of available tire/road 

for antilock developers. 

M otorcycle antilock prototypes have included perhaps 
friction. Generally speaking, this involves a design tradeoff 

......... a dozen well-known examples since the 1960’s, as reviewed 
between maximizing wheel rotational stability versus 

........ in (1). Many of these evolved from Experimental Safety 
stopping performance. 

Vehicle (ESV) programs in the United States, Europe, " .... 

and Japan, begun in the 1970’s, as well as proprietary 

development efforts. To date, all of the documented ,~----~ u (f ..... 

versions would have required additional development to 
oxl’aog’o~oa~ 

..... make them viable, practical, and reliable production 

brake systems. - ’ /oogo~a, 
(angular 

Historically, antilocks are usually developed empir- Ioo~o~a, 
ically, supported by conventional design and test tech- 

niques. This process is made especially challenging by the 
s~,,~ 

complexities of tire/roadway friction and dynamic Figure 1. Primary motion variables for antilock dy- 
..... behavior of vehicles and brake systems. To date, not namics 

.... much insight has been provided by theoretical approaches, 

and the development process remains mostly empirical, The interaction between stability and stopping per- 

with accompanying costs, time, and risks, formance is shown schematically in Figure 2. During 

Recently, other technologies are being brought to bear normal forward operation, the rider uses steer torque to 

in the antilock area. These include, to mention a few, control motorcycle roll angle, thereby also effecting 

digital-and microprocessor-basedsystems, allmechanical heading and path control(4). Brake force is used to 

antilock systems, and fluidic sensing and control. As control stopping distance (i.e,, forward velocity). With 

these new technologies join the several dozen antilock conventional brakes, if a wheel is overbraked and locked, 

systems in various stages of development and use, the the motorcycle can be rapidly destabilized in roll, resulting 

need for analytical input continues, in a potential capsize. A goal of motorcycle antilock is to 

As part of such development-specifically of a fluidic automatically sense wheel speed and control brake force 

antilock system for motorcycles(2,3) -an effort to treat to maintain both stopping performance and attitude 

antilock analytically was undertaken and is reported here stability. 

in part. Past analytical studies of antilock have commonly 

The objective of this portion of the development was to involved developing a mathematica! rnodel of the vehicle 

analyze antilock dynamics in a preliminary way and to and antilock components. Such models are typically 

determine desirable and feasible feedback control struc- analyzed in the time domain to produce time responses of 

tures (i.e., which variable to use as a feedback). A the system. Once constructed, such models can be used as 

complementary goal was to identify antilock component paper prototypes, where the antilock design can be 

response requirements and an initial configuration. The modified and adjusted--much like a real vehicle--until 

approach used was largely analytical, based on nonlinear satisfactory results are obtained. Such an approach was 

control systems analysis, used in (5), for example. 
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An alternative technique also used in linear servo 
Wheel Rotation 

analysis(7,8) is the gain-phase plot method. The gain, 
I | I Stopping phase plot provides a convenient tool for determining 

arake Force k_~ I Anti~ock ]~        e~ conditions for limit cycles in quasi-linear systems. If the 
~ 1° linear portion of the transfer function is plotted on the 

Steer Torque~ MOTORCYCLE I R°~ 
gain-phase plot, together with the negative inverse 

describing function of the nonlinear portion, intersections 

of the two curves will illustrate the conditions for 

sustained oscillation. The frequency and amplitude of the 

limit cycle, if any, will appear directly; the plot can also be 

used to determine whether the limit cycle is stable, that is, 

~ whether the limit cycle will sustain itself in the face of 
Figure 2. Schematic of rider/motorcycle/antilock con- disturbances. 

trol system Formally, in a manner similar to the basic stability 

condition that underlies the theory of constant-coefficient The next step could involve using control theory 

methods to determine the antilock design analytically linear systems, the basic condition for stationary oscilla- 

tions in quasi-linear closed-loop systems can be expressed (ioe., as opposed to by trial and error). Two methods are 

generally available: time domain and frequency domain, as follows (see Figure 3): 

A fundamental aspect ofantilock that must be addressed 1 + p13 = 0 

by such theoretical methods is the nonlinear behavior of or 

the vehicle and candidate antilock components. Such P13 = -1 (1) 

nonlinearities (e.g., tire/road friction) limit the range of where 

analytical tools available to the designer, p = forward path transfer function 

~n the time domain, antitock has been examined using 13 = feedback path transfer function 

If any part of eitherp or 13 is the describing function of external (or nonlinear optimal) control techniques, as, 
a nonlinearity, N, and the remainder of the open-loop for example, GM used in the 1960’s(6). Such approaches 

t5 pically involve assuming a fixed form of control and frequency response function is the linear term G(jto), the 

numerical solution, stability condition is: 

A somewhat more general approach is available in the NG (jw) = -1 

frequency domain, involving describing functions and or 

gain-phase techniq ues(7,8). Applying these methods to G(j to) = - 1 / N (2) 

ar tilock design is described in the balance of this paper. The solution of Equation (2) can be carried out 

graphically. Equation (2) indicates that, if G(jto) and 

-1!N are plotted together on the gain-phase plane, 
Feedback Control Formulation intersections of the two curves will satisfy the equation. 

Intersections, therefore, will show the conditions for 
Feedback control theory suggests that the controller neutral oscillatory stability, where the describing function, 

and controlled element of a system be tailored to one N, is a function of amplitude only, as it is for all simple 
a~ot!~er in order to result in a system that has a balance nonlinearities in first approximation quasi-linear systems, 
among such things as ~ the construction is especially convenient. -1/N is then an 

* Stability amplitude variant function, and G(jto) is a frequency 
* Rapid, well-damped response to commands variant function. Each curve can be plotted as a function 
* Insensitivity to disturbances of a single parameter. 
~ lnsensitivit;, to small changes in controlled 

element or controller parameters. 

For linear systems, a crossover model of a feedback 
Controlled 

c(mtrol system illctudes tile above considerations and can E lement m = p.e = p.(i -~m ) 

be used to determine requirements for feedback design, i ~ e ["--~ m 

Zcltner(9) provides an example of the crossover method 

~~ 

m = ~ 

i    I÷F/3 
applied to anti!ock design. One difficulty, as mentioned 

above, is the presence of amplitude nonlinearities. This Stability Criterion: 
can be partially handled with families of describing 

Feedback                 I + FB = 0 functions (i.e., frequency response curves). From a Element 
practical standpoint, the multidimensional nature of 

such curves makes a conventional graphical solution Figure 3. Generalized stability condition for single 
inconvenient, closed-loop control system 
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The gain-phase design method can be summarized as cur oFP 

follows: 
WLVE ~OTO. 

INPUT PRESSURE Determine the time responses of system cam .... 
ponents (i.e., measure actual hardware or use a 

computer simulation) ~! 
¯ Calculate the corresponding component des- 

cribing functions (i.e., Fourier transform the 

time histories) at a range of frequencies and 

amplitudes 

Identify the frequency dependent (linear) com- 

ponents and the amplitude dependent (quasi- 

linear) components, from the describing function 
Figure 4. Generalized schematic of antilock control 

data 
system 

¯ Plot the gain-phase characteristics of the fro- Figure 5 shows an example gain-phase plot. This is for 
quency and amplitude dependent parts of the an idealized acceleration sensor, a typical dumpireapply 
system modulator (including time delay), and a dumpi’reappty 

¯ Note characteristics of the intersection point switch controller. The latter can be referred to as a toggle, 
(i.e., the limit cycle point) and in this case the toggle trigger values are 2g (i.e., ± lg) 

¯ Modify the response curves to adjust the quality apart. Figure 5 shows that a limit cycle--- 
of the intersection ¯ Exists, at a frequency of 5Hz 

The quality of the gain-phase intersection (i.e., limit ¯ ls stable (left to right crossover) 
cycle) is determined by several criteria, including-- ¯ Is fairly insensitive to changes in vehicle or 

¯ Limit cycle existence is indicated by intersection modulator gain (nonparallel curves) 
existence. ¯ Has a fair stability margin (i.e., the limit cycle 

¯ Limit cycle stability is indicated by the direction must decrease to tess than I g amplitude at 90° 
of the intersection (amplitude dependent curve phase lag to destabilize the antilock) 
crossing the frequency dependent curve from left 

to right is stable). 
/Amplitude response of 

¯ Sensitivity to parameter changes is indicated by /~ ..~-~ 
the angle of intersection (90° is least sensitive). 

~        /-- Limit cycle point 
\ 2 ¯ Stability margin is indicated by the intersection’s ~o \~~o~ 

proximity to theend points of either the frequency ~ _ 4 ~ ,; - 

or amplitude dependent curve. Gain 
;, ~ 5 

Examples of the gain-phase approach are discussed ~dm Freq~near 

next.                                                                                zo]        [Z Wheel angular ecceleration 
response to modulator 
command, high mu 

Toggle controIIer response~ 

Example: Antilock Gain-Phase Analysis ~g width 

For purpose of control system analysis, antilock               -zro      -me      -~o        o 
Phase Angle (deg) 

systems can be broken down into four main components, 

as shown in Figure 4. These are the-- 
Figure 5. Example gain-phase plot for angular accelera- 

tion feedback, with 2g toggle 
¯ Vehicle dynamics 

¯ Sensor Another example is shown in Figure 6. The only 
¯ Controller difference from Figure 5 is that the toggle is set at ±2g, 
¯ Modulator resulting in an unstable system (i.e., the wheel never 

In general, each of these contain potentially significant decelerates enough to trigger the 2g dump condition; 

nonlinearities. Yet, dynamic measurement of typical therefore, the wheel locks up). 

components, as well as simulation results, reported in (9) Some of the fundamental difficulties inherent in using 

and elsewhere have shown that, to a first approximation, angular jerk as a feedback are shown in Figure 7. Since 

only the controller is fundamentally nonlinear (the other the linear and nonlinear response curves are fairly 

components are essentially linear). This means the fre- parallel (above 7Hz), small changes in any component 

quency responses of the modulator, vehicle, and sensor will result in relatively large changes in limit cycle 

can be combined and plotted and then compared to the stability and stopping performance (i.e., it is an overly 

response curve of the controller, sensitive system). In particular, the potential limit cycle 
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FEASIBLE 

401 

l 

OJH~ REGION 

7 6 5 

~ 

A/O 7 ~ 5 Gain No 

~; (dB) Braking Dump 
Frequency response of (/e , Iockup, unstable) 
linear components ~ 

Poorer 

20 I WheeI angular acceleration 
20 Signal/Noise Ratio 

command, high mu 
Less 

0L. I 1           = i 0    I ’                         I 
-270 -~80 -90 0 -270 -~80 -90 0 

Phase Angle (deg)                                                                   Phase Angle (deg) 

Figure 6. Example gain-phase plot for unstable system, Figure8. Summary gain-phase plot for angular 
angular acceleration feedback, with 4g toggle acceleration feedback, with toggle controller 

noise sources in the system. Again, stability decreases 
toward the right, and braking decreases toward the lefL 

- .~ Figure 8 is also significant in that it illustrates the -\ Overly relationships among antilock stability, performance, 
28, ~ ~’N~9 ~ Sensitive roughness, and noise, as well as the relative contributions 

8o 
122~~~ 

of the controller’s other system components. As an 

G~i~ ~ evaluation or design tool, it seems applicable to most 

(dB) single loop (and, with extension, possibly multiloop) 

antilock systems. 

60 

Preliminary Antilock Design 
response to modulator 

c_omm~nd, h~h mu [ A combination of simulation, full-scale measurement, 
40 ------ Toggle controller response ~ Ol Hz 

2850 rad/sec2 width and gain-phase analyses was used to help define an initial 

feedback design and component requirements for the 

,,, ~ i           I ~ motorcycle fluidic antilock system. The analyses con- 
-t80 -90 0 90 

sidered the effects of--- Phase Angle (deg) 

Figure 7. Example gain-phase plot for angular jerk ® Various feedback structures 
feedback e Controller (toggle) characteristics 

near 7Hz is very close to the lockup boundary (i.e., 90° ~ Modulator and vehicle responses 

phase lag, as above), and the limit cycle near 10Hz is near ~ High and low p road friction characteristics 

the no-brake boundary where the system merely chatters, 
The basic design parameters are shown in Figure 

with littIe deceleration (i.e., 180~ phase lag).Bothofthese 
Primarily these were modulator dump and reapply 

adverse conditions can exist with jerk feedback, and a 
pressure rates, toggle (trigger) width and bias, and 

relatively small reduction in vehicle gain (e.g., about 
modulator-to-caliper net time delay. 

10dB) could result in a completely unstable system. For 
A feasible front wheel antilock design for an example 

these and other reasons, angular jerk feedback cannot be 

recommended, 
touring motorcycle (for both high and low p surfaces) 

was defined as follows: 
An overall summary plot ofantilock gain-phase results 

for acceleration feedback is shown in Figure 8. As can be 

seen, a feasible region of stable designs exists, bounded Feedback: Wheel angular acceleration 
(assumed to have no sensor dynamics) 

by a lockup region (at lower phase lags) and a no-braking 
Du mp rate: -3600 psi/s 

region (at higher phase lags). Within the feasible region, Reapply rate: 2000 psi/s 
higher intersections (or crossovers) result in rougher Toggle width: 3.0g 
antilock cycling (the gain is logrhythmically related to Toggle bias: -1.5g 

limit cycle amplitude), while excessively low ones suggest Modulator to 

oscillations so small they might become confused with 
caliper delay:    2Oms 
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Effects of toggle (i.e., trigger) shape are shown in 

Design Parameters Definitions Figure 11. Here, fairly large effects are seen in both high 

..... and low p performance. Greater toggle width, within 
Dump Rate limits, improves both high and low p performance. On 
Reapply Rate the other hand, greater toggle bias improves high 

Brakeline Modulator Rates Pressure performance but can considerably degrade low p per- 

t formance. 
Of course, in general, somewhat larger changes in 

modulator or toggle design values than those listed here 

........ l    ~ Toggle W~d,h can result in exceeding the feasible design region or the 
~ ~ T. ~ Reoppty 

0 
i l ] / ’ 

Bias Toggle Shape 
Wheel 

t,,~ i/i~ 
i subjectively acceptable region (related to roughness and 

Accelera,io. ~ ’ -~" ~- noise). 

Pressure Roles 

Dump : - 3600 psi/sec 

-~~ 

Reoppiy : ZOO() psi/sec 

Dump 
¯ Nominal design 

Command                                                                 High ~L                             Low 

Net Time Delay 
Caliper 0~6 

Pressure ,=,, 

Figure 9. Design parameters varied in sensitivity analy- 
i 

-" -,.o ~.e    -z.._~ 
sis ~                                                          o2 -~o~ Z/.~-::::- ~~ 

This gave low p stops of -0.23g at 13Hz, and high p 
stops of-0.54g at 13Hz (subjectively, these were felt to be 

o z    4    ~ ~ a    4    ~ e 
reasonable performance levels for an initial design; these 

Roughness(ft/se¢) Rou~hness(tt/se¢) 

are not intended to imply minimum acceptable levels or Figure 11. Effects of toggle width and bias on antilock 

maximum attainable levels), performance 

In addition, the initial design parameter values were        Preliminary results of the effects of time delay on high 
perturbed +--50 percent to confirm that the design was not p performance are shown in Figure 12. This shows a fairly 
overly sensitive. Results are shown in Figures 10 and 11. high level of performance (-0.52g) at 20ms and consider- 

Effects of modulator pressure rates on vehicle de- ably less performance (-0.36g) at 120ms. Currently it is 
coloration and wheel speed roughness (peak to peak) are unknown how the intermediate ranges of time delay 
shown in Figure 10. The effects on high and low p are seen compare to these more extreme values (i.e., whether there 
to be quite different; not surprisingly, low p is more is a sharp or gradual reduction above 20ms). This seems 
sensitive to modulator response properties. For low p, to be a key design parameter variation for future antilock 
smaller reapply rates are better, as has been reported in development, and a more complete analysis would be 
the industry, while for high p, higher reapply rates are useful. 
better. The opposite preferences seem to apply to dump ,, 

rates. 

0.6 - Feedback 

Maximum 
(~) High mu 

Tog,~le 

Width: ~.Og [ 

Average 

[ Bias: -I.Sg 
Deceleration 0,4 

(~) 

[ ¯ Nora nil dosigff 
( g ) 

High ,~L,, LO’~ Fi 0.2 -- 

0.6              ~ {zsoo\\ ~0" 
~ , ~ -s~oo 0 I I ~ I ~ _J_~ I 1 I I I ..... 

~ 
[ -4~ 0 20 40    60     80 I00 120 

~ 0.4 Net Time Delay (ms) _ 

~ 
,~oo Figure 12. Effect of modulator-to,caliper time delay on 

~£o 

antilock performance 

~ , ,            , , , , , ,                              , , , . , .’~", Examples of resultant antilock time responses are 
o~ z    ~ e e o    ~    ~    ~    B shown in Figures 13 and 14 for 110 and 20ms delay times, 

respectively. Note that in these cases, the toggle and 

Figure 10. Effects of modulator dumpand reapply rates modulator parameters have been adjusted to give a 

on antilock performance balance among stability, performance, and roughness for 
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.... to some aircraft systems and also a fairly high deceleration 

~ ~domp--zhoop,~/-o I rate. Again, this suggests the importance of net time delay 

~,,p~,o2soop,i,,[ to overall antilock performance. 

LREL Conclusion and Recommendations 
I00 ]___ 

~x : -0.35 g 
u’ ~ A generalized analysis of motorcycle antilock brake 

(f~/s~} 501 system dynamics--based on nonlinear control theory-- 
was performed. Overall, the gain-phase analysis approach 

" ~,~J-"~%~"~%~"v~~..~,~. involved transforming antilock time responses to fre- 
~,,~,~is~)~t quency responses and determining conditions necessary 

for existence of a stable limit cycle¯ The method was 
found to provide a generalized method for antilock 
analysis and to provide-some possible insight into 
antilock dynamics and design effects and requirements. 

In particular, preliminary design requirements were 
determined for example modulator, toggle, and sensor 
components. These indicated that-- 

~o ]__ ~ Wheel angular acceleration feedback provides a 
~ 

m.Ii/ 

feasible single loop feedback design. 

o ~ Wheelangularjerk feedbackis not desirable as a 
o i ; ~ ~, ; primary feedback control variable, in part because 

Time (sec) ~ it results in excessive sensitivity to small variations 
Figure 13. Example simulated antilock closed-loop re- 

in vehicle and systems parameters. sponse, 110ms time delay 
e A set of controller and modulator characteristics 

~ was found that gave a reasonable balance among 

........ ~,o~, .-~oo~,~/,,, performance, stability, and stability margin on 

/_~’~ ~,.o,,,,.,~oo,.,~,o~ 
both high and low/2 surfaces. 

m.s .z t ~" ~,’o*-2o ~;~ ¯ One way to achieve potentially higher perform- 

LREL ! ance stability levels on both high and low p 
o surfaces could involve use of /2 dependent, 

~oo _ ]~.o-o.hzg adaptive controller or modulator, as may be 
u0 

5° 

-’--"--"---"-~~ ® Net time delay between the modulator and 
(~,/~) found on some existing antilock systems. 

0~ 

~oo~ caliper seems to be a key design parameter 

~/~) ~o affecting performance and stability and should 

o -~-~,~ be evaluated more completely to assess fluidic 

¯ ~oo] 
and other antilochdesign requirements. 

-,oo ’"’ Acknowledgments 

soo ~ ~’ .... , ’~ ,’~ ...... ,, ...... ’, The work reported in this paper was accomplished (psi) 

o~"#r’f-"- " under subcontract to the Jet Propulsion Laboratory, 

~°l__ under prime contract to the U.S. Army Harry Diamond 
~ 

m1// Laboratories, in cooperation with the National Highway 

o Traffic Safety Administration. The opinions expressed 
o i ~ ~ ~ ~ are those of the authors and not necessarily those of JPL, 

Time(sec) 
the U.S. Army, or NHTSA. 

Figure I~L Example simulated antilock closed-loop re- 
sponse, 20ms time delay References 

high/2 limit braking. Figure 13 (110ms delay) shows a 
relatively low (4Hz) cycling rate and deceleration level, 1. Zellner, J., and M. White, "Advanced motorcycle 
with a fair amount of whee! speed roughness. Figure 14 brake systems," Final report, DOT-HS-806-095, 
shows a very smooth, high (18.5Hz) cycling rate similar November 1981. 

i128 



Section 4. Technical Sessions 

2. "Development of fluidic antilock brake system for at the Automobile Engineering Meeting, 17oronto. 

motorcycles," Contract RE !82-0230. between U.S. Canada. October 1974. 

Army Harry Diamond I.,aborator~es and "he Jet 6. Harned. J.L.. and L.E. Johnston. ’~Antilock brakes." 

Propulsion Laboratory for the National tlighway Genera! Motors Safety Seminar Paper No. 21. July 

Traffic Safety Administration. 1982 1969 

3. Purves, R.R.. "Application of fluidics technology to 7. Truxal. J.G., Automatic Feedback Control System 

the development ofantilock brakes for motorcycles." Synthesis, New York. New York: McGraw-Hill 

Proceedings Tenth International Technical Confer- Book Co.. 1955. 

ence on Experimental Safety Vehicles. Oxford, 8. Graham. D..andD. McRuer, Analysis of Nonlinear 

England. July !985. Control Systems. New York. New York: Dover 

4. Weir. D.H.. and J.W. Zellner. "Lateral-directional Publications. Inc.. 1961. 

motorcycle dynamics and rider control." SAE Paper 9. Zellner J.. "An analytical approach to ant ilock brake 

78030-4, presented at the SAE Congress and Ex- system design," SAE Paper 840249. presented at the 

position. Detroit. February 1978. SAE Congress and Exposition, Detroit. February 

5. Guntur. R.R.. "Design considerations of adaptive 1984. 

brake control systems." SAE Paper 741082, presented 

Measurement of Motorcycle Riders’ Eye Locations 

Masanori Motoki and 
for the study of the indirect field of view by means of rear 

Tsutomu Asah 
view mirrors, but also those data will be useful as 

Japan Automobile Research Institute. Inc. reference points for the study of the direct field of view. 
The eye locations of automobile (four-wheeled motor 

Abstract vehicle) drivers have been standardized internationally 

by ISO 4513(1), while, as for the eye locations of 

In this study, with a final objective of obtaining such motorcycle riders, only the reference eye point is specified 

data necessary for the international standardization of in VDTUV Leaflet 736(2) and no standard exists that 

eye ranges of motorcycle riders in the future, we selected specifies eye ranges indicating statistical distribution of 

five different models of motorcycles (with engine capacities eye locations. 

ranging from 250cc class to 1.000cc class) comprising This study, with a final objective of obtaining data 

four typical motorcycle types and measured the eye necessary for the international standardization of eye 

locations and riding positions of 456 Japanese and ranges of motorcycle riders, was started in 1981 as a 

American motorcycle riders mounted on those motor- 2-year program. In the study program, three research 

cycles, items were adopted: comparir~g anthropometric data 

As a result, we found that when the shoulder locationis among Japanese, American. and European riders: 

adopted as the origin, four items namely, distances establishing eye ranges of Japanese. American. and 

between shoulder and handle grip, shoulder and hip, European riders: and obtaining the correct formula for 

shoulder and eye, and the angle formed by the locations eye locations. 

of eye, shoulder, and hi p are nearly constant, regardless Mopeds were excluded from this stud y because moped 

of differences in vehicle frame dimensions Therefore. the riders were clearly different in category from the riders of 

eye range of motorcycle riders can be located from the such motorcycles as were used for this study, and their 

relative positions between the handle grip and hip point, riding positions were also quite different from those of 

Furthermore. through comparison of anthropometric motorcycle riders. 

data between Europeans and Americans. the actually Comparisons of Anthropometric Data 
measured eye locations of American riders can be used as 

representing European riders’eye locations. Among Japanese, American, and 

Introduction 
European Riders 

Purpose 
The statistical distribution (eye range) and the repre- 

sentative point (eye point) of motorcycle riders’ eye The purpose of this portion of the study was to obtain 

locations are not only indispensable as reference points statistical anthropometric data of Japanese and American 
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riders through actual measurement of their physical and both knees were about at a right angle to the thighs, 
members and to gather the necessary data for the both hands were placed on the thighs, and the-head 
estimation of eye locations of European riders by position was similar to that in a standing posture. 
comparing the anthropometric data with those collected The riders measured wore jogging trunks only. 
from studies concerning Japanese, American, and 
European people. 

Method 

(1) Anthropometricinstruments: Anthropometers and                      ’ 
a sliding caliper were used for the measurement. 

(2) Measurement points: Before the measurement, ~ ~ ~ ~,,~.~ 
well-trained measuring staff manually located such 
measurement points as were difficult to locate visually , ~-- 
namely, cervical, left, and right acromions, right radiale, 
left and right trochanterions, and sphyrion, as illustrated 
in Figure l~--and marked them. 

~ Figure 2. Anthropometry items and physical members 

=¢72~ .~ ~~=~! 

for measurement 

uo~=~o~- ~ !~I 
References Concerning Anthropometric Data 

Oacty~. ~Ti ~ A Handbook of Anthropometric Data(3)publishedby 

;.~’;~ ~t~ the National Aeronautics and Space Administration 

~!i (NASA) as the data to be used for the human engineering 

~yn~ ~, 
designs of space shuttles, space suits, and other space 
equipment contains rearranged data ofanthropometry of 
various nations collected from 91 sources. In this hand- 
book. 26 kinds of anthropometric data of male Americans 

t 
: ...:! _=e~au~,~ and 5 kinds of those concerning Frenchmen, male 

. .. m~t~ Germans, and Englishmen, respectively, are included. ~ ’~!~ NASA adopted one kind of data for the people of each 
~’°’,-’~,= nation from the above-mentioned data to determine the 

size of space suits(4). 
~~ ptemion             In this study, the NASA-adopted data were used for 

F~gure 1. Measurement points the estimation of eye location of European riders. 

(3) Anthropometry items and physical members for 
Results 

measurement: The anthropometry items and physical 
members for the measurement are shown in Figure 2. 

For the measurement in a standing posture, the riders 
took a natural standing posture with straight-ahead Anthropometric Data ofJapaneseandAmericanRiders 
viewing so both left and right tragions and right orbitale 
were kept in a horizontal plane, and both arms were The anthropometric data of Japanese riders are listed 
hanging down with their hand palms lightly contacting in Table I and those of American riders in Table 2. In 
the side surfaces of the body except for the measurement these tables, statistical data of 28 items consisting of 
of armreach from back. percentile values, maximum value, minimum value, 

For the measurement in a sitting posture, the riders mean value, and standard deviation are included as a 
took a natural sitting posture so that by adjusting the result of calculation, although actualmeasurements were 
height of the chair, both thighs were nearly horizontal made with regard to 23 items. 

1130 



Section 4. Technical Sessions 

Anthropometric data of Japanese riders 

(1)     (2) (3)     (4)     (5)     (6) (7) (8) (9) (10) 
Percentile Age Body Stature Cervical Acromion Radiale (Acromion Dactylion (Radiale Biacromial 

Weight Height Height Height Height)-- Height Height)-- Breadth 
(Radiale (Dactylion 
Height) Height) 

5 17.3 49.8 1595 1363 1271 995 271 592 388 384 
10 17.8 52.8 1613 1375 1287 1007 275 604 395 389 
15 18.4 54.8 1623 1386 1299 1017 279 611 399 393 

20 18.9 56.4 1634 1397 1309 1025 281 617 402 396 
25 20.1 57.6 1648 1408 1317 1032 284 623 405 399 

30 21.3 58.9 1657 1418 1325 1037 286 627 407 402 

35 22.5 60.0 1665 1424 1332 1043 288 630 410 405 

40 23.7 61.0 1672 1429 1338 1047 290 633 412 407 

45 24.9 62.0 1678 1435 1345 1051 291 637 414 410 

50 25.5 62.9 1683 1441 1350 1056 293 640 416 412 

55 26.1 63.9 1688 1446 1356 1061 295 644 418 414 

60 26.7 65.0 1695 1452 1361 1066 297 647 420 416 

65 27.5 66.1 1704 1460 1368 1070 300 652 422 418 

70 28.4 67.2 1713 1467 1377 1077 302 657 426 421 

75 29.3 68.7 1722 1475 1385 1085 304 661 429 424 

80 30.6 70.4 1732 1484 1353 1091 307 666 432 426 

85 32.1 72.3 1744 1494 1401 1098 310 671 436 430 

90 34.4 74.7 1756 1508 1417 1110 314 678 441 434 

95 38.4 81.7 1780 1522 1436 1126 319 694 449 440 

value 25.3 63.7 1684 1441 1351 1058 293 641 417 411 
deviation 6.8 9.2 55.3 49.6 49.1 38.3 15.6 28.7 18.1 17.6 

value 51.0 104.0 1841 1578 1495 1162 339 713 478 472 
vatue 16.0 40.7 1525 1310 1212 947 225 567 373 368 

continued 

(11 ) (12) (13) (14) (15)     (I 6) (17)       (18) (19) (20) 

Percentile Sitting Eye to Acromion (Acromion Trochan- Buttock- Trochan- (Buttock- Knee Trochanterion 

Height Seated to Seated to seated terion to Knee terion to Knee Length Height, Breadth 

Surface Surface Surface)- Buttock, Length, Seated sitting)- Sitting Sitting 

(Trochanter Sitting Sitting Surface Trochan- 

to Seated) ter to 

Surface) Buttock, 
Sitting) 

5 852 719 530 453 113 530 62 403 469 317 

10 865 731 536 460 118 537 66 411 477 323 

15 873 740 542 467 120 543 68 415 482 327 

20 879 748 546 472 123 547 70 418 486 330 

25 884 753 552 477 124 550 71 421 491 333 

30 889 757 557 483 126 552 72 424 495 336 

35 893 762 561 487 127 555 73 427 498 338 

40 897 766 565 490 129 558 74 430 500 341 

45 901 771 568 493 130 561 75 433 502 344 

50 905 775 571 496 131 565 76 435 504 346 

55 909 780 575 499 132 568 77 438 507 349 

60 913 783 578 502 133 571 78 440 510 352 

65 917 786 581 506 135 574 79 442 513 354 

70 921 790 584 510 136 577 80 445 516 356 

75 925 794 588 514 138 580 81 447 519 359 

80 930 800 592 518 140 583 82 450 523 362 

85 936 807 598 523 142 589 84 455 527 367 

90 943 818 605 528 144 593 85 461 532 375 

95 954 831 614 538 149 604 89 470 545 384 

Meanvatue 904 774 571 495 t30 565 75 434 505 347 

deviation 30.1 32.8 25.6 25.5 I0,4 22.2 7,8 19.7 21.6 19,8 

value 998 881 635 558 164 633 94 501 568 403 

value 817 667 494 422 103 511 50 378 449 298 
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Table 1, continued 

(21) (22) (23) (24) (25) (26) (27) (28) 
Percentile Armreach Arm Finger Palm III Hand Foot Foot Medial 

from Back Length Il! Length Length Breadth at Length Breadth Maltelus 
Metacaro Height 

pate 
5 764 679 73 97 79 235 98 65 

10 774 683 74 98 80 238 99 67 
15 782 688 75 99 81 240 t00 68 
20 789 692 76 1CX) 82 241 101 69 
25 794 694 76 100 83 242 102 70 
30 799 698 77 101 83 243 103 71 
35 804 701 78 102 84 245 103 72 
40 809 705 78 102 84 246 104 72 
45 812 708 79 103 85 247 105 73 
50 8!6 710 79 104 85 249 105 74 
55 820 712 80 104 86 250 106 74 
60 824 714 80 t05 86 25t t07 75 
65 828 716 81 105 87 252 107 75 
70 832 720 81 106 87 254 108 76 
75 837 724 82 107 88 256 108 77 
80 842 687 83 107 88 258 109 77 
85 849 730 84 108 89 260 110 78 
90 857 739 85 110 90 263 112 79 
95 867 742 87 112 92 266 114 82 

Mean va~ue 816 710 79 103 85 249 105 73 
Standard deviation 32~6 25.8 4.1 4,5 3.7 9.6 4.7 5.0 
Max~ value 917 782 97 116 99 274 116 85 
Min~ value 737 645 69 92 75 223 91 58 

TaMe 2. Anthropometric data of American riders 

(1)      (2) (3) (4) (5) (6) (7) (8) (9) (1 o) 
Percentile Age Body Stature Cervical Acromion Radiate (Acromion Dactylion (Radiale Biacromial 

Weight Height Height HeiBht Height}--. Height Height)-- Breadth 
(Radiate (Dactylion 
Height) Height} 

5 20.0 62,1 1669 !431 1350 1037 298 616 404 388 
10 21 1 64.6 1688 1448 1375 1060 307 630 420 392 
15 219 67.5 !703 1463 1390 1069 313 638 424 398 
20 22 7 703 1724 1478 1399 1079 317 645 428 40! 
25 23,6 71,6 1734 !489 1409 1088 320 651 431 404 
30 24.7 73.0 1744 1500 1419 1096 323 656 434 408 
35 25.8 74.4 1753 1512 1429 1104 326 660 438 410 
40 27,0 76! 1763 1526 1440 II11 328 665 441 412 
45 28,1 778 1772 1533 1452 1116 330 669 444 414 
50 29.2 79.7 1779 1540 1459 1121 332 673 448 416 
55 30.0 8!.6 I786 1547 1465 1127 335 677 451 418" 
60 30.9 83.2 1793 1555 1472 1133 337 681 455 420 
65 32.7 84.7 1802 1562 1480 1141 339 685 458 422 
70 33,7 86’.1 1810 1569 1489 1149 343 690 462 425 
75 34,5 88.1 1819 1577 t498 !157 348 697 465 428 
80 35.5 906 1831 1586 1508 1165 353 704 471 432 
85 36.8 929 1843 1595 1518 1173 358 713 477 436 
90 38.2 955 1858 1611 1535 1181 363 721 484 441 
95 40,6 102.7 1887 1642 1559 1202 370 737 494 445 

Mean value 29.0 80,1 1775 1533 1454 t122 333 674 447 416 
Standard deviation 6.7 12.1 66,5 64,4 62.9 49.6 21.4 3&2 31.3 17.5 
Max, value 48.0 112,0 1939 !691 1629 1277 387 779 499 464 
Min~ vaJue 16.O 49,0 1580 1343 1299 1004 269 580 376 368 
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continued 

(11) (12) (13) (14) (15)    (16) (17)      (18) (19) (20) 

Percentile Sitting Eye to Acromion (Acromion Trochan- Buttock- Trochan- (Buttock- Knee Trochanterion 

Height Seated to Seated to Seated terion to Knee terion to Knee Length Height, Breadth 

Surface Surface Surface)- Buttock, Length, Seated sitting)- Sitting Sitting 

(Trochanter Sitting Sitting Surface (Trochan- 

to Seated) terto 

Surface) Buttock, 
Sitting) 

5 858 730 552 471 107 563 74 456 506 335 

10 869 743 560 476 111 576 77 464 519 347 

15 879 753 566 481 113 583 81 470 526 352 

20 889 761 573 486 115 587 83 472 531 355 

25 893 766 580 491 117 591 84 474 536 358 

30 898 770 584 496 119 597 85 478 540 361 

35 902 773 588 500 120 602 87 482 545 363 

40 907 777 592 503 122 607 88 485 549 365 

45 912 782 595 507 123 612 89 489 553 369 

50 916 786 599 510 125 616 90 491 557 373 

55 921 791 603 514 126 619 91 493 560 377 

60 926 796 607 517 127 622 92 495 563 380 

65 931 801 611 520 129 625 93 496 566 384 

70 936 805 616 524 130 629 94 499 571 387 

75 941 809 621 530 132 633 95 501 576 391 

80 946 814 626 537 135 639 97 504 581 395 

85 95t 819 632 543 138 646 100 588 584 400 

90 962 825 637 550 141 653 102 511 591 408 

95 976 839 654 565 146 661 104 515 602 425 

value 914 786 60! 512 125 613 89 488 555 375 

deviation 44.8 33.1 40.0 38.8 11.8 29.7 8.8 23.6 28,2 26.3 

value 1021 879 688 580 165 676 110 531 633 462 

value 537 693 526 444 101 538 65 451 488 323 

continued 

(21) (22) (23) (24) (25) (26) (27) (28) 

Percentile Armreach Arm Finger Palm III Hand Foot Foot Medial 

from Back Length III Length Length Breadth at Length Breadth Mallelus 

Metacar- Height 

pale 
5 820 733 75 101 83 244 99 65 

10 838 445 76 103 85 252 101 67 

15 850 752 78 105 86 255 102 69 

20 863 754 79 105 87 258 103 70 

25 872 758 80 106 87 261 104 73 

30 876 763 80 107 88 264 105 74 

35 880 769 81 108 88 266 105 75 

40 885 775 82 109 89 267 106 75 

45 890 782 83 109 89 268 107 76 

50 894 785 83 110 90 270 107 77 

55 899 788 84 111 90 271 108 78 

60 906 791 84 112 91 272 109 79 

65 913 795 85 113 92 274 109 79 

"70 918 799 86 113 92 275 110 80 

75 923 801 86 114 92 277 111 82 

80 928 804 87 115 93 279 112 83 

85 939 805 88 116 94 281 113 84 

90 954 813 89 117 95 284 114 85 

95 975 822 91 118 96 287 116 88 

value 895 780 83 109 89 268 107 76 

deviation 43.7 33.8 5.0 5.5 4.0 12.5 5,3 6,7 

value 1010 880 98 123 1 O0 298 125 92 

value 780 719 70 91 78 230 90 61 
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Comparisons Among Dimensions and Proportior, s of American and European people are generally long in arm 
Physical Members length and large in the ratio of arm length to stature. 

(3) Armreach from back: There are few actual measure- 

The anthropometric data are apt to differ from one ment data concerning armreach from back of American 

another according to the reference sources even within a and European people. From the few actual measurement 

nation. In Tables 3 and 4, three kinds of representative data, it was found the differences between armreach from 

data published in each nation are shown for the purpose back and arm length are 49ram in Englishmen, 73mm in 

of comparison. These data were published in 1965 or Germans, and 115ram in American riders. The large 

later, and measurements were made with regard to the deviations in armreach from back data are supposed to 

mate. be caused by the differences in the measuring positions or 
The NASA-adopted data are printed in thick line arm-stretching positions which differ remarkably from 

numerals in the tables and used chiefly for comparison one another among these nations. In the case of arm 
with Japanese riders, length, on the contrary, as it was measured in such a 

(I) Stature: Japanese riders are90mm lower in stature position that both arms are drawn downward, this 

than American riders, 71mm lower than Frenchmen, measuring position resulted in smaller errors due to 

82mm lower than Germans, and 89mm lower than measuring position or arm-stretching position. 
Englishmen. The statures of American riders are nearly Accordingly, actual measurement data of arm length 
equal to the data adopted by NASA. The difference are adopted instead of armreach from back for the 
between the maximum and the minimum data in a nation estimation of eye locations for European riders because 
is about 30mm. the data of armreach from back are larger in errors and, 

(2) Arm length: Japanese riders are 70mm shorter in in addition, few data can be obtained. 
arm length than American riders and ordinary Americans’ (4) Sitting height: As for the ratio of sitting height to 

reference literature data, 66mm shorter than Frenchmen, stature, riders are about 1 percent smaller than ordinary 
and about 90mm shorter than Germans and Englishmen. people in Japanese and Americans. This is considered to 

Table 3. Comparisons of stature, arm length and armreach from back among various nations (mean value) 

Nation Japanese American 

French German English 
Item Rider JSDF Rider Literature 

Member 

!,685 1,678 1,775 1,773 1,756 1,767 1,774 
(0.999) (0.997) (1.001) 

Stature 1,753 1,724 1,752 1,770 
1,746 1,716 1,745 1,741 

710 720 780 780 776 801 *802 
(0.995) (1.027) (1.028) 

Arm length "771 776 *794 *800 
*768 773 "791 *787 

42.1 42.9 43.9 44.0 44.2 45.3 *45.2 
Arm length/ *44.0 45.0 *45.3 *45.2 
stature (%) *44.0 45.0 *45.3 *45.2 

816 816 895 *876 -- *874 "851 
Armreach *866 -- *866 849 
from back *863 -- 863 *835 

Armreach 48.4 486 50.4 *49.4 -- 49.5 *48.0 
from back/ *49.4 -- 49.4 48.0 
stature (%) *49.4 -- 49.5 *48.0 

Armreach 106 96 115 *96 -- *73 *49 
from back-- *97 -- *72 *49 
arm length *97 -- *72 *48 
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Table 4~ Comparison of sitting height, eye to seated surface, and acromion to seated surface 
among various nations (mean values) 

Nation Japanese American 

French German English 

Item Rider JSDF Rider Literature 
Member 

904 914 914 932     932 913 936 
(1.000) (0.980) (1.004) 

Sitting 916 913 916 927 

height 909 910 919 913 

774 795 786 810 834 800 *820 
(1.030) (0.988) (1.01 2) 

Eye to seated 799 814 *803 "8t 8 

surface 788 810 802 *804 

570 595 601 610 617 "613 612 
(1.011 ) (1.005) (1.003) 

Acromion to *600 600 615 *606 

seated surface *595 602 "617 588 

Eye to seated 204 200 185 200 217 "187 *208 

surface-- (1.085) (0.935) (1.040) 

Acromion to "199 214 "188 "212 

seated surface "193 208 "185 "216 

53.6 54.5 51.5 52.6 53.1 51.7 52.8 
Sitting height/ 52.3 53.0 52.3 52.4 

stature (%) 52.1 53,0 52.7 52,4 

Eye to seated 85.6 87.0 86.0 86,9 89.5 87.6 *87.6 

surface/ 87.2 89.2 *87.7 *88.2 

Sitting height 86.7 89.0 87.3 "88.1 

(%) 

Unit: mm 

* ¯ Estimated values 
-- : Data not available 
0 " Ratios against data of ordinary Americans 

be due to the difference in physical positions in the riders, ordinary Americans are 40ram longer than 

measurement; in the measurement ofsittingheight, riders Japanese riders, and European people are 42 -- 47ram 

were somewhat relaxed, longer than Japanese riders. 

(5) Eye to seated surface: American riders are 12mm (7) Difference between eye to seated surface and 

longer in eye to seated surface than Japanese riders, while acromion to seated surface: American riders are 19ram 

ordinary Americans as reported in reference literature smaller in this value than Japanese riders, ordinary 

are 36mm longer than Japanese riders. Americans are 4mm smaller than Japanese riders, and 

Frenchmen are 60mm longer, Germans are 26mm Germans are 17mm smaller than Japanese riders; 

longer, and Englishmen are 46mm longer in eye to seated Frenchmen are 13mm larger than Japanese riders, and 

surface than Japanese riders. Frenchmen especially show Englishmen are 4ram larger than Japanese riders. 

the longest eye to seated surface for all their shortest 

statures among European people, and the ratio of eye to 
Deviation Range of Anthropometric Data 

seated surface to sitting height is about 2 percent larger 

than that of other European people. 

(6) Acromion to seated surface: American riders are As an index to indicate the deviations in the measure- 
31mm longer in acromion to seated surface than Japanese ment values in each nation, the ratios between the 
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measurement data of various physical members and 
statures are obtained. These ratios deviate by 1.0 percent handle grip r~feronce point Footrest reference point 

(Center point of handle grip (Center point of footrest n sitting height in Germans, 0.8 percent in arm length in upper surface) upper surface) 
Frenchmen, and about 0.5 percent in other items. 
Regarding sitting height, a 0.9 percent difference is found 
between Japanese riders and JASDF (Japanese Air Self 
Defense Force) members and a 1.1 percent difference 
between American riders and ordinary Americans. 

rhese deviations found among the measured values 
within a nation are supposed to be caused by the 
differences in the positions taken for the measurement or 
~he inaccuracy in making the measurement points and +¥ 
:~ot b.,. the variety in the specimens. Consequently, it is 
necessary to consider deviations of about 1 percent 
{18ram) of the values of statures for adopting anthro- 
pometric data. 

, +x 

Eye Ranges of Japanese, American, and 
European Riders -Y 3ori  

point) 

I he purpose ofthis segment ofthe study was to obtain 
the statistical distribution of eye locations (eye ranges) by 
means of the measurement of Japanese and American 

riders’ e3e locations and also to study the relation 
between the reference points on the test motorcycles 

Fi. ure 3. Three-dimensional orthogona! system and 
teat, handle grip, and footrest) and the eye range reference points 
ccmtroids after obtaining their riding positions from the 
Iocations of their eyes, shoulders, and hips. from 250cc class to 1,000cc class. They were divided into 

A~ additional objective was to estimate the eye ranges four types as follows: 
of European riders from the anthropometric data of 

European-type motorcycles (handlebars located European and American peoples found in reference 
at the most forward position)--Yamaha RZ350, 

literature as welt as the measurement data on eye 
Honda CB750F 

locations of American riders. 
¯ Standard-type motorcycle (handlebar located at 

medium position)--Kawasaki Zl000J 
Method ¯ On-off-road-type motorcycle (bar-type handle, 

fiat seat)--Suzuki TS250 
American-type motorcycle (chopper-type 

Measurement of Eye Locations of Japanese and American 
handlebar, stepped shape seat)--Honda CB750K 

R~ders 
Dimensions of the test motorcycles regarding the seat 

reference point, shown in Figure 4, suggest that the test 
(!) Coordinates system:Three-dimensionalindications 

motorcycles can be divided into the following two 
c~f data in this paper are made in accordance with the 

groups: 
orthogonal coordinates system with the seat reference 
point (a point located on the upper surface of the seat, ¯ No. 1 Group: Distance between seat reference 
and 200mm backward from the seat front end, and on the point and handle grip is long, thus the riding 
vehicie median plane) as the origin (Figure 3). When it is positions are inclined forward. (Hereinafter 
:~tated that the handle grip or footrest is adopted as the referred to as forward-inclined type. An example 
origin of the coordinates system, the center point of the is shown in Figure 5.) 
~pper surface ofhandte grip or footrest is to be the origin, * No. 2 Group: Distance between seat reference 
respectively, point and handle grip is short, thus the riding 

(2) Test motorcycles: Test motorcycles included five positions are upright. (Hereinafter referred to as 
kinds of motorcycles whose engine capacities ranged upright type. An example is shown in Figure 6.) 
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(3) Locations of test motorcycle and cameras: The 

relative locations between the test motorcycle and cameras 

I 
~.a~e~r~ are illustrated in Figure 7. The test motorcycles were 

~ 

~ 
equipped with fixing jigs at the design attitude when one 

rider was mounting. The cameras were set at the same 

height as the seat reference point of the test motorcycle 

and located at 7.0m from the seat reference point. 
(4) Measurement procedures: After the anthropometry 

~ was finished, the riders were affixed with the marks 
Origin 
(Seat ,ere ..... point) required for the data analysis at their shoulders and hips, 

The mark points (acromion and trochanterion) were 
RidingPo~tio,~                               located by means of manipulation of riders’ shoulders 

~ RZ 350 

- cs ~.~F V .... ~-i~i~o~ and hips in nearly ordinary driving positions (both arms 
~ z ~0~aI stretched horizontally and forward in a sitting position) <> rs ~> } ~t 

and used as shoulder and hip reference points. ~ CB 750K 
Footrest 

Fihn surface 

side camera 
-700 -03) 500 400 300    200 i0~}     0      IOil    200 

X-axis (mm)         Backward of vehicle 

Figure 4. Locations of handle grips and footrests in test 
motorcycles 

Fihn surface //i)O degrees 

/ 

Front camera 

~ 0 

Seat reference point{200mm 
backward from front end of seat 

Figure 7. Locations of test motorcycle and cameras 

Figure 5. Example of test motorcycle showing for- As the next procedure, the riders taking such driving 
ward-inclined riding position (RZ350) positions on the test motorcycles that correspond to 

ordinary driving at 50kmih were photographed 

synchronously by the front and side cameras. 

(5) Data processing: The photographed 35ram films 

were read by a film analyzer with regard to the following 

items, and the data were collected as an output: 
Side view film (X and Z coordinates): Right eye, 

right shoulder, right hip, and frame marks lk~r 

analysis 

Front view film (Y and Z coordinates): Right 

eye, left eye, and frame marks for analysis 

The film analysis data were input into a computer to 

obtain the actual location of eyes, shoulders, and hips of 

the riders as well as their statistical distributions. As the 

locations in Y direction of the riders’ acromion and 

Figure ~o Example of test motorcycle showing upright 
trochanterion could not be photographed by the frot~t 

riding position {CB750K) camera, half values of biacromial breadth and tro-~ 
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chanterion breadth in a sitting position obtained by the 

anthropometry were used as substitutes for the calculation. ~ 90o 

(6) Riders measured: A total of 456 motorcycle riders, ~[ 
comprising 301 Japanese riders and 155 American riders, o 

)~..-~ 
were measured. All of them possessed motorcycle 

~N70O 
Shoulderr~ag~ 

operation licenses and used motorcycles every day. 
~ 

Estimation of European Riders’ Eye Locations 
~ 40o 

Estimation was performed with the drawing method. 
Hgndle grip I:actors necessary for drawing were obtained by pro- ~0o 

portional calculations using the anthropometric data Hip 
(ratios against the data of ordinary Americans listed in 10o 

"l~ables 3 and 4) and the data of American riders’ riding 0 
positions, assuming that the distance between shoulder 

a~d handle grip, shoulder and hip, and shoulder and eye 
- 10o , 

-711)--601-fill? =400-300-2~11-1~ ; 
are proportional to arm length, acromion to seated X-axh(mm) B~ckwtrdof--~ 

surface, and the difference between acromion to seated vehicle 

surface and eye to seated surface, respectively, in each Figure 8. Side view eye range, shoulder range, and hip 

nation, range of CB750F (95th percentile American 

In this estimatiom the angles formed by eye-shoulder- riders) 

hip and the location of hips of European riders were 

assumed to be the same as those of American riders. 

Results and Consideration                         i 8~               Ey,~ 

~o o700 
~ ..~ ould~r 

Eye Range, Shoulder Range, and Hi p Range of Japanese ~ ~ 
and American Riders 500 

!~ 4oo 
Eye ranges, shoulder ranges, and hip ranges of American 

riders on each test motorcycle, as well as the differences 
.,~ :~10 

¯ H~dle ~ 
between those of American riders and Japanese riders. ~ zoo 
are shown in "Fable 5. Hip r~ 

(1) Eye range: The sizes of side view eye ranges of" 10o 

American riders are similar for most test motorcycles. 0 
~Eye ranges of 95th percentile values are ellipses with the 

maior axes about 170mm long and the minor axes about -1~ _~-5~-~0-Ill-2~-1~ ; 1~ 
~00mm long. X-~xit (mm) Ba~kwlu’d of--~ 

vehicle 
The inclination angles of the major axes m these eye 

range ellipses are about 30° in European-type motorcycles Figure 9. Side view eye range, shoulder range, and hip 

{[:igure 8. for example) and 25° in standard-type motor- range of CB750K 195th percentile American 
riders) cycles. No particular difference is lound between these 

two types, while the inclination angles ~n on-off-road- the shape (the major axes of the ellipses are about 1.09 

¯ ypemotorcyclesandAmerican-typemotorcycles(Figure times as large as those of Japanese riders), but the 
91 are 14° and 8°, respectively, and are comparatively inclination angles are smaller by aboul 20°. 
smaller than those in European- and standard-type The sizes of plan view eye ranges of American riders, in 
motorcycles. When correcting by reducing the forward- 95th percentile values, are a little larger and the major 
inclined angles (the angles formed by the straight lines axes are 178mm long in American-type motorcycles 
one is drawn between the hip and shoulder, and the other (Figure 1 1) but nearly the same at about 160mm long m 
is vertical) in riding positions, the inclination angles of motorcycles of other types, tAn example is shown ~n 
the major axes of eye range ellipses, however, are nearly Figure 10A The minor axes are about 35mm long in all 
the same (10° ~ 13°) for all test motorcycles, test motorcycles. 

When compared with the side wew eye ranges of Fhe major axes of the plan view ellipses in American 
Japanese riders, those of American riders are similar in riders are somewhat larger (1.23 timesl than those in 
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The differences in the locations of centroids 
900 ..... between American and Japanese riders are 

t centroids: 65 ~ 70ram in the Eye range 
~ ~-.-- Rz~0 longitudinal direction in the forward-inclined 

700-’: ~’CB750F 
riding positions and 34- 46mm in the 

.... zl00oJ upright riding positions, while 30 ~ 53mm 

~->--~TSJ,~0 in the vertical direction in the forward- 
inclined riding positions and 15 ~ 19mm in 

500 - o----.oCB750K                                                the upright riding positions 

~ 4®~ -- Shoulder range centroids: About 40mm in 

’~ ,~oo- \ 
~ both directions 

~ [ 
Hip range centroids: About 40mm in the 

2~./ \ I longitudinal direction in most test motor- 

\ 1 cycles except for on-off-road-type motor- 

cycles where the difference is 73mm owing to ~o0 ~- \ ~ ample freedom in selecting seating positions 
~ ~ on the seat Origin Seat reference point I 

~ With footrest reference point as origin: With the 
-~-~t~ -~ ~~ ~ -,~, -~, ~ ~® ~ ~" footrest reference point as the origin, centroids 

X-axis (mm~ Backwaxd of~ 
~e of eye ranges, shoulder ranges, and hip ranges of 

Figure 12. Locations of centroids with seat reference American riders are distributed in wide areas¯ 

point as origin (American riders) (In the longitudinal direction, eye range centroids 

Table 6. Locations of centroids of eye range, shoulder range and hip range of American riders 

= Type European Standard On-Off-Road American 

~ Centroid location 
Model name RZ 350 CB 750F Z lO00J TS 250 CB 750K 

X -357 (+70) -293 (+67 -256 (+65) -77 (+46) -78 (+34) 

Eye range Right eye Y 36 35 25 33 27 

Left eye Y -28 -29 -39 -31 -36 

Z 682 (+53) 698 (+37) 695 (+30) 707 (+19) 713 (+15) 

u~ Shoulder range X - 170 (+43) - 122 (+41) -82 (+42) 106 (+40) 99 (+35) 

Z 562 (+44) 563 (+32) 563 (+36) 557 (+43) 552 (+38) 

Hip range X -11 (+30) 25 (+30) 28 (+36) 126 (+73) 77 (+44) 

Z 62 (+17) 63 (+17) 54 (+19) 36 (+22) 58 (+20) 

Eye range X -219 (+70) - 185 (+67) -136 (+65) -36 (+46) - 127 (+34) 

z 1,143(+53) 1,149(+37) 1,167 I+30) 1.246(+19) 1.166(+15) 

"~ Shoulder range X -32 (+43) -14 (+41) 38 (+42) 219 (+40) 304 (+35) 

~o Z 1,023 (+44) 1,014 (+32) 1,035 (+36) 1,096 (+43) 1,005 (+38) 

Hip range X 127 (+30) 133 (+30) 148 (+36) 239 (+72) 282 (+44) 

Z 523 (+17) 514 (+17) 526 (+19) 575 (+22) 511 (+20) 

Eye range X 321 (+70) 377 (+67) 366 (+65) 344 (+46) 355 (+34) 

~ Z 496 (+53) 452 (+37) 449 (+30) 443 (+19) 424 (+15) 

0~ Shoulder range X 508 (+43) 548 (+41) 540 (+42) 527 (+40) 532 (+35) 

~ Z 376 (+44) 317 (+32) 317 (+36) 293 (+43) 263 (+38) 
t- 

-r Hip range 
X 667 (+30) 695 (+30) 650 (+36) 547 (+72) 5!0 (+44) 

Z -124 (+17) -183 (+17) -192 (+19) -228 (+22) -231 (+20) 

Unit: mm 

0: Difference between American and Japanese riders 
On X-axis, "+’" means American riders are located backward than Japanese riders. 
On Z-axis, "+" means American riders are located upward than Japanese riders 
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aredlstributed for 183mmrange, shoulder range shoulder-hip also scarcely differ from one 
centroids for 336mm range, and hip range another. 
centroids for 155ram range.) Therefore, as illustrated in Figure 14, with the 
With hande grip reference point as origin: With shoulder range centroid as the origin, the 
the handle grip reference point as the origin, the following items are obtained and compared 
distribution of centroids of eye ranges, shoulder among varmus types and models (Table 7). 
ranges, and hip ranges show different tendencies, Distance (A) Distance between the shoulder 
from those in other cases where the seat referenc, range centroid and the handle 
point or the footrest reference point is adoptec grip reference point 
to be the origin. Distance (B) Distance between the shoulder 

Namely, the hip range centroids of American range centroid and the hip range 
riders are distributed in a wider area (185mm centroid 
range in longitudinal direction), and their eye Distance (C) Distance between the shoulder 
range and shoulder range centroids are distributed range centroid and the eye range 
in a relatively narrow area. (Eye range centroid centroid 
distribution is 56mm range in longitudinal Angle (a) Angle formedwiththelocations 
direction and 72mm range ~n vertical direction, of handle-shoulder-hip 
Shoulder range centroid distribution is 40mm Angle (fl) Angle formed between the 
range in longitudinal direction and 113mm range straight line (shoulder-hip) and 
in vertica! direction.) the vertical line 

Accordingly, the handle grip reference point is Angle (y) Angle formed with the locations 
more suitable as a frame reference point than the of eye-shoulder-hip 
seat or footrest reference points. 
With shoulder range centroid as origin: With the 
shoulder range centroid as the origin, the locations 
of eye range centroids, hip range centroids, and 
handle grip reference points are shown in Figure 
13. 

In every test motorcycle, the distances from 
the shoulder range centroid to the handle grip 
reference point, to the hip range centroid, and to 
the eye range centroid are nearly constant, and 
the angles formed with the locations of eye-                                               \ 

) / 

r 

Rz 3~             ~,~       E-o,~in-~            Figure 14, Indication of riding position with shoulder 

..... z ~0~ range centroid as origin 

. H,p ,~ ...... ~d ,~ng~ ~o~_I.r Distance (A) is about 630mm in European- 
type and standard-type motorcycles, 603mm in 
on-off-road-type motorcycles, and 593mm in 
American-type motorcycles. European-type and 
standard-type motorcycles are 30 ~ 40mm longer 

......./" in distance (A) than on-off-road-type or 

....... 
American-type motorcycles. 

Distance (B) is about 520mm and nearly the 
same in motorcycles of all types, except for 

..... ~ - ~ American-type motorcycles in which distance 
~0~ -~® ..... ~ -~-~ -~® ~ ~-~0 ~0 ~., (B) is 494mm. 

~o~,~ Distance (C) in the forward-inclined-type 
motorcycles (European-type and standard-type 

~ ........ motorcycles) is about 20mm shorter than that of 
Figure 13. Locations of centroids with shoulder range the upright-type motorcycles (on-off-road-type 

centroid as origin (American riders) and American-type motorcycles). 
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Table 5. Eye range, shoulder range and hip range of American riders 

0~ Type European Standard On-Off-Road American 

~_ Percentile    Item Model Name RZ 350 CB 750F Z 1000J TS 250 CB 750K 

90th Major axis 145(+11) 137(+15) 130(+8) 130(+6) 140(+16) 

Minor axis 74 (-4) 73 (+5) 74 (+6) 79 (÷5) 78 (-8) 

t- 

= 95th Major axis 186(+14) 176(+19) 167(+11) 167(+8) 180(+2t) 
tr Minor axis 95 (-5) 94 (+7) 95 (+8) 101 (+6) 100 (-11) 
03 

’" 99th Major axis 263 (+20) 248 (+26) 236 (+16) 236 (+11 ) 254 (+29) 

Minor axis 134 [-7) 132 (+9) 134 (+11 ) 143 (+9) 141 (- 16) 

Inclination 
angle 30.4(-21.5) 29.0(-20,9) 25,3(-21.7) 13.5(-21.5) 7,7(-13.4) 

Inclination 
angle 

forward =n- 12.8(-19.1) 12,6(-19.2) 13.0(-20.7) 11.3(-25.3) 10.2(-1,4.7) 

clined angle 

a. = 90th Major axis 97 (+21 ) 93 (+22) 94 (+24) 97 (+13) 103 (+17) 

r-4 n- Minor axis 74 (0) 73 (+9) 77 (+9) 84 (+7) 89 (+14) 

x ~ 

~ -5 95th Major axis 124(+26) 119(+28) 121 (+32) 124(+17) 132(+21) 
03 o 

~ ~ 
Minor axis 95 (0) 94 (+12) 99 (+12) 108 (+9) ! 14 (+18) 

~ 99th Major axis 1 76 (+37) 169 (+40) 170 (+47) 176 (+25) 187 (+30) 
m Minor ax~s 134 (0) 132 (+16) 140 (+17) 152 (+12) 161 (+25) 

Inclination 
angle 0~8(-19.9) 3,4(-13.3) -7~3(-4.3) -27.0(-69.0) -20.5(-16,4) 

90th Major axis 79(-11) 70(+3) 76(0) 119(-3) 61 (-17) 

03 Minor axis 28 (-1) 31 (+2) 29 (0) 28 (-1) 31 (+3) 

tr 95th Major ax~s 101 (-15) 90(+4) 98(+1) 153(-4) 78(-22-) 

~F Minor axis 36 (-1) 40 (+2) 37 (0) 36 (-1) 40 (+4) 

99th Major axis 143 (-20) 127 (+5) 138 (+ 1 )        216 (-6) 111 (-30) 

Minor axis 51 (-1) 56 (+2) 53 (+1) 51 (-1) 56 (+5) 

Inclination 
angle 18.4(+1.7) 20.9(+4.2) 19~5(+1.2) 9.5(-1.2) t4.8(+3.6) 

~ 90th Major axis 131 (+28) 125(+31) 122(+25) 128(+17) !39(+20) 

~" 03 Minor axis 27 (-2) 27 (-2) 27 (-1) 25 (-5) 29 (+1) 

x ~- 95th Major axis 168 (+36) 1 60 (+39) 157 (+33) 164 (+23) ! 78 (+25) 
v ~ Minor axis 35 (-2) 35 (-2) 35 (-2) 32 (-7) 37 (0) 

99th Major axis 238 (+51) 227 (+56) 221 (+46) 232 (+33) 252 (+36) 
~ Minor axis 49 (-3) 49 (-3) 49 (-3) 45 (-10) 53 (+1) 
5" 

Inclination 
angle 1.6(-1.4) 1.7(-1.1 ) -1.1(-2.7) 0,8(-1.4) -0,8(-1,4) 

U-nit: Major and minor axes: mm 

Inclination angle: degree 

0: Difference between American and Japanese riders "’+’" means American riders are larger than Japanese in an item~ 
"’-’" means American riders are smaller than Japanese in an item. 
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500                                                (3) Hip range: The sizes of hip ranges of American 
percentile values, are nearly same riders, in ~ 400 95th the with 

~ the major axes about 95mm long in most European- and 

~ ~,300 standard-type motorcycles, but are large (153mm in the 
.~ major axes length) in American-type motorcycles and 
~ ~, 200 

small (78mm in the major axes lengths) in American-type 

~100 The minor about 38mm for all motorcycles. axes are long 

’~ 0 
-@- Right eye test motorcycles, and the inclination angles (of the major 

~ ~-- Left eye axes) are about 20° in European and standard types, 10° 
;’-100 in on-off-road-type, and 15° in American-type motor, 

-2oo cycles. 

As for the sizes of hip ranges, American riders are 
-300 similar to Japanese riders in all test motorcycles except 

-4o0 for American-type motorcycles where American riders 
are a little smaller (0.78 times as large as Japanese riders), 

co - - -4® -~ -~0 -1® ico 2® 3~ (4) Relation between dimensions of test motorcycles 
X-axis (mm)l Backward of__~ and locations of eyes, shoulders, and hips of riders: The vehicle 

Figure 10. Plan view e’ce range of CB750F 195th locationsofeyerangecentroids, shoulder range centroids, 

percentile American riders) and hip range centroids of American riders, as well as the 
differences between those of American riders and Japanese 

-"’ "~ ......... riders, are shown in Table 6, where the locations of those 
~ 5°°y centroids are shown relatively in each test motorcycle 

~ 
400~- 

with the seat reference point, the footrest reference point, 
"~ ~ and the handle grip reference point as the origins, 
.= .~ ~ respectively. 

~ ¯ With seat reference point as origin: The location 
~ i~)l of eyes, shoulders, and hips (eye range centroids, 
~ 0~ Right eye shoulder range centroids, and hip range centroids) 
"~ ~ - Left eye of American riders on all test motorcycles with 

~’--~00~ the seat reference point as the origin and the 

-200l- riding positions indicated by the lines drawn 
between these three centroids are shown in 

! Figure 12. 

-4001 With the seat reference point as the origin, the 
....... , , , locations of centroids of eye ranges, shoulder 

-5°J~too -~ -~ -400 -~ -~ -~00 o ~oo ~ ~o ranges, and hip ranges are distributed in wide 
X-axis (mm) Backward of---~ areas. (In the longitudinal direction, eye range 

v~i~le 

view eye range of CBTNIK (~th centroids are distributed for 280mm range, 

percentile American riders) shoulder range centroids for 276mm range, and 
hip range centroids for 137mm range.) 

Japanese riders. This is because the side view eye ranges As the locations of hip range centroids of 
of American riders are somewhat larger than those of riders do not coincide with the seat reference 
Japanese riders, and the inclination angles of the major points and are distributed in wide longitudinal 
axes in the side view ranges are about 20° smaller than ranges of 137mm, it is inappropriate that the seat 
those of Japanese riders, reference point is adopted for setting H-point 

(2) Shoulder range: The sizes of shoulder ranges of (hip point) or R-point (a design reference point 
American riders are nearly the same for all test motor- corresponding to H-point). Accordingly, the 
cycles, and, in 95th percentile values, the shoulder ranges actual measurements using a three-dimensional 
are ellipses with the major axes about 120mm long and or two-dimensional manikin for motorcycles are 
the minor axes about 100mm long. The shapes of considered necessary. 
shoulder ranges are nearly circles. When compared with Japanese riders, the 

The shoulder ranges in American riders are somewhat locations of centroids of eye ranges, shoulder 
larger than those in Japanese riders. (The major axes are ranges, and hip ranges of American riders are 
about 1.25 times as large as those in Japanese riders and more upward and rearward by a few centimeters 
the minor axes are 1.11 times.) than those of Japanese riders (Table 6~. 
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Table 7. Relations among locations of eyes, shoulders, hips and handlegrip in American riders (factors for drawing) 

Type :orwardqnclinec Upright 

European Standard Mean Value On-Off-Road American Mean Value 

Distance Model 
Centro)d Angle Name RZ 350 CB 750F Z lO00J TS 250 CB 750K 

s ~ A 632 (+61) 633 {+49) 626 (+55~ 630 {+55~ 603 {+55 593 (+47) 598 (+51) 

~ a ~z 7tl (-3.4) 76,4 {-2.4 70.9(-3.0) 72.8 {~2.9) 63.1 (+1.8) 61 2 (~0 6) 62.2(+0.6) 

S ¢~ B 525(+22) 521 {+11~ 521 {+15) 522(+16) 521 {+221 494(+17) 508(+201 

I 

hi a 17,6 -2.41 16.4 (-t 7) 12.3 (-1.0) 15.4 f-1,7 2.2 1+3.8) -2.5 (+1.3) -0,2 (+2.5) 

s d C 222 -19) 2181-19~ 218(-22) 219(-20~ 237 ’-21) 239(-16) 238(~19) 

e a y 140.3 1+2.81 1447{+3,2) t39.4{+0.9, 141 5(+2.3) 131.5[+0.5) 129.8 (-2.6) 130.7 (-1.0) 

Unit: Distance: mrr 

Shows difference between American and Japanese hoers. 

Means American r}ders are ~arger than Japanese m an ~iem 

Means American riders are sma{ler than Japanese in an {lem 

s = Shoulder P = ~=p H = Handle grip 

e = Eve d = Distance a = Angle 

Angle (c) of the forward-inclined-type motor- 

cycles is larger than that of the upright-type Angle (/3), the forward-inclination angle of 

motorcycles, and the angle formed with arm and riders’ torsos, of American riders on European- 

back are closer to a right angle in the former type type motorcycles is about 2° sm, qer and on 

motorcycles than the latter, standard-type motorcycles 1° sm~ller than 

Angle (/3), which indicates the extent of the Japanese riders. This is because American riders 

forward inclination in riding positions, is largest have physical margins for the distance between 

in European-type motorcycles. The average shoulder and handle, which enables them to 

forward-inclination angle in European and assume slightly forward-inclined riding positions. 

standard types is 15.4°. On the contrary, in the Angle (~’), formed with the locations of eye- 

upright-type motorcycles, this angle is 2.2° -- shoulder-hip, is about 3° larger in "American 

-2.5°. which means nearly upright riding riders on European-type motorcycles and is 2.6° 

positions, smaller in American riders on American-type 

Angle (y), formed with the location of eyes. motorcycles than Japanese riders. 

shoulders, and hips, in the forward-inclined-type ¯ Correction of eye locations in accordance with 

motorcycle is about 11° larger than that in the test motorcycle dimensions: As stated in the 

upright-type motorcycle, but the deviation of its foregoing, with the shoulder range centroid as 

value from the mean value in each type of test the orig~n, four factors----namely, distances (A), 

motorcycle is 3.1° maximum and in a stable (B), (C), and angle (y)--hardly vary with the 

condition, dimensions of test motorcycles within each riding 

It is found that riders adjust their riding position type. (But distance (B)in on-off-road- 

positions to the differences in the dimensions of type motorcycles is similar to that in the 

motorcycle frames chiefly by changing the angle forward-inclined riding position types.) 

(crl formed with arm and back and the forward- Therefore. for an American rider, eye location 

inclination angle ~). can be determined with regard to any motorcycle 

It is also found that. with the increase in the by describing a drawing with these four factors, 

forward-inclined angle, they would raise their if the positional relations between the handle 

head. grip reference point and H-point of the rider are 

Distance (A) of American riders is about known tsee Figure 14). 

50mm longer and distance I B) is l0 ~ 20mm 

longer than Japanese riders, while distance (C) Estimation of European Riders’ Eye Locations 
of American riders is 20ram shorter than Japanese 

riders. With the handle grip reference point and the hip range 
This tendency agrees with the fact that centroid asthe origin, the locations ofeye range centroids 

American riders are 70mm longer in arm length, of European riders were estimated by the drawing 
31 mm longer in acromion to seated surface, and method as shown in Figure 14, and the differences in eye 
19ram shorter in the distance between eye to rangecentroid locations between American and European 
seated surface---acromion to seated surface than riders are shown in Figure 15. In this figure, arrow marks 
Japanese riders (see Tables 3 and 4). show the differences in eye range centroid locations from 
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larger in the difference between eye to seated surface and 

(French) 

~ByS~}:,.~lt~)0J ,~s750K 
acromiOnriders, to seated surface (by 8mm) than American 

7~I Ts250 As stated above, the differences between the estimated 
RZ35( 

location of eye range centroids for European riders and 
~ the location of eye range centroids in American riders are 

~ 8~ not so large and are about 30mm maximum. The 

~ / (German) differences in anthropometric data used for the estimation 

"~ 7~11 ~c ~750~__, .-,z~J c~750~ s:~50 
of eye range centroid locations between Europeans and 

I ~z:~50 Americans are maximum 22mm and are nearly the 

~ ~0~I 
similar values to the tolerances on the anthropometric 

~ literature references (18ram maximum). 

Sinai(English) Accordingly, until such time when actually measured 

I 
c~rs0r z~0o0a c~r50~ data of eye ranges in European riders are obtained, eye 

7~.~ ~- ~" ~ Ts250 ranges of actual measurement in American riders should 
~ it z:~50 be adopted instead of the estimated locations of eye range 

~0~ centroids for European riders as the representative eye 
~.~.x~ -sea -4o0 -:~00 -200 -~o0    0    ~00 range for European riders. Figure 16 shows an example 

X-axis (rum) Backward of vehicle 
Origin of axes: Seat reference point of comparison in eye ranges, shoulder ranges, and hip 

Note: The tail end of an arrow mark indicates actual eye range ranges among Japanese, American, and German riders. 
centroids of American riders. The tip end of an arrow 
mark indicates estimated eye range centroids of | 
European riders 

~gu~e 15. Differences between estimated eye range ~7®~ ~" 
centroids of European riders and actual -~ , 
measured eye range centroids of American 
riders 

those ofamerican riders. (Baseend points ofarrow 
marks show actually measured locations of eye range 
centroids of American riders, and front end points 
indicate the estimated eye range centroid locations of 
European riders.) 

The locations of French riders’ eye range centroids are 
estimated to be 20 ~ 25mm forward and 15mm upward 
more than those in American riders. This is because 
French riders are somewhat longer in acromion to seated 

s~.~rface than American riders (acromion to seated surface 
in French riders is 7ram longer than in American riders), o~: s==t,,t=,,,~, / | 
and they are also larger in the difference between eye to ~,,~t 

seated surface and acromion to seated surface than ~7oo 
B~ekw=rd of vehlel~ American riders. (This difference in French riders is 

17mm larger than in ordinary Americans.) Figure 16. Comparisons of eye ranges, shoulder 
The location of German riders’eye range centroids are ranges, and hip ranges among Japanese, 

estimated to be 24 ~ 30mm more backward than those of American, and German riders |CBTNIF) 
American riders. This is because German riders are 
longer in arm length (21mm longer than American riders) Correction Formula for Eye Locations 
and the difference between eye to seated surface and 
acromion to seated surface in German riders is shorter 
(by 13ram) than in American riders. P~rpose 

The locations of English riders’ eye range centro.ids are .... 
estimated to be 15 ~ 20mm backward and 10 ~ 20ram The purpose of this portion of the study was to 
upward more than those of American riders. This is establish a correction formula for eye ranges in con- 
because English riders are longer in arm length (by sideration of vehicle dimensions and running speeds that 
22mm)than American riders and are also somewhat affect riders’ eye locations. 
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Method As the riders wore full-face protective helmets, the 
locations of eyes were not photographed directly; there- 

Measurement of Variation in Eye Locations in Accordance     fore, the analysis marks for the indications of eye location 
..... were affixed on the surface of the helmets. (Intersections 
.... With Vehicle Dimensions of those marks represent eye locations.) 

Furthermore, the analysis marks representing locations 
(1) Mock-up: A mock-up for motorcycles was used. of shoulder and hip were affixed on the riding wears for 

The locations of its handlebar and footrests could be the identification of locations of acromion and tro- 
changed in both longitudinal and vertical directions. In chanterion of the riders when they took riding positions 

......... 
this study, the mock-up could cover the specifications of adequate to various driving speeds. 

........ three types of test motorcycles (CB750F, TS250, and 
(3) Running speed: Six running speeds in a range 

CB750K Figure 17). In the mock-up, the standard between 50 and 180kmih were selected for the testing. 
locations of handle grip and footrest with the seat Each rider ran at a speed checked by a calibrated 
reference point as the origin coincided with those of each 

speedometer and passed through the front of the camera 
test motorcycle (see Figure 4). maintaining a steady and specified speed by assuming a 

(2) Measurement conditions: In each test motorcycle, natural riding position (Figure 18). The difference between 
either handle grip or footrest was fixed at the standard the actual running speed obtained from the timing marks 
location and the location of the other was changed, 

of the photographed films and the specified running 
(3) Riders measured: Eleven motorcycle riders from speed was within about 2km/h in every running condition. 

Japanese manufacturers were measured. Their statures (4) Riders measured: Twelve riders from Japanese 
were averaged to be 1,679mm, which was nearly equal to manufacturers participated in this test. Their statures 
the average of all Japanese riders’ statures (1,685mm). were averaged to be 1,692mm, which was nearly equal to 
The locations of test motorcycles and cameras, the the averaged stature of all Japanese riders (1,685mm). 
measurement procedures, and the data processing were The data obtained were processed in the same procedures 
the same as stated before. as stated before. 

Figure 17. Motorcycle mock-up (European type) 

Figure 18, Riding position in actuai running 

Measurement of Variation in Eye Locations in Accordance 
With Vehicle Running Speed Results and Considerations 

(1) Test motorcycles: Two European-type motorcycles Variation in Eye Locations in Accordance With Variation 

(Honda CB750F) with engines of 750cc piston dis- in Vehicle Dimensions 
placement were used as the test motorcycles. One was 
equipped with a fairing and the other was not. The (1) Variation in eye locations in accordance with 

location of the fairing upper edge was 868mm forward variation in footrest location: With handle grip fixed at 

and 534mm upward on the longitudinal median plane the standard location, footrest location was changed 

with the seat reference point as the origin, from its standard location. Under this condition, the 

(2) Photographing method: Side views of motorcycle mean values of eye locations of 11 riders were obtained 

riders running on a test course were photographed with a and studied. 

high-speed camera. The photographing rate was 500 . European-type motorcycle (CB750F): When 

frames/s, and the photographing distance was 15m. footrest location is changed by 100mm in a 
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longitudinal direction, eye location varies by ¯ European-type motorcycle (CB750F): When 
18ram maximum in a longitudinal direction, handle grip location is changed by 200mm in a 
When footrest location is changed backward, longitudinal direction, eye location varies by 
eye location shows a tendency to move somewhat 173mm in a longitudinal direction. The resultant 
forward. When footrest location is changed by change in eye location (179mm) is 90 percent of 
115mm in a vertical direction, eye location varies the change in handle grip location in a longi- 
by 13mm maximum in a longitudinal direction, tudinal direction (Figure 19). 

but no generally acceptable tendency is found. When handle grip location is changed by 
¯ On-off-road-type motorcycle (TS250): When 125mminaverticaldirection, eye location varies 

footrest location is changed by 100mm in a by 89mmin alongitudinaldirection. The resultant 
longitudinal direction, eye location varies by change in eye location (99mm) is 79 percent of 
10ram maximum in a longitudinal direction, the change in handle grip location in a vertical 
When footrest location is changed by 115mm in direction (Figure 20). 
a vertical direction, eye location varies by 19mm ~ On-off-road-type motorcycle (TS250): When 
maximum in a longitudinal direction, but no handle grip location is changed by 125mm in a 
generally acceptable tendency is found, longitudinal direction, eye location varies by 

¯ American-type motorcycle (CB750K): Even if 82mm in a longitudinaldirection. The resultant 
footrest location is changed by 100ram in a change in eye location (83mm) is 66 percent of 
longitudinal direction, eye location hardly varies, the change in handle grip location in a longi- 
When footrest location is changed by 75mm in a tudinal direction (Figure 21). 
vertical direction, eye location varies by llmm When handle grip location is changed by 
maximum in a longitudinal direction, but no 100mm in a vertical direction, eye location varies 
generally acceptable tendency is found. It has by 24mm in a longitudinal direction. The resultant 
become clear that the rider’s eye location is change in eye location (25mm) is 25 percent of 
scarcely influenced by the change in footrest the change in handle grip location in a vertical 
location, direction (Figure 22). 

/2) Variation in eye location in accordance with varia- u American-type motorcycle (CB750K): When 
tmn in handle grip location: With footrest fixed at the handle grip location is changed by 187mm in a 
standard location, handle grip location was changed longitudinal direction, eye location varies by 
from its standard location. Under this condition, the 145mm in alongitudinaldirection. The resultant 
mean values of eye locations of all 11 riders were obtained change in eye location (146mm) is 78 percent of 
and studied, the change in handle grip location in a longi- 

tudinal direction (Figure 23). 

j ~ 800 

173 

700/c 
~    176 ~ 7~ 89 

o St~d~d location 

2~ 

0 
Od~: Seat ~feren~ 0 

po~t 0~: Se~t ~fe~n~ 
p~t 

-4~               - X-ax~ (ram)    Backw~d of vehicle 
X-~ (ram)    Backw~d of v*Mcl* 

Fi~uro ~9. Nidin9 position variation accordln9 to varia- Figuro 20. Nidln~ position variation accordln9 to varia- 
tion in handle 9rio location in longitudinal tion 
direction IEuroooan WOol direction {Euroooan WOo} 
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Origin: Seat ~femnce 
OfiNn: Seat ~Nren~ 

poMt 
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X-~is (ram)    Backw~d of vehicle---~                                      X-~is (ram)    Backw~d of vehicle ~ 

Figure 21. Riding position variation according to varia- Figure ~. Hiding position variation according ~o varia- 
tion in handle grip location in longitudinal tion in handle grip location in ve~icai 
direction {on-off-road type) direction {on-off-road Wpe) 

When handle grip location is changed by and that the arm-bending angle is increased with the 

75ram in a vertical direction, eye location varies decrease of angle ~) in an upright riding position type. 

by 25ram in a longitudinal direction. The resultant Distance (B) is a little decreased with the decrease of 
............. change in eye location (26mm) is 35 percent of angle ~) in any type of motorcycle (about 6mm per 5° of 

...... the change in handle grip location in a vertical variation in angle ~)) except for on-off-road type. In 

direction (Figure 24). on-off-road-type motorcycles, distance (B) is constant 

As stated above, it is found that in any type of irrespective of the forward-inclination angle. The value 

motorcycle with variation in handle grip location in a of distance (B) in on-off-road type is more similar to that 

forward or downward direction, riding position is changed in a European type than in an American type. 

to forward inclined and eye location changcs forward and Distance (C), on the contrary, has a tendency to 

downward, increase with the decrease of angle ~) (about 4ram per 5 

The resultant change in eye location depends on the of the variation in angle ~)). 

conditions. The longer the distance between the seat and Angle (y) varies for some range even though angle ~) 

the handle grip, the larger the variation in eye location, is constant, owing to other conditions, and shows a 

However, the variation in handle grip location in a tendency to vary in such a manner as m be proportional 

longitudinal direction exerts a larger effect on the change to angle ~) (about 2.5° per 5° of the variation in angle 

in eye location than that in a vertical direction, corresponding to about 10mm of the variation in eye 

(3) Relation between handle grip location and riding location). 
position: The relation between the rider’s forward- 
inclination angle (~) and four factors--namely, distance 
(A) (distance from shoulder to handle grip), distance (B) Variation in Eye Location in Accordance With Vehicle 
(distance from shoulder to hip), distance (C) (distance Running Speed 
from shoulder to eye), and angle (y) (formed with 
location of eyes, shoulders, and hips)~arc shown in The riding positions at various running speeds arc 
Figur~ 25. shown in Figures 26 and 27 by using mean values of 1 

Distance (A) is constant when angle ~) is 5° or more riders. 
but is reduced when angle ~) is less than 5°, where riding When a fairing was not equipped on the test motorcycle, 

position is near an upright position. (Distance (A) is with the increase in running speed, ~hc forward-inclination 

rcduccd at a rate of about 30ram per 5° in the variation of angle in a riding position increased (hip location changed 

angle ~).) This shows that the rider’s arm is extended in a backward and shoulder location changed forward and 

common manner in motorcycles of a forward-inclined downward), and eye location changed forward and 

riding position type irrespective of vehicle dimensions downward (Figure 26). 
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Figure 23. Riding position variation according to varia- Figure 24. Riding position variation according to varia- 

tion in handle grip location in longitudinal tion in handle grip location in vertical 

direction (American type) direction (American type) 
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Figure 25, Factors [A}, (B}, {C}, and {y} for drawin~ tn     Figure 2B. Variation of e~e location accordin~ 

re~erence to ~orwardqnclination an~le {~ }                 runnin~ speed (without fairing} 

When a fairing was equipped on the test motorcycle, In addition to these tendencies, when eye location 

~he forward-inclination angle in a riding position also changed ~orward and downward, the downward view 
increased, and eye location changed forward and angle fo~med with a straight line drawn through the eye 
downward with the increase in running speed (Figure ~7). and the upper edge of fairing and the horizontal line 

1148 



Section 4, Technical Sessions 

" this and the former cases until reaching a running speed 
, , ....... of 110kmih, but, when reaching 140km!h or more, the 

Running speed (km/h) eye location change in this case is smaller than that in the 
*50 

rye ~ so former case. 
~ 110 

0~so~/~) ~ 140 This shows that fairings will have no effect on the 
o 1so riding position until reaching high running speeds. 

~ of ~ (180 km/h)/                     o 

/ 
400         /"                        Method for Establishment of Eye Ranges 

/ 

......... ~ /’" The Working Group for Motorcycle Rider’s Eye 
...... "/a~,=e ~p Range of the Society of Automotive Engineers of Japan, 

200 

Inc. (JSAE) worked to develop a standard based on the 
data obtained by this study and completed its work in 

~ ni~ 
establishing JASO T005(5), "Motorcycle Rider’s Eye 

0 
o~,: s.~, ~fe .... Range" under the approval of the Japan Automobile 

point 
.... -~oo    ~    ~    ~ ~ ....... Standard Organization in March 1984. 

-900 -8~0 -7~0 -600 -5~0 -400 -3~0 -2~0 -i00     0     100 

X-~is(mm) Backwaraofvehicl, " The purpose of this standard is to specify the method 
- for determining the rider’s eye range that will be used as 

Figure 27. Variation of eye location according to the origin in the study of the indirect field of view in 
running speed (with fairing) motorcycles. Accordingly, this standard specifies the eye 

range of a motorcycle rider when seated on the motorcycle 
....... (angle 0 in Figure 27) decreased and was at a speed of in the ordinary riding position and the method to 

....... 180kmi h, about one-fourth of that at 50kmih. determine it. 
In any case, with the change in running speed, eye For assessment of the direct field of view in the 

location moved on a straight line drawn through the eye motorcycle equipped with a fairing, this standard 
location at a running speed of 50km/h and the handle recommends considering also the eye location (estimated 
grip reference point. With location of eyes at a running from the anthropometric data) of the rider taking a 
speed of 50km! h as the standard location, resultant stretched riding position as the origin in addition to that 
changes (distances) in eye location at various running 

of the ordinary riding position. 
speeds are shown in Figure 28. The factors for drawing prescribed in the standard for 

If fairings are not equipped, the resultant changes in establishing eye range have been standardized in ac- 
eye location are 37mm at a running speed of 110km/h cordance with data of the ISO manikin and by using data 
and 65mm at a running speed of 140km/h. If fairings are of American riders obtained in this study. This method 

...... equipped, the resultant change in eye location is 35mm at for the establishment of eye range of the motorcycle rider 
.... a running speed of 110km!h and 52mm at a running specified in JASO T005 is outlined in the following. 

speed of 140kmih. 
When compared with the former case, the difference is 

found to be negligible in change of eye locations between Selection of Factors for Drawing 

Select the following items from Tables 8 and 9 

-~ 
corresponding to the design position angle ft. (This angle 

~fi ~0 t Without corresponds to the forward-inclination angle fl as shown 

~ 120 / fairing in Figure 14. Plus-minus mark is in reverse between this 

"~ / angle and the forward-inclination angle ft.): 
~ 1~,~) / , With ¯ Factors for drawing ~ 

//// " . - = 8o 
fa~nng ¯ Major and minor axes lengths of eyellipse 

¯ ~ ¯ Inclination angle of eyellipse 
¯ ~ 6o 
~ 

(Note: Eyellipse has nearly the same meaning as eye 

~ 4o range. Eyellipse is the plan view and side view of eye 
"~ range ellipse.) 
~ 20: 

O’ 
50 80 110 ~0 ~ ~s. 

Establishment of Eyellipse in Side View Drawing 

Running speed (km/h) Eyellipse is established by the side view drawing as 
follows (see Figures 29 and 30): 

Figure 28. Resultant change of eye location according 1. Describe a circle of radius A with G-point 
to running speed (center of the upper surface of handle grip) as the 
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Table 8. Factors for drawing Table 9. Major and minor axis length and inclination 
angle of eyellipse 

Design Position Anglefl(o) -45 -7 5 

hem Riding Position Inclined Upright Major axis length(mm) 175 
Forward ;ide view drawing Minor axis length(mm) 97 

Distance A (mm) 630 598 Inclination angle ~) 12-fl 
Distance B (mm) 514 486 ~lan view drawing Minor axis length(mm) 35 

(514) 

Distance C (ram) 219 238 ,, , 
Angle y (o) 131-0.67fl 

Remark: Use the value in parentheses in the case of on-off- 
road type motorcycles. (The value of distance B is 
corrected by 8mm in accordance with the difference 
between the height of "H-point to seated surface" 
in the three-dimensional manikin for motorcyles 
and that of "trochanterion to seated surface" in 
American riders, see Table 7.) 

Figure 30’ ellipse (~th ercentile) 

c~nter. Dcscfib~ a c~rc]e of radius B with R-point 
(a design r~fCrcnc¢ point indicating H-po~nt~ 

~ ,, hip location) as the center. Designate the inter-. 
~, section of these two circles as S-point. 

~ 
2. Describe a circle of radius C with S-point as the 

center. The intersection between this circle and a 
straight line forming an angle (~) with a straight 

line drawn through S-point and R-poin( is 
designated to be E~point. 

~"~ ’~" 3. Draw a straight line through E-point forming an 
~ angle 0 with the horizontal line as the major axis 

~,~,~,,.~- _ of the eyellipse. 
x,~ ........ 4. Draw a straight line through E-point and 

~ perpendicular to the straight line drawn in (3) as 
Fi~uro 2~. Mothod for tho o~tnblishmont ol ~g~llip~n the minor axis of the eyellipse. 

5. Make the major and minor axes of the eyellipse ..... 

shown in Figure 31 coincide with the major and 
minor axes described in (3) and (4) above. 

Thus, side view eyellipse is established. 
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The Working Group of Motorcycle Rider’s H-point of 
~a,:~,,,~ the Society of Automotive Engineers of Japan, Inc., 

completed its work in establishing JASO T006(6), 
~ ~ ~, "Procedure for Motorcycle Rider’s H-point Determina- 

........ tion," under the approval of the Japan Automobile 
Standard Organization in March 1985. 

This standard specifies procedures for the determination 
of motorcycle rider’s H-point as well as the construction 
of the manikin for motorcycles. The weight of each 
construction member, center of gravity, shape of seat 
pan, and so on in the three-dimensional manikin for 
motorcycles are basically corresponding to the three- 
dimensional manikin for automobiles in ISO 6549(7), but 
the manikin for motorcycles is not equipped with the 
back pan while having arm-hand (see Figure 32). The 
two-dimensional manikin for motorcycles is a template 
based on the side view of the three-dimensiona! manikin 
for motorcycles (see Figure 33). 

Figure 31. E~’ellipse 195th percentile) 

Eyellipse inclinatio~ 

/angle protractor 

Establishment of Eyellipse in Plan View Drawing Eyellipse template . ///Head 
E-point sight mark 

/    Neck angle protract~ 
.....                                                                                                                                                         S-point sight mark -, 

Eyellipse is established in the plan view drawing as 
follows (see Figure 30): a~m h~ - ~--S~ou~de~ 

1. Draw a straight line through the projection point sight mark 

of E-point on the plan view drawing and 
G.point 

r--T ....... ight 

perpendicular to X-axis. 
......... 2. Draw two parallel lines at a distance of 32mm ~-poi,t sight mark----.. Forso weight ha~ger 

\-...Position angle 
from X-axis, respectively, p~ot~actor 

3. The projection of the eyellipse in the side view H-point sight butt ..... 
H-p~int sight 

drawing on the plan view drawing produces the         Thigh angle protractor-~ 
~ - Seat pa~ maj or axis of eyellipse in the plan view drawing. Lateral Thigh 

4. With two intersections (EL,ER) produced by the - K ..... gle protractor 
straight lines drawn by the procedures stated in 
(1) and (2) as the centers, two ellipses (eyellipse~) 
can be described, whose minor axes are on the Foot reside outside rotation 

protrotractor 

straight line drawn by the procedure stated in (1) ~ng~e p~ot~tor 
and whose major axes are on the parallel lines 
drawn by the procedure stated in (2) (see Table ............. 
9). Figure 32. Three-flimensionel manikin for motorcycle 

Thus, eyellipses by plan view drawing can be established. 

Reference Eye-point                           Conclusion 
It has been found that a motorcycle rider’s eye range 

Reference eye-point can be used as the representative can be obtained from the relative position between 
location of the rider’s eye. There are two cases, namely handle grip and H-point. 
monocular reference point and binocular reference points 
(see Figure 30). 

(1) In the case of monocular reference point: Projection Acknowledgments 
of E-point on either side view drawing or plan view 
drawing is the reference eye-point. The authors wish to express their appreciation to Mr. 

(2) In the case of binocular reference points: In the Sadahito Aramaki, Aero-Medical Laboratory, JASDF, 

plan view drawing, centers of two eyellipses (EL for !eft for his helpful guidance in anthropometry; to LTC D.D~ 

eye and ER for right eye) are the reference eye-points. Erickson and MSGT R.G. Jacob, Mr. Noboru Horikoshi, 
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Rider’s H-point of the Society of Automotive Engineers 
of Japan, Inc.; and members of the 1st Laboratory, 4th 

Eyelli!;~e i~clination 
~tr~to~ Research Department of Japan Automobile Research 

E.~o~t ~igh, ~,k_ Institute, Inc., for their great assistance in carrying out 

this study, and to the many motorcycle riders for their 
willing cooperation as subjects for measurements. 

Neck angle protractor 
A 

Torso 
angle 

H.point sight butto~ 
p ...... tot References 

Kr~ee angle ~rotractor 

1. 1 SO 4513, Road Vehicle- Visibility-Method for Estab- 

~ 
T ~ lishment of Eyellipses for Driver’s’ Eye Location, 
~ 

1978. 
2. VDTUV Leaflet 736 (Fairing Requirements). 

3. National Aeronautics and Space Administration 

~ng~ p~ot~tor (NASA), "Anthropometric source book,", Vol. II, A 
~v®~ Handbook of Anthropometrie Data, NASA Refer- 

Note: Dimension A, B and C can be adjusted to the drawing factors by ence Pub. 1024, 1978. 
selecting the pivots respectively 4. National Aeronautics and Space Administration 

Figure ~. Two-dimensional manikin for motorcycle 
(NASA), "Anthropometric source book," Vol. I, 

and Mr. Shozo Takamiya, Safety Department, Yokota Anthropometry for Designers, NASA Reference 

Air Base, U.S. Air Force; members of the Working Pub. 1024, 1978. 

Group for Motorcycle Safety Structure and the Working 5. JASO T005, Motorcycle Rider’s Eye Range, 1984. 

Group for Motorcycle Steering and Stability of the 6. JASO T006, Procedure for Motorcycle Rider’s H- 

Japan Automobile Manufacturers Association, Inc.; point Determination, 1985. 

members of the Working Group for Motorcycle Rider’s 7. ISO 6549, Road Vehicle-Procedure Jbr H-point 

Eye Range and the Working Group for Motorcycle Determination, 1980. 

Cycle and Light-Powered Two-Wheeler Accidents 

European Experimental Vehicles Committee researchers, and authorities became aware of the growing 
importance of traffic safety problems for two-wheelers, 
relatively speaking, but to some extent also in absolute 

Summary terms. The accident statistics as described in Chapter 1 
indicate the following figures for bicyclists and moped 
riders (studied together because their position in traffic is 
comparable in many ways): 

Importance of the Problem (Chapter 1) ¯ In some countries, this group is the second 
largest after car users in terms of killed and 

in the various member countries of the European severely injured; in other countries, it ranks third 
Experimental Vehicles Comrnittee (EEVC), it was after car users and pedestrians. 
concluded that over the past decade much attention was ¯ The percentage of killed (light-powered) two- 
paid to problems related to accidents with cars and the wheeler users ranges from 6.7 percent (United 
people using them; in recent years, attention shifted to Kingdom) to 28.4 percent (The Netherlands), 

other traffic participants and especially to pedestrians, with an average value of 15.8 percent for the 
for two reasons mainly: participating countries (for pedestrians: from 

® At present they are largely unprotected and 13.3 percent in The Netherlands to 33.3 percent 
therefore vulnerable in today’s very complex in the United Kingdon; an average of roughly 22 
traffic scene, percent in 1979). 

¯ Statistics show pedestrians actually form a large Chapter 1 gives a detailed description of those and 
group of casualties, other figures: number of injured, of vehicles in use, etc, It 

Considering the scientific work already done for those relates those figures to indicate some reasons for the 

groups in many countries, the public, Parliament, variance between countries (number of casualties per 
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100,000 vehicles and per 100,000 inhabitants in various The injury~scaling problem associated with lorlgoterm 

age groups). Work presented indicates the important impairment, as mentioned in the report of EEVC-WG7 

influence on possible conclusions of differences in on pedestrian accidents, seems relevant for some two- 
definitions and requirements (differences in accident wheeler accident types also. 

registration systems and the related problem of under- The relative speed at impact is considered a very 

reporting; differences in the technicalities of the vehicles), important factor. The limited number of studies indicating 

A separate paragraph describes the importance of vehicle speeds show higher values than for pedestrian 

economic assessment of these accidents, remedial accidents: 50th percentile speed between 10 and 50kmih, 

measures, and some problems related to the available 90th percentile between 37 and 72kmih (EEVCoWGT: 

methods. 50th percentile between 16 and 36kin/h, 90th percentile 

between 44 and 58km/h). 

Description of Bicycle and Light-powered 
Twoowheeler Accidents (Chapter 2) Injury-influencing Parameters (Chapter 3) 

Chapter 2 gives details on typical types of accidents: Contrary to the situation for car accidents, very little is 
accident, collision, and maneuver types are defined, and known about the parameters for two-wheeler accidents. 
related (in-depth) studies are cited, indicating at the same Therefore, only a short description is given, mainly of a 
time available knowledge on resulting injuries and speed theoretical and inferential nature and based on general 
at impact. All material available shows that cars most knowledge from studies of various accident types, 
frequently are the collision partners (50 to 99 percent), indicating probably the most important factors for each 
There is no single category of road users ranking second; of the collision types that seemed important from. 
it ranges from other two-wheelers to heavy goods vehicles Chapter 2. 
(HGV’s), depending on various factors. Single-vehicle, 

light-powered, two-wheeler accidents occur so frequently 

they deserve special attention. Research Methods and Results (Chapter 4) 
It is shown the frequency of an accident type is not the 

only relevant parameter; some indication of the serious- 
A global presentation of various research principles is 

.......... ness is considered important too. A definition of lethality given, indicating the advantages and disadvantages and 

........... especially indicating the usefulness of combining two or 
is suggested, indicating its influence on priorities. This 

more methods. The following division is made: 
approach gives more weight to collisions with HGV’s. By 

® Accident studies 
describing collision types and to some extent maneuver 

Accident statistics (police data level) 
types, it is shown which parts of the vehicles are mostly 

-- Intermediate (hospital/insurance data) 
involved. Some similarity exists with pedestrian accidents, 

--- In-depth studies 
but additionally the sides of cars and the sides and rear 

ends of HGV’s are involved (especially in crashes with 
¯ Experimental research methods 

-- Full-scale tests 
lightopowered two-wheelers), as well as some parts of the 

-- Component (or body segment) tests 
two-wheeler. 

-- Mathematical models 
The kinematics of a rider during a collision is indicated 

Until recently, little research was done specifically 
as one of the important factors. Due to the range of 

relating to bicycles and mopeds (and then mainly accident 
accident and collision types for two-wheelers, a much 

statistics). What has been done and can be used to some 
wider variety of kinematics is seen for riders when 

extent here was usually directed at pedestrians or 
compared with pedestrians; the presence of a two- 

motorcyclists. Nevertheless, afew bicycteorelated studies 
wheeler and its speed can especially be a contributing 

are cited (accident studies of various levels as well as 
factor, 

development work on mathematical models, together 
As for inj uries, literature gives a variety of distributions; 

with the necessary related full-scale and component 
most studies are hard to compare, for reasons indicated 

tests). 
later, but some conclusions and tendencies are noted. The 

limited number of studies available indicates that the 

frequency of injuries to various body parts and their Current Knowledge or~ Human Tolerance 
ranking depends on the injury severity level considered (Chapter 5) 
and on the type of two-wheeler involved. Most studies 

conclude the head has the highest frequency, especially The accident situation for two-wheelers is different 

when considering more severe injuries (and bicyclists from the situation for other groups of road users, as 

have even higher frequencies than do riders of light, mentioned before. This may influence typical injury- 

powered two-wheelers); arms and legs come in second influencing parameters (kinematics, loading place, direc~ 

and third, respectively, tion, and level); therefore, one would have to look for 
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typical cyclist and moped rider information regarding introduced to some extent are sunken filler caps and 

human tolerance. Very few studies have been performed, handlebar expander pins. 

especially for cyclists and moped riders, and those were For the passenger, especially the younger one, dress 

related mainly to helmets and head tolerance. For other guards at the rear wheel and, up to a certain age, child 

elements, one has to rely on work for pedestrians, seats are considered important against spoke injuries. 

motorcyclists, and car users. For various body parts, Regarding the rider, various well-known possibilities 

parameters and tolerance values are given. Their relevance are described, such as safety helmets and protective 

for two-wheeler users must be studied further, clothing. Although they are widely accepted (and helmets 

even mandatory) in many countries for motorcyclists, 

this is not the same for all riders of light-powered two- 

wheelers and certainly not for cyclists (the use of special Injury-prevention Measures (Chapter 6) 
types of cyclist helmets has been introduced in some 

Starting from the basic philosophy of an integral 
countries, nevertheless). 

approach to a safe vehicle (integration of requirements to 

benefit various groups of road users), three aspects were Ad 2--Consequences for Other Road Users 
noted: 

o Proposals for the benefit of two-wheeler users Little influence for others is expected from the above 
o Consequences of these proposals for other road proposals regarding cars. Underrun guards should not 

users create any negative effects for other road users. Rear view 
o Consequences of requirements for the benefit of mirrors on HGV’s might be dangerous for pedestrians 

other road users on two-wheeler users and bicyclists during overtaking maneuvers, if they are 

not properly designed. Some doubt is expressed as to 

whether knee paddings may cause a rider to fly into a 
Ad l~Proposals for Two-wheeler Users 

car~s compartment; helmets may be dangerous for 

As research work in this area started only recently, 
unprotected road users. 

availability of literature is limited, especially regarding 

concrete proposals. Based on information from earlier Ad 3--Consequences of Measures for the Benefit of 

chapters, work concentrated on the car, the HGV, the Other Road Users 
two-wheeler, and its rider 

Regarding cars, as for the pedestrian-to-car accidents, Bumper height is determined in SAE and ECE pre- 

interest is focused on the stiffness of frontal parts. Some scriptions, mainly for the car-to-car situation. Serious 

differences may exist: the generally somewhat higher doubts are expressed on the appropriateness of these 

seating position and a difference in the population (fewer values for pedestrians and two-wheeler riders. Other 

~ ounger children involved)may cause a different influence requirements for car-to-car crashes are not expected to 

of various car components on the kinematics and loading have much effect on two-wheeler riders. 
of the human body in a crash. For two-wheeler users, the 

windshield and the higher parts of its frame become 
Test Procedures (Chapter 7) 

important, too. Considerations regarding vehicle shape 

follow the same lines as for pedestrians. 

Regarding HGV’s, two approaches exist: 
Test procedures, aiming at insuring conformity of a 

vehicle or component with relevant requirements, are 
® Improvement of shape and stiffness would be 

discussed. The chapter was kept short because there are 
beneficial at the vehicle front, as for cars. 

few concrete proposed measures to evaluate during type ¯ For the HGV sides and rear, concrete proposals 
approval (Chapter 6), and much development work 

are indicated regarding underrun protection 
needs to be done on the methods themselves (e.g., 

devices and improved rear view mirror systems 

and requirements (accident avoidance), 
integration of integral tests, component tests, and/or 

mathematical models; development of a dummy). 
Regarding the two-wheeler itself, various protection 

devices are discussed, for both frontal and lateral 

collisions. Various types have been developed for Accident Prevention (Chapter 8) 
motorcycles; whether they can be used practically on 

lighter two-wheelers and even whether they are ad- Injury prevention or minimization is clearly not the 

vantageous on such vehicles is still unclear. This concerns only and possibly not the best way to protect road users. 

side protection devices (e.g., knee bars) as well as knee Accident prevention would be far more preferable, but it 

padding for frontal collisions. Avoiding sharp protrusions is not expected to be effective enough for many years to 

on two-~ heelers will hetp against minor injuries; examples come. The chapter describes various elements of the 
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vehicle system that may cause (or contribute to) accidents, bicycle will probably reduce the effect of the 

Research work to improve these elements is described: frontal car collision with the rear end of bicycles, 

active lighting systems, reflectors, spacers, braking which is a serious type of collision. At the sides of 

systems, stability, and maneuverability. As a specia! bicycles, spoke reflectors and/or reflecting tires 

aspect, the influence of the state of maintenance is are recommended. 

discussed. Various proposals are described; some might 

be feasible for many countries because relevant technology 

has already been introduced in other countries. General Recommendations 

¯ More attention should be given to accidents of 

Priorities and Recommendations bicycles and light-powered two-wheelers, espe- 

cially -- 

-- Accident registration systems, e.g., under- 

Introduction 
reporting of these accidents by police. 

-- Standardization of definitions for a better 
comparison of the results of national accident 

Based on discussions in the group, the working group 
statistics and research projects of the different 

has pointed out priorities for action, general recom- 
countries. Especially needed is a more 

mendations, and recommendations for future research. 
uniform definition of the different classes of 

One conclusion is that the injury prevention research for 
light-powered two-wheelers. 

two-wheeler riders received even less attention than 
When introducing a new legal measure, a proper 

injury prevention for pedestrians (Working Group 7). 
before-and-after evaluation study is necessary. 

More attention is necessary, especially since the accident 
Some reasons are-- 

process of the two-wheeler rider is even more complex 
Optimizing the measure 

than that of the pedestrian because of the contribution of 
Giving arguments for possible introduction 

the two-wheeler itself to the injury-producing process, 
elsewhere 

Also, the speed of the two-wheeler rider and his position 
* In view of the differences in the proportion of 

........ in traffic situations leads to other collision types and head injuries between cyclists (not helmeted)and 
speeds at impact, 

helmet-wearing motorized two-wheeler riders, it 

seems preferable that cyclists wear a specially 

Priorities for Action designed helmet, too. Padding of certain parts of 

the car might have a beneficial result, depending 

1. The use of energy-absorbing materials in the on whether the car or the ground is the leading 

front structure of the car will be beneficial for the cause of injury. This question has to be answered 

two-wheeler rider, similar to that found for yet by research. 

pedestrians by WG7. Whether other locations * The use of better or additional side mirrors on 

on the car should also be padded cannot be HGV’s will give better overview to the truck 

decided now. Preliminary results of experiments driver. Even the present EEC directive is not 

using dummies indicate that impact location of sufficient (an amendment is underway), 

the two-wheeler rider’s head on the car is some- ¯ Riders of bicycles and light-powered two-wheelers 

what higher than in the case with pedestrian should wear conspicuous clothing. For daytime, 

heads in similar frontal collisions. Second priority a jacket of fluorescent material is recommended, 

should be given to the side of the car due to the Smaller areas of such material, e.g., on armbands 

relatively frequent side collisions with light- or shoulderbands, are less effective. The brightest 

powered two-wheelers, materials (highest luminance factor) should be 

2. the use of well-dimensioned side underrun used. Bands of reflective materiatapptied to the 

guards on HGV’s will reduce the effect of the jacket will help other road users recognize the 

serious and relative numerous collisions of presence ofa rider. Spacers (i.e., devices attached 

mopeds and bicycles with the sides of heavy to the side of a bicycle to discourage drivers 

vehicles. The risk of getting run over by the passing too close when overtaking) are useful 

wheels will also be reduced, and should be promoted as a low-cost safety 

3. Modern standards should be developed for accessory. However, it should be noted the 

lighting equipment, including reflectors, and wearing of a conspicuous jacket has an effect on 

braking performance (especially under wet the gaps left by overtaking vehicles similar to 

conditions) of bicycles. The introduction of a that produced by the most effective spacer. The 

high-standard retroflector at the rear end of the last recommendation is based on research and 

1155 



Experimental Safety Vehicles 

theoretical considerations. In part, it is supported General 
by accident studies. 

The recommendations above must be seen as 

Recommendations for Future Research complementary as they strengthen each other. A 

trend must be set to use as many tools as possible 

Real Accident Studies                                          to solve this complex problem. This is an 
important argument for international cooperation 

and coordination of research facilities in the 
Information of rea! accidents is needed to get better 

various countries. 
insight on injury-influencing parameters. 

The first important question is: What is the leading 
¯ Because two-wheeler riders collide with passenger 

cause of injury (taking into account speed at impact and 
cars and HGV’s in more different collision types 

than pedestrians do and because of the different 
collision type): the car, the two-wheeler, or the ground? 

parts of the body of the two-wheeler rider 
From this, it ma3 follow that for some collision types 

severe injuries occur mainly due to very high impact 
impacted in the different collision types, injury- 

speeds regardless of other influences (for instance, outside 
prevention research should focus on the following 

collision types: 
built-up areas), tn those cases, accident avoidance 

Passenger car 
measures seem more suitable than injury-reducing ones. 

--- Front of car to (left) side of bicycle!light, 
The next important question is: What is the influence of 

car shape and car stiffness on kinematics, on short- and 
powered two-wheeler 

Front of car to rear end of bicycle 
!ongoterm injury, and on injury severity of the two- 

wheeler rider (again taking into account impact speed 
--- Front of car to front of light-powered two- 

wheeler 
and collision type but also human parameters such as 

-- Side of car to front of light-powered two- 
age, length, and mass distributions)’? Whether accident 

wheeler 
avoidance or injury-prevention measures should be taken 

Heavy goods vehicle 
may be decided with the help of cost-effective con- 

-- Front of HGV to side of bicycle/light- 
siderations, 

powered two-wheeler 

--- Front of HGV to front of bicycle/light- 

Human Tolerance                                                    powered two-wheeler 

-- Side of HGV to side of bicycle/front of 
Further research is needed on injury-producing mech- light-powered two-wheeler 

anisms to develop more precise ranges of values of -- Side of HGV to front of bicycle/side of 

human tolerance criteria as a function of age, mass, light-powered two-wheeler 

height, and impact speed (visco-elastic behavior). Special Single vehicle light-powered two-wheeler rider 
attention should be given to the intluence of translational accidents 

and rotational accelerations of the head-on-head (brain) ¯ Research should be undertaken into long-term 
injury, consequences of injuries. Little is known about 

these consequences, especially their severity. 

Mathematical Models                                          This is considered a deficiency of existing injury- 

scaling systems. 
¯ When using humans or human substitutes for 

Computer models should be further developed and 
two-wheeler rider protection research, the choice 

validated. This validation should be based on real 
should be such that they represent the age of the 

accident information together with the results of cadaver 
real accident victims, e.g., for cyclists 5 to 25 and 

or dummy experiments. Development of a simple 

mathematical model, capable of detecting the kinematics 
older than 65. For tight-powered two-wheeler 

of the rider versus the shape and stiffness of the car, could 
riders, this age group is 15 to 25. 

Research is needed for more reliable bicycle 
be useful for standard test procedures in the near future. 

lighting equipment. 

Optimization of crash helmets should be under- 

Dummies taken: 

Legal standards should be based on appro- 
"t~he dummies presently available for pedestrian research priate biochemical criteria. 

are not quite suitable. For two-wheeler rider purposes, -- Influence of the surface of the outer shell of 
this deficit is analog. Further development is needed to the helmet on rotational acceleration of the 
obtain dummies that give mere realistic representations brain and its resulting injuries should be 

of two-wheeler riders, studied. 
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-- Research should be undertaken into the safety. There is a need for accident data: there 

problem of losing crash helmets during also seems to be a need for more experimental 

accidents (although suggestions for improve- and human-tolerance data, as well as for better 

....... ments have been tabled in the relevant UN- tools to gather those data. Investigations on 

ECE group of rapporteurs), crash protection for two-wheelers are starting in 
several countries. Research on crash protection 

for pedestrians started more than 10 years ago, 
Introduction which was followed some years later by inter- 

...... In 1981 and 1982, the EEVC Working Group 7, national coordination. Now it seems to be the 

....... "Pedestrian Injury Accidents," was preparing its report, 
right moment for similar actions concerning 

At that time, the Dutch delegation suggested attention be 
bicyclists, while coordination of research is 

given to bicycle-car accidents because in The Netherlands 
possible from an earlier stage." 

this accident type happened more frequently than 
As a result, EEVC gave the working group the 

pedestrian-car accidents. In 1982, EEVC accepted the 
following terms of reference: 

task of setting up a new working group to deal with ¯ Review the available accident data concerning 

bicycle accidents and, as far as possible, light-powered fatal accidents and injuries to bicyclists of dif- 

two-wheeler accidents. The Dutch members of EEVC ferent ages involved in road accidents in Europe 

were invited to prepare a discussion paper for this group, and examine the accident data of light-powered 

The intention of this working group, described in the two-wheelers. (The exact definition belongs to 

paper, was agreed to by EEVC, and the group was set up. the task of the group.) 

This intention is focused on number of accidents, inte- 

grated safety approach, and international coordination. 
¯ Make recommendations including priorities for 

action on the vehicle to reduce the severity of 
From this discussion paper, the following is cited: 

such accidents and injuries. Recommendation 
Concerning the number of accidents: "Compared may include direct measures to change bicycles 
to other European countries the relative pro- 

and cars, as well as specified proposals for 
portion of bicycle casualties in The Netherlands 

research. 
is considerably higher, though the absolute 

...... numbers of those killed and those injured as Priority will be given to possible influences of certain 

reported from the different European countries proposed measures on the safety of bicyclists; changes to 

also seem quite high. They indicate that proper the car should be considered with respect to the benefit of 

measures in this field may save thousands of lives nonoccupant road users (see also WGT). 

and injured, while reducing the severity of During the first meeting of the working group, it was 

injuries." decided to deal also with light-powered two-wheelers 

¯ Concerning an integral safety approach: "Some because in some participating countries the number of 

conclusions with regard to changes of the car light-powered two-wheeler casualties is higher than that 

drawn from studies of pedestrian-car accidents of bicyclists and because it was the group’s opinion there 

may be useful for the bicycle-car situation, too; were great similarities between the two categories of road 

others may be indifferent, but some may be users. The group was aware of the difficulties that could 

contrary to the bicycle case. For an integral arise because of differences in definitions of light- 

approach to car safety, changes made (or to be powered two-wheelers between countries. Therefore, the 

made) for the benefit of one group of road users group decided to include a list of requirements (including 

have to be checked carefully against knowledge definitions) for light-powered two-wheelers for the dif- 

about the characteristics of other groups. This ferent countries. During the first meeting, the group 

can be illustrated by bumper height, for example, decided to deal also with accident avoidance aspects 

for which a SAE recommendation exists, as well related to vehicles. 

as a UN/ECE regulation. From research on The aim of accident avoidance is obvious, and many 

latera! car collisions, a recommendation for a efforts have already been made by improving the 

lower bumper height may follow. From pedestrian construction of passenger cars and HG V’s (brakes, tires, 

accident research follows considerable doubt etc.) and by changes in infrastructure (bicycle lanes). 

whether the SAE recommendation is an ad- However, there is considerable scope for improving the 

vantage for pedestrians. Considering two-wheeler lighting devices and retroreflectors fitted to many bicycles 

accidents, the effects are even less predictable as and for improving the braking performance in the wet, 

yet." especially of rim brakes. The decision of the group was 

¯ Concerning international coordination: "It seems that only specific two-wheeler, car, and HGV aspects in 

the study of car-bicycle accidents ultimately may relation to two-wheeler accidents will be described in this 

contribute a great deal to improvement of traffic report. 

1157 



Experimental Safety Vehicles 

It is unrealistic to expect (on a short term) measures or .......... 
solutions that will prevent accidents from happening at 
all. Some elusive elements will always remain. This is the 
main reason for injury-prevention work. The aim of 
injury prevention is either to prevent injuries or to 
minimize injury severity by influencing the kinematics of 
the victim and to minimize loads to the struck body parts, 
for instance, by minimizing the relative impact speeds 
between victim and struck object, 

History of Bicycle and Light-powered 
Two-wheeler                          "--’- 

Figure 2. Bicycle with enlarged front-wheel ( _+ 18801 

Bicycle                                     ’--                                    " 

The question of whether the first bicycle was designed 
by the Frenchman De Sivrac or by the German Kessler in 
± 1790(2) is irrelevant since it appeared some years ago 
that the first drawing of a bicycle was made by Leonardo 
da Vinci or one of his pupils in + 1450(3). This bicycle 
was already chain driven (Figure 1) contrary to the 
bicycles made by De Sivrac and Kessler that had to be 
pushed forward. 

Figure 3. Rover "safety bicycle" ( _+ 1885) 

though it lacked the seat tube as a part of the frame 
structure. 

Bicycle use in some countries became enormous and 
will probably grow even more due to rising energy prices, 
more spare time, and health care. At this moment, many 
alternative bicycle designs and prototypes are produced. 

They have in common the bicyclist lying backwar.ds, and 
in some designs he or she is protected against w~ather 

conditions(5). 

Figure 1. Bicyc~edesigned by Loonardo Da Vinci (±14501 
Ligllt-powered Two-wheeler 

The first bicycles driven by means of pedals had a According to Raucke(6) and Schneider(7), the first 
front-wheel drive. To reach a higher speed, the front powered two-wheeler was constructed by Wolfmtiller 
wheel was enlarged, (Figure 2), to such an extent that it and Hildebrandt in 1894 (Figure 4). According to 
became dangerous whqn drivers fell off. Therefore, the Elsevier(4) the first attempt to construct a light-powered 
first %afety bicycle" was designed by H.J. Lawson in two-wheeler dates from 1920; it is named the"Briggs and 
1874. It had front and rear wheels of equat diameter, and Stratton" (1894-1920: a matter of definition?). The engine 
the rear wheel was chain driven. The first practical was connected directly to a wheel next to the rear wheel. 
production machine, the Rover Safety, was made in 1885 In later years, the engine could be found almost anywhere 
by John Starley (Figure 3). When later (1888) it was on the two-wheeler, but today the engine is normally 
equipped with pneumatic tires, invented by the Irish placed under the frame, between front and rear wheel,, 
veterinary surgeon John Dunlop, the safety bicycle driving the rear wheel. Use of the moped in The 
caused a bicycle boom in Europe and America(l). The Netherlands increased strongly after 1960 but decreased 
safety bicycle had a design similar to the present vehicle, after 1975 and is still decreasing. 
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Table 1. Definition of a bicycle 

France: A vehlc~e which has at ~east 2 wheels 

and is propelled only by muscular force 

Federal Republic of Bicycle means any vehicle which has at 

Germany least two wheels and is propeged solely 
by the muscular energy of the persons on 
that vehicle, in particular by means of 
pedals or handcranks 

Italy Bicycle is a vehicle with two or more 
wheels, propelled by muscular power 
through pedals or similar mechanism 

The Netherlands No exact legal definition--a carriage 

or vehicle that is not a motor vehicle 
(WVR art. 1.1 ) 

Sweden 1. A vehicle designed to be propelled by 
pedals which is not a toy vehicle 

2. Electrical wheelchair designed for 

a maximum speed of 15km/h 

Figure 4. First patented, serially produced motorcycle GreatBrdain Has no power assistance and includes toy 
by Hildebrandt and Wolfm~ller (Mi~nchen, cyc~esr~dd .... th ..... ~ageway. taodems 

and tricycles. (from Sept. 1983 the 

1894) fioition or pod~ cycles ~or the pu,poso 
of regulations has been changed to include 
"Electrically assisted pedal cycles"; 

.... 02kW, 24km/h 

1.Description of Two-wheeler Accident Table 2. Some of the relevant legal requirements for 

Statistics 
bicycles(lO) 

This section deals with a comparative survey of the ~ ~ 
situation of vehicle numbers and number of persons r~uireme,tfor 

~ 
~ ~ ~ 

involved in accidents in general. Special emphasis is Bra*ea 
placed on describing the situation of pedal cyclists and - one front and one X X × -- X -- 

rear 

riders of light-powered two-wheelers in the member - O,ebra~e -- -- -- X -- X 

countries participating in the working group: France, 
-- Headlamp white X X X X X X 

Federal Republic of Germany, Great Britain, Italy, The - .ear,amp red 
Netherlands, and Sweden. The interpretation of the data _- B~BY da~,~hta,dor ~oor"~0ht _X --X _X ~ ~ _X 

......... will have to be undertaken with great caution since the 
definitions of a light-powered two-wheeler differ in the ~e~e~tors 

On pedals 

participating countries. The definition of a fatally (or -- AdmittedObligat°ry 
X 

_X 
X X 

--X 

severely or slightly) injured accident victim can also differ - Bed rear ~ X ~ X]~ X    X 

considerably, as well as the associated parameter defini- 
- White front 

tions in the national accident statistics. Beyond that, 
Wh~terearm~dguard -- -- -- X~t -- -- 

...... other influencing parameters should be included in a Reftectingtires X{I) -- X X X X 
Admitted 

comparative assessment as well, such as mileage (vehicle, 
Bell x x x x -- x 

kilometers per annum), road network, land use, topog- 
Other construction               X      --      --     X(41     --      -- 

raphy, and climatic conditions of the countries under .e~reme.ts 
study. , ) tn 1983 all new bicycles must have reflectors in the spokes or reflecting 

This is to show that a statistical analysis based only on t 
2) Yellow reflecting is admitted 

.... a one-dimensional way of looking at things (e.g., the 3~a~t~ooa~h~oh-porfor~e ..... flector(minlOOOmcd/Ix}required, sep~rate 
from the rearlarnp (reflector) 

number of accidents in a population of a defined age ,~S~o ..... 
~o, ..... tso,th .... t~pos~t~o, ofch,d-p ..... ~ ..... dero~e 

group) can easily lead to wrong conclusions. For this 
reason, only the tendencies of developments will be 
pointed out in this chapter. Vehicle Codes(8). In some countries, bicycles gre addi- 

tionally subject to certain legal regulations, as listed by 
Horn(9) and in Table 2. 

Definitions of Bicycle, Light-powered Two- Defining a light-powered two-wheeler, and thus its 
wheeler, Road Accident, Killed, Severely In- description, is more difficult. In Table 3, the spectrum of 

jured, and Slightly Injured the principal characteristics of a two-wheeler is represented 
on which a definition can be based. Taking the Federal 

The definitions of bicycle, light-powered two-wheeler, Republic of Germany as an example, it can readily be 

road accident, killed, severely injured, and slightly injured, seen the moped is only one of three classes of light- 

enabling a better classification of the numbers of accident powered two-wheelers. According to the definitions 

victims within the overall context, are summarized in given for mopeds and mokicks, the only difference 

Tables 1 to 5. The definitions of abicyclefound in Table 1 between these vehicles appears to be the presence or 

are based largely on the characteristics laid down in the absence of pedals or footrests. In contrast to that, the 
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TaMe 3 Defi~i~ion~ and requirements for a light-powered ~wo-wheeler 

Name of Ciees Mole Moped MoMck Cyclomote~r Moped Ciclomotori Snorfiets4 Bromfiets ( 1 )4A Moped ~ 7 
C~S 1965 1954 1967 1970 1977 1959 21.4.1976 Since 21.11.1968 July 1, 1952 

Speed ~m~t 25 40 40 45 481o 40 205 30/405A 30 

P~sto~ ~50 ~50 %50 ~50 ~50 ~50 %506 ~506 ~50 

He,met No 24,7.78 24.7.78 1979 1973 Not yet NO Yrs. Sept. I, 1978 

Dr~v{~8 Ony theo~ ~est Yes Yes No Yes Not necessary No No No 

Pedsl Or footr~$~ Pede~ Pedal Footrest Pedal Pedal~2 Not specified Pedal Pedal No requirements M~n. and max. die- 8,T3 Not specified Not specified Not specified No;3 Not specified 254mm~305mm ~405mm No requirements 

Max mum mass Not specified Not specified Not spemfied Not specdied 25014 16 (Engine) No limdit8 No limit 2 Wheels: No limit 
~kg) 

3 Wheels: 400 

~¢fi~tion era mo~ as for th~ ]~al speed limit, m~n~mum period of 30 days is used in the majority of the countries, 
a~e of ~d~r, and driving license regulations are basically The definitions of severely or slightly injured accident 
dif~?re~L Legal speed limits for light-powered two- victims also differ considerably, the extreme case being 
wheeters vary from 20kin/h (NL, snorfiets) to 48kmi h the Italian statistics where such difference is not made at 
(GB, moped). The lowest possible first-time user age all. In most cases, severely and slightly injured accident 
varies from 14 (Italy) to 16 (in most other countries), victims are distinguished by the kind ofmedica! treatme~ 

Compulsory helmet use also does not apply in all required~hospitalization or outpatient treatment. 
countries to al! categories of light-powered two-wheelers. 
Furthermore, regulations relating to the use of cycle lanes 
in the various countries have led to different forms of Table 4. Definition of a road accident for natgoaa~ 
integrating the light-powered two-wheeler into road statistics for casualties 
traffic as a whole, tn some countries, for light-powered ~ ~ 
two-wheelers it is mandatory to use cycle tracks; in Federal Republic of Accidents in road traffic with kitled or 

....j~he~ may use them. 
Germany injured persons on public roads and others, places (registered in official statistics; STVUNFG, 

There are coumries where light-powered two-wheelers aGaL, ~982, 2O69 

are banned from cycle tracks and others where they are France Accident in road traffic which generates 

at least one victim occurring on a public tolerated with the ensme~-: of£ *--’: ’-’~pp~came definitions of a o~, ~o~a ~,d ~,vo~v~,~ ,t ~st o,. 
road accident i~ the various countries, which are ~eh~c~eo~,~aae, a,~s 

summarized in Table 4, differ only slightly, It can be Great 8ritain One involving personal injury occurring on 
the public highway (incl. footways) in which 

assumed these are definitions of characteristic features, a vehicle is concerned, and which becomes 
However, for the inclusion of accidents in the national k .... to the ~o~. 

accident statistics, the following additional i~brmation ~t~lv ao~d ~d~,t ~ ~ co,~s~o, m~o~,~ 
vehicles or animals on public roads, which 

generally be reqmrea: generates personal injuries 

~ Event site and time The Netherlands Accidents included are those 

e Road users and vehicles involved . that occurred or originated on a high- 
way or street open to public traffic 

* Direct causation factors and accident circum- . that resulted in one or more persons 
being killed or injured 

stances recorded as the Uy police ¯ in which at least one moving vehicle 

* Accident i~ury consequences ~s~,~o~ved 

The defit~itio~s of accident consequences apptyin.g to Sweaen Accidents included are those 
that occurred or originated on a way ’ casualties in the various countries are summarized in ~r street open to publictraffic 

Table 5. The defi~itio~a of a person killed in an accident ¯ that resulted in one or more persons 
being killed or injured 

varies in terms of the time period applied in each country ¯ in which at least one moving vehicle 
withi£ which a victim dies, i.e., between 6 arid 30 days. A 
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Table 5. Definition of casualties; distinction between Mofas were introduced in 1966; in 1974, the mofa 
persons killed, severely, or slightly injured in population exceeded t million and reached a peak in 1980 
road accidents, with 1.4 million vehicles. In 1981, there was a slump in the 

number of mofas down to 1.2 million. Development of 

Federal Re- Killed See ECE* the mofa population from 198! must be assessed in light 
public of Severely An injury for which a person is detained in 

Germany injured hospital as an in-patient of another development, namely, the introduction of the 
Slightly An injury for which a person is not hospi- 

iniured talized newly developed Leichtkraftrad in 1980 (80cc, 80km/h, 

France Killed Victim died immediately or during 6 days 
minimum age 16 years). 

after the accident Table 7 shows the number of vehicles in each vehicle 
Severely Accident victim who has sustained a traumatism 

........ injured needing medical treatment with at least a 6 category per 100,000 inhabitants. The peak value in the 
days stay in the hospital 

Slightly Accident victim who has sustained a trauma passenger car category, with a figure of 38,000, is 
miured needing medical treatment with less than a displayed for the Federal Republic of Germany. Great 

6 days stay in the hospital 
Britain, with 27,000, shows the lowest figure in this 

Great Killed See ECE* 

Britain Severely An injury for which a person is detained in category. The bicycle peak value is displayed for The 
iniured hospital as an in-patient, or any of the following Netherlands (76,000); here again, the lowest number is 

injuries whether or not he is de- 
tained in hospital; fractures, concussions, found in Great Britain (24,000). France has the highest 
internal injuries, crushings, severe cuts and 
~ .... athens ....... g ..... ~ ahock requiring number of light-powered two-wheelers (9,100) and Great 
medical treatment, injuries causing death 30 
or more days after the accident Britain once more the lowest (700), 

Slightly An injury of a minor character such as a 
injured sprain, bruise or cut not judged to be severe, 

or slight shock requiring roadside attention Table 7. Vehicle numbers (in 1,000s) per 100,000 
inhabitants in 1981 

italy Kil~ed All persons who die within the next 7 

.......... Severely/ days after the accident 

slightly Are not distinguished in italian statistics (1,000s) 

injured Cars Pedal Light- Inhabitants 

The Nether- Kil~ed See ECE* 
cycles 

two-wheelersP°Wered 
1981 

lands Severely Victims who are hospitalized for more than France 36 35 9,1 53,960 

injured one day Federal 
Slightly Other injured victims public of 38 64 3,0 61,680 

injured Germany 
Great 

Sweden Killed See ECE* Britain 27 24 0.7 55,830 

Severely Fracture, concussion, internal lesions, 
Italy 31 31 6,1 57,200 

injured crushing, severe cuts and laceration, 
The Nether- 
lands 32 76 5,0 14,250 

severe general shock requiring medical Sweden 35 72 Z5 8,320 
treatment and any other serious lesions 
entailing detention in hospital 

Slightly All injured not belonging to killed or 

injured severely injured 

ECE deft ....... f kil,ed: A ................ lied ...... ~ ..... ho Statistical Records on Persons Killed and Injured 
died w~thin 30 days as a result of the accident (for further definitions 

~ooECE~2s~I in Road Accidents 

The total number of casualties with a breakdown in 

Total Vehicle Numbers (Vehicle Population) light-powered two-wheeler victims and users of bicycles 

are represented in diagrammatic form below for the years 
The vehicle numbers grouped in vehicle categories are 1977-81. The development of the number of accidents in 

found in Table 6 for all the countries participating in the the various countries in the same time period is found in 
working group. It should be pointed out that these Figures 5 to 10. Compared with the overall development 

populations, being subject to dynamic development of number of accident victims, a striking decline in 
processes, cannot be regarded as stable quantities. The fatalities in the Federal Republic of Germany, The 
development of mofas in the Federal Republic of Germany Netherlands, and Sweden is noticed. 

is a good example. The group of severely injured also displays a stight 

Table 6. Vehicle population in 1981 (in 1,000"s) 
downward trend with the exception of The Netherlands 

where a pronounced decline can be noticed in this group. 

Cars Goods Motor- Mopeds MeIas/ Pedal in all the countries under study, the number of slightly 
Vehicles cycles Snorfiets cycles* 

F ..... 19,725 2,568 645 4,900 -- 19,000 injured also continued to decline, Great Britain, Italy, 
Federal 
Rspub,s 23,730 1,307 690 852 1,224 3B,600 and France, however, display a quite different develop- 
of Germany 
Italy 17,686 t,338 828 3,46t -- 17,500 ment of the overall number of road accident victirns. In 

~t960) ~19B0) (19B0) (1880) 
The Great Britain, all three categories display a slight 
Nether- 4,594 339 114 700 10 10,800 

Lands downward trend. In Italy, the number of persons killed in 
Sweden 2,893 186 16 205 -- 6,000 

Great accidents remained nearly constant, whereas the number 
Britain 14,796 2.286 973 398 -- 13,000 

of injured accident victims displayed an upward trend. 

Rough estimated data Casualty numbers in France, apart from the absence of 
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Number of accidents--Federal Republic of Figure 6. Number of accidents--France {1977-1981) 
Germanic (1977-1981~ 

extremely low values and clear peaks, remained more or injured displayed increasing rates. In Sweden, too, with 
less constant, the exception of 1980, the statistics show a clear decline in 

The development of casualty numbers in the group of the number of killed riders of bicycles, whereas an overall 
bicycle riders in participating countries also displays rising trend is displayed by the overall number of severely 
considerable variations in the three casualty groups~ In and slightly injured accident victims. 
the Federal Republic of Germany, the number of killed In the group of light-powered two-wheeler riders 
bicycle riders displayed a clear decline; the number of involved in accidents, the statistics display a clear 
severely injured remained at a nearly constant level, downward trend in the number of casualties in France, 
whereas the number of slightly injured increased con- Great Britain, The Netherlands, and Sweden. The 
siderably. The development of the number of casualties reductions in this category in France and Sweden even 
in France appears to be balanced in all three categories in appear disproportionally high. In the German statistics, 
the years 1977-81. the absolute number of riders and passengers of light- 

In Great Britain, although the number of bicycle riders powered two-wheelers involved in fatal accidents dis- 
killed in accidents remained nearly constant during this played clearly downward sloping curves. The number of 
period, the number of severely and slightly injured severely and slightly injured increased until 1980. In 1981, 
accident victims displayed upward trends. The Italian a reverse trend took place, and the number again reached 
statistics show a slight decline in the number of accident the values recorded in 1977. In Italy, the number of 
victims in both injury categories. In The Netherlands, the persons killed remained nearly constant during the time ..... 
number of killed bicycle riders dropped continuously (an period considered, whereas slight increases were found in 
exception being 1980) but is still on a high level, the number of injured accident victims. 

The number of severely injured victims remained at a The magnitude of the number of pedal cycle and light- 
nearly constant level whereas the number of slightly powered two-wheeler accidents in the various countries is 
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KILLED SERIOUSLY SLIGHTLY KILLED INJURED 
INJURED INJURED 

o                 o. 

Figure 7, Number of accidents--Great Britain (19~- Figure 8, Number of accidents--Italy 

1~11 

seen clearly when relating them to the total number of When the vehicle population is changing, the casualty 

road casualties. The percentage of killed pedal cyclists rate in terms of the number of casualties per 100,000 

and users of light-powered two-wheelers in 1981 is given vehicles shows the trend more clearly. The rates for killed 
in Table 8. The table shows in particular the importance pedal cyclists and users of light-powered two-wheelers 
of the accident involvement of this category of two- for 1981 are found in Table 9. The table shows that, if 
wheeler users in The Netherlands. As an example, the calculations are performed on this basis, ~e Netherlands 

percentage of killed pedal cyclists is from two to four no longer is outside of the accident patterns displayed by 

times as high as in other countries, the other countries participating in the study. In this case, 

Great Britain, with an overall rate of about 7 percent, is 

the only country clearly remaining below the 10 percent Table 9. Number of killed p~dal cyclists and users of 
level, light-powered vehicles per ~ 00,000 v~hieles 

Number of Killed/100,~0 V~hicl~s 
Table 8. Percentage of pedal cyclists and users of light- 

powered tw~wheelers killed in road traffic 1981 Bicyclists Light-Powored 
Two-Who~lors 

Kill~ Pedel Kill~ users of 

~aa~ cvc,m ~n u~t-eowor~ r~ Federal Republic 
Traffic T~-Wheelet i~ 

rr.,ic of Germany 2.8 

a Go,~.nv a.~ s.~ ~.a Italy 3.5 25.2 
France 4.8 8.7 ! 3.5 

Great Britain 5.3 1.4 6,7 The Netherlands 3.4 22,6 
~t~ 7.~ ~o.~ ~a.~ Sweden 1.3 16.0 
~e Netherlnn~ 19,7 8.7 28.4 
sw~,n a.~ ~.~ ~a.a Groat Britain 2.4 20.3 
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KILLED SERIOUSLY" SLIGHTLY 
KILLED SERIOUSLY SLIGHTLY 

INJURED INJURED INJURED INJURED 
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Figure 9. Number of accidents--The Netherlands (19~- Figure 10. Number of accidents--Sweden (1977-1981) 
1981) 

it is Sweden that shows up as a positive example with its wheelers, classified into age groups, is shown in Tables 10 
low rates, both for fatal pedal cycle and fatal light- to 15. 
powered two-wheeler accidents. The Federal Republic of In all countries, fatal, severe, and slight injury peak 

Germany shows up as the leading country in the group of values are reached in the age group of 10- to 14-year-old 
(~tal light-powered two-wheeler accidents, users of bicycles. The age group of 65 and over also 

The absolute number of killed and injured users of displays a high frequency of fatalities. In the Federal 
bicycles and riders or passengers of light-powered two- Republic of Germany, fatalities in the age group of 65 

Table 10. Federal Republic of Germany (1981) 

Age Groups 0-5 6-9 10-14 15-17 18-20 21-24 25-34 35-44 45-54 55-64 _>65 Ukn Total 

Killed 10 69 137 54 2t 16 43 67 118 118 416 -- 1061 
® (2) (3) (3) (-) (-) (-) (-) (_) (_) (_) (_) (_) 8 ~ ,~ Severely 

308 1710 3908 1708 722 573 906 1231 1381 1247 1990 28 15554 
~ ~ Injured (57) (28) (42) (1 7) (3) (2) (2) (1) (-) (-) (-) (-) (1 52) 

Slightly 724 3206 9788 4828 2223 1845 3162 3593 3177 2176 2709 92 36929 
Injured (327) (103) (93) (39) (15) (8) (5) (2) (2) (-) (-) (-) (594) 

~®~ KHIed -- -- 14 221 67 21 31 47 53 41 104 -- 557 

~ ~ 

(-) (-) (11) (21) (6) (3) (-) (-) (-) (-) (1) (-) (42) 
Severely 4 10 259 7289 188 592 789 869 906 498 531 ’ 8 13592 o 

~ ~njured (4) (9) (!46) (633) (135) (26) (25) (10) (13) (7) (8) (-) (1016) 
~ ~ SHght~y 22 22 341 16119 4040 1338 1737 1861 1605 785 126 57 28653 
-~ ~ Injured (22) (21) (229) (1449) (375) (64) (51) (35) (17) (11) -JF- (3) (-) (2277) 
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Table 11. France (1980) 

Age Groups 0-4 5-9 10-13 14-15 16q7 18-19 20~24 25-34 35-44 45-54 55°64 _>65 Total 

~ Killed 2 46 85 30 22 13 29 68 66 74 66 149 656 

~ ~ Severely 14 424 773 395 252 136 186 371 325 370 322 467 4073 

~.(~ Injured 
Slightly 26 622 1718 1049 840 463 658 935 794 835 645 720 9360 

~ ~ Injured 
~ Killed      0 5 10 93 186 114 108 !29 95 180 136 191 1256 

; ~ Severely     4 22 171 2036 3662 1966 1531 1457 10t4 1275 940 761 14905 

......... ~ = Injured 
_.- , Slightly     31 59 420 5472 10910 5898 4765 4403 2755 2855 1690 1116 40513 

? ~ Injured 
JI-- 

Table 12. Great Britain (1981) 

Age Groups 0-4 5-9 10-14 15 16 17-19 20-29 30-39 40-49 50-59 60-69 _>70 Total 

~ Killed 5 13 68 18 15 29 19 17 18 32 23 53 310 

~ ~ Severely 19 547 1444 343 285 491 651 378 292 327 234 168 5179 

LC~ Injured 
Slightly 131 2216 7011 1775 1614 2577 3527 1890 1377 1302 908 600 24928 

-~ ~o Injured 

~-$ Killed 0 0 1 2 29 14 9 3 7 4 7 5 81 

~ Severely 0 0 26 24 1139 679 316 177 191 184 94 37 2867 

, Injured 
Slightly 0 1 31 25 29871885968 521 456446 168 67 7555 

~--~ Injured 

Table 13. Italy (1981) 

Age Groups -5 6-9 10-14 15-17 18-20 21-24 25-29 30-44 45-54 55-59 60-64 _>65 Total 

_ ~ __ 43 59 275 608 
r~ ~ Killed 20 48 18 6 8 12 33 65 

~ = (1) (-) (3) (-) (-) (-) (-) (-) (1) (-) (-) (-) (5) 

............ a. c~ Injured 40 368 1378 623 311 261 228 929 874 572 1797 154 8087 

........ (30) (27) (38) (39) (7) (4) (3) (5) (2) (1) (3) (4) (206) 

°~ 
~: Killed 

-- -- 48 181 49 25 13 70 97 68 47 183 800 

~ ~ 
3 4 8 21 6 3 -- 2 2 -- -- 2 57 

= ~ Injured 1 -- 2452 10870 4733 2078 1282 3028 2321 1080 780 1760 30889 

._m ~ (65) (93) (726) (1726) (625) (213) (75) (95) (39) (16) (11) (15) (3944) 

Table 14. The Netherlands (1981) 

Age Groups 0-4 5-9 10-t4 15-19 20-24 25-34 35-44 45-54 55-64 65-69 70~74 ->75 Tota~ 

Killed 1 t8 52 28 17 21 21 14 39 34 39 61 345 

(1) (3) (1) (-) (t) (1) (-) (-) (1) (-) (1) (2) (11) 
£ 209 227 260 4033 

-$ .~ Severely 18 323 830 638 266 325 279 287 364 

-o -5 Injured (20) (21) (16) (15) (6) (5) (3) (2) (2) (-) (-) (-) (90) 
n c~ Slightly 22 431 1686 1595 782 981 693 607 631 260 258 267 8252 

Injured (58) (64) (52) (69) (14) (12) (4) (3) (2) (-) (-) (1) (287) 

-~ ~ Killed -- -- 2 89 6 7 1 8 15 7 4 9 148 

~ ~ (-) (-) (1) (6) (-) (-) (-) (-) (1) (1) (1) (-) (10) 

~-~ Severely -- -- 48 2398 280 176 115 129 110 56 30 36 3381 

no~: Injured 
(-) (8) (39) (203) (22) (10) (2) (7) (7) (7) (1) (2) (312) 

~, Slightly 1 -- 44 5750 770 413 300 253 212 70 44 33 7914 

.=_~ Injured (2) (10) (122) (594) (69) (32) (16) (23) (20) (6) (2) (1) (932) 
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Table 15. Sweden (1981) 

AgeGroups 0-2 3-6 7-14 15-17 18-19 20~24 25-34 35-44 45-54 55-64 -->65 Ukn Total 

~ Killed -- -- 5 3 2 3 1 5 6 7 44 -- 76 ~ Severely -- 19 147 68 26 49 80 85 84 107 147 812 ~ ~. 
Injured 

~0 Slightly 1 24 288 150 72 121 223 166 146 147 167 6 1511 

~ Injured 
® Killed -- -- 5 13 2 1 --- 1 2 -- -- -- 32 

~ ~ 
Severely -- -- 46 254 11 9 6 11 17 17 -- -- 408 

~ :~ Injured 

~ ~ Slightly -- -- 48 441 18 12 18 14 17 30 3 -- 648 
~ 9 injured 

and over are three times more frequent than in the age With the exception of Italy, the number of fatalities in 
group of 10- to t 4-year-old riders of bicycles, the ratio for t he age group of 65 and over is generally much lower than 
severely injured accident victims being 1:2. Similar ratios in the case of cyclists. 
were found in The Netherlands. In Sweden and Italy, the Tables 16 to 21 show the number of accident victims 
comparison revealed still more unfavorable figures for per 100,000 inhabitants of each age group. High 
the elderly, frequencies and peak values are similar to those found in 

The number of accident victims among riders and the absolute number (with the exception of Sweden 
passengers of light-powered two-wheelers reach peak where fatality and injury peak values are reached in the 
~alues at a later age-the group of 15- to 17-year-olds. higher age groups of bicycle users). A striking fact, 
Compared with the bicycle riders age !0 to 14, the 

revealed byltalianandSwedishstatistics, is the fairly low 
~atalitiesdisplayed numbers that, onaverage, weretwo or fatality rate in the group of 10- to 14-year-old juveniles, 
three times as high. generally considered to be a particularly high-risk group. 

Table 1 6. Federal Republic of Germany (1981) 

AgeGroups 0-5 6-9 10-14 15-17 18-20 21-24 25--34 35-44 45-54 55-64 ->65 Total 

Killed 0.283 2,76 2.74 1,7 0.695 0.435 0,52 0.73 1.55 2.00 4.36 1.72 
100,000 

~ Severely/ 8.73 68.4 7816 53.71 23.91 15.57 10.95 13.41 18.19 21.10 20.84 25.25 

~ ~ 
100,000 

~ Slightly! 2051 128.24 195.76 !51.82 73.61 50.!3 382.3 39.14 41.86 36.82 28.37 59.95 
100,000 

~ Killed/ -- -- 0.28 6,95 2.22 0.57 0.375 0.512 0.698 0.694 1.09 0.904 ~ ~ lOO,OOO 
Severely/ 0.113 0.4 5.18 229.21 60.86 16,09 9.54 9.47 11.94 8.43 5.56 22.06 
Injured 
SHghdy/ 0623 0.88 6.82 506.89 133.77 36.36 21.00 20.27 21.15 13.28 7.60 46.51 
t 00,000 

Table 17. France (1980) 

Age Groups 0°4 5-9 10-13 14-15 16-17 18-19 20-24 25-34 35-44 45-54 55-64 ->65 Total 

100o000 

~ Severely/ 
04 104 23,3 24.6 14.5 80 4.4 4.3 5.4 5,8 6.5 6.2 7.6 lOO, OOO 

~D Slightly/ 07 153 51.8 65.2 48.3 27,3 156 10,9 13.2 13,0 13,1 9.6 17,4 
100,000 

~ ~ Killed/ -- 0.1 0.3 5.8 10.7 6.7 2.6 1.5 1.6 2.8 2.8 2.6 2.3 ~ ~ lOO, OOO 

i~: 210.6 115.9 36.3 17,0 16.8 19.9 19.1 10,2 27,7 
Severely/ 0,5 5.2 126.6 

~_, ~ lOO, OOO 
.E ~ Slightly/ 0.8 1.5 12.7 340.3 627.4 347.8 113.0 51.3 45.7 44.6 34.3 14.9 75.2 
_~ ~ 100,000 
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Table 18. Great Britain (1981) 

Age Groups 0-4 5-9 10-14 15 16 t7-19 20-29 30-39 40-49 50-59 60-69 >_70 Total 

~ Killed/ 0.2 0~3 1.6 2.0 1.6 1.1 0.3 0.2 0.3 0.5 0.4 1.0 0,6 

.~ 100,000 

~ Severely/ 0.6 14.4 33.3 37.4 31,1 18.6 8.4 5,1 4.8 5.1 4.3 3.1 9.5 
w 100,000 

Slightly/ 4.0 58.5 161.5 193.8 176.4 97.6 45.7 25.7 22.4 20.3 16.5 11.1 45.8 

100,000 
.... ~ ~ Killed/ 0 0 <0.1 0.2 3.2 0.5 0,1 <0.1 0.1 0,1 0.1 0.1 0.1 

........ ~ I 00,000 

o ~ Severely! 0 0 0,6 2.6 124.5 25,7 4.1 2.4 3.1 2.9 1,7 0,7 5,3 

~, ~ lOO, OOO 
,Ec~ 

~ 
, Slightly/ 0 <0.1 0.7 2.7 326.4 71.4 12.5 7,1 7.4 7.0 3,0 1.2 13.9 

L3 ~- 100,000 

Table 19. Italy (1980) 

Age Groups 0-5 6-9 10-14 15-17 !8-20 21-24 25-29 30-44 45-54 55-59 60-64 ->65 Total 

I ~ Killed! 0.1 0.6 0,9 0.5 0.3 0.5 0.1 0,3 0.9 1.2 2.1 4,2 1.1 

I~ 1oo.ooo 
Injured/ 1,2 13,1 29.2 21.2 12.3 7.3 5.8 7.9 13.1 18.1 28.1 23.2 14,3 

ia. ~D 100,000 

I ~ ~ Killed/ 0,05 0.1 1.1 5.4 2.8 0.9 0.4 0.6 1.4 2.0 2.6 2,7 1.5 
io,-" 

1 i~_ ~ oo,ooo 
|~ 6 Injured/ 0.09 0.1 49.1 374.4 175.7 57.1 32.3 27.6 32.7 35.1 32.7 22.0 52.8 

I I00,000 
Table 20. The Netherlands (1981) 

Age Groups 0-4 5-9 10-14 15-19 20-24 25-34 35-44 45-54 55~64 65-69 70-74 >_75 Total 

Killed/ 0.23 2.16 4.36 2,23 1.47 0.94 1.09 0.93 3.03 6.22 8.87 9.40 2.49 

~ 100,000 
............. "~ - Severely/ 4,27 35,41 69.66 51.92 22.13 14.03 15.28 19.18 27.60 38.23 50.31 38.79 28.86 

a. ,,~ 100,000 
Slightly/ 8.99 50.95 143.12 132.3 62.67 42.25 37.70 40.46 47.69 47.56 57.18 39.98 5976 

100,000 
-- -- 0.25 7.55 0.49 0.30 0,12 0.53 1.20 1.46 1.11 1,34 1,11 

~ Kilted/ 
~ -$ 100,000 

~o ~: Severely/ -- 0.82 7.16 206.8 24.58 7.92 6.38 9.00 8.72 11.52 6,78 567 25,85 

o_ ~ 1OO, OOO 
~ _~ Slightly/ 0.33 10.29 13.66 504.5 68.29 18,94 17.03 17.30 17.26 13.90 10.19 5,06 6t~91 

m ~ 100,000 

Table 21. Sweden (1981) 

Age Groups 0-2 3-6 7-14 15-17 18-19 20-24 25-34 35-44 45-54 55-64 ~65 Total 

Killed/ -- -- 0,55 0.81 0.91 0.55 0.08 0,43 0.68 0,72 4~69 0.91 

100,000 
~ Severely/ -- 4.81 16.30 18.38 11,60 8.94 6.59 7.42 9.52 t t .03 15.67 9~76 

1oo,ooo 
~. ~ Slightly/ 0.35 6.08 31.93 40,54 32.14 22.08 18.37 14.49 1655 15,15 t7.80 18.1 

100,000 
-~ ~ Killed/ -- -- 0.55 3.51 0~89 0.18 -- 0.08 0.22 -- -- 032 

~’ 100,000 
~ Severely/ ~ ~ 5.10 68.65 4.91 1.64 0.49 0.96 1.93 1.75 ~ 490 

Z  oo, ooo 
’ Slightly/ -- -- 5,32 119.2 8.04 2.19 1.48 1,22 1.93 3,09 0.32 779 

1167 



Experimental Safety Vehicles 

Compared with these numbers, the increased fatality rate 
for the elderly, especially in the age group of 65 and over, 
should be noted in particular. 

Figures 11 and 12 show population-based numbers of 
casualties enabling a comparison between the participating 
countries. The number of killed and injured pedal cyclists 
is given in Figure 11 and the number of killed and injured 
~sers of light-powered two-wheelers in Figure 12. 

Extremely high casualty figures for pedal cyclists arei~ .... 

displayed by The Netherlands and the Federal Republic .... 
of Germany. This applies to all degrees of injury severity 
but particularly to the group of severe injuries. Once 
more, the diagrams are evidence that the proportion of 
persons age 65 and over increases disproportionally with 
increasing injury severity, Great Britain being the                ’~’ 

exception. 
The variation in the number of casualties per 100,000 

inhabitants for users of light-powered two-wheelers is not 
as large as for pedal cyclists. They are narrowly ....... 
concentrated around the age group of the 16-year-olds. 

’° ~ ~ ~ ~ .... ~ Figure 12. Killed and injured users of light-powered two- 
wheelers per 100,000 inhabitants/age group 
(dotted line for age 70 stands for age group 

65 and over) 

France, The Netherlands, and the Federal Republic of 
........ .2:..~_..~ Germany display the highest figures in all these accidents. 

; ....... : ......... 1 v, France, in particular, displays a remarkable death rate 
~ for the age group of over 40. 

Unreported Accidents 

The most important systematic error in all national 
~ - ..... accident statistics results from the material damage and 
~’ ,,~ injury accidents not reported. These so-called unreported 
~ accidents can reach considerable values, particularly with 

decreasing accident severity. Various studies have been 
consulted. 

,o ~o ~ ~ ~ ® ~o ~ Sweden 

Figure 11. Killed and injured pedal cyclists per 100,000 Roosmarki Fraki(11) and Thorsoni Sande(12) con- 
inhabitants/age group (dotted line for age 70 cluded that on the whole not more than half of the traffic 
stands for age group 65 and over) casualties are reported in the national accident statistics. 
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In the case of material damage, unreported numbers are (police information/hospital information) is in vehicle 

estimated at 85 percent even. categories and pedestrians: 

Based on a regional study in GtSteburg, Bunketorp(18) 
determined a correction factor to describe the relationship 
between the overall number of accidents and those 

Car occupants    Mopeds Bicycles Pedestrians 

recorded by the police. For fatal accidents, a factor of 1.0 | 98 percent 97 percent 82 percent 78 percent 

was found; for severe injury accidents, 1.4; and for light 
injury cases, 1.8. This corresponds to unreported rates of 
0 percent for fatal accidents, 29 percent for severe injury 

........... cases, and 45 percent for light injury accidents. Germany 

A study conducted by Lenhardt(17) in 1982 (still 
Denmark unpublished) was based on approximately 4,000 accidents 

and arrived at an estimated percentage of unreported 
Nordentoft(13) revealed in 1972 in the Odense area an numbers of about 54 percent. The number of unreported 

..... estimation of unreported injured accident victims of ....... cases drops with increasing severity. The proportion of 
more than 60 percent. Unreported numbers are reportedly unreported fatalities is estimated at 4.8 percent; in the 
particularly high in single-vehicle injury accidents. case of severely injured accident victims, 22.3 percent; 

and in that of slightly injured victims, 37.5 percent. The 

Switzerland global estimate of 54 percent comprises material damage 
accidents. A breakdown in vehicle categories and 

........ Hehlen(14) reports a high percentage inside urban pedestrians has not been undertaken. 

areas at 70 percent and outside urban areas at 63 percent. 
The unreported accidents of cyclists were estimated at 81 Great Britain 
percent, and for mofa riders at 74 percent. 

Pedder(19) revealed the number of unreported accidents 

The Netherlands shown in Table 22. The figures are based on data 
collected by Pedder (1977-78) and Bul! (1973) at 

A study on unreported numbers, published in 1982, Birmingham Accident Hospital and by Hobbs at a 

was conducted in The Netherlands(16). This study was hospital in Berkshire. 

Table 22. Casualties in nonreported accidents 

Two-wheeled Motor Vehicles Pedal Cycle 

Slightly Seriously Total Sample Slightly Seriously Total Sample 

Injured Injured Size1 Injured Injured Size1 
% % % % 

Pedder(12) 58 29 540 91 83 459 

B ull(13) 37 28 145 81 65 145 

Hobbs(8) 45 27 754 71 59 488 

1 Fatalities have been excluded 

based on the period 1977-79 and revealed the proportion The comparison shows how difficult it is for a regional 

of unreported numbers appeared to have remained study of this nature to arrive at a conclusive result of 

unchanged over the entire period. A comparison with general validity. The year of data collection (Pedder: 

police accident records for 1979 showed that, in the case 1977-78; Bull: 1973) and the legal framework and social 

of accident victims hospitalized as a consequence of their conditions applying therewith certainly would atso affect 

accidents, only 17 percent appear to remain unreported, an interpretation of the large differences found in the 

The underreporting seems to be a function ofthe mode of estimates, but also differences in sample sizes of the 

transport. The CBSiSMR ratio of reported accidents studies may contribute. 
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Injury Severity and Hospitalization of Users of periods of in-patient treatment (including complications 

Two-w’heelers (IncLuding an Approach to an or not) as stated on the last line in Table 23. 

Overal! Economic Assessment) For calculating costs of treatment, the average length 

of hospitalization in each AIS group was linked with the 
It has generally been found that data are not collected hospital cost per day charged currently by the Medical 

on a national scale in any of the participating countries University of Hanover (DM 310). The cost of medical 
on the various degrees of injury severity and length of treatment for users of motorized two-wheelers involved 
in-patient treatment. The research findings available are in injury accidents with resulting injuries of the OAIS 2 
results of regional studies and thus involve the problem of category (without complications) are thus estimated at 
translation to be of vatue at a national level. DM 3,950. If complications have to be considered in 

A thorough analysis would have to consider also the addition, the costs rise to DM 10,000 (base: 123 cases). 
economic significance of human accident costs, which, A survey concerning the length of hospitalization in 
apart from hospital costs (during the period of a victim’s relation to the severity of injuries (MAIS) can be found in 
hospitalization), also include the production loss during a study by Danner(23). One remarkable result of the 
the period of a victim’s inability to work (involving a study is that the high number of leg injuries with long 
much larger time and cost factor than the period of treatment periods are dominating at the injury scale 
treatment as an in-patient). However. these are aspects MAIS 3, whereas, at MAIS 4 and 5, head injuries 
that would be outside the scope of a regional study on a determine the injury pattern (Table 24). 
medical treatment facility concentrating on the clas- A studyconducted by Krupp(24) describes the periods 
sification of ipOuries into appropriate categories (e.g., of hospitalization and resulting costs for severely injured 
AIS, OA1S, MAIS). riders of bicycles and motorized two-wheelers. The 

For the Federal Republic of Germany, first hints for an medical treatment costs and the costs with a breakdown 
analysis of the time and cost factors involved in treating into categories accounting for the absence and presence 
accident victims are found in studies conducted by of effects on earning capacity, as estimated by health 
Otte(21) and in the comparison of Otte’s findings with the insurance companies or insurance companies for oc- 
results obtained by Willeke(22). In Tabte 23, the periods cupational accidents, are found in Table 25. 

Table 23. Length of hospitalization in days related to OAIS 

OAIS 1 2 3 4 5 6 

All Road users According to 3 16 42 59 53 5 
Witleke 
According to 
Otte -- 13 31 32 -- -- 
(without com- 
plications) 

Users of Two- According to 
Wheelers Otte --o 33 80 58 -- 6 

(with compli- 
~i = t 23 cases cations) 

According to 
Otte --- 35 83 87 -- -- 
(Sum total of 
Days of in-patient 
treatment) 

Users of two- According to 
Wheelers Otte 3 16 32 39 29 1 
21 = 282 cases on average 

Table 24. Length of hospitalization of injured motor- 

of hospitalization relating to various degrees of injury 
cyclists (base: 275 cases) (23) 

severity’(OAIS) are shown (on average in terms of days). MAIS MAIS MAIS MAIS MAIS MAtS 
Note that Willeke’s study is based on an all-road-user Time in Hospital 1 2 3 4 5 6 

sample, whereas Otte concentrated on the users of two- u~ to 2 weeks 29 36 9 -- t 2 

wheelers only. The term "sum total of days of in-patient up to 2 ,~omr, s 4 55 60 10 9 - 
treatment" may include readmittance to the hospital, 

Up to 1 year I 5 37 10 5 where necessary. The number of cases studied here was 

t23. Based on 282 case studies, Otte arrived at average Over 1 year 
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Table 25. Time and cost factors involved in hospitaliza- In addition, the number of vehicles per 100,000 inhabitants 
tion with and without effect on earning needs to be considered both in the evaluation of the 
capacity (24) number of accidents and in the assessment of relative 

Users of bicycles Motorized accident numbers. Due to the complex nature of the 
Two-Wheelers 

Without effects With effects Without With relationships and the basically different definitions given, 
on earning on earning e.g., of light-powered two-wheelers, a ranking of the 

capac*ty capac*ty 
countries by their rates of injured accident victims was 

Length of 
In-patient 11 34 11 43 refrained from in this conjunction. 
Treatment* With respect to the number of unreported accidents, 
Costs 1,800 5,900 1,900 7,800 

tDM) there is still the problem of translating the results of 
regional studies to the conditions at a national level. On 

o~,~ 
the whole, it was found that the percentages of unreported 

A survey among nearly all hospitals in The Nether- accidents tend to increase with decreasing injury severity. 
lands(25) shows as a result the following average number No statistically supported findings on a national level 
of days in hospital for bicyclists and users of powered can be given on the correlation between injury severity 

..... two-wheelers: bicyclists, 18 days; moped riders, 20 days; and periods of hospitalization. Only initial data material 
....... motorcyclists, 20 days. The average total costs per patient is available from regional studies. 

do not differ as much: bicyclists, 6,200 HFL; moped 
riders, 6,900 HFL; motorcyclists, 6,800 HFL 

In the TRRL study by Hobbs(15), the period of National Statistical Data--Sources 

hospitalization and degrees of accident severity are 
considered separately for cyclists and users of motorized ¯ Federal Republic of Germany: Strassenverkehr- 

........ two-wheelers. In the case of cyclists, the degrees of injury sunf~lle; Verkehr, Fachserie 8, Reihe 3,3, 1982, 

severity fall primarily into the AIS 2 and 3 categories. On Statistisches Bundesambt Wiesbaden 

account of the limited number of case studies, the periods ¯ The Netherlands: Statistiek van de verkeerson- 

of hospitalization were classified into those of less or gevallen op de openbare weg--1981, Centraal 

greater than 2 days. The group of accident victims with Bureau voor de Statistiek, 1983 

injuries in the A1S 2 category mainly involved periods of ¯ Sweden: Road traffic accidents with personal 

in-patient treatment of_< 2 days (57 out of 83 cases). In injury, 1981 Statistics, Sweden, Stockholm, 1982 

the case of injuries of the A1S 3 category, the period of * Italy: Statistica degli incidenti stradali edizione 

hospitalization is clearly greater than 2 days (in 22 out of 1981, Instituto Centrale di Statistica, Roma, 

29 cases). In 57 out of 85 cases, accident victims in the 1982 

user group of motorized two-wheelers, whose injuries ¯ Great Britain:"Accidents in Great Britain 198!," 

had been classified as corresponding to AIS 2, had to Department of Transport, 1982 

undergo hospital treatments of_< 2 days. The peak value 
reached by the injury cases of the AIS 3 category also 
exceeds 2 days of hospitalization by far: between 1 t and 2.Detailed Description of Bicycle and 
20 days in 27 out of 100 cases. Injury cases corresponding Light-powered Two-wheeler Accidents 
to AIS categories other than 2 or 3 were so few that 
statistically significant information was not obtained. 

This section deals with more detailed data of bicycle 
and light-powered two-wheeler accidents, such as collision 

Summary 
partners, collision types, resulting injuries, and speed at 

This chapter presents a survey of the national accident impact. These data are in general not available from 

statistics of the countries represented in the working national statistics. Therefore, most of the information is 

group. The frequencies of injuries of cyclists and users of obtained through special accident studies. 

light-powered two-wheelers are considered at greater Nevertheless, as is the case in The Netherlands, useful 

depth. At the beginning, the numbers of registered and more detailed information is gathered on a national 

vehiclesarepresentedandthedefinitionsofabicycleand base by the police and computerized at the Road 

a light-powered two-wheeler, as applicable in the various Accident Record Office (VOR). To give direction to the 

countries, are summarized. In the case of the numbers of injury-prevention research of bicyclists and moped riders, 

injured accident victims, given as overall figures and with some priorities in the distribution of accident and 

a breakdown by vehicle categories, the distributions are collision types are made in The Netherlands(34). Many 

fairly heterogeneous and often alsodisplayfallingtrends, criteria may be used for this, but for some practical 

in particular in the case of fatalities, reasons magnitude and severity were used. 

A considerationofthedevelopmentofvehiclenumbers For magnitude, the number of killed and severely 

in each vehicle category needs to be included in the study, inj ured road users is used. Severity of road accidents is a 
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very complex term. Many dimensions are involved, such Group 7 about pedestrian injury accidents, was not found 
as damage, injury, cost of delays, etc. In injury-prevention in literature. 
research, the injury dimension of accident severity is 
used. But injury can also be distinguished in place, 
nature, and severity. Accident Type 

Injury severity is also complex and can be defined by 
threat to life, disability, etc. Scaling with the Abbreviated The particular combination of a two-wheeler and its 

collision opponent is called accident type (for instance, Injurb Scale (AIS) seems to be the most appropriate, 
although there is some concern about the influence of bicycle-car, moped-car, moped-HGV vehicle). The dis, 

tribution of collision opponents will depend on the tong-term effects on the scaling(30). For the Dutch 
severity class of injuries considered; therefore, a large accident situation, only the number of killed or severely 
variety of distributions in the various studies may be injured road users for the accident and collision types 
noticed. were available. Therefore, as a criterion for injury 

severity, lethality was used. (Lethality = 100 X number of 
killed/(number of killed + number of severely injured.) Great Britain 

There is a general problem concerning the accident 
data o1" different countries with regard to motorized two- The distribution of collision opponents (motor vehicles 
~ heelers. In most cases, this group cannot be divided into only) for bicyclists according to (33) is: 
motorcycles and mopeds: the latter may even contain 
several types. This is needed for a proper comparison of 

Car and taxi 75% the data since the distribution of these two groups differs Light 9oods vehicle 9% 
considerably for the different countries. Heavy 9oods vehicle 3% 

Another more general problem in comparing the Medium goods vehicle 1.5% 
results of the different accident studies is caused by Others 11.5% 
sample differences, e.g., the large differences in under- 
reporting figures for the different countries as shown The group consists of accidents in 1974, reported by the 
earlier. In The Netherlands, the reporting of killed and police. There is no information about the collision 
severely injured road users is complete enough information partners of mopeds. 
to indicate priorities in injury-prevention research. More recent information (!980) from national statis- 

This section starts with a description of collision tics(42) about accident types of two,wheeler casualties 
opponents of the two-wheeler riders, with respect to kind reported to the police, excluding accidents with three or 
of opponent (accident type) and with respect to collision more vehicles, is given in Table 26. The car is the most 
direction (collision type), with some information about frequent collision partner in bicycle and two-wheeled 
the maneuver of the collision opponents just before the motor vehicle accidents (73.1 percent; 60.3 percent) 
accident, followed by the light goods vehicle and two-wheeled 

The resulting injuries (injury pattern) will be described, motor vehicle for the bicyclist (6.1 percent; 6.1 percent) 
followed by a review of the impact speed, as mentioned in and the light goods vehicle for the two-wheeled motor 
a number of accident studies. Information about braking vehicle rider (4.8 percent). 
(of the collision partners) before, during, or after the The share of single-vehicle accidents (no pedestrian 
collision, as described in the report of EEVC Working involved) for two-wheeled motor vehicle users is much 

Table 26. Number of two-wheeler casualties (all severities) reported to police for different accident types in Great Britain 

(1980), Department of Transport (42) 

Single Vehicle Two Vehicle 

No Perle- With Pede- Pedal Two-Wheeled Car Bus or Light Heavy 
str~an strian Cycle Motor Coach Goods Goods 

Vehicle Vehicle Vehicle Total 

Peda~ Cycle        1794 t 40 229 1,411 17013 457 1,433 807 23,284 
User (7~7%) (0~6) (1 0) (6.1) (7& 1 ) (2,0) (6.1) (3.5) 

Two-Wheeled 
Motor Vehicle      15,522 1950 765 2,434 39,428 615 3,146 1,504 65,364 
User (237%) (3.0) (1.2) (3.7) (60.3) (0.0) (4.8) (2.3) 

~xcll~des three or more vehicle accidet~ts a~r~ accidenls where details are not knowi~ 
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higher (23.7 percent) than for the pedal cycle users (7.7 

percent). In fact, these shares will probably be much (A) Killed Severely Injured 

larger due to the already mentioned underreporting. 
Bicyclist 89% 79% 
Moped rider 72% 78% 

(B ] ) The shares for bicyclists and moped riders are 
Germany 

identical: 
Killed Severely injured 

A distribution of collision partners in Germany for 4% 8% 

1982 is given in Table 27. 

The group consists of killed road users in a single- (B2) Killed Severely Injured 

vehicle accident or in collision with a car or an HGV. The 
Bicyclists 1% 3% 
Moped Rider    17%          7% 

table shows that. in collisions with another road user. the 

car in most cases is the collision partner (55 percent for (el 5 to 10% The group defined in A will be 

bicyclists and 57 percent for motorized two-wheeler considered for the distribution of 

riders). Single-vehicle accidents occur more often with 
collision partners 
The results for 1979 are shown in 

motorized two-wheeler riders (13 percent) than with Table 28 and visualized in Figures 1 
bicyclists (11 percent), and 2. 

Table 27. Number of killed bicyclists and light powered two-wheeler riders for 
different accident types in Germany (1982) 

Accidents with Two Participants Single Total Number 
Vehicle of Killed 
Acci dents 

1982 Car Vans and HGV’s 

Bicycle 598 127 116 1,085 

Mofa!Moped 305 57 71 543 

Source: BASt 

The Netherlands Fatalities The car is the most freq uent collision partner 

for bicyclists (62 percent) and moped riders (48 percent). 

The second most frequent collision partner is the HGV: 
The Dutch data of the distribution of accident and 23 percent for bicyclists and 21 percent for moped riders. 

collision types based on police information for 1978 and Severely Injured--For the severely injured, the car is also 
1979 are available separately for fatal two-wheeler 

the most frequent collision partner for bicyclists (69 
accidents and for accidents in which the two-wheeler 

percent) and for moped riders (74 percent). The second 
riders were taken into hospitals for at least 1 day. 

most frequent collision partner is the moped for bicyclists 
The data were coded by the Dienst Verkeersongevallen 

(10 percent l and for moped riders themselves (7 percent), 
Registratie (VOR), manipulated by SWOV. and reported 

together with the HGV (7 percent) for moped riders. 
by Huijbers(34). These accidents are very well reported as 

When lethality ~s used as a severity criterion, the 
already stated: almost 100 percent of the two-wheeler collision with a tram or train has a high severity because 
fatalities and 80 percent of the hospitalized casualties are 

there are few registered severely injured patients. But the 
reported by the police(35), 

number of these accidents is small. For bicyclists, the 
The bicycle and moped accidents can be divided into 

collision with an HGV has the next priority, followed by 
the following groups: the collision with a delivery van. The collision with a car 

(A) Accidents with a pedestrian or a parked or 
does not seem to be as severe. For moped riders, the 

moving vehicle 
collision with a motorcvcle Cot a scooter) has the next 

(B) Accidents with no other vehicle or pedestrian prmrity, followed by HGV’s and delivery vans. The 
involved, divided into (1) collision without 

collision with the car does not seem to be relatively as 
obstacle (tree, pole. animal, etc.), and (2) collision 

with an obstacle 
severe (Figures 13 and 141. 

(C) Multi- (> 2) vehicle accidents United States of America 
For 1979. the total number of killed and severely 

injured bicyclists and moped riders is divided over these In Cross(28), a distribution from the United States is 

groups: given. This group consists of bicycle casualties. In 87 
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Table 28. Distribution of accident types resulting in killed and severely injured cyclists and moped riders; lethality of 
the various accident types (34) 

Casualties Bicyclist Moped Rider 
in 
Collision With % Killed % ImPatients "Lethality" % Killed % In-Patients "Lethality" 

Car 62 69 9.2 48 74 2.6 
Delivery Van 5 4 !2.1 8 4 7.3 
Heavy Goods 
Vehicle 23 5 34,2 21 7 11.2 
Motor/Scooter 3 3 9,8 5 1 17.9 
Train or Tram 2 -- 54,5 10 -- 56.5 
Bicycle -- 6 0,0 -- 3 0.0 
Moped 3 10 3,1 4 7 2.2 
Other 2 Wheelers ...... 
Pedestrians -- 1 0.0 -- 2 7.4 
Others 2 2 10,1 4 2 -- 
Total 100% 100% -- 100% 100% -- 
N Total 349 3,082 -- 131 3.169 -- 

~ percent of the cases, the car was the collision opponent; in 
’i~ 11OO 100 

9 percent, it was a pick-up or van. 

0, ,o ~o~ Collision Type 

a *oi 
°° 

~ i "° A collision type is a particular combination of impact 

o~. sites of the two-wheeler and its collision opponent (for 
t ~°~ 

so 
t t ~o instance, front of a two-wheeler against the side of a car). 

,o~ .... 
The different collision types will probably result in 

=o~ ~o =o [~ different impact places on the body; for some types 

~o4"~ ~o ~o_~ 

~ 

caused by the car and for others by the two-wheeler. This 

may cause different injury patterns. 

This paragraph deals mainly with the car-to-bicycle, 
° ° car-to-moped, HGV-to-bicycle, and HGV-to-moped 

~ ..... 
o -,-, _ °:’ "~"’~ ’ ~""°~°~’~ ~ ::’’’ accident types. As far as possible, collision type or 

Figure 13. Priorities within the various accident types impacted sites of two-wheelers and opponents are given, 

resulting in killed and severly injured as specified in the different accident studies. Comparison 
bicyclists(34) of the results of these different studies is clearly limited 

due to sampling differences, as mentioned earlier. 

Great Britain 

"° Whitaker(40) gives a summary of impact sites on 

’~ motorized two-wheelers. Frontal impacts occur in 59 

~ ~ ~o percent, followed by lateral impacts in 38 percent of the 

cases. More left-side than right-side impacts were found. 

t ’°~ ~ t I ’° No information is given on the impacted sites of the 
,o~ ,o ,o 

collision opponent. 
~o~ ao ao Riley(42) studies fatal accidents involving HGV’s: 37 

~, =o ~o percent of the bicyclists hit the front of an HGV, 57 

: __~~-~ 

percent the side, and only 2 percent the rear end. There is 

no information about the impacted site of the bicycle. 

.~._’~ 2 Germany 
Figure 14. Priorities within the various accident types 

resulting in killed and severely injured Otte(37) states that in bicycle-to-car accidents 46 

moped riders1341 percent of all casualties occur with collision type front of 
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car-side of bicyclist, followed by the collision type front 

of car-rear end of bicyclist (20 percent) (Figures !5 and [~] LIGHr-POWERIED TWO’WHEELIER$ 

!6). 
~ ~,cYc~ 

.... In a frontal collision (front of car-front of bicyclist), 17 

~=,.,~ percent of the persoqs were killed or injured; in side :::::::::::<:<::: ............. 

collisions (side of car-front of bicyclist), 15 percent of the 

casualties occurred. The distribution of some collision 

types causing casualties for motorized two-wheelers is 28 

percent in collision type front of car-side of motorized 

.......... two-wheeler, 24 percent in collision type front of car- ~ 

front of motorized two-wheeler, and 2l percent in 

collision type side of car-front of motorized two-wheeler. Figure 17. Heavy goods vehicle region contracted by 
bicycle or light-powered two-wheelers(44) 

,=,,.,~,~, 

~ 
~ 

j 
nearly equal proportions. For the light-powered two- 

~ ~ ~ "v ~ ..... ,,] 
wheelers, the contribution is a little more homogeneous 

~ ~; ~ ~ ~ 2 
,, I ~ 

(Figure l7). 

~ 36 28 -- 32 ~ 3 ............. 

~ 
[ The Nether~nds 

~ ~ E ~ .... ~ ........ ~ ~ .... ~ 
For the Dutch accident situation, priorities for injury- 

[~ ~ @ =,,o ~ ..... .,~ ~,~ prevention research within the distribution of collision 

types (1978/1979) were based on the criteria of magnitude 

......... ,,= ~ ~j and severity (lethality). The collisions were categorized in 

~ some collision types (Figure 18) 

Figure 15. Distribution of two-wheeler collision types     Bieyele-to-enr Accidents(Figure 19)--Mostofthecyclists 
...... in motorized crashes(37) were hit in the side by the front of the car (type FI): 65 

.... percent of those killed and 60 percent of the severely 

injured. The left side of the bicycle was hit twice as much 

~ ~ -~ as the right side. The other collision types did not occur as 

............. " ~ ~ ~ 
~ ’ ~ ~--    -- 

~ ......... 
~ 

much;ofthese, the types F2 and F3 were most important. 
~ , The collision with the side of the car happened most of 

.... .......... 7 .... ~ ~= ~ .... / ~ ~ the time with the front of the bicycle (type S1): in 10 
(,s.~ (,~.=,~ (,~.,,~ (~,~ I (=’~ . percent of the cases with severely ip~jured cyclists. With 

.............. (.~.,~, (,~.~,~ (,,.~,.~ (~,~,~ (=,~ j lethality as a criterion, collision type F3 (front of car-rear 

’,’ f ".~ ~ : end of bicycle) was the most severe. 

~ ~~     7 ~.9 ~ ~,, ~ =~,~ ! Moped-to-car Accidents (Figure 20)-- In moped-to-car 

~ T~ .... / .... V .... ~ .... ~ accidents, the collision type F l (front of car-side of 

~,~ ~ ~~ ~ 

--’* ~] --’" ~ .... ~’~ ~ ~.~ ~’~ moped) dominated, too: 62 percent of the killed moped 

~i ,.~ ~ ~ ~, ~ ~,, riders. The severely injured moped riders were hit nearly 

Figure ~6. Distribution of two-wheeler collision WOes 
in bicgcle crash~slaTI                                ~ 

Fr°m this inf°rmati°n’ it seems the distributi°n °f the --=~ ~ collision types for the motorized two-wheeler-to-car 

accidents is much more homogeneous than the distribution F~ F2 

of the bicycle-to-car accidents. The collision type front of 

car-rear of two-wheeler occurs relatively often for the Sl 82 
bicyclist but not for the motorizedtwo-wheeler, The 

-- --~-- 
~ 

distribution of collision types for HGV’s can be seen in a 
-- ~ ~1 

study of the HUK-Verband, Bqro for Kfz-Technik, 

which treats the problem of truck accidents(44). 

In almost 80 percent of all bicycle accidents, the 

contact area on the truck was the front or the right side in Figure 18. Definition of specific collision 
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d~ -150 
~ol ~o ~ot dn ~493 

~ol ~o 

wn ~337 

Figure 19. Priorities within the various collision types     Figure 21. Priorities within the various collision types 
for bicycle-to-car collisions(34)                            for cycle-to-HGV collisions(34) 

severely injured cyclists (1 ! percent). The collision types 
F2, F3, $2, and R2 have nearly the same and highest 
lethality. 

Moped-to-HGV Accidents (Figure 22)--The collision 

type distribution for this accident type is more or tess 

~ ~o}    *~ "~ homogeneous. Collision type FI dominated for killed 

moped riders, but the collisions with the front of HGV’s 

[[~ 
(F 1 and F2) happen nearly as frequently as the collision 

with the rear end (R1) for the severely injured moped 

’~ riders (28 percent), followed by the collision with the side 
,o of the HGV (S1). 

~ ~ ~@ The collision type side of moped-side of HGV ($2) 

..... ~ ............ seems to be the most severe, followed by F1. 

= rmmber of people killed wn = number of people injured ............. 

g{~ura 20. Pdoritias within the various oollision Wpas ~, ’~ 
~or moped-to-car collisions{~4} ~ ,~ 

as often sideways (F1) as frontal (F2) by the front of the ,o~ .... ~ ~. 
car (39 percent; 3 l percent). Frontal collisions with the ~ .ol ~ ~ ,o~ ,~ 
side of the car happened nearly as frequently for the killed 

moped rider (13 percent) as for the severely injured. The ] ~"l ~ ~ 
4oi ~ ao 1 

collision type F3, where the front of the car hit the rear 

end of the moped, did not occur as much as for cyclists (3 
~o~ .... ~ 

percent killed; 1 percent severely injured), although this ,o~~ .... 
collision type had the highest lethality in analogy with the ,~, ’~ 

bicycle-to-car accident. The opposite rear-end collision o,~. 

(R1) happened for 10 percent of the severely injured ~’ " 

moped riders. The lethality from this type was minimal d~ = number of people killed wn = number of people injured 

because there were no killed moped riders registered in Rgure 22. Proiriti~s within the various oolli~ion 
his collision type. Ior moped-to-HGV collision,{a4} 

Bicycle-to-HGV Accidents (Figure 21)--The collision 

font of HGV-to-side of bicycle (F1) happened most 

frequently (42 percent for killed and severely injured 

cyclists). The second most frequent collision type was F2 United States of Amerie~ 
(front of H G V-to-front of bicycle) for killed (19 percent) 

and S t (side of HGV-to-front of bicycle) for severely Data from the United States about impact points from 

iRiured cyclists (18 percent). The frontal co!lision with the car-to-bicycle crashes in Roland(39) show nearly the 

rear end of the HGV (R 1) happened relatively often with same pattern as in The Netherlands: 
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Car Bicycle 
] Front 63.2% 25,6% 

[ Left side 107% 49.6% 
Right side 23.4% 21.2% 
Rear 1.9% 3.6% 

The sides of the car are struck more frequently than in Left Side 

The Netherlands. This may be due to differences in injury 

severity in the samples. There is no information about 

collision types.                                                                   ...~ 

Maneuvers 
Figure 23, Motor vehicle region contacted by bicycle/- 

bicyclist (702 cases)(39) 

The majority of accidents involving cyclists and light- 

powered two-wheeler riders in urban areas take place at 

road junctions(45). In Great Britain, accident statistics 

show that nearly two-thirds of injury accidents involving 

a pedal cycle occur at junctions(46). Rtght S!~e 
In a study of accidents occurring at intersections, the 

Danish Council of Road Safety Research(47) found that, 

for urban accidents involving a bicycle and another 

vehicle, the most frequent maneuver type was where each 

was traveling on a different road before the collision. This 

was also the finding in a British study of national accident 
25.,~~. 

statistics. According to Gauss(44), nearly 45 percent of ~=1~0 --" 
the HGV-to-two-wheeler accidents happened when one 

of the vehicles was changing direction. Figure 24. Bicycle region contacted by motor vehicle 
(702 cases)(39) 

Injuries 
Differences with respect to accident type (some 

For injury-prevention research, injury is the most studies contain all accident types, some only 

important output variable in the accident system. Injury collisions with cars, some only specific collision 

can be described in terms of place, nature, and severity, types) 

These three dimensions are described in literature, mostly What matters are the main tendencies, common for all 

separately, studies, and the differences and similarities within separate 

The place of the injury is reported in most of the studies between injuries of bicyclists and moped riders 

studies, sometimes in relation to severity. Severity is (motorized two-wheeler riders). It seems obvious that 

mostly scored with the Abbreviated Injury Scale (AIS) injury distributions are dependent on accident and 

system. Injury severity is a complex term. Probability of collision types because of differences in relative impact 

death but also temporal or permanent impairment will speed and impacted body areas. Therefore, as already 

influence severity. The role of these long-term con- stated, comparisons have to be made carefully. 

sequences inthe AIS is under discussion, in particular for When all injuries are considered, Pedder(38), 

pedestrian injuries(30). Whitaker(40), Otte(37), and Grattan(31) state that arms 

Whether this is also important for bicyclist or light- and legs are the most frequently injured body areas, 

powered two-wheeler rider injuries cannot be answered followed by the head. 

now, but, for outcome variable injury severity, the scaling Pedder(38) finds more arm injuries for bicyclists than 

with the AIS seems to be the most suitable for injury- leg injuries, and the opposite for the motorized two- 

prevention research at this moment, wheeler riders. The other studies mentioned do not 

There is a wide variety of injury distributions in support this finding. 

literature. As stated in (30), it is hardly possible to From Huijbers(34)and Nicho!l(36), it follows that the 

compare the results of accident studies because of some head is the most frequently injured body area. Data from 

major differences, for instance-- the first study are available from the Stichting Medische 

® Differences in levels of injury severity in the Registratie (SMR), containing information on 95 percent 

sample (e.g., fatalities only, fatalities + hospi- of all Dutch hospitalized casualties. Data of the second 

talized) study are from a British hospital 
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When the more severe injuries (AIS > 2) are taken into -- This variety is larger than for pedestrian 
consideration in the studies of Pedder, Whitaker, Otte, accidents(30). 
and Grattan, the head is the body area most frequently ¯ Gauss(44) found that speeds at impact depend 
injured, on the collision types, but, in general, the speed 

at impact of the two-wheeler was remarkably 

Speed at Impact                                          higher than the speed of the HGV. Nearly two 
out of three two-wheelers collided with a speed 
between 31 and 60kin/h. 

As with the pedestrian-to-car accident, speed at impact 
seems one of the more important parameters. It is better Summary 
to speak of relative impact speed since not only the 
impact speed of the car but also the impact speed of the In all the studies mentioned, cars are the most frequent 
two-wheeler and the direction of impact (collision type) ¯ collision opponents, rating from 50 to 90 percent of all 
have a big influence on the relative impact speed, opponents in bicycle and light-powered two-wheeler 

In this section, data on impact speed from the different accidents. This is more or less similar to the situation for 
stt~dies are presented as in the report of Working Group 7 pedestrians as mentioned in EEVC(30). Second are vans 
of EEVC(30). In some studies, it is not quite clear what is and HG V’s. In The Netherlands, mopeds are the second 
meant by impact speed. There were no impact speed data most frequent collision partner for injured bicyclists and 
related to specific collision types. Therefore, the results moped riders. With motorized two-wheelers, single- 
must be looked at with great care. vehicle accidents (in collision with an obstacle) happen 

Some results follow (Figure 25): relatively often. If a criterion such as lethality is used for 
¯ Otte(37) indicates that, at impact, speeds of cars ~ accident severity, collisions with HGV’s seem to be the 

in collisions with motorized two-wheelers are, in most severe accident type for bicyclists and the second 
general, lower than those in collisions with most severe for moped riders. An accident between a 
bicyclists, moped and a motorcycle or scooter seems to be the most 

¯ There is a wide variety in impact speeds of cars severe for moped riders. The collision with a car does not 
for the various studies: seem to be very severe in relation to the other accident 
--- 50th percentile speed varies from 10 to types. 

50kmi h. From this, it seems obvious injury-prevention research 
- 90th percentile speed varies from 37 to for bicyclists and light-powered two-wheeler riders should 

72kmih. focus on a confrontation with cars (magnitude) and 

~o 

60 

50 

40 

30 

20 

10 

~ seeeo AT 

FiOure 25. Cumulative distribution of ~ehicle speeds at impact in two-wheeler-to-ear accidents by several studies 
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HVG’s (severity). The single-vehicle motorized two- type. The speeds at impact found in literature have a 

wheeler accidents happen so often that this accident type wider variety than for pedestrian-to-car accidents. The 

must be considered also. 50th percentile values range from 10 to 50km/h, the 90th 

For determining the collision types to be studied in the percentile values from 37 to 72km/h. In HGV-to-two- 

next section, a distribution of the collision types for the wheeler accidents, it was found the speed of the two- 

various countries was made. This information indicates wheeler was remarkably higher than the speed of the 

also which parts of the motor vehicle need to be HGV. 

considered in injury-prevention work for bicyclists and 

moped riders. There are some differences in the results of 

........ the presented studies. These differences may be caused 3.1njury-influeneing Parameters 
partly by sample differences, especially levels of injury 

severity. Other differences, such as infrastructure, modal Knowledge of injury-influencing parameters in different 

split, etc., may also be present and influence the outcome, types of road traffic accidents is gained through in-depth 

Also some similarities between the results of the various investigation at the scene of the accidents, combined with 

studies were noticed, detailed reconstruction and experimental studies. A large 

In most bicycle-to-car accidents, the bicycle is impacted number of reports from this kind of investigation are 

at the left side by the front of the car. The collision type found in the literature regarding cars colliding with fixed 

front of car-rear of bicycle occurs more often in accidents obstacles, other cars, motorcycles, or pedestrians. Very 

where the bicyclist was killed than when he was little is known about light (motorized) two-wheeler 

hospitalized. Collision types involving the side of the car accidents. The following account of injury-influencing 

did not occur often in the more severe bicycle accidents, parameters in such accidents is, therefore, mainly 

In light-powered two-wheeler-to-car collisions, the inferential and rests on deductions from what is generally 

two major collision types are front of car-left side of known in this field of research. This section deals mainly 

light-poweredtwo-wheelerandfrontofcar-frontoflight- with comparisons of other accident types, and the 

powered two-wheeler, fol!owed by side of car-front of conclusions drawn from these can, of course, be disputed. 

light-powered two-wheeler. The front of the light-powered Nevertheless, it was considered desirable to have this 

two-wheeler therefore plays a more important role than kind of a rbsum~ of factors thought to be of importance 

the front of the bicycle. When lethality was taken into for the production of injuries to two-wheeler riders 

consideration, the collision type of front car-rear of colliding with cars and HGV’s. 

bicycle (light-powered two-wheeler) seems to be the most The rider here, if not otherwise stated, is generally 

severe, followed by the most frequent occurring type supposed to be a teenager or an adult person, and the 

frontofcar-sideofbicycle(orlight-poweredtwo-wheeler), two-wheeler a bicycle or a moped with an internal 

It seems obvious, therefore, the attention of injury combustion engine but otherwise essentially of the same 

prevention should be directed both toward the front of basic construction as a bicycle. The car is considered to be 

the car (as for pedestrian accidents) and to the side, an average size European-type sedan. For children on 

particularly with respect to light-powered two-wheeler smaller bicycles, the kinematics may be similar to those of 

accidents, adults although the front structures of the car may hit the 

Data of HGV accidents with bicyclists and light- child’s trunk rather than the lower extremities. In some 

powered two-wheeler riders from The Netherlands and cases, the child may have a more upright posture than an 

Germany suggest that bicycle collisions with the front of adult rider and the kinematics may then be more like that 

HG V’s happen most often. But collisions with the side of of a child pedestrian. 

HGV’s are also relatively frequent. Accidents with light- The kinematics of the two-wheeler rider in this kind of 

powered two-wheelers happen nearly as often with the accident depend on the type of collision, velocities of the 

front and the side as with the rear end of HGV’s. two vehicles, rider’s posture at the moment of impact, 

Therefore, it seems obvious the attention of injury and construction of the two-wheeler. 

prevention should be given to all sides of HGV’s. While a pedestrian hit by a car is usually upright at the 

Literature gives a wide distribution of injuries as a moment of first contact, the rider of a two-wheeler is 

result ofbicycleand light-powered two-wheeler accidents, thought to be in a more or less seated position. This 

These results can hardly be compared due to differences implies that his feet are usually some distance off the 

in injury severity or collision types under study. The ground; the head may be at about the same level as that of 

various results indicate that the head has the highest an upright pedestrian, but this depends very much on the 

frequency, especially when considering the more severe posture of the rider. The center of gravity of the rider’s 

injuries. Arms and legs are the second and third most body may well be at approximately the same level above 

injured body areas, the ground as that of a standing adult pedestrian. While 

Relative speed at impact depends not only on the speed the velocity of a pedestrian is often negligible in relation 

of the collision partners at impact but also on collision to that of the car, the two-wheeler travels much faster. 
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This velocity may sometimes be as high as 50 to 70km/h structure of the car and may then be loaded also by the 

and has, therefore, to be taken into account in many inertia of the two-wheeled vehicle’s main structure. His 

accident situations. However, the parameter of importance torso will usually impact the bonnet or the upper parts of 

for injury production is, of course, not the speed of travel the wings. Where the head impact will take place will 

but the relative velocity between the rider’s body, and depend on the speed of the car and the car configuration 

tt~at of the car at the time of impact and for each body parameters (e.g., bumper height, bumper lead angle, and 

part. length of its bonnet). It may be either on the bonnet, the 

Another important difference between pedestrians and upper parts of the wings, the windscreen, or the windscreen 

riders of two-wheelers is the presence of the two-wheeled frame. The compliance of these car structures varies 

~ehicte; this presence may influence the kinematics of the considerably and, as has been pointed out in connection 

rider. The inertia of its mass may in some collision types with pedestrian-to-car accidents, is an important injury- 

place an extra load on the rider’s body, and his extremities influencing parameter. The speed of the car and the 

may get entangled in the main structure of the vehicle weight and construction of the two-wheeler are also 

during the accident sequence. A two-wheeler with an important parameters. 

engine may also have parts that are hot enough to cause Type F2-~-The two-wheeler is traveling in the opposite 

burns if the rider contacts them during the accident direction to that of the car and the impact occurs front to 

sequence, front; the closing speed is the sum of the speeds of the two 

vehicles. The mass of the two-wheeler is small compared 

Collision Types to that of the car. This may, therefore, be the most violent 

accident situation. It is also a situation where the rider’s 

1he collision types referred to below are those depicted 
body may be traveling with the head as the leading part of 

pre~iously in Figure 18. Due to existing knowledge and 
the body. Even if the trunk is not stooped forward before 

the priorities indicated earlier, this paragraph will deal 
impact, the legs may get caught by the handlebar of the 

two-wheeler during the accident sequence, and this may 
mainly with collisions with passenger cars. 

induce a forward rotation of the trunk. Should the 

impact then be headfirst into the windscreen area, the 

Passenger Car axial load of the body would often lead to severe fractures 

at the base of the skull and in the cervical spine. These 

Type FI In this type of accident, the front of the car kinds of injury are usually lethal even at low velocities. In 

impacts the left or right side of thetwo-wheelertraveling this situation, the total velocity change is the most 

in a direction perpendicular to that of the car. important parameter, and the compliance of the impacted 

This collision type is similar to the most frequent type structures-~-or the use of a helmet by the rider--can 

of car-pedestrian impacts. In both cases, the adult victim probably influence the outcome only to a minor degree. 

is hit below the center of gravity and comes into contact Type F3--The direction of travel is the same for both the 

first with the bonnet or windscreen and then with the car and the two-wheeler; the difference between the 
ground. One obvious difference is the usually higher speeds of the two vehicles is a decisive factor. The 

speed of the two-wheeler at impact. This implies the position of the rider’s upper body then governs his 

rider’s upper body will often hit the bonnet at a point kinematics. He may more or less remain in his original 

further in the direction of his travel than a pedestrian position, slide over the bonnet, and impact the windscreen 

would. The ratio between the speeds of the two vehicles area with the lower part at his back. Severe back injuries 

will be decisive for where the rider’s head and trunk will can result from this type of accident. The main injury- 

impact the car structures, ln some cases, this ratio may, of influencing parameter is again the velocity, and the 

course, be such that the upper body of the rider does not compliance of the structures is of secondary importance. 

impact the car structure at all, but instead he falls directly Type S1 In this type of accident, the two vehicles move 

to the ground, perpendicularly to each other or the car may be stationary 

The seated position of the rider at impact may but the two-wheeler impacts either side ofthe car. Dueto 

sometimes induce a rotation of his body about its the higher speed of the two-wheeler, this type of accident 

longitudinal axis. This is particularly the case when the has more similarities with the corresponding type of 

car structure is low relative to the rider’s torso and the motorcycle accident than when a pedestrian walks into 

tl~igh on the struck side is at about a right angle with the the side of a car. 

rider’s torso. The lower leg and, to some extent, the arms If both vehicles are moving in this configuration, the 

are then accelerated by the car at an earlier moment than front of the two-wheeler will be influenced by the moving 

the rest of the body. The direction of rotation, therefore, car in such a way that the two-wheeler will rotate during 

is such that the back of the rider’s trunk and head are the sequence and the rider will impact the car side in an 

turned against the car. oblique way. Usually the rider’s head will be at or above 

The rider’s legs will thus be accelerated by the front the roof area of the car. 
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If the impact occurs at the passenger compartment in The Structure of the Two-Wheeler 
the middle of the car, the rider’s body generally will be 

stopped by the car’s side structure. The velocity of the When the two-wheeler is hit from the side, there is a 

two-wheeler and the compliance of the car’s side structure possibility for the rider’s leg to be squeezed between the 

will be the injury-influencing parameters and to some two vehicles. The construction and inertia of the two- 

extent the structure of the two-wheeler, wheeler is then of importance for injury production. If 

If the impact occurs at the front or the rear of the car, the two-wheeler collides in a frontal or oblique direction 

where the car structures are lower, there is a possibility with another vehicle or an obstacle, it is possible the rider 

that the rider of the two-wheeler will pass over the car and may be caught by the handlebar in the groin area. This 

fall to the ground on the other side. While airborne, the may lead to vascular and or nerve injuries and may 

rider may tumble and it is therefore difficult to predict his change the kinematics of the rider. Any other protruding 

attitude when impacting the ground, detail on the two-wheeler may cause injuries if the rider 

"[ypes $2 and R2 In the case of a near miss or side hits it during the accident sequence. 

sweep, only one legand possibly one arm and shoulder of A special type of injury occurs when children are 

the rider may impact a front corner of the car. Axial or carried as passengers on two-wheelers without adequate 

near-axial loading of the femur is then possible. Severe protection for the child’s legs. If the child’s foot gets 

leg injuries and even traumatic amputations at high- caught in the wheel, it will be squeezed between a spoke 

speed impacts are seen in this type of accident. Compliant and the frame, and the resulting injury usually requires 

car structures may be of some help, but the relative hospitalization. 

impact speed is probably more important. The arm and 

shoulder may be injured in a similar way, but the 
The Ground 

direction of force is probably more favorable. 

Type R 1 The two-wheeler impacts the rear of a car. and 

the relative velocity is likely to be less than in most of the 
For pedestrians, it is now believed the ground is of little 

other accident types. The car structures, other than 
importance in relation to the car for injury production. 

vertical ones. are therefore probably less important, but 
The same is probably true for two-wheelers. At higher 

attention should be drawn to the possible existence of 
speeds, there may be a more substantial influence by the 

ground. The oblique impact of the head to the ground 
spoilers, which should for this reason be as compliant as 

and possible kerbstone impacts may then become 
possible, 

important for the severity of brain injuries. Another 

important factor is the dirt on the road surface. Open 

wounds caused by the primary impact to the car or 
Oblique Impacts resulting from the sliding of the rider on the ground after 

Oblique impact directions may produce a combination 
impact may be smeared with dirt. This prolongs the 

healing process and may lead to complicating infections. 
of the injury mechanisms mentioned above. When a 

Normal clothes are of little use for protection since they 
rider’s upper body impacts the top of the bonnet, a higher 

are easily torn under these circumstances. 
relative velocity may result in a more oblique head impact 

than is the case for pedestrians. It is not possible to state 

on the basis of present knowledge whether this may lead Obstacles 

to more severe head injuries due to angular acceleration 

of the head. In the streets, there are several obstacles that a two- 

wheeler can contact violently after loss of control. Street 

appurtenances are sometimes designed to break away or 

Accidents Involving Buses and Lorries yield when hit by cars to minimize the risk of injuries to 

car occupants. Because of their low mass. two-wheelers 

In the case of the frontal collision types (F~, 172, 173), the will normally not be capable of deforming these structures 

configuration parameters do not seem to have as much to any appreciable degree. Hence. the risk of having an 

influence on the kinematics and injuries of the two- Injury ~s much greater for these categories. On country 

wheeler rider. Compliance seems to be important. The roads, trees and fences can also cause injuries if violently 

configuration of the sides of HGV’s seems to be importan~ contacted by the rider of a two-wheeler. 

for the injuries of the colliding two-wheeler rider, due to Children particularly, and sometimes teenagers, also 

the large gaps between the truck wheels. The two-wheeler use their vehicles in playing ground s, parks, and other 

rider will be hit at the head or neck level by the relatively places outside the roads where there are several pos- 

stiff parts of the HGV. The risk of being run over seems to sibilities for contacting fixed obstacles. The types and 

be important, too. just as the speed of impact of the severities of the resulting injuries from such contacts 

two-wheeler rider, depend on many variables, such as type of accident. 
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which d etermines the kinematics and attitude of the body ¯ Data fi’om observation on scene, soon after the 

at impact, the velocity, the object struck, etc. accident, helping to understand the sequences of 

Children seem more prone than adults in overturning the collision phases 

to fat~ on the end of the handlebar in such a way that ¯ Data on the vehicles or obstacles involved, with 

abdominal injuries occur. Due to the very low tolerance emphasis on vehicle types, damage, marks for 

~f the child’s abdomen to the high level of loading reconstructing thecollisiontype, collision sever- 

resulting from this kind of impact, very little can be done ity, and. if possible, injury mechanisms 

with the bicycle to prevent these injuries. * General data on two-wheeler riders, especially 
their position on the two-wheeler, their means of 

4.Research Methods and Results 
protection, etc. 

¯ Detailed injury description for every casualty, if 

l~\lury-prcvention research for two-wheeler riders got possible by direct observation or through hospital 

less attention than injury-prevention research for pedes- records 

trians. The accident process of the two-wheeler rider is Level 2 data may also contain valuable information on 

even more complex than that of the pedestrian because of injuries and the accident in general, and, since emphasis is 

tnc contribution of the t~xo-wheeler itself to the injury- on representativeness, a far more reliable picture of all 

producing process. Also the speed ofthetwo-wheelerand occurring crashes is acquired than by means of police 
i~s position in traffic situations lead to other collision data (leve! 1). 

types and speeds at impact. There are several ways to Level 2 studies may be based on insurance data, 

study two-wheeler ~njury protection. One is analysis of hospital data (though these will be restricted to only part 

accident data and another is experimental research, of the injury population), towaway accidents, or any 

other starting point. As in level 3 studies, damage, 

Accident Studies 
accident, and injury information will be gathered, often 

on a statistical basis (.e.g., by a written inquiry to car 

Accidentstudiesgivesamplesofrealitytoestimatethe owners, occupants, hospitals, or police). Visiting the 

size of the problem, defining priorities within the problem scene of the accident is not part of this method since this 

and developing hypotheses in which relations between would take too much time and effort. 

injury-influencing parameters and injury severity are For two-wheeler accidents, a visit to the scene and a 

postulated. Accident studies also give results with regard full investigation of the surroundings and vehicles involved 

to the q uantification of these relations. The study of the seems necessary if all injury-causing factors are to be 

effec~ of a specific (legal) measure is a specialapplication known. However. the in-depth approach limits the 

of this type of accident Investigation. quantity of cases to be studied in a given period. 

One might distinguish at least three levels of depth of Therefore. level 2 data are needed to get a view of the 

accident studies: problem and its relevant distributions as part of reality, 

I. Accident statistics (police data level) especially if level 1 data are not available or are incomplete, 

2. Intermediate level studies as is the case in many countries. 

3. In-depth studies 

To clescribe the size of the problem, the relative pro- Some Results 
portions of collision types, etc.. levels 1 and 2 are needed. 

~hese data may also form the basis for experimental Cross(51) studied 753 nonfatal and 166 fatal bicycle 
studies under laboratory conditions, casualties in collisions with motor vehicles (level 3). From 

~rhe difference between level 2 and level 3 data ~s the nonfatal group, only 17.5 percent remained in the 
~xormally that. in level 3. far more detailed data are hospital longer than lday. Contact withtheroadsurface 
gathered including data on scene for each accident, seemed to be the cause of injury in 60 percent of the cases, 
t!m phasis with level 2 data is on the statistical side. which contact with the motor vehicle in 23 percent, and contact 
means the sample size. sampling method, and detail of with the bicycle in 6.2 percent. 
information are balanced with respect to representative- The conclusion from Roland(52), after examining 700 
~ess and statistical analysis. For both levels, investigators motor vehicle-to-bicycle accidents (level 3), is an agree- 
o1 more than one disci pline are often used (i.e., technical, ment with this last statement as far as the injury causation 

medical, etc,~, of the bicycle is concerned. Roland concluded the bicycle 

Since accidents involving two-wheelers are complicated did not seem to be a major source of severe injuries. 
with respect to the exact cause of injury (for instance, There were only four injuries resulting from a contact 
contribution of vehicle and road factors), the in-depth with the bicycle that produced an A IS rating greater than 
level of data gathering is often used. 1_ There is a significant overrepresentation of the motor 

Level 3 in-depth data may provide the following for vehicle as the source of injury rather than the environment. 
eacl~ case: For all the defined speed categories, more severe injuries 
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tend to result when the contact source was the motor potential collision types are numerous and the 

vehicle as opposed to the bicycle or the environment. This impact speed can vary in a large range. The 

does indicate the inj uries are being produced in the initial problem of impact with escape may be difficult 

contact rather than from secondary contacts with the to reconstruct. 

environment. No significant influence on injury severity 2. Body segment tests (or component tests) in 

was found for estimated speed of bicycle prior to impact, which the safety problems involving a specific 

bicyclist’s age, handlebar type, and bicycle region body area are investigated. They would not be 

contacted. Significant influence of motor vehicle variables fundamentally different from research made on 

was found for estimated speed at impact and vehicle pedestrian safety since the same body segments 

maneuver prior to impact, are concerned. Moreover. specific research 

Some studies described specific injuries: dealing with two-wheeler safety concerns head 

¯ The influence of the bicycle on intra-abdominal injury protection with crash helmets, as well as 

injuries(68,66). These injuries are usually caused some other parts of cars. trucks, etc. 

by falling on the free end of the handlebar. 3. Mathemetical model. This can be used as a 

¯ Bicycle spoke injuries(67). These lesions occur if general tool to evaluate and predict two-wheeler 

a child passenger’s foot is caught in the wheel of rider kinematics and dynamics. Mathematical 

the bicycle, models are especially useful in parameter varia- 

Some advantages and disadvantages of accident studies tion studies. As a result, mat hematical modeling 

in relation to experimental research are the following: has the advantage (and may be the only practical 

¯ Advantages tool capable) of determining generalized output 

The only way to establish the size of the for complete populations. The use of mathe- 

problem matical models in two-wheeler safety research is 

The only method that gives insight into the relatively recent. The method is promising for 

injury-influencing parameters in the real the near future. Mathematical models have to be 

accident situation validated with test results and or accident 

¯ Disadvantages investigation out put. 

Approximation of some of the accident data 

(e.g., speed at impact, contact places) 
Full-scale Approach of Two-wheeler Safety Research 

Only the influence of the values of the 

parameters, as they exist in real traffic, can This approach generally consists in reconstructing a 

be studied collision between a car and a two-wheeler vehicle on 

which a model of a human being ~s seated. The impacts 

Experimental Research Methods sustained by the two-wheeler rider ejected from his 

vehicle can be analyzed in relation to car-to-two-wheeler 

In a collision between a two-wheeler and a car. type collisions or to impacts against objects in the sur- 

and severity of injuries sustained by the two-wheeler user roundings(57). Two main research projects used this car- 

may depend on its kinematics but also on the relative to-two-wheeler full-scale approach to study two-wheeler 

speeds of the two vehicles. The two-wheeled vehicle may protection. 

have an important speed. Moreover, the crash con- In the first tests(49). 22 collisions between a passenger 

figuration can differ from one case to another in a large car and a moped were reconstructed. These tests were 

range, made in six different configurations, most of the tests 

The main collision types are F1, F2. and S1. Experi- representing a road crossing collision, the moped either 

mental research on bicycle and moped collisions is mostly striking or being struck. All the tests except two were 

focused on type F1. Type S1 is dealt with in motorcycle performed with a 50th percentile dummy; the other two 

collision experiments. The posture seems to have a small used cadavers. In 13 tests, the two-wheeler user was 

influence on the kinematics, and one can imagine that helmeted; in the other 9. his head was not protected, 

differences in height would also have a minor influence. This research found, in the case of the struck moped. 

as most of the two-wheeler users are adults, the two-wheeler user kinematics can be compared with 

Three main methods are available for research in two- pedestrian kinematics. The car modifications made to 

wheeler safety: protect a pedestrian can be favorable for two-wheeler 

1. Full-scale tests between a two-wheeler and a car users also. The head-ground impact gave higher HIC 

(or a mobile barrier), the two-wheeler rider being values than the head-car impact. The helmet insures a 

a dummy or a cadaver. Even if they have the certain measure of head protection: it is less effective m 

advantage of being realistic, for car-to-two- thetemporo-parietalarea. Finally. an interaction between 

wheeler collisions they will have to be performed the moped and the dummy pelvis has been found m 

in a large number of configurations as the several cases. 
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The second study(56) was made in Japan. For this Other more fundamental studies allow us to know 
research, t0 collisions were performed, in which a better the mechanisms that govern the head protected 
standing motorcycle was struck laterally by a car or a with a helmet and then to increase the performance of 
rigid mobile barrier. The aim of this research is to study these devices. One biomechanical research project (60) 
lower limb protection of motorcyclists, so the tests were investigated injury mechanisms and head protection 
made with a 50th percentile dummy equipped with possibilities on the basis of drop tests. Eleven tests have 
frangible legs. been performed with cadavers. Nine of them were 

The research found the modification ofcars to optimize helmeted: the drop height was 1.83m or 2.50m. The 
energy absorption would insure a better protection of the subject was inclined at 30° downward, the head first 
rider against leg injuries. It seems possible to protect from hitting a rigid flat surface. These tests were completed by 
leg injuries at a speed up to 40kin/h, and the authors some tests using only the helmeted head of a Hybrid II 
think the other injuries are acceptable in this range of dummy or a helmeted metallic head model. In this study, 
speed. The protecting device tested in lateral collisions the HIC values are very high even in tests performed at 
would have a beneficial effect in other crash configura- 1.83rn, but the measurements were not obtained at the 
tions, especially avoiding leg crush under the motorcycle center of gravity of the head. Tests performed with a head 
in case of rollover and underride of the motorcycle under only (dummy head or metal form) gave H IC values lower 
a car. The effect of the rider ejected from his motorcycle than those obtained in tests using whole bodies. 
and impacting a guardrail has been studied experi- Another research(61)studiedtheinfluenceofhorizontat 
mentally(57) with tests in which a dummy is laid down on velocity of the head when it hit the ground, the kinematics, 
the back, the head forward, on a mobile platform that is and the linear and angular accelerations sustained by the 
st~ddenly stopped; the dummy is projected forward and head~ Helmeted head and neck of a dummy, attached by a 
hits a guardrail, the head first and under a chosen angle, lever arm to a rail-guided carriage, sustained free falls on 
This research has shown it is possible to design deformable a ring simulating the road surface. The horizontal ring 
shields avoiding the direct impact between the two- rotated to simulate the horizontalcomponent of the head 
wheeler rider and the rigid and sharp parts of the speed related to the ground. These tests showed that in 
guardrail (posts and rails), these conditions the head sustained important angular 

The third study was done at TNO(64). Dummy tests accelerations and speeds while the HIC value, which 
were executed (type F1) as a first step to validate the takes into account only the linear acceleration compo- 
MADYMO mathematical model. The first results indicate nents, remained generally below 1,000. This study con- 
the kinematics of the bicyclists resemble that of a cludes that some helmets have a shell made of material 
pedestrian but that the impact places of the bicyclist head that is too soft to provide a desirable low friction between 
on the car are somewhat higher, helmet and road surface. 

There are advantages and disadvantages of the full- Another study(62) compared the energy-absorption 
scale approach for two-wheeler protection research. This characteristics of a protective helmet and a coconut shell 
approach would give generally a realistic view of the and showed on the basis of experimental tests that the 
two-wheeler vehicle-to-car collision, but the realism of coconut has greater energy-absorption capacity than the 
the reconstruction is limited by the behavior of the foam used for helmets. The author proposed to design 
dummies and by the selection of crash configurations, helmets without a rigid external shell. 
Making tests with a standing vehicle decreases the Thereareadvantagesanddisadvantagesofcomponent 
interest of this approach. These tests do not have a good tests as a basis of two-wheeler rider protection research. 
repeatability, and each test can only allow a safety Component test methods allow research based on alarge 
evaluation in one specific configuration, whereas the number of tests, having a good repeatability at a relatively 
accidentology shows an important diversity of real crash low cost. But these tests give only a global view of the 
configurations. The two-wheeler vehicle type has a big two-wheeler accidents as they reproduce just one phase of 
influence on the results of the tests; thus these results the accident. Moreover, the conditions in which they are 
cannot be applied to all two-wheeler vehicles (e.g, performed are simplified (2D motions) and their realism 
mopeds versus motorcycles), is limited. From this point of view, the conclusions found 

in research using the component tests approach should be 
Component Tests Used in Research for Two-wheeler 

validated through full-scale tests. 
Safety 

Many studies using the component test approach and 
Mathematical Models for Research in Two-wheeler 

dealing with two-wheeler protection have been performed; 
Protection 

most of them concerned head protection, i.e., study of 

crash helmetprotection. Some ofthesestudiesarelimited It seems there is no mathematical model that is 
to the verification of helmet performance in tests similar especially designed for bicycle and light-powered two- 
to standard tests(56,57), wheeler safety research. Existing models of car occupants 
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or pedestrians could be used for two-wheelers, but their Head Tolerance 
adaptation and validation would need a sufficient number 

of test results. 
Concerning head tolerance_ it is necessary to investigate 

The three-dimensional CVS 3 Catspan model has been 
cranial and or facial head injuries and brain injuries 

adapted by the Denver Research Institute to study the 
separately. 

behavior of crash victims in motorcycle accidents(63), In 
Bone Injuries 

The Netherlands. SWOV and IW-TNO are working on a 

program to produce a validated mathematical model for The tolerance of a skull to fracture depends mainly on 
two-wheele r accidents with cars. At this moment, dummy the dimensions of the impacting structure, The main 

tests have taken place as a first step to validation(64). In values published by the literature are shown as: 
Germany. a mathematical model exists that simulates the 

impact of a motorcycle in the side of a standing car! 65). Impacted Area Small Large 
In fact. it seems that up to now there are practically no 

results of light-powered two-wheeler safety research Frontal 5 (69) 7 (70) 

using mathematical modeling. Temporal 1.8 (71) 8.3 (72) 

There are also advantages and disadvantages of 
Partietal 3,4 (69) 8,5 (70) 
Occipital ? 9.6 (72) 

mathematical models. Potentially they have many .    . 
advantages as they allow investigation of a large number 

of situations in a short period at low cost, without 
The tolerance of the facial bones is lower than the 

repeating experimental tests. For that reason, they can 
tolerance of the skull. 

generalize output (complete) populations involved in 
The main results found in the literature are summarized: 

certain (or all) crash configurations. The accuracy of the 

results of mathematical model studies are largely de- 
Tolerance Force 

pendent on the quality of the validation of the model. For Zygoma 800 to 1800 t73) 
validation, not only full-scale test results must be used. Maxilla 650 to 1000 (72,73) 

but results from in-depth accident investigations and Mandible 800 to 3000~ (73! 

specially developed validation test results can be used. Nose 1300 (74) 

Compared with full-scale tests, the results of mathematical 

models can be stated to be at least as realistic. The Oependmoon impact dtrectior, 

condition of the representation of the real situation with These two tables show the potential effect of helmets in 
dummies or cadavers is somewhat questionable, 

avoiding small impacts that correspond to the lowest 
skull tolerance and in protecting facial bones from direc~ 

5.Current Knowledge on Human impact. 

Tolerance Tolerance of the Brain (Brain Concussion) 

Accidents involving bicyclists and moped users can Brain tolerance is not well established, and brain 

occur in various situations, and. contrary to pedestrians, injuries have no evident correlation with skull fractures. 

mechanisms producing two-wheeler user injuries are Tolerance of the head as a function of pulse duration has 

numerous and can be very different from one case to the been established by Lissner(75) and is called Wayne State 

other. Curve. The corresponding parameter to this curve is the 

For this reason, it is not possible to describe a typical GSI 1Gadd Severity Index), which is defined by: 

kinematic of a two-wheeler user involved in a traffic 

accident. The human tolerance can also vary according to 
GSI =J    t 2.5 

the loading process (age, diseases, conditions, anthro- 
a .dt 

pometry, impact speed) and may, therefore, be different o 
for cyclists and riders of light-powered two-wheelers. in which a is head acceleration in g’s and the value of 

Tolerance can be considered in terms of severity. 
1.000 is considered the tolerable limit. 

Injuries sustained in real-world accidents can have several A more recent index called HIC has been developed 
degrees of severity, as simple bone fractures or severe and is used for car occupant frontal impacts. The HIC is 
internal organ contusions corresponding to AIS 2 or 3 defined by: 

are considered tolerable.J 
There are few studies conducted to determine human 1 /~ t2 

2.5 

tolerance of two-wheeler users involved in traffic accidents. HIC = a(t).dt ~ (t2 - t t) 

Nevertheless. some of the studies dealing with pedestrians t2 - tl 

or car occupants can be taken into account, t l max 

1185 



Experimental Safety Vehicles 

The proposed limit of tolerance for HIC is 1,000 or whenatwo-wheelerishitlaterallybythefrontofanother 

1~500. but recent studies have shown this criterion is not vehicle. The proposed tolerance in this case is 10 to 12kN 

very pertinent to predict head injuries. Some other impact force(82). 

crkena have been proposed, but none were widely 

accepted, However. in the absence of a pertinent criterion, Lower Limb Tolerance to Fracture 
the HtC can be accepted in dummy tests. 

Two-wheeler accidents can correspond to large body 
Several studies dealing with leg tolerance have been 

motion, and the wearing of a safety helmet could increase 
made either for car occupants or for pedestrians. The 

the amplitude of head motion, For these reasons, the 

rotational acceleration that has been proposed to be 
tolerance of the femur in a bending fracture depends on 

correlated with brain ~njury would be considered a 
the point of impact, the tower tolerance corresponding to 

the mid-shaft impact. In this case, the tolerance seems to 
tolerance parameter,                                    be close to 10kN. 

Theoretical analysis using the mechanics of similitude 
Tibia tolerance to horizontal loading seems to be 

seems to indicate children have a higher brain tolerance 
between 3.000N and 9.800N depending on the impacted 

than adults(76L either if we consider translational or 

rotational acceleration: this is confirmed by the higher 
area. with an average value of 5,000NI83). 

However, a recent study conducted in Sweden dealing 
breaking strength of arterial tissues of children found by 

with pedestrian safety(84) has found a much lower value 
Yamada(77), 

of lower limb tolerance, The value of the momentum 

corresponding to the fracture is about 200Nm(85). 
Thoracic Tolerance However. these values are related to a small surface 

impact, and the tolerance in a bumper-like impact is 

Recent studies on thoracic tolerance indicate the probably higher. In general, the child seems to have a 
tolerance to rib fractures is more correlated to thoracic tolerable bone strength higher than an adult(76). 
deflection than to thoracic acceleration either in frontal 

or in lateral impact(7K79). However. the tolerance is not 

the same for frontal and lateral loadings. The proposed 6.1njury Prevention Measures for 
value of tolerance is 30 to 35 percent of the half thorax 

width in lateral impact. Bicyclists and Riders of Light-powered 
Comparison of rib characteristics between children Two-wheelers 

and adults seems to indicate children can sustain higher 

thoracic deflection without rib fracture, but in this case This section will deal with 
internal thoracic injuries can occur. In a general way, ¯ Proposals for injury prevention of two-wheeler 
increasing the number of rib fractures enlarges the risk of riders 
Enoracic internal organ injuries. ¯ Consequences of these proposals for other groups 

of road users 

Abdominal Tolerance ¯ Consequences of (proposed) legal requirements 

for injury reduction of other groups of road 

The tolerance of the abdomen has been studied with users to the injuries of bicyclists and light- 

cadaver free falls hitting an armrest model laterally(80), powered two-wheeler riders. The philosophy of 

This study proposes a limit of 28 percent of abdomen the integral approach of the safety vehicle will 

width corresponding to 4.5N impact force as a human take a central place: at the same time. it will be 

tolerance. These tolerance data mainly concern liver quite obvious that the amount of concrete 

injuries, proposals is limited due to just starting research 

activities in this area. 

This secnon will deal also with the proposals as a 
Pelvis Tolerance function of the different relevant collision types. The 

proposals made are based mainly on informanon from 
"The tolerance of the pelvic bones has been studied for 

literature. 
car occupants either in frontal or in lateral impacts. In 

frontal impacts the pelvis is loaded through the femur. 

when knees are impacted. This mechanism can be found Proposals for Injury Prevention of Two-wheeler 
as well in car occupants as in some two-wheeler accidents. Riders 
The proposed tolerance in this case is close to 10kN(81). 

In side impacts the pelvis can be loaded either through Contact with a car is the leading cause of injury. 
the hip or directly on the iliac wing. These mechanisms Therefore. efforts concerning injury prevention should 
can occur in some two-wheeler accidents, as for example be directed to these contacts. 
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The proposals can be distinguished concerning 

¯ The car 

$ The two-wheeler 
¯ The two-wheeler rider 

In general, the aim of these proposals is to influence 

kinematics and minimize the loads to the struck body 

parts. 

Car-to-Two-wheeler Collision 

Car The collision types F1. F2, and F3 (Figure 18) for 

bicyclist collisions and F1 and F2 for moped rider 

collisions seem to be the most important; in these 

collisions, the front of the car is hit. 
Changing the stiffness of some parts of the car wil! Figure 27. Side protection device proposed 

probably have the same positive effect on the injury by Rau(91) 

mlmm~zanon for two-wheeler riders and pedestrians. 

The optimum values for the stiffness from aviewpoint of to be tightened to his two-wheeler also cannot be 

biomechanicat tolerance cannot be measured at this answered at this moment. Knee paddings were first 

moment. The parts of the car to be considered depend on proposed by Langwieder(97) (Figure 28). The aim is to 

the collision types but vary from bumper to the upper side avoid contact with the colliding object. Whether this can 

of the windshield frame. 

For shape, the same variables as for pedestrian impacts 

seem to be important, but no concrete proposals can be 

made at this moment: it seems obvious sharp protrusions 

and popping-up headlamps would probably have a 

~ 

m, Oghch st hohe negative effect. 

Two-wheeler For F1. side protection devices for motor- 

cycles are proposed by Bourret(88), Rau(91), and 

Taneda(94) (Figures 26 and 27). According to Bourret, 

the leg injury severity in an F 1 type of collision is strongly 

related to the mass of the two-wheeler. Whether these 

side protection devices are realistic for mopeds (or even 

bicycles) cannot be answered at this moment. 

For F2. the question of whether the two-wheeler has to 

be ejected over the colliding object (if possible) or has to 

H U K Votschlag einer Sicherheits- 
konzeption [Or Bild 13 

_ Verbancl Motorr~ider I Mooed 

igure 26. Side protection device proposed by Figure 28. "Knee-padding" ejection device proposed by 
Bourret(88) Langwieder(97) 
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be effective in a frontal impact (F2) is doubtful. If a rider’ point will probably take place at a higher level than for 
is launched headfirst and contacts the motor vehicle, this collisions with passenger cars. 
will probably lead to brain stem injuries: The helmet For $2, no protection proposals are known. 
cam~ot protect against this kind of injury. Filler caps or 

Two-wheeler Injuries expander pins on handlebars cause minor injuries. 
~I herefore, sunken caps are applied on motorcycles and Adequately designed child seats and/or a simple dress- 
sunken pins on bicycles, guard can prevent bicycle spoke injuries: 

Two-wheeler Riders 

HGV-to, Two-wheeler Helmets and protective clothing can prevent injuries° 
The positive effect of crash helmets in motorcycle 
accidents is wet! documented. The effect of moped 

It is later indicated that collision types F1, F2, S 1, $2, helmets is not as well known. In a Dutch study made by 
and RI are most important. 

SWOV, it is described as "a decrease in the chance of 
HG¥-~ For F1 and F2, the same remarks as for the 

getting fatally injured of 40 percent and a saving of 500. 
passenger car about stiffness and shape apply: For S 1, 

600 lives for the years 1975 until 1977"(SWOV(93)). The 
$2~ and R l, side and rear-end underrun guards seem to be 

proportional share of head injuries differs considerably 
the most concrete proposals at this moment (Volvo(96); 

for the bicyclists (not helmeted) and the helmet.wearing 
Riley(92); Gauss(98); Figures 29,30, and 31). The use of 

moped riders for the different studies: 
better or additional side mirrors will be beneficial to give. 
the truck driver a better overview. 

I 

Bicyclists M°pedRiders 1 

Two-wheeler~ For F1, S1, and R1, the knee padding Grattan (99/ 48% 26%* 
proposal made by Langwieder(97) does not seem to be as Huijbers (~00) 51% 36% 
effective due to the dimensions of the HGV. Nicholl (101) 75% 52%* 

For F21 whether the suggested side protection will be Otte (102) 85% 60%* 

eft’ective is an open question because the first impact ~ Including motorcycle riders 

Figure 29. Moped-to-HGV collision simulation (typeS1}(96) 
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Figure 31. Side protection device for HGV(87) 

Figure 30. Side protection device for HGV(96) shape at the moment, there are no consequences either, 

but contradictions may occur. 

Wearing helmets seems to be an obvious explanation HGV 

for these differences, but differences in accident and 
collision types for bicycles and mopeds may also con- 

If dimensions of the side and rear-end underrun guard 

tribute. Adequate protection against head injuries may are properly chosen, a positive effect for other accident 

beachieved bytheuse of helmets. Forbicvclists. thiskind types may be expected. Rear view mirrors mounted on 
the sides of vans and small trucks may extend beyond the 

of protecnon is still not very widely accepted because, to 
some extent, existing bicycle helmets tend to become 

sides of the vehicles and pose a hazard to other road 

uncomfortable due to inadequate ventilation. For moped users, e.g., two-wheeler riders(103). 

or motorcycle helmets, there is. among others, a European 
set of reqmrements (ECE Regulation 22): some countries Two.wheeler 
already have requirements for bicycle rider helmets(98,99). 

According to the studies of Otte(102), Appel(104), The proposed knee paddings may have a negative 
Pedder(105), and Ramet(106), some of the crash helmets effect. If the attempt is not successful, the two-wheeler 
came off during accidents. The wearing of protective rider might fly into the interior of the car and hit the 
clothing by motorcyclists has some positive effect on the driver or a passenger, just as in other cases without knee 
minimizatmn of injury severity, according to Hurt(90) padding. 
and Aldman(86). The question is whether this is a 
practical solution for riders of light two-wheelers. 

Two-wheeler Rider 

Speed at Impact Contact between a helmeted two-wheeler rider and a 
nonhelmeted victim may be a hazard for the one 

Speed at impact will probably be strongly related to unprotected. 
injury severity, especially for the impacts with the fronts 
of motor vehicles. Lowering the speeds at impact in any 
way will therefore be favorable. 

Consequences of Proposed Legal Requirements 
for Injury Reduction of Other Groups of Road 

Consequences of These Proposals for Other Users to the Injuries of Bicyclists and Riders of 
Groups of Road Users Light-powered Two-wheelers 

As far as bumper height is concerned, there is some 

Car doubt whether the required value is beneficial for 
pedestrians (e.g,, ECE Regulation 42), Considering two- 

As far as stiffness is concerned, the consequences may wheeler accidents, the effects are even less predictable as 

be a small reduction of the decelerations for car-to-car yet. The other requirements, e.g., for front-front or front- 

collisions. Because there are no concrete proposals for side impacts, do not seem to have as much effect on the 
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ir~j uries of two-wheeler riders due to the differences in the to represent overall safety provided by the vehicle. When 
amount of energy to be dissipated, component tests belong to a series of tests whose scope is 

to cover the various aspects of safety, there is a shift 

7 Test Procedures toward methods based on subsystem tests. Component 

tests are still valid today in those cases where it is 

demonstrated the objective is attained with a specific 
The test procedures examined here are aimed at 

insuring conformity of the vehicle (bicycle, moped, car, 
solution (e.g., if the objective is protection of the cyclist’s 

and truck) and/or safety device (helmet, underride 
head wherever it will strike, the helmet solution can be 

protection, etc.) to bicycle and moped rider protection 
accepted and this component can be submitted to various 

requirements. As stated previously, accident case history tests). 

for bicycle and moped riders is ample and cannot be 
By applyingtheabovetothespecificcase of the bicycle 

and moped rider, it is possible that a method based on 
reduced to a single standard situation. Doubts also exist 

about the possibility of considering the bicycle and 
component tests has the following advantages and 

drawbacks: 
moped together for studying any countermeasures. It 

It is relatively easy to define, in the sense that a 
seems, in fact, the two vehicles give rise to two different 

t~pes of accidents, 
single aspect of the phenomenon can be examined 

Because of this complexity, proposals on test procedures 
(e.g., impact of the head) and requirements can 

be provided even with very little knowledge of 
for bicycle and moped rider safety are practically non- 

the overall phenomenon. 
existent or incomplete. To conclude, it is evident that, as 

Method efficiency is low, and the method itself 
far as test procedures for the protection of bicycle and 

moped riders are concerned, there are no exhaustive 
can prove to be inadequate because influence of 

the vehicle shape on the bicycle and moped rider 
proposals. It is therefore necessary to draw from the 

is not taken into account. In this case, design 
experience acquired in other areas of safety and to 

extrapolate the methods that must obviously be verified 
requirements would prove particularly detri- 

mental because they would be applied to all 
experimen~lly to make sure they are feasible and meet 

the objectives, 
vehicles (even where not needed) and limit 

design. The result would be a poor quality 

product and a high cost for the user, but 

Discussion on Possible Test Methods upgrading of safety would not be insured (e.g,, 

when a bonnet is specified). 
The test methods that can be adopted are-- ¯ This method can be applied correctly only to 

o Component tests tests on particular safety devices developed for a 
¯ Full-scale tests specific purpose, such as helmets. 
¯ Subsystem tests 
¯ Validation tests by mathematical models 

Full-scale Tests Each of these methods has advantages and disad- 

vantages, and~ depending on the situation, it may be more A full-scale test reproduces the conditions of a typical 
convenient to adopt one method rather than another, or road accident. This method poses many problems, the 
even to use them together. However, it is important to most important point being, however, the definition of 
point out that thedegree of knowledge of the phenomenon test conditions. In fact, it is necessary that the full-scale 
arid the devices available determine the test method to be test be equivalent to the actual accident. In the case of the 
developed. For example, it is impossible to develop a test bicycle and moped rider, more than one test condition 
method based on a full-scale test if the accident mode is must be defined, and this poses a few serious economic 
unknown (impossibility of obtaining the test conditions problems when a new model is developed and approved. 
scientifically) or if a reliable dummy is not available The situation with regard to the test equipment to be 
(impossibility of having a reliable conformity response), set up is more complicated. In particular, no reliable 

dummies, representative of cyclists, are available today, 
Component Tests and it may be that the physical parameters traditionally 

recorded on dummies are inadequate for this type of 
Component tests are tests performed on a single accident. Moreover, for full-scale tests aimed at evaluating 

component or on a single safety device. Requirements are the effectiveness of a modification to the bicycle or 
either design (geometrical and/or stiffness) or, in the moped, there would also be the problem ofdesigning one 
more sophisticated cases, biomechanical, lncluded in this or more standard impactors. As for this method, it is 
category are some of the first regulations developed for possible to conclude that its adoption for rider protection 
vehicie safety; it is, in general, a primitive approach is more difficult than for other types of accidents. 
whereby the result on a single component is often taken Because of the need to conduct more than one full-scale 
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test and the lack of reliable dummies, other methods elements. The elementary model is not used to evaluate 

should be adopted, impact severity but only to determine the initial conditions 

for testing the parts struck by the pelvis, chest, and head. 

Moreover. this model defines the angle, direction, and 
Subsystem Tests impact velocity for each body segment. It is. in practice, a 

Subsystem tests are those series of tests on different 
subsystem test method integrated with an elementary 

components whose results permit an assessment of the 
mathematical model. An approach of this type can only 

overall degree of protection provided to the rider in a 
be feasible when the approach for protection of the 

specific accident. The difficulty of developingsubsystem 
pedestrian is also of the same type. In fact. both 

tests as defined is due to the need to know the phenomenon 
pedestrians and cyclists are unprotected road users for 

which similar countermeasures should be developed. 
perfectly and the required capability to shear it into many 

single tests, taking into account the interaction between 

the impacts of the various components and body segments. 

(For example, for a given impact speed, the shape of a 8.Accident Prevention 
vehicle can determine particular data on speed, area, and 

direction of impact of the cyclist’s pelvis against the Accident prevention or primary safety measures can 

bonnet: the type of impact of the pelvis and vehicle shape make important contributions to the safety of the cyclist 

affect the head speed, area, and direction of impact: etc.) or moped rider. Accident studies suggest that conspicuity 

is a factor in accidents involving the two-wheeler and 

another vehicle. The parameters influencing conspicuity 
Validation Tests by Mathematical Models are related to the two-wheeler and its rider ~active 

lighting, retroreflective materials, and the rider’s clothing). 
Development of a test method based on mathematical to the other vehicle (optimal headlamps, good view), and 

models will not be feasible for many years because the use to the surroundings (other light sources). In the overtaking 
of mat hematica! models in two-wheeler safety research is situation, the gap left by the driver when overtaking the 
relatively recent, two-wheeler is critical, and experiments show the 

It should also be noted the use of mathematical models percentage of vehicles passing very close can be sub- 
for type approval on different computers and at different stantially reduced by spacers and conspicuity aids. Better 
test centers poses the problem of issuing such procedure brakes will reduce injuries by avoiding accidents or 
standards as to insure response identity. This is a field of reducing speed at impact, especially in rainy conditions. 
activity for which the existing technical services are Test results show that. with the correct combination of 
probably not yet prepared, but it enables a simulated rim and brake blocks, significant improvements are 
vehicle to be assessed before it is actually produced, possible. The state of maintenance of the two-wheeler 

was found to be an important factor in many accidents. 

Summary and results of a survey are g~ven. Studies on bicycle 

stability and maneuverabilit y are also reported that show 

None of the methods examined is capable today of significant differences between styles of bicycles and 

verifying the degree of protection that can be provided to mopeds. 

a struck cycle or moped rider. There are no proper. 
validated mathematical models of cyclists colliding with Conspicuity 
cars or HVG’s at this moment and. above all. problems 

for transforming a model in a type approval instrument The conspicmty of bicycles and mopeds is an important 
would arise, The full-scale test approach is likewise not factor for the prevention of accidents. The conspicmty 
feasible. There is no single equivalent test, Several full- presupposes an observer for which the different objects 
scale tests would have to be carried out. and the test must be conspicuous: this observer obviously in many 
device (dummy) is not reliable. Component tests neglect cases is the driver of a car. A number of factors may 
the effect of vehicle shape on the kinematics of the cycle influence, hamper, or even obstruct the visual observations 
and moped rider. to be made by those drivers. Conspicuity will be described 

Knowledge of rider collision is insufficient to permit 
for daytime and nighttime. 

the development of a method based on subsystem tests. 

The only feasible approach, in which it is desirable to 

carry out research, studies, and design of adequate Daytime Conspicuity 

devices, is the development of a mathematica! model 

based on the use of a bicycle and moped rider elementary Accident Studies-From accident studies described 

mathematical model to determine the impact conditions previously, it follows that two-thirds of the injury 

of each body segment and on tests of the corresponding accidents involving a pedal cyclist occur a~ junctions. 
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when in most cases the collision partners were traveling aids for cyclists because the experimental conditions 
on a different road before collision. In another study, resembled a cycle accident situation common at junctions: 
i~terviews with involved drivers who had not given way The test conditions are shown in Figure 32. Under 
when emerging from junctions into the major road constraint of an operational task (subjects were required 
i~dicated a tack of awareness of the presence or movement to fixate a visual display and repeat random numbers that 
o the cyclist(t 14). Cyctists often wear dark clothing; in appeared), the driver had to signal when he first became 
one survey, only about 10 percent of the cyclists were awareofthecyclist. The detection distances were used as 
wearing high-visibility aids. In addition, a two-wheeler a measure of conspicuity. Initial tests(116) indicated that 
rider presents a relatively small area to other road users, bicycle attachments were not as effective as clothing 
the frontal area being only one-third that of an average items in making the cyclists detectable and that the 
size car. The rider is also readily obscured by roadside brightest materials (highest luminance factor)performed 
objects, other vehicles, windscreen pillars, etc. The rider best against commonly encountered backgrounds. Color 
is often near the edge of the road and may be overlooked was found to be a less significant factor than brightness. 
if a driver carelessly directs his attention only at heavier Further tests(117) were therefore aimed at establishing 
faster vehicles closer to the center of the road. the most effective clothing styles (see Table 29), all made 

In cases where the driver fails to give way, the from one type of brightmaterial. This wasafluorescent 
conspicuity of the frontal aspect of the rider is likely to be greenish-yellow woven nylon material with a luminance 
most important; since most accidents occur during factor of 74 percent. The average detection distances for 

initial studies at TRRL concentrated on each each option are given in Table 29. Testing between 
comparisons of frontal conspicuity in daylight. From 
previous accident analysis, it is not possible to determine Table 29. Average detection distance of clothing 
the number of cases where the driver failed to give way to options 
the cyctist or moped rider. Where the rider is at fault, the ....... 
importance of conspicuity may be less, although in 
instances where he is highly visible, the driver may see the Option Detection Distance (m) 

Jacket 63.2 rider sooner and appreciate his speed and direction more 
Waistcoat 55.8 

accurately, thus allowing more effective avoidance action Hat 53.9 
to be taken. Armbands 49.8 
Tests and Sur~’eys-~-In a TRRL study, it was decided to Black Jacket (control) 49.6 
use a peripheral detection technique similar to that used Shoulder and Waist Belt 47. ~ 

b? Horberg and Rumar(115) to evaluate high-visibility .......... 

Visual display 

Small Road System 
Subject in 

test vehicle ~-~ 30° 
,~/ Approaching cyclist 

///////~ 

Pine 
forest                          started /1 Dark background 

.... of trees and 

vegetation 

Test conditions for conspicuity aids 
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means it was shown that the jacket was most effective A number of factors may influence the visual observa- 

having a significantly longer average detection distance tion made by drivers. The visual scene could be structured 

than the other items, so there is less demand on a driver’s limited attention 
.......... The effectiveness of conspicuityaids in the overtaking span; thus, irrelevant objects that could distract or 

situation where the visibility of the back is likely to be hamper the observation of the cyclist could be removed 

important was assessed by measuring the gaps left by or repositioned. Glare from the sun can be annoying and 

overtaking vehicles. It was considered that an effective dangerous, and signaling lights should have adequate 

aid would be one that significantly reduced the number of luminous intensities to insure a conspicuous signal under 

close passing vehicles, i.e., those passing within 0.8m of most of these conditions. 

the cyclist’s elbow on the off side. An ultrasonic device Discussion and Conclusions--There was good agreement 

attached to a front carrier of a bicycle was used that,     between the results from daytime detection and public 

when actuated by the test cyclist, automatically recorded road experiments indicating that a jacket was more 

the closest passing distance between the bicycle and near effective than all other aids tested. A waistcoat-styled aid 

side of the overtaking vehicle. It measured the gap to was the second most effective in both studies. When 

within a few centimeters and automatically recorded the viewing from the rear, it is likely the arms of the jacket 

........ distance in one of eight passing distance bands. The contribute only a smatlamount to the overallconspicuity 

clothing items described above were tested in turn in because the backs of the arms were poorly illuminated. 

daylight on four straight sections of road. The average From the front, however, the tops of the arms were visible 

results are given in Table 30. It can be seen the jacket had and relatively well illuminated, receiving direct light from 

the greatest effect. The number of close passing vehicles the sky; therefore, they contributed significantly to the 

was more than halved, compared with the control. The visibility of the cyclist. In this study and in a previous 

...... effect of brightness of fabric was established by making a pilot experiment(116), a jacket was shown to be more 

number of jackets of similar color (greenish-yellow) but effective than a waistcoat when viewed from the front. 

of widely different luminance factors. Results are given in Drivers’ increased awareness of the presence of the rider 

Table 31. Tests were also carried out on white, yellow, and earlier detection when approaching are possible for 

and orange color jackets of similar brightnesses, and, as the larger gaps left by overtaking vehicles. 

expected, their effects on passing vehicles were not The relatively small and statistically nonsignificant 

significantly different, effects of the armbands and belt are probably due to their 

In addition to providing effective conspicuity aids for small total area. For its size, the hat performed well, and 

the rider, there are other measures that may prove this is probably due to its relatively high illumination~ 

effective, receiving direct light from the sky. Its domed shape 

resulted in high luminance or brightness levels when 

viewed from most directions. The jacket is preferable to 

Table 30. Passing distances for clothing options of other aids for the additional reasons that arm signals are 
different styles more conspicuous and the sides of the rider are likely to 

be more visible. Road tests with jackets of various 

reflectances and colors indicate the importance of bright- 
Percentage Number 

Option Median Less Than of ness rather than color in determining the conspicuity of 
(m) 0.sm Readings clothing. However, there are likely to be a number of 

Jacket 1.20 8.4 547 

Waistcoat 1. t 6 t O, t 544 situations where color contrast may aid detection because 
Hat 1/i4 1 t .0 520 

Armbands 1.13 14.1 475 luminance contrast is low; for example, where the rider is 

Shoulder and Waist Belt 1 .O9 t 6.4 482 viewed against a bright desaturated background such as a 

Black Jacket (control) 1,03 21,1 526 
concrete facade or cloudy sky. To offer maximum 

visibility, a conspicuous garment should be made from 

material having both a high luminance factor and highly 

Table 31. Passing distances for jackets of different saturated color. Finally, a conspicuous garment must 

luminance factors attractively styled and comfortable to wear, as well as 

retailing at a reasonable price, if its use is to be 
Color Specification*                                encouraged. 

Percentage Number 

Option Median Less Than of 

x y Y 0.8rn Readings 

Thin nylon 0.39 0.44 0,49 1,10 15.2 841 Nighttime Conspicuity 
Thick nylon 0.36 0.51 0.74 1.13 12.4 833 

Reinforced PVC 0.38 0.52 0.95 t,15 12.1 840 

PVC 0.38 0.53 1,37 1,17 9,4 879 
Accident Studies--A comparison of accidents in Belgium, 

Black jacket *(not measured but expected 1.05 23,5 927 Denmark, Spain, Germany, and Ireland(l 11) showed 
reflectance close to zero) 

--.-- that the percentage of casualties occurring in darkness 
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ranged from t 8 to 33 percent for bicycles, and from 26 to reflectors for safer y, tests were carried out on the TRRL 

38 percent for mopeds. In The Netherlands. recent test track after dark to compare the detectability of two 

data(ll8) shows that 21 percent of severe injuries to reflectors (25 and 75mm diameterJ and a common type of 

cyclists involved in collisions with other vehicles and 24 battery lamp modified to give two levels of light 

percent of severe i~uries to moped riders occur at dusk or output(121). These levels were low and corresponded to 
at night, dim lamps where the batteries were close to being 

It was found that accidents after dark were more exhausted. The test track layout is given in Figure 33. 

serious, and the cyclists concerned were usually older and The average detection distance for the reflectors and 
more frequently struck from behind. In Great Britain. a two levels of light output against the glare source are 
total of 4,549 (18 percent) pedal cyclists were reported as given in Table 32. for observers closing in on the bicycle 
killed or injured on the roads during the hours of 

darkness in 1980(t 19). A study in The Netherlands(120) 

has shown that the risk of a fatal collision between a 
Possible ~itmn5 of Glare 5ource cyclist and a traveling motor vehicle is nearly four times 

j, ....... ~,o, ...... ~ , 
greater under dark conditions. It is not known to what 

extent the poor conspicuity of the pedal cycle or cyclist is 

a factor in nighttime accidents, but, obviously, cyclists , 
riding without adequate lights are likely to incur con- 

siderable additional accident risk. ~ ...... I 

Tests and Surveys--Cyclists in Great Britain. as ~n most 

other countries, are legally required to show a white light 

to the front and a red light to the rear when riding after 

dark. Observations were made in four towns in England 

to determine the extent to which cyclists comply with 

these lighting regulations(121). Details relating to over 

2,500 bicycles were collected in a 2-week period during 

December t 980. Observations were made after dark. and 

it was shown overall that approximately 25 percent did 

aot have complete lighting and 9 percent had no visible 

lights at all. Where lamps were fitted, 9 percent were off 

and nearly one-quarter were either dim or gave an 

unsteady output. Three-quarters of the lamps observed 

were battery-powered. It therefore appears that many 

cyclists at night will be inconspicuous and therefore at 

increased risk. Interviews with over 600 cyclists revealed 

some reasons for this. Many only replaced batteries when 

they were exhausted, and important reasons given for the 

poor performance of lamps were damage and poor 

connections. 

The observations showed that dim lamps were common. 

and, in order to establish the importance of bicycle Figure 33. Layout for visibility studies 

Table 32. Mean detection distances of rear lamps and reflectors 

Distance of Rear Lamp Reflectors No Reflectors 
Glare Source Luminous Intens=ty Coefficient of Luminous or Lamps 
from Bicycle (cd) Intensity (Control) 

(med/Ixl 
(m) 0.65 O. 15 1450 101 

1 358 241 247 t 53            41 

3 635 507 399 214 64 

Coefficients of ~uminous intensity were measured a~ O~ 12’ observa~ton angle and O° cmrance an~le. The observation angle is me angle 

bet~ een the ~t raight lines cotmecting the reflector to the source of illurmnauon and to the observer’s eye, The entrance angle Is the angle between 
the line perpendicular to the plane of the reflector lace and the straight hne connecting the retlector to the source of illumination. 
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at 35kmi h. Not only is early detection of the rider by the average detection distance for the most effective spoke 

approaching driver important but also recognition at an reflector was 354m, while for the most effective reflective 

early stage. Early recognition ofthe rider can be important tire it was 297m. However, in static viewing tests, the 

....... since for safety the driver needs to know the likely reflecting tireswereeasierto recognize. In dynamictrials 

behavior of the road user he is about to overtake. In where observers had to determine the direction correctly, 

further tests, the distances at which observers were the reflective tires were more effective at indicating 

certain that a cyclist was present were used as a measure direction of travel. 

of effectiveness. Since the motion of the cyclist on the In West Germany, viewing trials were held to assess the 

cycle was thought to provide important cues to recogni- contribution to conspicuity of various types of reflec- 

......... tion, atest cyctist rode the bicycle on rollers. The options tor(125). Spoke reflectors were judged to be superior to 

were a commercially available flashing amber lamp reflective tires. 

designed to be attached to the cyclist’s clothing, a The lnternationalFederationofSeniorPoliceOfficers 

reflective jacket, a reflective shoulder and waistbelt, a (FIFSP), after a study of safety equipment for bi- 

reflective spacer, and a set of pedal reflectors. Each of the cycles(126), concluded that a large rear reflector would be 

options was tested in turn in conjunction with the beneficial and that dynamo lighting systems should be 

control, i.e., rear light and mudguard reflector. The provided that would automatically switch to battery 

average detection and recognition distances based on power when the bicycle is stationary. They also attached 

results from six subjects are given in Table 33. special importance to flank protection of the bicycle rider 

Table 33. Mean detection and recognition distances for conspicuity aids (glare source 3m from bicycle) 

Rear Lamp Pedal 

(11 .lcd) Flashing Reflective Shoulder and Spacer Reflectors 

and Reflector Amber Jacket Waist Belt (5OOmcd/Ix) (lOOmcd/Ix 

(100mcd/tx*) Be, acon (10,O00rncd/lx) (lOOOmcd/Ix) Each) 

Detection Distance              651 ÷ 588 284 185 292 182 

Recognition Distance 54 59 102 68 60 124 

Coefficients of tuminous intensity were measured at 0o 12’ observation angle and 0o entrance angIe 

+ Maximum detection distance was limited to just over 650m corresponding to the length of the range 

A survey in The Netherlands(t22) has shown that 4 and recommended the use of retroreflective tires(126,127)~ 

percent of front lamps and 4 percent of rear lamps were In addition to insuring that two-wheeler lighting and 

missing. It was also shown that 7 percent of the front reflectionization is adequate, there are other vehicle 

lamps were defective in some way. The legally required factors important for adequate visibility. The transmission 

large rear reflector was present in 93 percent of the cases, of light through motor vehicle windscreens is of obvious 

Some indication of the effectiveness of this large rear importance since modern cars have windscreens that 

reflector and pedal reflectors in reducing accidents can be usually make an angle of 35° to 40° to the horizontal 

judged from another Dutch report(123), which details the plane. These small angles seem to be unfavorable for the 

change in accident rate to cyclists following their legal transmission of incident light coming from the traffic 

requirement in November 1979. This preliminary report scene, especially where dim lamps near the threshold of 

using only one year’s after data records a drop in perception arebeingviewed. A dirty, scratched, tinted,or 

casualties. As accident data accumulates, it may be highly raked windscreen will limit transmission of light or 

possible to precisely quantify their contribution to the reduce contrast and could cause a poorly lit cyclist to be 

reduction in accident risk. missed. Poorly aligned vehicle headlamps are a probtem 

The Institute of Road Safety Research SWOV(ll8) in that they can cause high levels of glare that can 

has carried out an analysis of accidents and concluded interfere with the detection of lights and can cause 

that a small reduction in casualties will result from the distraction. 

mandatory use in The Netherlands of spoke reflectors or Discussion and conclusions -lt has been demonstrated 

reflective tires, that a reflector having a coefficient of luminous intensity 

In the United States, Burg and Hulbert conducted a of 1,450mcd!lx (75m dia reflector measured at zero 

series of tests on bicycle spoke reflectors and reflective entrance angle and 0° 12’ observation angle) can perform 

tires(!24). Using dipped headlamps, it was found that reasonably well when compared with a dim rear lamp. 

spoke reflectors were detected at a greater distance than In fact, under the worst conditions of glare (bicycle 

reflective tires when viewing the side of the bicycle. The positioned 1 m from glare source), the detection distance 
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of the large reflector was similar to that of the dimmest bicycles since 1979. The FIFSP has recommended the use 
tamp. Without a reflector or rear light of any description, of large rear reflectors and retroreflective tires on bicycles. 
visibility distances are dangerously low (4t to 64m) when The British Standards Institution(129) has published a 
i’t is considered that, at a speed of 110km/h, a driver may standard that specifies minimum requirements for bicycle 
need a distance of up to 200m to stop after an unexpected reflectorization. This standard is based on the work of the 
object becomes visible. Thelight output from adim front International Organisation for Standardisation and 
or rear lamp when viewed from the side can be very low specifies high-grade reflectors at the front, rear. and side 
indeed, and side reflectors in this case can substantially of a bicycle as well as for the pedals. The British 
improve conspicuity. The obvious disadvantage of a Government has been considering the possibility of 
reflector is that its visibility depends on the illumination it insuring that all bicycles offered for sale meet these and 
receives from the driver’s headlamps. If the headlamps other safety requirements. 
are dim or misaligned or the two-wheeler is not directly 

ahead of the vehicle, then the reflectors may prove 

ineffective. In addition, the performance of most reflectors Bicycle Spacers 
decreases with increasing entrance angle, although wide 

angle reflectors are available, and these significantly Because of the inherent instability of two-wheeled 
decrease the reduction in reflected light at large entrance vehicles, cycle and moped riders need to be given 
angles, sufficient clearance by the overtaking driver to take 

tn Great Britain and to a lesser extent in The account of possible course deviations. Experimental 
Netherlands, it has been shown many bicycles are not studies of course holding by cycle and moped riders 
equipped with adequate lights at night even though they under a range of conditions[ 130) show that riders need a 
are legally required. The widespread use of a good quality road width in excess of lm: an additional safety margin is 
bicycle reflector might make a worthwhile contribution necessary. 
to safety in these and other countries where such A spacer is a device attached to the bicycle to 
problems exist. Should the lights flicker, dim, or go out discourage drivers from passing too close to the cyclist 
completely, a bicycle equipped with good reflectors when overtaking. Commercially avaitablespacersusualty 
should be visible in a number (but by no means all) of consist of a plastic rod with either a flag or disc attached 
accident situations. It is, of course, desirable that bicycle at the end, the overall length being about 400mm. It is to 
lighting performance should improve to a point where be mounted horizontally on the rear offside of the bicycle 
reflectors are needed only very rarely for the purpose of so it projects into the road. They have been widely used in 
insuring the bicycle is visible. Bicycle reflectors are useful Scandinavia but have only recently gained acceptance in 
for aiding in detection and also for improving recognition. Great Britain. 

After the rear light of a bicycle has been detected by an 
approaching driver, early recognition that a cyclist is 

Accident Statistics ahead is probably important on many occasions. Pedal 

reflectors proved most effective at increasing recognition 

distance as they more than doubled the distance at which In Great Britain, national accident data for 1980 

indicate that about 30 percent of fatal pedal cycle a cycle equipped with a rear lamp and mudguard reflector 
casualties occur in situations where other road users could be recognized. The reflective jacket was also 
collide with the cyclist while overtaking or strike the rear effective; observers quickly recognized the cyclist by the 
of the bicycle, both vehicles initially traveling in the same side-to-side motion and outline of the cyclist. In addition, 
direction and going ahead. French and Danish accident both these aids should give the driver a useful indication 
studies show the dominant maneuver type involving of the distance to the cycle. For example, the amplitude 

of the pedal motion can be clearly seen soon after the cycles and mopeds in rural areas is that of the overtaking 

s~tuation(111). It has been shown that. when lethality was pedal reflectors are detected, and this is likely to be a 

useful cue in judging distance. Tests show that large calculated for bicycle-to-car accidents, the collision front 

errors in judging distance can result when only a single of car-rear end of bicycle or moped appeared to be most 

red light is visible, and this could be a possible cause of severe. Attention should be given to reducing the risks ~n 

this particular accident situation. accidents. Reflective tires have been shown to indicate 

the presence and direction of travel of a two-wheeler 

when viewed from the side. Spoke reflectors are more Evaluation of Spacers 
effective at improving detection distance in this situation 

but are less efficient at improving recognition. Previous studies in Great Britain. Finland. Sweden. 
The need for adequate bicycle reflectors has been and France(131.132.133.134~oftheeffectsofspacerson 

recognized. In The Netherlands, a high-performance rear the gaps left by overtaking drivers (used as a measure of 
reflector and pedal reflectors have been required on theaccidentrisk)haveshownarangeofeffectsfromnone 
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to an increase in average passing distance of 220mm. detection distance studies previously described. Table 35 

Differences in road conditions, driver behavior, and gives the results. 

measurement technique could account for these dif- 

ferences. At TRRL. the ultrasonic range-finding technique 
describedabovewasusedtomeasuretheeffectofspacers Table 35. Comparison of longest spacer with a con- 

of various lengths during daytime and nighttime(135), 
spicuous jacket (daylight) 

analysis, it was possible to q uantify for the first time the Opuon (m) Less Than 0.8m Measurements 

effects of spacers of various types in reducing the Control 1.060 21 77 698 

percentage of drivers passing very close. Spacer 1.1 57 11.37 686 

For determining the effects of spacer length, a red 
YeltowJacket 1.162 11.09 712 

reflective disc shapet 9.000mm2 in area was employed. 

The shaft of the spacer was 8mm in diameter and white in 

color. The overall lengths of the spacers tested were 0.35. Discussion and Conclusion 

0.40, 0.45, and 0.50m. These lengths covered the range of 

those commercially available and produced estimated The effects produced by spacers m increasing median 

projections beyond the rider’s elbow of 25, 75. 125, and 
overtaking distances and decreasing the percentages of 

175ram. The rider’s elbow was the part closest to 
vehicles passing very close are probably due to the 

overtaking vehicles. For comparison purposes, the cyclist 
xncrease in the effective width of the bicycle and rider. 

wore a black jacket of a near zero luminance factor, and although some of the effect may be due to increased 

this acted as the control when testing without a spacer conspicmty. In most cases, the increase in effective width 

present. Four sites were chosen for test purposes. Road 
is not quite matched by a corresponding increase in 

widthvariedfrom5.1 to6.3mandspeedlimitsfrom48to median passing distance. This could be a result of the 

96km h, Broken centerline markings were present along knowledge that the consequences of striking the end of 

all sections. Each spacer was tested several times at each the spacer w hen overtaking are not as severe as hitting the 

site in a balanced order to reduce the effects of time- 
cyclist. The results show. that by using a spacer 0.5m m 

dependent facto rs. 
length, the percentage of overtaking vehicles passing less 

Data collected at t he four test sites were combined as than 0.Sm from the cyclist was approximately half that 

there were no substantial differences between the results, 
recorded when no spacer was present. This spacer had a 

Table 34 gives the averaged results for daylight and 
similar effect on overtaking behavior across a wide range 

Table 34. Passing distances for spacers of various lengths 

Percent 

Lighting Length of Spacer Projecting Length Median Gap Passing Number oI 

Condition (m) (from elbow) (m) Less Than Measurements 

(m) O.8m 

Day Control (no spacer) -- 1.097 t4.97 855 

Night Control (no spacer) -- 1.076 16.14 477 

Day 0.35 O.O25 1.156 11.50 844 

Night 0.35 0,025 1,1 98 8.85 407 

Day 0.40 0.075 1.132 9 74 780 

Night 0.40 0,075 1.134 11.08 41 5 

Day 0.45 O.125 1.192 9 16 819 

Night 0.45 O. 125 1 194 7.28 481 

Day 0.50 O. 175 1.215 7.83 855 

Night 0.50 0.175 1.221 6.92 492 

nighttime tests. Statistically significant differences at the of road and traffic conditions. Results obtained during 

0.1 percent level were found under both lighting condi- the day were similar to those recorded at night. As the 

tions, length of the spacer decreased, effectiveness was reduced 

Further tests were carried out to compare the effects of so that a spacer length of 0.35m was only about half as 

the longest spacer (0.Sm) and the yellow jacket used in the effective as a spacer 0.50m long. The effects on overtaking 
drivers of the long spacer were very simila r to those of a 

The materialhasaluminous factor of 0.51 and its color specification inCIE        fluorescent yellow jacket across a range of dayume road 
coordinates was x = 0.58. y = 0.36, Its coefficient of mmmous intensity conditions. The fluorescent) acket would obviously confer 
under typical viewing conditions (0° 12’ observation angle and zero 
entrance angle) wasapproximatelyl.200mcd/Ix, 

extra benefits on the cyclist by increasing overall 
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conspicuity. However, the cost of a spacer is low and, if of forced against the metal wheel rim. The latter is normally 
sufficient length, it offers good value, chrome-plated steel and often gives a very low coefficient 

of friction when wet, which results in poor braking 

Field of View of Truck Drivers performance(136,137). In dry conditions, the braking 

force can be high, and the possibility exists of the rider 

From a Dutch study(! 12), it followed that most of the going over the handlebars during emergency braking. 

Hub (both internal-expanding and back-pedaling) and accidents in which a two-wheeler rider collided with the 
disc brakes have a generally superior performance in wet side of an HGV happened when the HGV turned to the 
weather because the braking surfaces are not as exposed right. From an analysis of the EEC directives on rear view 
to water. However, they are more expensive, heavier, and mirrors, it appeared certain areas could not be seen when 
can make wheel removal difficult. This is perhaps the the vehicle was equipped only with mirrors according to 
reason for many new lightweight bicycles being equipped these requirements (Figure 34). Therefore, additional 
with rim brakes. requirements need to be recommended. 

It is difficult to obtain reliable estimates of the number 

of injury accidents due to inefficient brakes, but bicycle 
Braking accident reports received by the Consumer Product 

Safety Commission of the United States (138) show many 

The rim brake has been fitted to bicycles for many injuries to children result from the inability ofthebicycle 
years in some countries and is widely used on all types of to stop quickly in emergency situations. In West Germany, 
bicycles. On applying the brake lever, the rubber block is Wo bben(137) refers to the complaints of many cyclists 

concerning the inadequate braking efficiency of rim 

brakes in the wet. Currently, the British Government is 

considering setting minimum permitted wet and dry 

braking efficiencies for new bicycles based on the recent 

British standard for cycles(129). TRRL has been involved 

in preparing this standard and has conducted a series of 

" ..... ’~’U~ ~i 
tests on rim brakes. 

::~ Braking Studies 

In one study at TRRL, the size of the problem was 

established by allowing children to carry out emergency 

braking tests under wet conditions(139). In addition, 

- : road tests were carried out to determine the performance 
~i~ : of a common type of caliper brake, using a number of 

different brake blocks and wheel rims to determine 

whether one or more combinations would prove satis- 

factory in both dry and wet conditions. Recently, 

manufacturers have produced new types of brake blocks 

that are claimed to be effective in wet conditions. Nine 

commercially available brake block sets were tested: 

three synthetic blocks, five rubber blocks of various 

hardnesses and patterning, and one leather block. All ~ nine sets of blocks were tested on plain chrome-plated ~.ii : i I’~ .:, 
and light alloy rings, and three sets, representing the three 

~i~ types of material, were further tested on dimpled and 

grooved chrome-plated rims. The test bicycle was a 

standard touring model with 686mm diameter wheels 
A: Full view and fitted with a side pull caliper brake. To reduce 
B: View limited in heNht variation between tests, one adult rider was used. The 
C: EEC-Required field of view 

bicycle was equipped with a water reservoir and jets to 
D: No view required acc. to EEC 

each wheel that applied 4mlis at each rim, and brake 

=" force was controlled by attaching brake lever stops to the 
Figure 34. Field of view for HGV’s right-hand traffic; ends of the handlebars. These were adjusted so that loads 

right and left external mirrors according to of 180N were effectively applied 25mm from the lever 
EEC requirements(112) ends when the brake levers were pulled up to the stops. 
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(Tests have shown that loads of this magnitude are inexperienced rider failing to give way at a road junction 

possible to achieve by male adults under emergency and emerging dangerously into the major road. On hil! 

braking conditions. However, many children and adult descents, much longer stopping distances may result. 

females would not be expected to exert these forces.) The Under controlled tests, braking distances were about 4-V2 

braking distances were measured from a speed of times those measured under dry conditions. Neither 

approximately 16kmi h for each combination of block hardness nor patterning of the rubber blocks nor the use 

and rim. The rims were tested both dry and when of dimpled and grooved rims significantly affected stop- 

continuously wetted. Table 36 gives the average decelera- ping distances. By contrast, leather blocks on chromed 

tion achieved for each set of brake blocks under dry and rims produced a statistically significant improvement, 

........... wet conditions, together with the expected braking and adequate braking was achieved in the wet. With wet 

distance from a speed of exactly 16km/h. Figure 35 al!oy rims, adequate levels of braking performance were 

illustratestherelativeeffectivenessofthevarioustypesof achieved with the synthetic blocks. The leather and 

block, 
rubber blocks (e) and (g) (see Table 36) were slightly less 

effective and the other rubber blocks were less effective 

still. 

p~o~nch .... d,~m~ In the dry, braking efficiencies with any of the 
Synthetic ~ocks ~ 

I [] ~v ~,s I combinations of block and rim were good; however, very 
~a~, , t [ [] ~ot ~i~ I high levels of braking were found with synthetic blocks 

ao~ 
~o~s~ 

on the plain chromed rims. This is potentially dangerous 
~d! : i1 

since the longitudinal stability of the bicycle is poor 
~oat~ ~o~s 

compared with other road vehicles. Calculations for the 

! ~ ~ ~ I ~ .~ rider and bicycle employed showed that the rear wheel 
o ~ ~ a ~ ~ ~ ~ ~ ~ 

would be expected to lift at a deceleration of 0.56g. This is 
Plain light alloy rims 

S~oth~t~ ~lo~ ~ in reasonable accord with the observation that consistent 
~a~ ~ rear wheel lift occurred where average decelerations were 

~o~o~ks ~ significantly greater than this value. 
I~! ] The reduction of accident risk in both wet and dry is 

........ ~athe~ ~o~s ~ likely if the correct combination of brake lock and rim is 
..... l~! ~ ,,,J 

~ ~ ~ t ~ t = = .~ selected. Even if a collision is unavoidable, the relative 
~ ~ ~ ~ s ~ 7 ~ ~ velocity at impact may be reduced with better brakes. 

~k~g~ist .... i~l This can lead to tess severe injury. 

Leather blocks are now available in Great Britain, and 

Figure 35. Expected braking distances from a speed of one major manufacturer fits them to all its bicycles 
16km/h equipped with chromed rims. British Standard BS 6102 

part 1 specifies a maximum wet braking distance of 7.5m 
Nineteen children whose ages ranged from 6 to 11 also from 16kmi h, which would exclude the fitment of the 

took part in further tests. In this case, a small bicycle was worst combinations of brake block and rim. (This is a 
used (457mm diameter wheels) equipped with chromed significant improvement on the ISO standard (ISO 4210) 

rims and rubber blocks. They each made four runs under on which it is based, which specifies a braking distance 
wet conditions similar to those described above. The twice as long (15m).) As mentioned above, the British 

average braking performance was 0.08g corresponding to Government is considering making the standard manda- 

an expected braking distance of 12.6m from a speed of tory for all bicycles sold. 
exactly 16km/h. The lowest rate of 0.047g (equivalent to 

a braking distance of 21.4m from 16km/h) was achieved 

by the youngest child and the highest rate of 0.113 by the Defects and Maintenance 
oldest. 

The two-wheeler rider will have less chance of avoiding 

Discussion and Conclusion an accident if his machine is not maintained in good 

condition. Defects in brakes, transmission, and tires, for 

The result of the tests involving children illustrate well example, may delay or otherwise reduce the effectiveness 

the very poor performance that may result in wet of accident avoidance maneuvers. Obviously, direct 

conditions where rubber brake blocks are used on failure of frame or parts can be the prime cause of 

chromed rims. This is in agreement with a previous 
accidents; for exampte, failureofpedalcrankorforkscan 

study(140). The youngest child would have traveled over easily lead to loss of control. Lighting that flickers, dims, 

20m in braking to a halt from the modest speed of or goes out completely can lead to virtual invisibility in 

16kmih. This level of performance may result in an poorly lit areas. 
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Table 36. Mean decelerations and expected braking distances from 16km/h 

Plain Chrome Light Atloy Dimpled Chrome Grooved Chrome 

Block      Type Condition Decel* Braking Decel- Braking Decel - Braking Decel- Braking 
eration Distance eration Distance eration Distance eration Distance 

(g) (m) 

(a) Patterned Dry 0.76 1.3 0.46 2,2 0.58 1.7 0.58 1.7 
synthetic Wet 0,21 4.9 0.39 2.6 0.24 4.2 0.20 5.0 

(b) Plain Dry 0.71 1,4 0.51 2.0 -- -- 
synthetic Wet 0.27 3.7 0,42 2.4 

(c) Plain Dry 0.66 1,5 0.51 2.0 -- -- 
synthetic Wet 0.28 3.6 0.43 2.3 -- -- 

(d) Plain Dry 0,57 1.8 0.45 2.2      0.47 2.1 0.47      2.2 
rubber Wet O. 12 8.1 0.25 4.0 O. 13 7.5 O. 12 8, 5 

{e) Patterned Dry 0.54 1.9 0.47 2.2 
rubber Wet O. 12 8.8 0.35 2.9 

(f) Patterned Dry 0.52 1.9 0~45 2.2 -- 
rubber Wet 0.12 8.6 0,21 4.8 -- -- 

(g) Patterned Dry 0~55 1,8 0.48 2.1 -- -- 
rubber Wet O, 12 8.6 0.36 2.8 -- -- -- 

(h) Patterned Dry 0.50 2.0 0.43 2.3 -- 
rubber Wet 0,11 8,9 0.26 3,9 

(il Plain Dry 0.40 2.5 0.46 2.2 0.46 2.2 0.48 2.1 
teather Wet 0.44 2.3 0.36 2.8 0.44 2.3 0.41 2.5 

Note: Rounding errors account for apparent discrepancies between columns, 

Accident Studies could take the form of vehicle inspection schemes and 

TRRk carried out on-the-spot investigation of 183 instruction on regular maintenance, especially for younger 
riders. The standard BS 6102 referred to above has accidents involving two-wheelers from 1970 to 1972( 141). 

They considered that 14.5 percent of the bicycles and 4.7 minirnum req uirements for the strength of essential parts 

percent of the motorcycles involved had defects that such as brake system, frame and fork assembly, wheels, 

contributed to the accident. A Finnish study on 74 bicycle pedals, and chain. It also includes requirements on sizes 

fatalities(142) indicated that defects were a contributory of protrusions and sharp edges that may come into 

factor in 4 percent of the cases, contact with the rider during normal use. In addition, i~ 
contains a req uirement that instructions be provided with 
each bicycle. These include, among many items, instruc~ 
tions on brake adjustment and recommendations for 

To get an estimate of the size and nature of the replacement of brake blocks, correct chain tension, 

problem, a survey was carried out by TRRL into the state lubrication, and recommended tightening of fasteners 

of maintenance of bicycles ridden to primary and middle related to handlebar, saddle and pillar, and wheels. Also 

schools(!43). It was found that, of the 439 bicycles it contains recommendations for safe riding, e.g., regular 

examined, over one-third (151) were categorized as in a checks on brakes, tires, steering, and lighting. 

The design of the bicycle to aid adjustment or eliminate dangerous condition and only 36 percent were regarded 
it would be advantageous. For example, it is often by the examiners as being in good condition. A fault was 

categorized as dangerous if it was possible for it to be a difficult to adjust brakes: yet self-adjusting brakes are 

contributory factor in an accident. The component already on the market(144). 

showing the largest number of dangerous faults was the 
St~MlJty ~and M~neuvenability rear brake. Twelve percent were in a dangerous condition, 

and 9 percent of front brakes were similarly categorized. A certain degree of skill is required to ride any two- 
No firm conclusion can be drawn from the existing wheeler. To become proficient, there is a learning process, 

data on the direct contribution of defects to accidents, and the rider must acquire sufficient experience in a range 
b~t they do indicate the need for remedial action. This of traffic and road conditions. To reduce accident risks, 
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the two-wheeler must be easy to maneuver so obstacles 
can be avoided quickly and must also be stable so it 

Bicycles 

follows the intended course when, for example, the cyclist Folding bicycle 

is signaling or is caught in a crosswind. The extent to Standard bicycle 
which bicycle design affects rider performance has been high handlebars 

examined in a number of experimental situations. Racing bicycle 

Studies of Stability and Maneuverability Standard bicycle 
ladies type 

In an early study at TRRL(145), an attempt was made 
to assess maneuverability of cycles and motor-assisted Mopeds 

cycles by the number of faults committed on an obstacle 
Light moped 

course and on a slow-riding test. Similar tests were engine on front wheel 
carried out using schoolchildren(140) on a number of Heavy moped 

bicycles, both on smooth and bumpy surfaces. These tests high handlebars 

showed that there were large differences between the Modern li0ht 

...... performances of riders and small differences between 
moped 

different cycles. A Swedish study(ll3) tested cyclists 
Motorcycling 
model 

attempting to hold a straight course while looking 

behind, which was intended to simulate a common o 20    40    60    8o 

turning maneuver involving crossing the traffic stream. Time outside prescribed course (percent) 

With three types of bicycle investigated (small-wheeled, 
.... standard touring, and rodeo type), the probability of 

making errors in following the course and assessing the 
Figure 36. Time (percent) outside prescribed path in 

test 2, "course holding in a curve’(768 runs) 

situation behind ranged from 10 to 50 percent. 
A Dutch study(130) also found differences between 

different machines. In one of several tests, the riders had 
In the case of bicycle lighting, surveys and observations 

have demonstrated that a large problem exists. Better 
..... to follow a track consisting of a sloping road section 

.... .... immediately followed by a sharp left turn. The riders 
lighting systems are required not only to provide more 
reliable lighting in order that the cyclist may be easily 

attempted to stay within two lines 0.15m apart. The seen at all times but also to provide an adequate beam to 
percentage of time spent outside the prescribed course 
was used as a measure of performance. When riding 

illuminate the road ahead. Further work in this area 

down the s!ope, speed increased, which made the bend 
should be beneficial. Improvements to the nighttime 

more difficult to negotiate, and so both good stability and 
visibility problem can be made by requiring that bicycles 

maneuverability were important for course holding, 
be equipped with a range of high-performance reflectors 
that will be readily visible in most situations and wi!l also 

Figure 36 shows the average percentage of time outside aid recognition. Of particular importance is an effective 
the prescribed course when negotiating the curve with rear reflector and pedal reflectors. The cost of providing 
one and two hands. It can be seen that differences such reflectors is sma!l, especially if it is carried out 
between the bicycles and mopeds are comparatively 
slight. However, the performance of the racing bicycle 

during manufacture. Better legal requirements for lights 

and standard model with high handlebars differs sig- 
and reflectors are indicated. 

The increasing popularity of lightweight bicycles 
nificantly from that of the other two bicycles. With these 
other models, path deviation (averaged over conditions) 

indicates that rim brakes are now more widely fitted. It 
has been demonstrated that darigerously long stopping 

occurred for about 25 percent of the time. For the racing 
bicycle, this was nearly 50 percent; for the bicycle with 

distances occur in wet conditions if rubber brake blocks 

high handlebars, it was 40 percent, 
are used with the chromed-steel rims. Since this is a 
common combination of block and rim, a legal braking 

It appears from these studies that bicycle design has an 
influence on stability and maneuverability although it is 

requirement based on wet and dry braking standards 

not yet possible to quantify the contribution of a 
should improve thesituation. Such a requirementcoutd 

particular design feature to the accident risk. 
apply to all new bicycles offered for sale. 

Regular bicycle maintenance checks may reduce the 

Recommendations Concerning Accident     number of poorly maintained bicycles. This could be carried out at schools or by the police. At the present 
Prevention Measures time, it seems unlikely that an annual inspection similar 

When compared with motor vehicles, bicycles generally to that required for motor vehicles would be feasible. 

have inferior lighting and braking systems and are poorly Steps could be taken to persuade manufacturers to 

maintained. . improve bicycte design so that maintenance is reduced to 
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a minimum, for example, the fitting of brakes that are 10. RAI Techniek, No. 11, October 1980, Nederlandse 
automatically adjusted. Consideration should be given to Vereniging de Rijwielen Automobielindustrie. 
a requirement that there be no sharp edges and dangerous 11. Roosmark, P.O.~ and R. Fr~iki, "Interview investiga- 
protrusions on bicycles and mopeds, and chain guards tion of road traffic accidents," Accident Analysis and 
should be fitted. In addition, there may be a case for a Prevenlion, Vol. 1, 1969, S.279-291. 
minimum requirement for the strength of essential parts 12. Thorson, J., and J. Sande, "Hospital statistics on 
such as brake system, frame and fork assembly, wheels, road traffic accidents," Proceedings 3rd Triennial 
pedals, and chain. A measure that could be taken to Congress, 1969, Michigan, Highway Safety Research 
reduce the risk of accidents to both bicycle and moped 

Institute, 1971. 
riders is the promotion of the wearing of conspicuous 

13. Nordentoft, E., et al.,"RapportenngafTrafikulykker"            ’ 
clothing, particularly during daytime and twilight. It Med Personskade," Radet for trafiksikkerhedsfor- 
would be helpful to have a standard for conspicuous sking, Rapport 13, Kopenhagen, 1972. 
clothing so that only high-visibility clothing of an 14. Hehlen, P., "UnfNle an Strassen-Kreuzungen und- 
adequate standard would be promoted in publicity and Einmtindungen," 14, Tagung des Institutes ftir die 
training courses. Consideration should also be given to gesamte Unfallforschung in Ztirich, April 1976 
erxcouraging the use of cycle spacers. Since they have (unpublished). 
been shown to decrease the number of vehicles passing 15. Hobbs, C.A., et al., "Classification of injury severity 
~.ery dose, they should reduce the risks in the overtaking by length of stay in hospital," TRRL, Report 871, 
situation. They have the advantage of being very cheap to 1979. 
fit~ 16. Maas, M.W., De Politieregistratie van Verkeersge- 

Ifa safety requirement is introduced on a large scale, it wonden in Ziekenhuizen, SWOV, Report R-82-34, 
is recommended that relevant accident statistics be !982. 
compared both before and after the change so the 17. Lenhart, W.,"Grunaauswertung" des korrigierten 
effectiveness of the measure in reducing the accident risk 

Datenbestandes zu FP 7537," BASt, KOln, 1982 
can be established. (unpublished). 

18. Bunketorp, D., et al., "Traffic accident registration 

and analysis in G6 " " teborg, Proceedings 7th IRCOB[ 

Conference, KOln, 1982. 

19. Pedder, J.B., et al., "A study of two-wheeled vehicle 

casualties treated at a city hospital," IRCOBI 
l. Popish, L.N., and R.B. Lytel, "A study of bicycle- Conference, Salon de Provence, France, 1981. 

motor vehicle accidents," Santa Barbara Public 20. Bull, J.P., and B.J. Roberts, "Road accident 
Works Department, June 1983. statistics -a comparison of police and hospital 

2~ Koninklijke Nederlandse Toeristenbond ANWB; information accident analysis and prevention," 5, pp. 
Stichting fiets, "De grote fietsatlas van Nederland," 45-53, 1973. 
Kosmos B.V., Amsterdam, t975. 21. Otte, D., and E.G. Suren, "Verletzungen und deren 

3 Gibbs-Smith, C., 77~e Inventions qi" Leonardo da Langzeitfolgen beiverunfallten motorisiertenZweir- 

Vinci, Phaidon Press Limited, London, 1978. adbenutzern," 1, Bochumer Workshop zur Zweir- 
4 Grote Winkler Prins Encyclopedic, 7th edition, adsicherheit, February 1983. 

Elsevier Nederland B.V., 1974. 22. Willeke, R., et al., "Ein Optimum an Sicherheit; 
5. Scien~{fic Ameriean, December 1983. Nutzen-Kosten-Untersuchungen ftir Verkehrssi- 
6. Rauck, M.J.B., G. Volke, and F.R. Paturi,"Mit dem cherheitsmassnahmen’, Schriftenreihe VDA, Heft 

Rad durch Zwei .lahrhunderte," AT Verlag, Aarau, 25, 1978. 
Stuttgart, 1979. 23. Danner, M., et al., "Optimiering des passiven 

7. Schneider, P., "Das Zweirad im Wandel der Zeit," Unfallschutzes ftir motorisierte Zweiradfahrer," 
Deutsches Zweirad Museum, Neckarsulm, Ismaning BASt, FP 7806 (unpublished). 
(M{inchen), Eigenverlag P. Schneider. 24. Krupp, R.,and M. Bressln,’ "Personenschaden ~nfolge" 

& Bundesgesetzblatt Teil II "Gesetz zu den tJberein- von Strassen verkehrsunf~illen- Ein Vergleich 
kommen vom 8 November 1968 tiber den Strassen- zwischen Pkw-lnsassen, motorisierten Zweirad- 
verkehr und fiber Strassenverkehrszeichen, zu den fahrern, Fussg~ingern und Radfahrern;" BASt, 1983 
Europfiischen Zusatztibereinkommen vom 1., Mai (unpublished). 
1971zudiesen{JbereinkommensowiezumProtokoll 25. Groepering van statistische gegevens betreffende 
vom 1., M~trz 1973 t~ber Strassenmarkierungen." slachtoffers van verkeersongevallen opgenomen in 

9. Horn, B.E., "Helping to identify key issues in bicycle ziekenhuizen 1979, Ministerie van Volksgezondheid 
safety through international assessment," OECD, en Milieuhygiene, !982. 
Road Research Secretariat. 

1202 



Section 4, Technical Sessions 

26. ECE Statistics of Road Traffic Accidents in Europe 42. Riley, B.S., and H.J. Bates, "Fatal accidents in Great 

(1981), United Nations, 1982. Britain in 1976 involving heavy goods vehicles," 

27. Bourret, P., P. Sejourne, P. Orsoni, and C. Cavallero, TRRL SR 586, 1980. 
........ "Lower limb injuries of two-wheelers," Salon de 43. "Strassenverkehrsunfttlle 1981," Statistisches 

Provence Hopital, ONSER, IRCOBI, 1981.                 Bundesamt Wiesbaden, 1983¯ 

28. Cross, K.D., and G. Fisher, "A study of bicycle/      44. Gauss, F., K. Langwieder, etal.,",~ussereSicherheit 

motor-vehicle accidents. Identification of problem yon Lkw und Anhangern,, FAT Schriftenreihe Nr. 

types and countermeasures. Approaches," Vol. 1, 27. 

Anacapa Sciences Inc., Santa Barbara, California, 45. OECD, "Safety of two-wheelers," OECD Research 

t977. Group, Paris, France, March 1978. 

29. McDermott, J.E., and P.A. Wood, "Pedal cycle 46. Downing, C.S., "Pedal cycling accidents in Great 

injuries," 19th AAAM, San Diego, Emergency Britain," Paper presented atthe British Psychological 

Department Nurses Association, Seattle, Washington, Society Conference on Road Safety, Cardiff, 1981. 

1975. ~ 47. Danish Council for Road Safety Research, "Accidents 

30. EEVC Working Group 7, "Pedestrian injury acci- with two-wheeled vehicles in traffic,,’ Memorandum 

....... dents," Proceedings International Technical Con- No. 89, Copenhagen, 1973. 

ference on Experimental Safety Vehicles, Kyoto, 48. Dedo3,an, J.,"Etude medicale et technique d’accidents 

1982. impliquant des usagers de deux roues ~ moteur," 

31. Grattan, E., J.A. Hobbs, and M.E. Keigan, Th~se, Lyon, 1979. 

"Anatomical sites and severities of injury in un- 49. Kraus, J.F., R.S. Riggins, and C.E. Franti, "Some 

protected road users," IRCOB1, Amsterdam, 1976. epidemiologic features of motorcycle collision 

........ 32. Guichon, D. M. P., and S.T. Myles, "Bicycle injuries: injuries," American Journal oJ’Epidemiotogy, 102, 1, 

one year sample in Calgary Foothills Hospital," The pp. 74-109. 

Journal of Trauma, 6, Calgary, Alberta, Canada, 50. U.S. Department of Transportation, NHTSA, 

1975. "Motorcycle accident factors study," September 1980. 

33. Hunter, W.W., D.G. Cole, and E.G. Leggett, "An 51. Cross, K.D.,andG. Fisher, "A study of bicyclei motor 

analysis of bicycle accidents in North Carolina 1974- vehicle accidents; identification of problem type and 

1976," University of North Carolina, 1978. countermeasure approaches," Final report, 

34. Huijbers, J.J.W., "Een beschrijving van fiets- en Department of Transportation, NHTSA, September 

bromfietsongevallen ten behoeve van prioriteitsinde- 1977. 

ek " lingen bij bet letselpreventie onderzo , SWOV 52. Roland, H.E., W.W. Hunter, J.R. Stewart, and B.J. 

(not yet published)¯ Campbell, "Investigation of motor vehicle/bicycle 

35. Maas, M.W., "De politieregistratie van verkeersge- collision parameters," Final report, U.S. Department 

wonden in ziekenhuizen," SWOV, 1982.                     of Transportation, NHTSA, February 1979. 

36. Nicholl, J.P., "The use of hospital in-patient data in      53. Jamieson, K.G., and D. Icelly, "Crash helmets 

the analysis of the injuries sustained by road accident reduce head injuries," Medical Journal of Australia, 

casualties," Transport Studies Group, University 1973, 2, 17, pp. 806-809. 

College, London, TRRL SR 628, 1980. 54. ONSER, "Etude des moyens de protection des 

37. Otte, D., "A review of different kinematic forms in usagers de 2 routes," 1976¯ 

two-wheeler accidents. Their influence on effective- 55. Sacreste, J., J. Masset, and A. Fayon, "Collisions 

nessofprotectivemeasures,’T.U. Berlin, Proceedings exp~rimentales volturesic~clemoteurs, Rapport 

24th Stapp Car Crash Conference, Troy, Michigan, ATP No. 1, 1979. 

1980. 56. Taneda, K., "Experimental investigation of motor- 

38. Pedder, J.B., S.B. Hagues, G.M. Mackay, and B.J. cycle safety," IRCOBI, pp. 270-282, 1976. 

Roberts, "A study of two-wheeled vehicle casualties 57. Chretien, B., and J.C. Cayet, "Accident de 2 roues 
¯ 

" " "    ~ ort treated at a city hospital," University of Birmingham, heurtant un dlspos~tlf de retenue, ON S ER, Rapp 

Birmingham Hospital, IRCOBI, 1981, Salon de 311.79.03. 

Provence. 58. Dunham, T.D., "Safety helmet performance investi- 

39. Roland, H.E., B.J. Campbell, and W.W. Hunter, gation," NHTSA report, November 1974. 

"Investigation of motor vehicle/bicycle collision 59. Jehu, V.J., "Shock absorption test methods for 

parameters," Vol. 1, Final report, University of protective helmets," Aspects techniquesdelas~curitb 

Southern California, Los Angeles, 1979. routibre No. 58, Bruxelles, 1974. 

40. Whitaker, J., "Motorcycle safety--accident survey 60. Fayon, A., C. Tarriere, G. Walfish, and C. Got, 

and rider injuries," TRRL SR 239, 1976. "Performance of helmets and contribution to the 

41. "Accidents in Great Britain 1980," Department of definition of the tolerances of the human head to 

Transport, 1981. impact," IRCOBk pp. 291-300, 1976. 

1203 



Experimental Safety Vehicles 

6~. Aldman, B., B. Lundell. and L. Thorngren, "Non- Comparison between living and dead subjects," 
perpendicular impacts-.an experimental study on Proceedings 25tt~ Stapp Car Crash Conference, 
crash helmets," IRCOBI. pp. 322-331. t976. !981. 

62. Bastiaanse, J.C., "The natural crash helmet.’" 79. Walfish. G., F. Chamouard. D. Lestrelin. A. Fayon, 
IRCOBI, pp. 375-384. 1976. C. Tarriere. C. Got. F. Guillon. and A. Patel, 

63. Fleck, J.F., and F.E. Butler. "Calspan 3D crash "’-Folerance limits and mechanical characteristics ot 
ro " victim simulation p gram. IRCOBI. pp. 283-290. the human thorax in frontal and side impact and 

| 976. transposition of these characteristics into protection 
64. Janssen, E.G., and C.G. Huiskens. "Letselpreventie criteria." Proceedings 7th IRCOBI Conference on 

wielrijders," Tussen Rapport. IW-TNO. 1984. the Biomechanics of Trauma. September 1982. 
65. Sporner, A., "Experimentelle und Mathematische 80. Walfish. G.. A. Fayon. C. Tarriere. J.C. Rosey, F. 

Simulation yon Motorradkollisionen im Vergleich Guillon. C. Got. A. Patel. and R.L. Stalnaker, 
zum realen Unfallgeschehen," Diss.. TU Mtinchen. "’Designing of a dummy’s abdomen for detecting 
Mai 1982. injuries in side impact collisions." Proceedings 5th 

66. Aldman, B., J. Thorson. and A. Asberg, "Bicycle IRCOBI Conference on the Biomechanics of Impact, 
accidents to children and blunt trauma to the September 1980. 
abdomen,’IAATM. 1969. 8l. Evans. F.G.. Stress and Strain in Bones, C.C. 

67. Juhl. M., "Bicycle spoke injuries.’" IRCOBI. 1976. Thomas. Publisher. pp. 92-98, 1957. 
68~ Esterer, H., A. Opitz. and E. Schima. "Intra 82, Cesari. D.. and M. Ramet, "Pelvic tolerance and 

a bdominelte organverletzungen durch Sturtz auf die protection criteria in side impact," Proceedings 26th 
Fahrradlenkstange," Unfallheilkunde 77. 1974. Stapp Car Crash Conference. 1982. 

69. Melvin, J.W, P.M. Fuller. R.P. Daniel. and G.M. 83. Young, J.W.. "’Applied forces of lower leg impact, 
Pavliscak, "Human head and knee tolerance to 1966." reported by R.C. Snyder. Human Impact 
localized impacts." SAE Paper 690477. Mid-year Tolerances. International Automobile Safety Con- 
Meeting, Chicago, May 1969. ference compendium. 1970. 

70. Voigt, G.E., V.R. Hodgson. and L.M. Thomas. 84. Bunketorp, O.,B. Aldman, R. Jonson. B. Romanus, 
"Breaking strength ot the skull vs. impact surface B. Roos. and L. Thorngren, "Experimental studies 
curvature," Contract No. DOT HS 146.2.230. Final on leg injuries in car pedestrian accidents," Pro- 
report, 1973. ceedings 6th IRCOBI Conference. 1981. 

7!. Stalnaker, R.L., J.W. Melvin. G.S. Nusholtz. N.M. 85. Ashton. S.J.. J.B. Pedder. and G.M. Mackay, 
Atem, and J.B. Benson. "Head impact response." "’Pedestrian injuries and the car exterior," SAE 
Proceedings 21st Stapp Car Crash Conference. SAE Transactions. SAE Paper 770092, Warrendale, 
Paper 770921, 1977. Pennsylvania, 1977. 

72. Hodgsom V.R., W.A. gange, and R.K. Talwalker. 86. Aldman. B.. I. Cacciola. H. Gustafsson, A. Nygren, 
"Injury of the lhcial bone." Proceedings 9th Stapp and I. Wersiill. "The protective effect of different 
Car Crash Conference. 1965. kinds of protective clothing worn by motorcyclists," 

73 Schneider, D.C., and A.M. Nahum. "Impact studies I RCOBI. Salon de Provence, 1981. 
of facial bones and skull." Proceedings 16th Stapp 87. "HGV side-underrun guards: a design opportunity," 
Car Crash Conference. SAI~ Paper 720965. 1972. Automotive Engineer, April-May 1983. 

74~ Swearingen, J.J., ~’Tolerance of the human face to 88. Bourret. P.. P. Sejourne. P. Orsoni. and C. Cavallero, 
crash impact," Federal Aviation Agency, Office of "kower limb injuries of two-wheelers," Salon de 
Aviation Medicine, Rept. AM 65.20. 1965. Provence Hospital. IRCOBI, Salon de Provence, 

75~ Lissner, H.R., M.J. Lebow. and F.G. Evans. 198!. 
"Experimental studies on the relation between 89. Gillies. N.. "Helmets for use by bicycle riders," 
acceleration and intracranial pressure changes in Traffic Accidents Research Unit. Department of 
man," Surg. Cyn. Obst.. Vol. II1. pp. 329-338. 1960. Motor Transport, New South Wales. March 1980. 

76. Dejeammes, M., C. Tarriere. D. Kallieris. and C. 90. Hurt. H.H..J.V. Quellet. and I.J. Wagar,"Effective- 
Thomas,"Exploration of biomechanicaldata towards ness of motorcycle safety helmets and protective 
a better evaluation of tolerance for children involved clothing," AAAM. San Francisco, October 1981. 
in automotive accidents." Proceedings 27th Stapp 91. Rau. H.. "Simulation von Zweirad Kollisionen," 
Car CrashConference. 1983. T.U. Berlin. from Sicherheit bei motorisierten 

77. Yamada, H., Strength of Biological Materials. New Zweir~dern. TOV. KOln. 1980. 
York: Robert E. Krieger Pub. Co.. 1973. 92. Riley, B.S.. P.P. Chinn, and H.J. Bates, "An analysis 

78~ Verriest, J.P., A. Chapon. and R. Trauchessec. of fatalities in heavy goods vehicle accidents," 
C nephotogrammetncal study of porcine thoracic TRRL-LR 1033. 1981. 

response to belt applied load in frontal impact. 

t204 



Section 4. Technical Sessions 

93. SWOV, "Invloed van het gebruik van helmen door 110. Sporner, A., "Experimentelle und mathematische 

bromfietsen en autogordels door inzittenden van simulation yon motorradkollisinen im vergleich zum 

personenauto’s op de verkeersveiligheid," SWOV, realen unfallgeschenen," Technical dissertation at 

1978. the Technischen Universit~it of Mtinchen, September 

94. Taneda, K., "Experimental investigation of motor- 2, 1982. 

cycle safety," Japan Automobile Research Institute, 111. OECD, "Safety of two-wheelers," OECD Research 

Inc., IRCOBI, Amsterdam, 1976. 
Group, Paris, France, March 1978. 

95. "Bicycle products, brakes, lights and helmets," 
112. Blokpoel, A.,andJ.A.G. Mulder,"Hetzichtveldvan 

Technisearch Ltd., Collingwood, Australia, June de bestuurders van vrachtwagens," SWOV, t981. 

1981. 113. Arnberg, P.W., E. Ohlsson, A. Westerberg, and C.A. 

96. AB Volvo, "Accident investigation," (Heavy com~ Ostrom,"The ability ofpre-school and schoolchildren 

mercial vehicles/unprotected road-users), Report 1, to manoeuvre their bicycles," Report No. 149A, 

AB Volvo, Truck Division, Traffic Safety Depart- National Swedish Road and Traffic Institute, 

ment, December 1973. 
Stockholm. 

97. Langwieder, K., "Collision characteristics and injuries 114. Mackie, A. M., "Research for a road safety campaign- 

......... to motorcyclists and moped drivers," Proceedings 
accident studies for advert~slngformulat~on, TR 

........ 21st Stapp Car Crash Conference, 1977. Report LR 432, 1972. 

98. Gauss, F., K. Langwieder, W.D. Schmidt, and M. 115. Horberg, U., and K. Rumar, "Running lights con- 

Wrobel, "~ussere Sicherheit yon LKW und spicuity and glare," Report !78, Department of 

Anhtingern," FA T Schriftenreihe, Nr. 27, 1982. Psychology, University of Uppsala, Sweden, 1975. 

99, Grattan, E., J.A. Hobbs, and M.E. Keigan, "Anatom- 
116. Watts, G.R., "The evaluation of conspicuity aids for 

ical sites and severities of injury in unprotected road 
cyclists and motorcyclists," Human Factors in 

users,,’ IRCOBI, Amsterdam, 1976. 
Transport Research, Vol. I. 

100. Huijbers, J.J.W., "Een beschrijving van fiets- en ll7. Watts, G.R., "Evaluation of conspicuity aids for 

bromfietsongevallen ten behoeve van prioriteitsin, pedal cycles," TRRL Report LR 1103, 1984. 

delingen bij bet letselpreventie-onderzoek," SWOV 118. Welleman, "Traffic safety of bicycles and mopeds," 

(not yet published). SWOV (not yet published). 

..... 101. Nicholl, J.P., "The use of hospital in-patient data in 
~ 119. Department of Transport, "Road accidents Great 

the analysis of the injuries sustained by road accident Britain 1980, HMSO, 1981. 

casualties," Transport Studies Group, University 120. Noordzij, P.C., "Cycling in the dark: an analysis of 

College, London, TRRL-SR 628, 1980. fata! bicycle accidents in The Netherlands," Journal 

102. Otte, D., "A review of different kinematic forms in 
of Safety Research, Vol. 8, No. 2, 1976. 

two-wheel-accidents. Their influence on effectiveness 121. Watts, G.R., "Pedal cycle lamps and reflectors-- 
"     R 

of protective measures," T.U. Berlin, Proceedings 
some visibility tests and surveys, TR L Report LR 

24th Stapp Car Crash Conference, Troy, Michigan, 1108, 1984. 

1980. 122: Groot, H., et al., Inventarisatie: Visuele waarneem- 

i03. Fife, D., J. Davis, and L. Tate, "Two fatal injuries 
baarheid van Tweewielers; verslagaan V & WiDVV, 

from extended rear view mirrors," The Journal of 
IWACC 1983-1, January 1983. 

Trauma, Vol. 23, No. 8, 1983. 123. Van Minnen, J., "The effect of rear reflectors and 

104, Appel, H., D. Otte, and E.G. Suren, "Schwerpunkte 
reflecting pedals on the safety of cyclists," SWOV, 

des Unfall-geschehens aus Untersuchungen am Leidschendam, October 1982, 

Unfal!ort,"SicherheitbeiMotorisiertenZweir~tdern, 124. Burg, A., and S.F. Hulbert, "Reflectorisation of 

KOln, December 1980. 
bicycle wheels," Verkeerskunde, Vok 27, No. 12, pp. 

105. Pedder, J.C., "A study of 93 fatal two-wheeled motor 590- l, 1976. 

vehicle accidents," IRCOBI, Gothenburg, 1979. 125. Masseck, K., Note on reflecting items for bicycles--~ 

106: Ramet, M., D. Cesari, and A. Dedoyan, "Two- private communication, 1983. 

wheeler accidents, injury mechanisms and means of 126. Kratz, G., "The effect of safety equipment for 

prevention," IRCOBI, Salon de Provence, 1981. bicycles," Study by the International Federation of 

t07. Lewicki, L.R., and J.A. Newman, "Head protection 
Senior Police Officers (FIFSP), July 1980. 

of the bicyclist," Proceedings 19th AAAM Con- 127. FIFSP,"Preventionoftwo-wheeledvebicleaccidents 

ference, in the darkness," Report by the International Federa- 

l08. Taneda, K., "Experimental investigation of motor- tion of Senior Police Officers (FIFSP), March 1977. 

cycle safety," IRCOBI Conference, Amsterdam, 1976. 128. Blokpoet, A., D.A. Schreuder, and F.C.M. Wegman, 

109. Stcherbatcheff, G., "Kinematics of a pedestrian and "The perceptibility of the bicycle from the side in the 

a two-wheeler impacted by the front of a car," dark," SWOV, Leidenschendam, November 1982. 

IRCOBI Conference, Amsterdam, 1976. 

1205 



Experimental Safew Vehicles 

129. British Standard Institution. "Cycles: specification t37. Wobben. D.. "Rim brakes in the rain." Radmark ÷ 3, 
for safety requirements for bicycles." British Stand- pp. 88-90, 1983. 
ards Institution BS 6102. Parts 1 and 2. 1981. 138. Marlow, D.E., "The CPSC road test of bicycle 

~30. Godthelp, J.. and P.I.J. Wouters. "Course holding braking performance--experimental evaluation." 
bv cyclists and moped riders." Applied Ergonomics, National Bureau of Standards. Washington. D.C., 
11.4. pp. 227-235. 1980. 1973. 

131. Watts. G.R.. "Bicycle safety devices effects on 139. Watts. G.R.. "Brakes on pedal cycles." Institute of 
vehicle passing distances." TRRL Report SR 512. Mechanical Engineers Conference on Braking of 
1979. Road Vehicles. Loughborough, March 1983. 

132. Oranen. k.. "Report on the effect of protective 140. Lewis. G.D.. "The manoeuvrability and braking 
pennants on t he behaviour of mot or-vehicle drivers." performance of small-wheeled bicycles when ridden 
Traffic Safety Research Department Pamphlet by children."TRRL Report LR 500. 1973. 
29 [979. Traffic Safety Department, Helsinki. 1976. 141. TRRL. "Vehicle defects and their contribution to 

133. Volkswagen Factory Wolfsburg AG. "Effect of road accidents," LF 374. 1973. 
distance bars on the distance allowed between motor 142. Traffic Insurance Institute,"Light traffic" (pedestrians" 
vehicle and bicycle when overtaking,"Biotechnolog- and cyclists) accidents report in certain areas of 
ical Group, Supplementary Report No. 19. 1973. Finland in 1971-75." Helsinki. 1976. 

134. Centre d’Etudes Techniques de l’Equipment."Etude 143. Wells. P., "The state of maintenance of bicycles 
d’efficacite du gabarit 2 roues ou ecarteur de danger ridden to primary and middle schools," TRRL 
(4 e-me-partie-mesures de distance de depassement),’" Report. 
CETE Bordeaux Division UTC. December 1981. 144. Wouters. P.I.J.. "Problems of riding on a bicycle or a 

I35. Watts. G.R,. "Evaluation of pedal cycle spacers." moped." SWOV. Voorburg, 1980. 

TRRk Report SR 820. 145. Starks. H.J.H, and R.D. Lister. "Some safety 
~36. Whitt. F.R.. and D.G. Wilson. Bicycling Science aspects of pedal and motor-assisted cycles," Road 

E~gonomics and Mechanics, MIT Press, 1962. Research Technical Paper No. 38, 1957. 

~206 



Section 5 
Trends and Priorities in Vehicle Development in 

Relation to Road Safety 

M.R. Dunn. Chairman. United Kingdom 

Trends and Priorities in Vehicle Developmentin 
Relation to Road Safety 

A. Chenevez 
Fra nce 

As in the first nine ESV conferences, the discussions of if the international scientific community should now 

this Tenth Conference have largely shown that the 
concentrate onusageproblemsratherthanjustonvehicle 

manufacturers’ research activity is not slowing down construcuon. 

toward road safety ~mprovements. To take just one example, t would like to mention how 

Such research is conducted in close cooperation with much the manufacturers have taken part in the seatbelt 

the public authorities and independent organizations, use campaigns throughout the world. Why should we 

Numerous regulations have been developed from the provide customers with better and better restraining 

results of that activity; they have had deep consequences devices if they remain unused or can be disconnected in 

on vehicle construction and have played an important the case of passive restraints? 

role in the continuing reduction of the number of road You know that in many count ries more than 40 percent 

accident victims in all countries, related to the number of of the fatal accidents are caused by alcoholic drivers, so 

kilometers driven and even in absolute figures, you wilt certainly understand why the manufacturers are 

Further safety progress requires new imaginative efforts, in favor of more severe and more frequent controls of 

In this field, as in many others, the benefit cost ratio is drunk drivers. 

decreasing. In the 1970’s. we took benefit of the most Similar examples could be cited in which the role of the 

obvious and profitable measures, such as seatbelt police appears to be as important as that oftheengineers. 

improvements, energy absorption in front and rear ends If public aut horities accept that way of thinking, this will 

of cars. etc. But to still improve safety through car design, not mean the manufacturers’ task would be reduced but 

we need to create much more sophisticated and expensive their cooperation with public authorities wil! be rendered 

devices, the efficiency of which will necessarily be lower more efficient. 

than for those invented before. 
Without slowing down their efforts toward the specific 

safety of t he vehicles, many manufacturers are wondering 

Prof. H.J. Kraft 
Federal Republic of Germany 

The round number 10 suggests the idea of a retrospect. The development of experimental safety vehicles 

Therefore. when treating at this Tenth ESV conference originated from specifications that disproportionately 

the topic of the panel discussion. "Trends and Priorities emphasized occupant protection. Thus. overheavy tank- 

in Vehicle Development in Relation to Road Safety," the like vehicles were designed and built in which the 

beginnings should be considered also. passengers could be better protected indeed, but that 

1207 



Experimental Safety Vehicles 

constituted a considerably higher danger for the safety of Because of frank discussions between industry and 
other road users. In this context, the impairment of other government, the actual situation has improved con- 
,,ehicle properties as, for instance, vehicle-handling or siderably. Together we are on the right track. It is only by 
ow-fuel consumption is mentioned only incidentally, virtue of a well-balanced concept and special consideration 

After construction and testing of a series of such of the compatibility of different vehicles that overall 
~ ehicles, it was also realized by the involved governments safety can be further improved. In this context, also, the 
that this was the wrong way. But before this knowledge importance of harmonization of regulations must be 
had become generally accepted, diverse governmental mentioned. Above all, legal regulations that are expected 
delegates blamed the industry for having no interest in in the future (e.g., side impact) from the very beginning 
insuring the safety of its customers in the best possible should specify only internationally valid requirements, 
wa3. However, just the opposite is the case for two and legal activities on a national basis should be avoided. 
reasons: The most important tendencies toward an improvement 

* Humanitarian reason: A sense of responsibility of traffic safety can unquestionably be observed in the use 
stimulates the automobile engineers to continu- of modern electronics for control systems with respect to 
ously do their very best to protect the customers steering, brakes, and drive. The resulting gain in safety 
against all avoidable dangers, lies in ease for the driver and an even better control of the 

o Economical reason: For quite a long time, the vehicle in critical situationsl We are confident we will 
industry has recognized that the life and health make further gains toward our common goal, namely, 
of its customers must be protected to insure also the increase in safety on our roads. 
the existence of the enterprises. Vehicles can be 
replaced, but not lives. 

Dr. E. Landsberg 
Italy 

The automotive industry will continue to cooperate in and the overall safety of cars has been improved almost 
the promotion of improvements for road safety. In fact, beyond recognition. 
cars have been greatly improved in this respect during the The latest accident-avoidance features to be proposed 
past 30years. The industry has been particularly concerned are the supplementary rear stoplights, which are being 
t~ promote active or accident-avoidance features on cars. required in the United States, but it may be worth noting 
They include the many improvements to brakes, steering that no advantage was found for such a system when 
s;,stems and suspensions, and lighting, quite apart from evaluated in trials in the Federal Republic of Germany. 
better instruments and warning signals. These advances Despite these problems, it is probably true that 
have been achieved by the automotive industry largely mechanical safety features on cars do need regulations to 
without the introduction of regulations requiring them. enforce their uniform introduction. 
Protective devices and features have also been introduced, 

Sadao Takeda 

Japan 

I ,sould like to present a brief summary of recent fourth, the desire of automakers to strengthen their 
Japanese research and development in safety-related competitive powers. 
technology and also to introduce the recent development Regarding social or public requirements, safety-related 
of internationalization of the Japanese road safety technology has been regarded as an important aspect in 
standards and certification system, this field since the 1960’s. Today, safety is not only a 

lngeneral, there are four factors that influence the level social requirement but is necessary for the individual 
ot technical innovation in automobiles. First, the consumer, besides helping to differentiate one automobile 
emergence of fundamental technologies, such as new product from another. 
materials and electronics, that will lead to the development As a result, many attempts have been made to develop 
of many associated technologies; second, consumer viable safety-related technology. Safety measures con- 
demand and the marketplace; third, social or public cerning vehicles are broadly divided into two categories. 
demands, as seen in the antipollution movement; and One is the provision of adequate protection once a 
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collision occurs, and another is the prevention of such prevent an accident. Drivers are all too human, and their 

collisions. Particularly in the field of accident prevention, continuing education and growing awareness in this field 

we believe technological development has been and will are important for increasing safety. 

.......... be made in many areas as a result of the increasing Second is the importance of developing more eco- 

progress being made in electronics, nomical technology. This is indispensable for populariza- 

The necessity of providing adequate protection for tion. For example, more and more people in Japan are 

people involved in automobile accidents, including beginning to recognize the positive effects of antilock 

pedestrians, is a well-established fact. In Japan, studies brakes, but their use has been limited to only 2 percent of 

are being carried out on seatbelts, on child-restraining new cars because each antilock brake system costs more 

chairs, and on how drivers and passengers can be than $500. 

afforded adequate protection from double-end collisions Third is the importance of exchanging information 

and side collisions. However, since this conference has about safety technology. Although joint research and 

focused on these issues at various sessions, I would like to development among automakers is difficult to carry out, 

concentrate on the recent technological developments in due to the incorporated safety measures contributing 

the field of accident prevention, reflecting the overall significantly to the competitiveness of each automobile 

improvements made in the electronics field, product, as mentioned earlier, it is important nevertheless 

Amazing progress has been made in the electronics that information be exchanged to further the development 

field in recent years. These achievements point to the of safety technology. Therefore, I hope the ESV conference 

possibilities of adding intelligence to machines and of will serve as a forum for the exchange of information 

applying more sophisticated control methods to driving, concerning safety-related technology. 

As a result, car electronics technology is spreading from 1 would like to mention also the recent progress made 

.... engine control to power train, body control, and other in Japan concerning certification formalities as part of 

aspects of the overall car structure. Today, many car the overall move toward internationalization. Auto- 

models incorporate more than 10 chips. Safety-related mobiles are so-called international merchandise, and it is 

technology has continually moved forward by using of considerable importance that, as far as is possible, 

electronics as a major starting point, existing nontariff barriers be transformed into more 

The antiskid brake, a widely used safety feature, has harmonized formalities. Considerable efforts have been 

...... been upgraded with the aid of electronics. Also, as undertaken by Japan in this area. 

already introduced in this ESV conference, an electronic As far as certification formalities are concerned, wide- 

warning system capable of sensing the driver’s drowsiness ranging simplification of the Automobile Type Designao 

and other fatigue conditions is now in practical use. tion S;y’stem was introduced in August 1983 with a view to 

Electronics technology is also applied for the brake increased internationalization so the system could be 

power-maintaining system to make starting on an inclined more accessible as far as the import of foreign automobiles 

.... road smoother as well as to eliminate the creep phenomena is concerned. Based on the new system the type desig- 

encountered in automatic transmission vehicles, nation was approved in 1984 for seven models and eight 

Attempts are underway to use electronics in improving types of imported automobiles. 

running performance, such as the four-wheel steering Much effort has been made to coordinate fundamental 

system to achieve greater turning stability and improved safety requirements in Europe and the United States, In 

response speed. Further, researchontheuseofsupersonic October 1983, 12 items in the safety standards were 

waves, laser beams, and millimeter waves for detecting amended to conform with those in Europe and the U hired 

any obstructions located near the automobile has made States. Regarding 14 items of safety-related requirements, 

important strides for future realization, the safety standards in Europe and the United States have 

Further progress wil! be made in electronics, insuring a been treated as being at the same technological level as 

more sophisticated control system for automobiles. We those in Japan. As in the past, we still feel we would like 

anticipate development of a wide variety of systems for to participate wholeheartedty in ECE WP29 as one of our 

traffic safety, especially in the area of accident prevention, activities for setting up the International Uniform Safety 

I would like to explain three important points con- Standard for Automobiles, which wilt contribute to the 

cerning the trouble-free development and diffusion of harmonization of standards between countries~ 

new technology. First is the importance of an interface 1 had mentioned the recent developments in safety- 

between humans and machines. For example, a car related technology, especially the progress in electronics 

provided with an antilock system is still not entirely safe if technology and internationalization of the safety stan- 

the driver is overconfident in the system’s ability to dards and certification formalities in Japan. 
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I.D. Neilson 
United Kingdom 

Starting on a general point as a contribution to this dragged under the rear wheels of trailers. There is a clear 
discussion, it may be worth drawing a distinction between need for front underrun bumpers for trucks as a means of 
safety developments that are highly desirable on grounds protecting car occupants from being killed in the many 
of safety effectiveness and those that are possible. The accidents where this can be avoided. 
r~eed is to make progress, and this must clearly be done Improvements in the structural design of coaches may 
where it is readily possible. On a longer time scale, things be anticipated, and it is to be hoped that regulations for 
that are highly desirable may have to wait until they can improving structural resistance to collapse in overturning 
be engineered satisfactorily, but this should not delay the accidents will be universally adopted. Seatbelts can be 
possible items being done first, fitted in coaches but, apart from some consumer resistance 

To batance these introductions, I have been asked to to usingthem, there are technical difficulties in designing ¯ 
~efer to trends and priorities for the improved safety of satisfactory installations and so they may be fitted only to 
trucks, buses, and motorcycles, seats °’at risk." 

For trucks, it is known that about 9 out of every l0 The largest scope for improvements in safety is in the 
fatal il~uries in accidents involving trucks are to road field of motorcycle design. In particular, antilock braking 
nsers outside the trucks --car occupants, pedestrians, and should become essential equipment in the near future and 
riders of two-wheelers. Only 1 in l0 are drivers and in years to come even on small machines. Leg protection 
occupants of the trucks. There is a clear trend toward for riders of motorcycles is at an interesting stage of 
a~tilock braking systems to maintain braking stability, development. Progress appears to be at the point of a 
and these systems become even more highly desirable as breakthrough in providing this much-needed item. Doubts 
the n~mber ofaxtes increases. There is scope for improved should be resolved quickly. It seems protective wear can 
protection for other road users. Side guards can be now be designed that gives some useful protection for the 
designed to stop pedestrians and cyclists from being enthusiast who may choose to wear such clothing. 

Ralph J. Hitchcock 
United States 

Several months ago, I attended a conference in the systems for motorcycles, center high-mounted stop lamps, 
~ hired States of various experts involved in different daytime running lights, and Securi-flex windshields have 
aspects of highway safety. Included were experts in been discussed and will continue to be discussed at other 
vehicle design, human factors, driver licensing, enforce- conferences such as this for many years. Various countries 
mere, emergency medical services, highway design, and and car manufacturers will employ them as major 
h ghway operations and maintenance. The reason I changes in coming models to improve the safety of the 
mention this conference is that a couple of suggestions vehicles. Other major potential safety improvements 
were made by the emergency medical services experts on discussed at this conference included side impact and 
vehicle improvements that rather surprised me. The pedestrian impact protection. Again, these are major 
emergency medical services people are on the scene of the vehicle safety areas that will be discussed for many years. 
accident after it occurs. They said the big problem they Performance criteria will be developed, and safety benefits 
see ever3 day is head lacerations and head injuries caused will be weighed against costs. There is little I can add to 
by inside rear view mirrors and by sun visors and their the debate on these major safety projects. Rather, what l 
mounting systems, l think it is clear to everyone at this would like to stress are the smaller improvements that 
conference that those items the rear view mirror and can be made, many at no additional cost, when 
s~m visor-can clearly be designed so they don’t cause incorporated into the basic vehicle design. 
head injury and lacerations. The fact that they do cause The General Motors presentation on built-in safety 
these kinds of injuries should tell us we need to do more in systems that were linked to detailed accident data and 
the component design areas of the car. several of the papers by the British and others on smaller 

There were many things discussed at this conference safety improvements in the car are notable. For example, 
that involved major changes and additional cost items on the hood or bonnet of the car should be designed with an 
the car to improve safety. Such things as airbags, truck overlap at the fenders to provide 50 to !00mm of crush 
~anderride guards, truck side guards, antilock braking space for mitigation of pedestrian impact in injuries. As I 
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walked back from lunch today, I noticed that many of the prevent many serious head and facial injuries to drivers, 

European cars parked outside had hoods that overlapped particularly those who are wearing their safety belts~ 

while others did not. Clearly, some of them--the ones Last, soft plastic urethane bumpers have been put on 

that overlapped-are probably going to be much better many cars as a style feature. If they were designed with a 

for pedestrian impact than the ones that do not. While it foam support structure, with pedestrian protection in 

may be many years before we have a complete pedestrian mind, they would do a lot to prevent pedestrian knee and 

impact protection requirement, new vehicle designs should leg injuries. 

have this hood overlap as a part of their basic design. To summarize, I would like to encourage everyone at 

Similarly, in the United States, recessed windshield this conference, particularly the vehicle manufacturers, 

wipers were quite popular as a styling feature for several to take back to their companies or to their jobs the 

years. Again, these offer major benefits when impacted message that accidents result in many injuries by parts of 

by a pedestrian. Our current stylists should try again to the car that could be redesigned with little or no 

incorporate recessed windshield wipers into new designs, additional cost. 1 would encourage manufacturers and 

In the interior of the car, some of the presentations at others at this conference to talk to the emergency medical 

this conference have shown that steering wheel vertical services personnel and accident investigators in their 

displacement in a crash can be dangerous. While our countries to find out which little things might be done to 

national and international regulations limit the rearward make cars safer for people involved in accidents. If each 

displacement of the steering wheel, manufacturers of us does one or two small things to make cars safer, we 

certainly have the capability to limit vertical displacement can rest assured that many people involved in accidents 

as well. Similarly, padded steering wheels and steering will suffer fewer injuries and perhaps be alive after an 

wheel hubs are well within current technology and can accident because of our work. 
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C. Ashley, Motor Industry Research Association, United Kingdom 

Conference Summary 

Germany’s success in getting better than 90 percent 
Dr. C. Ashley seatbelt usage can be carried over to the United States 
Motor Industry Research Association. United where usage can be as low as 30 percent in mandated 

Kingdom States. The United States gives major support of over $30 

million to research and data collection. Their whole 

In reviewing this conference, it soon became apparent comprehensive programme in airbag development and 

that the wealth of informatio n cannot be summarised in demonstrations, crash avoidance, lighting, handling heavy 

any detail in 30 minutes. My comments will attempt to vehicles, alcohol, and crashworthiness is commendable. 

pick out the highlights and assess the principal trends. Need 1 add the importance of harmonisation in this 

First. we know the conference as a whole is a considerable work? 

success. With 475 delegates and 127 papers, it has The initiative of the European Experimental Vehicle 

exceeded all expectations. It must now be regarded as the Committee is well demonstrated by the work presented at 

centre of excellence for communicating knowledge on the conference on the side impact dummy Eurosid, the 

experimental safety research in relation to vehicles, mobile barrier, and studies on cycles and pedestrians. 

Let us !ook at the value of the conference in simple This work is, of course, supported by a number of 

monetary terms If each paper represents $100.000 of countries includingGermany, Italy, the United Kingdom, 

work. then the total value of the conference is $12.7 Holland, and Sweden. 

million as a minimum. I would estimate that safety Japan has a remarkable safety record, showing 

research worldwide by government and industry exceeds significantly lower accident rates~ however measured, 

$100 million. That figure could be compared with the than other major countries. They have a slight negative 

broad-band vehicle development costs of an annual $6 trend, due to an increasing vehicle population, and it is 

billion per annum, based on 40 million vehicles. $5.000 reflected by increased motorcycle casualties. They hope 

per vehicle, and 3 percent R&D costs, to control this by increased application of existing 

Even the $6 billion on R&D is dwarfed by the $120+ legislation. 

b illion cost of car fuel and the $12 billion cost per year if The accident situation in Italy, France, The Nether- 

pollution measures increase fuel consumption by 10 lands, and Germany still leaves room for improvement 

percent. Perhaps road safety could be given a little more compared with the United States and Japan. Not that 

financial priority than less than 1 percent of the final matters are static: in France, fatalities are down to the 

annual cost of emission control, level of 20 years ago, in spite of the traffic increase. Their 

Now let us return to the conference and the status programme of assessment of accident Reagir, in which 

reports. These are not a formality but represent a most 10,000 injury accidents per year will be analysed, should 

important statement on "where we are" for each individual play a major part in directing their efforts. The incentive 

government agency. The United States shows a situation scheme linking general subsidies of local authorities to 

with a significant fall in fatalities of !1 percent 3 years accident reduction is novel, and we look forward to 

ago, and this situation has been broadly maintained, hearing of their experience in 2 years time. Like many 

There are signs of car occupant fatalities ~ncreasing, and countries, France is directing particular attention to 

it is to be hoped the courage of the first 13 States in motorcycles, heavy goods vehicles, and coaches. They are 

bringing in mandatory seatbelt laws will be rewarded by also, somewhat belatedly, introducing a road-worthiness 

the appropriate reduction in fatalities and injury and fitness test for second-hand cars. Another logical step is 

hence encourage the others. It would appear essential the introduction of lower speed limits for wet conditions, 

that research is carried out to show how Britain’s and and, again, we look forward to hearing oftheirexperience. 
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An interesting proposal from Italy is for an international Vernir. Hoffner dealt with pelvic tolerance in side impact, 
accident data bank. Perhaps this can be pursued in and this was both a synthesis of available data and a 
Europe as part of 1986 Road Safety Year. Italy also proposed criterion based on energy. The paper by 
raised the contentious question of replacement part Langdon on modelling lateral impact of the thorax leads 
quality in safety-related matters and how this could be naturally to the important session on dummy development 
co~trotled a very big question, which we expect will be and, in particular~to the Eurosid side impact dummy, 
i!ooked at in many countries, which is the result of collaboration between TRRL, 

Germany outlined many interesting trends in driver ONSER, TNO, and PSA. One might expect a dummy 
ed~cation and training. We note that seatbelt usage in the that combines the best attributes of four groups to need 
rear has been made mandatory, but with no fines for the careful development to produce an effective device. With 
ime being. This initiative will give useful evidence for the major emphasis on side impact, Eurosid is clearly 

other countries. Another interesting initiative will be the designed for a need, and we wilt look forward with close 
~lew Canadian legislation on running lights; this will be a interest to major participation in the next phase. 
*,a uabie experience for comparison with Sweden. John Melvin described a major analytical study leading 

Now let us turn to the conference proper, with the to new concepts in anthropomorphic test devices with a 
plenary technical session on progress with safety de- bold approach to a realistic dummy capable of coping 
~e{opments for road vehicles chaired by Mike Finkelstein. with a range of impact directions. Finally, Aldman 
~ mention the chairman because he has the important described the Chalmersi ONSER approach to an omni- 
responsibility of inviting the papers and structuring his directional one-legged rationised dummy, intended to 
session, This particular session opened with two pre- give human-like and repeatable impact response in 
sentations by TRRL on modified safety vehicles. Hobbs pedestrian tests. We look forward to further reports on 
discussed a series of modifications to an Austin Metro, all three projects at the next ESV meeting. 
making it more pedestrian-friendly through a more Session three was chaired by R.M. Nicholson from the 
~ompliant front and bonnet or hood. Theirs was an United States and was concerned with crash avoidance. It 
interesting solution to the problem of reconciling standard was notable for papers on three electronic devices 
bumper heights with reduced leg injuries. Watson’s paper originating from Japan: laser radar for obstacle distance 
described the latest advances in motorcycle safety with measurements, a drowsiness warning device, and a tyre 
antilock braking, leg guards, nonspill fuel tank, and an pressure warning system. Microwave radar devices have 
ai, bag. This is important because many observers are been demonstrated for some time but have been unable to 
feeling that antitock braking should be available on meet size and cost targets. The lower cost 100m-range 
motorcycles, perhaps starting on the big bikes of over laser diode is encouraging, and I expect it to be available 
500cc. as an optional warning device within this decade. 

The airbag panet of Breed, Maugh, Reidelbach, and Quantifying fatigue or drowsiness is an almost insoluble 
Romeo discussed optimisation of airbag design for biomedical problem, but indirect detection through 
performance and cost. The experience of Ford and steering behaviour does appear to have possibilities. 
Daimler-Benz unit production systems will be invaluable, Handling was covered by aerodynamic stability 
and the low-cost approach of Breed is exciting. 1 feel the computer modelling, a run fairly flat tyre bead design, 
tase of mandatory 3-point belts, with an optional auxiliary practical and theoretical optimisation of four-wheel- 
~irbag system for additional protection, is the logical drive vehicle handling, and further development of the 
route to take. Honda four-wheel steering system. The handling papers 

Finally, the panel of Detloff, Johanssen, Haenchen, deserve close study by vehicle designers. There is still 
~nd Sano described the wide range of automatic seatbelt room to increase safety margins in this area, particularly 
designs available, The pane! was convinced of the under slippery conditions. 
~ecessity to evaluate carefully automatic belt performance Other papers dealt with visibility, considering beam 
:>vet a wide range of conditions. The usage rate of 98 pattern and windshield condition. There were two major 
?ercent in the Toyota Cressida was commendable but survey papers on statistical analysis of vehicle size 
xplicable in that people bought the car to use that involved in accidents, and on car controls for physically 
eature. Perhaps increasing application of seatbelt usage handicapped people. 
aws will reduce the emphasis on automatic operation but As an incidental on accident avoidance, 1 asked K. 

place increased pressure on comfort, fit, and convenience. Digges to reconcile the difference between the United 
The technical session on biomechanics and dummy States and German experience on high-mounted brake 

development was chaired by M. l~eroy. Ten papers were lights where the United States found improvement but 
presented, of commendable quality. The work from the Germany did not. He said the improvement in the United 
{ niversity of Pennsylvania on brain injury will be a great States was linked to centre-positioned high brake lights, 
~etp in this field, as wilt the three papers on thorax and their experiencewithpaired highlights mirrored that 
ole, ance and injury mechanism by Eppinger, Lan, and of Germany. 
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Although not specifically mentioned, antilock must be proposals for a European data bank. Such data banks 

the most important development in crash avoidance. Itis need major investment if the information is to be 

now available on a range of cars, the latest application sufficient for valid correlations to be derived. 

......... being standard fitment to the Ford Scorpio-Granada. We Finally, in the detailed trauma area, a German paper 

look forward to lower cost mechanical systems for suggests a method of dealing with high scatter and 

application to smaller cars, as promised by Lucas-Girling. uncertain limit values for crashworthiness criteria, such 

Session four on occupant protection for frontal impact as H1C. This matter is important to resolve, if realistic 

was chaired by K. Digges. The key element of the targets are to be set for the so-called global test. 

presentations was growth in the use of modelling for both The side impact session was chaired by fan Neilson of 

structures and occupants. Associated with growth was TRRL. This was a most significant area with nearly 20 

the reported accuracy and the cost-effectiveness of these papers, the largest section of the conference. The essential 

techniques. Indicative of this growth is the decision of outcome of the work presented must be a harmonised 

Ford Europe to invest $6 million in a Cray computer, side impact test procedure. Standardisation will be 

which will give them an expanded scope in nonlinear needed for dummy, injury criteria, barrier characteristics, 

modelling by finite elements. The exchange of information and test speed, angle, and position. 

in this area between different countries was of particular Standardisation of the moving barrier is a first priority, 

value, and 1 feel that sufficient information and will is available 

The principal problem addressed is that of mitigating to make decisions on this as soon as possible. May I 

the effect of head contact on the steering wheel for belted suggest that the stiffness of the final model should tend to 

drivers. A test method for evaluating the severity of this be in line with good design practice for minimising 

impact was proposed by TRRL. Two solutions to pedestrian injury and side impact aggressivity, rather 

..... prevent the contact were the use of airbags by Mercedes- than represent the current average vehicle norm, which 

Benz and steering wheels developed to meet the new will be a moving target. This harmonisation could be a 

TRRL test procedure, most important consequence of the conference. It should 

The question of global, compared with subsystem, test be followed by dummy harmonisation. 

was not addressed specifically, but it is clear that each There remains the discussion about whether legislative 

plays its part in developing and signing off the vehicle, subsystem tests can be devised, instead of a full-scale test 

The actual angle and speed of a frontal impact test is still with a dummy. Conflicting ideas are still being put 

an outstanding question, forward but, finally, a combination of both may be 

The Wilson paper, which calculates the benefits of appropriate. The time for decision has arrived. 

individual treatments of parts of the vehicle, opens new The other papers in the session significantly moved 

perspectives in design tradeoff. His paper touches upon forward our modelling techniques and the study of the 

the friendly interior concept, which has raised so much impact of vehicles into pedestrians. 

interest. The seventh session on safety development of goods 

The fifth session was organised by R. Stamm and vehicles and buses was chaired by L. Strandberg from 

covered accident investigation and its relevance to Sweden. 

legislation. A significant paper by Dr. Mackay looked in A major programme on development of the tractor 

detail at the effects of mandatory seatbelt use in the semitrailer unit for the future was given by M. Soret of 

United Kingdom. They found a 25 percent reduction in Renault. In the VIRAGES concept vehicle, they showed 

serious injuries and deaths for car and light van occupants, development in ride, handling, stability, antilock braking, 

They also concluded that the increase in pedestrian and visibility, conspicuity, spray reduction, and side underrun 

pedal-cycle injuries and fatalities were statistically and shielding. Spray reduction was also featured in the 

insignificant and did not support the hypothesis of risk M V M A work (where the laser method of measurement 

compensation. They also found gross intrusion in the they developed has advanced), as well as techniques for 

majority of accidents in which restrained occupants are making objective comparisons. 

killed and suggest that seatbelt design improvement is not Other papers dealt in detail with commercial vehicle- 

a major priority. They do point out the significant handling quantification, obstacle avoidance, front under- 

reduction in fatalities and injuries that would follow run, and conspicuity. A paper from my own organisation 

fitment and use of rear seatbelts, which were also the dealt with load restraint in light vans where a recom- 

subject of the Dutch study on seatbelts. This latter also mended practice has benefited both manufacturer and 

supports the general United Kingdom experience, user. 

Other investigation papers included the Japanese There has been increased emphasis on PSV and coach 

experience with a 50 percent fatality reduction from 1970 safety, and this was reflected by papers concerned with 

to 1980. The well-known car size effect was well detailed accident analysis and the soon-to-be-legislated rollover 

from the invaluable NHTSA Fatal Accident Reporting test procedure. The discussion showed concern with the 

System (FARS). I have already mentioned the Italian need for belts in coaches, The minimum must be belts in 
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tl’~e front and safety seats to absorb impact and retain the Clearly five aspects are important: 
other passengers. 

1. Antilock braking 
Much is known and agreed on how to improve safety in 

these vehicles, and has been clearly shown by the known 2. Leg protection for rider and passenger 

3. Airbag use to control side movement in frontal concept trucks by Renault and TRRLi M1RA. Let us 
impact hope that at the next ESV conference there will be more 

representation by truck and coach manufacturers. 4. Conspicuity 

5. Protective clothing and helmets The study of severe coach accidents in France has 

emphasised the important hazard of fire and the need to The importance of rider training has also been stressed 
provide easy evacuation of the vehicle. One must always in this status report. 
rernember that a sig~aificant proportion of the passengers All these aspects were brought out and demonstrated 
are elderly, and experimental work must be realistically in the exhibition, particularly in the TRRL safety 
based, motorcycle. 

Signor Rossi from Italy chaired the session on pedes- The time now seems ready to move forward, and [ 
t~ian safety and protection, a subject designated as a would particularly like to encourage application of 
target area for improvement by several of the national antilock braking and leg guards to motorcycles, perhaps 
position papers, starting with the larger machines where cost is not such a 

Thirteen papers were presented, covering a range of major factor. 
approaches. The problem is a complex one, with inter- 

actions between many different design aspects including 

frontal dimensions. This makes it difficult to specify 

component tests, but there are difficulties with a whole Conclusion 
’,’et~icle approach also in the wide range of speeds and 

points of impact possible. I will conclude by making general comments on the 
~’or cars, three principal areas are important--the conference. Some people have asked whether the scope 

b~m~per, the bonnet leading edge, and the bonnet top. should be enlarged to include driver behaviour and road 
Secondary areas are the wing and windscreen. Many of design. Even emissions and noise have been mentioned. 
the papers were concerned with optimisation, whether by This will be reviewed by the committee, but 1 believe the 
experiment or analysis of these areas, tendency must be resisted so we can concentrate on the 

Progress on defining standards for the car-pedestrian key area of safety and the vehicle. 
i~te~tace must move forward with the work on side 1 would like to congratulate Diane Steed on her 
intrusion to insure engineering compatibility, dramatic statement that she is establishing an office of 

One of the techniques used by Maestripieri and others international harmonisation, reporting directly to herself. 
is a mobiie barrier with adjustable characteristicsimulat- Even more encouraging is her specific reference to 
i~ga range of vehicle front end possibilities. This enables braking standards and side impact test methods and 
he interaction between the frontal dimensions to be standards. 

explored and quantified. "I’he computer-based study of "Fhe final message is to ask each one of you to do your 
Harris and Grew opens up new approaches to defining utmost within your area of professional responsibility to 
these interactions, take advantage of the wealth of information given at this 

"[he chairman for the final parallel session was conference. When this is done, there will be a significant 
Nakamura, and this session dealt with motorcycle safety, positive effect on vehicle safety and accidents worldwide. 

12t6 



Section 7 
Closing Remarks 

Michae! M. Finkelstein. United States 

John W. Furness, United Kingdom 

Closing Remarks 

Michael M. Finkelstein 
National Highway Traffic Safety 

Administration 

As the Tenth International Technical Conference on papers of the highest quality, papers whose importance 

Experimental Safety Vehicles comes to a close, we in the wilt grow as we have time to study them and incorporate 

auto safety community again have tangible evidence of these new findings into our own future research. 

the benefit gained from our effort to seek solutions to our We would be remiss if we did not take this opportunity 

common problems. As we progress beyond the develop- on behalf of Admimstrator Steed and the entire U,S. 

ment of experimental safety vehicles te the examination delegation I am sure I can say without fear of con- 

of the full range of vehicle safety problems facing us all, it tradiction, on behalf of all of the conference participants- 

is clear that our success to date in the ESV program must to express our gratitude for the generosity, hospitality, 

serve as a model for future cooperatmn, and remarkable efficiency of our British hosts: Her 

Here in Oxford. we have had 4 days of wide-ranging Majesty’s Government and the Institution of Mechanical 

discussions of vehicle safety. We have heard and discussed Engineers. Thank you all. 

John W. Furness 
United Kingdom 

Ladies and gentlemen, it is now my task as your On behalfofmyco-chairman Michael Finkelsteinand 

conference chairman to formally close this Tenth ESV myself. I would like to thank everyone for their contri- 

Conference. In doing so. I would like to make some bution to the success of the conference: to the U.K. 

comments on the proceedings. First. I am sure you will Department of Transport for hosting the conference, the 

agree that the conference itself and the associated social Planning Panel and staff of the Institution of Mechanical 

events have been both interesting and enjoyable. We have Engineers. and the U.S. National Highway Traffic Safet ~ 

hadaconsiderablenumberofreportsandpaperspresented Administration for organising the event: to all who 

onavarietyoftopicsconcerningthesafetydesignofroad contributed papers, took part in panel discussions. 

vehicles. Many were of high quality and have shown us chaired technical sessions, presented status reports, or 

some new and promising aspects of vehicle safety design made exhibits available: for the cooperation of the 

to exploit. In addition, we were able to see the practical Society of Motor Manufacturers and ~raders. the 

application of several of these ideas on vehicles and University and Colleges of Oxford. our interpreters, the 

components exhibited here this week. The result seems to catering staff, projectionists, and the secretarial and 

me to have full y justified the decision of the organisers to other workers behind the scenes. Even the weather was 

extend the scope of the conference to include motorcycles, unusually kind to us. which hel ped the outdoor events! 

trucks, and buses, as well as passenger cars. 1 would also like to make special reference to .lames 
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Shively of NHTSA who has acted as U.S. coordinator for for opening the Conference. and to Miss Diane Steed. 
all ten ESV conferences and is, 1 understand, due to retire Administrator. NHTSA. U.S. Department of Trans- 
shortly; to fan Neilson of the Transport and Road portation, for her stimulating keynote address, for 
Research Laboratory for helping to organlse the exhibi- presenting the NHTSA awards, and for giving us so 
tion and acting as the focal point for the receipt of all the much of her valuable time. 
European papers, and to Dr. Cedric Ashley for his able It only remains for me to thank you once again, to wish 
summary of the technical highlights of the conference you all a safe journey home, and to declare the Tenth 
papers and exhibits. ESV Conference c!osed. 

fn conclusion, I am most grateful to Sir Peter Lazarus. 

Permanent Secretary, U.K. Department of Transport. 

~U.S.    GOVERNMENT PRINTING 0FFI3E: 1986-499-02~ 
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