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Despite the age of this subject and the application of
a massive engineering potential, there are problems of
understanding on a national and international level-
among experts and their discussion partners-greatly
impeding the effrciency of all these efforts.

A study of the contents of literature meanwhile avail-
able regardif,B, e.8., COMPATIBILITY of vehicles in
traffrc accidents particularly reveals the problems in-
volved.

What dominates is co-existence and ignorance.
The aim of this paper is to improve mutual understand-
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ABSTHACT I

The different, semantic use of problem-relevant terms
is proving an increasing obstacle to understanding among
different experts and authors of technical literature. When
is a vehicle safe, when is it compatible, what is risk of
injury?

These are only a few of the fundamental terms whose
meaning differs from author to author, from automobile
manufacturer to automobile manufacturer, from country
tO COUntry.

As a result of their work in various national and in-
ternational bodies, the authors ofthis paper are constantly
confronted with the problems resulting from different
interpretation of such terms. Drawing on their own un-
derstanding of the problems involved and the effects of
stipulations, the authors in their paper attempt to explain
such terms on an application-oriented basis, to define
them and to supplement, or at least round off, the 'nstruc-

ture" by means of new terms. This paper is intended not
only to be an aid to experts in informing others of their
results but is also aimed at enabling the reader to un-
derstand what has become rather complex material.

INTHODUCTION

The subject of SAFETY IN ROAD TRAFFIC is as
old as the invention of the wheel. In recent times-since
1970<fTo*s relating to this subject have intensified on
a wide, international level.

'Dr. Ing. h. c. F. Porsche AG until Sept€mbff '|982
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ing between experts in industry and administration and
to offer the experts a sound basis for a common goal-
oriented approach.

Although the authors of this paper are aware of how
diffrcult it is to change opinions once they have become
ingrained and the problems which might confront com-
mon terminology, they nevertheless attempt to clarify the
meaning of the terms PASSM SAFETY and COM-
PATIBILITY by means of a comprehensive consideration
and then to define them relative to each other. For this
consideration, it is necessary to somewhat delineate the
meaning of terms in general usage such as DANGER,
RISK or SAFETY.

SAFETY-DANGER-RISK

Life in itself is dangerous. The definition in DIN 31004
"SAFETY is the absence of DANGER" does admittedly
imply a state of absolute safety. If, however, the focus of
this consideration regarding SAFETY is humans with
their health and wellbeing, an absolute level of safety is
absolutely impossible for humansiue to the very nature
of the matter.

As shown in Figure l, there are only conditions de-
scribed by a particular DEGREE OF SAFETY as well
as by a DEGREE OF DANGER. It is not possible to
transfer DEGREE OF SAFETY into AN OBJECT IS
SAFE. Such statements are arbitrary.

This description of $tate doe$ however enable a com-
parison to be made, e.g., of different means of transpor-
tation-whether expressed positively as DEGREE OF
SAFETY or negatively as DEGREE OF DANGER. We
can say, for instance, that means of transport A is safer
than means of transport B. This necessitates laying down
an absolute DEGREE OF SAFETY although it is suf-
ficient to relate the objects under comparison to the same
basis.

The term RISK is closely related to the DEGREE OF
DANGER and thus to DEGREE OF SAFETY. A small
RISK means a greater DEGREE OF SAFETY and
smaller DEGREE OF DANGER.

. SAFETY is the probability of non-impairment of
health and wellbeing of humans or non-damage to
property.

. DANGER is the probability of impairment to health
and wellbeing of humans or damage to property.

r The expressions SAFETY and DANGER are col-
loquial simplifications of DEGREE OF SAFETY
and DEGREE OF DANGER. The term RISK is
closely related to DANGER and SAFETY.

. Comparative considerations with the adjectives
SAFE and DANGEROUS are possible, the prereq-
uisite being: The same basis.

. The adjectives SAFE and DANGEROUS do not
determine the actual state or behaviour of an object.

EXPERIMENTAL SAFETY VEHICLES

SAFHW IN ROAD TRAFFIC

Following the preceding section which was devoted to
higher-order aspects dealing with terms, we now provide
an overview of the complex known as road safety. A
particular aim is to classify the terms PASSIVE SAFETY
and COMPATIBILITY.

The four principal sectors determining safety in road
traffic are:

The HUMAN
The VEHICLE
The ENVIRONMENT
The RESCUE SYSTEM

The human is a signiflrcant risk factor on the one hand
as an active participant in traffrc-being able to both avoid
as well a$ to cau$e an accident as the result of his ca-
pabilities-and on the other hand in his capacity as a
passive participant in an accident is the victim of the
danger which he himself has frequently influenced. (Fig.
2.\

Depending on his constitution, his physical and psychic
state, he represents a greater or smaller accident risk and
consequently also an injury risk for himself and other
humans, whether as driver of a vehicle or pedestrian by
reacting, acting, judging in different ways.

The impairment of human health is influenced by the
mechanical loads which can be sustained by head, thorax,
pelvis and extremities. [t can today be stated as a reliable
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Figure 2. Structure of safety in road traffic.
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fact that this load factor varies from human to human
and is greatly dependent on age,

The behaviour of the vehicle is usually split up into an
active and a passive sector.

In the active sector, a vehicle which is as quiet running
as possible, dampens vibrations to the maximum extent
possible and in which the air is properly conditioned
provides the ideal requirements for maintaining the driv-
er's concentration at a high level. Good road behaviour
also comes under this $ector. The terms PASSM
SAFETY and COMPATIBILITY can be found under
the heading of passive behaviour.

The environment affects vehicle safety inter alia by the
visibility conditions existing, the condition of roads and
any obstacles pre$ent. An essential factor is also the nature
of other road users, e.g., other vehicles or pedestrians.

Rescue is significantly influenced by the human as res'
cuer and helper, by medicine (e.g., shock prophylaxis) by
means of technical aids such as salvage tools or medical
apparatus, as well as the organizatiotr $et up to ensure
that the right helpers are on the scene as rapidly as pos-
sible with the right equipment.

An attempt to change the degree of PASSIVE SAFETY
results in fundamental conflicting objectives from the mu-
tual influencing of the aforementioned principal sectors
of passive safety, it being one of the principal tasks of the
engineer to solve or reduce these conflicts.

Passive Safety
The definitions specified here are closely related to the

terms elucidated.

r PASSIVE SAFETY dcals with the effect of vehicle
technology on the risk of injury to the human and
property in defined accidents and with the biome-
chanical capacity of the human, which is assumed
to be known.

The remarkable bandspread characterizing all known
analyses of real traffrc accidents is attributable primarily
to the large bandspread of the biomechanical capacity of
the human and the different accident conditions.

Mea$ures to change PASSM SAFETY therefore rc-
quire to be oriented on statistical characteristic values.
Improvements to PASSIVE SAFETY result in a reduc-
tion in the ACCIDENT RISK by reducing INJURY
SEVERITY and MATERIAL DAMAGE (Fig. 3.).

Using the designation, common in safety science, the
severity of an accident becomes DEGREE OF DAMAGE
S and the frequency of accident becomes PROBABILITY

OF OCCURRENCE OF DAMAGE W and thus AC-
CIDENT RISK R.

PASSM SAFETY influences the degree of AC-
CIDENT SEVERITY primarily and independently

',"i

! J

Figure 3. Structure of accident risk. Rescue as a filter func-
tion determines final rehabilitation.

of whom is involved in the damage or of how it is
distributed.

Conflicts
Changing individual elements of the four principal sec-

tors of PASSM SAFETY (Fig. 2) is still the method
most widely used today to improve the degree of safety.

Development engineers in the automobile industry rec-
ognized early on, however, that a consequent reduction
of the risk of injury, e.g., when impacting against a solid
wall, can increase the risk of injury in other types of
accidents, such as a head-on and side collision involving
different vehicles.

It is therefore questionable in respect ofa large number
of legislative efforts based on individual elements-e,g.,
impact against wall, pssl laterally, etc.-whether they in
fact increase PASSIVE SAFETY.

Solving such conflicts first of all demands researching
the causes and mechanisms contributing to the occurrence
of damage. It is then necessary to balance the attainable
improvements on the one hand with any impairments
which may have to be accepted on the other hand.

. Problems of the DISTRIBUTION OF ACCIDENT
RISKS thus exist in the cases of conflicts.

Compatibility
Based on the knowledge of this problem of distribution'

the following terminology is therefore proposed.

r COMPATIBILITY is concerned with the mutual
influencing of elements of the four principal groups

of PASSIVE SAFETY:

Nature of collision
Nature of vehicle
Nature of risk
Nature of considcration

R
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Nature of collision is, e.9., single-vehicle collision,
front-end, side or rear-end collision with other vehicles
or rollover. Nature of risk of accident relates, e.g., to
material damage or slight or severe injury to different
parts of the body.

Apart from different types of private cars, we must
reckon with collisions concerning trucks, buses and two-
wheeled vehicles.

r COMPATIBILITY PROBLEMS are problems in
which defined vehicle changes on the one hand in-
crease PASSIVE SAFETY. reduce the risk of ac-
cident at that point while on the other hand
increasing another ACCIDENT RISK.

. Compatibility influences the statistical accident risk
of the entire number of all accidents via the distri-
bution of the accident risk in the individual case and
thus the DEGREE OF PASSIVE SAFETY.

In the same way as with the term SAFETY, a state of
complete COMPATIBILITY is not possible $ince defined
distributions are in themselves only variants which can
only be assessed and arranged by employing further cri-
teria. For this reason, the DEGREE OF COMPATI-
BILITY is decisively influenced by the criteria employed.

When dealing with compatibility problems, the view-
point of the observer is of elementary significance. The
primary consideration may be self protection, protection
of other traff,tc users, losses to the economy or insurance
economic aspects.

Degree of Compatibi l i ty

Confl icting Objectives

P
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Figure 4. Scheme: Passive safety - Compatibility - conflicting

EXPERIMENTAL SAFETY VEHICLES

The conclusion to be drawn from this is that the strat'
egy of the observer is of signiflrcant influence.

COMPATIBILITY STRATEGIES

If Chapters I to 3 are used in assessing technical lit-
erature-referred to in the Appendix-it can be stated
that all the principal work can be arranged in the ter-
minology stated. On the other hand, the statement and
results differ due to the application ofdifferent strategies.

The strategy determines the results like a filter of spec-
tral analysis, employed for input data with the same or-
igin.

To aid understanding, it is urgently necessary in future
for all authors, speakers, organizations, industry and au-
thorities to clearly set out what is the strategy basis of
their knowledge or requirements.

Figures 2 and 5 are an essential aid in this respect.
Figure 5 presents the principal strategie$ and possibilities
for mixing in a systematical form. Mixing takes place not
only via the three circles MOTIVATION, FILTER,
SPACE but also within each circle. It is seldom a matter
of the PURE FORM of a strategy.

For in$tance, if the economic aspect dominates-
whether national or private economic aspects-political
(company or state) factors or humanitarian (moral or
ethical) factors always play a role.

The middle circle, the FILTER CIRCLE, shows that
the motivation aspects are filtered in a purely arbitrary
manner or with focal points-e.9., dealing exclusively

Figure 5. Presentation ol important compatibility strategies
and their correlation (motivation circle, selection
circle, space limitation circle).objective.
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with car-to-car frontal accidents-{r ideally with exclu-
sive orientation to minimizing overall risk or objectivity-
with as uniform possible distribution of risks.

The inner circle or SPACE LIMITATION CIRCLE
finally provides information regarding regional, national
or international applicability or interpretation of the cri-
teria mentioned.

In the authors' view, the project suppor-ted by the Ger-
man Ministry for Research and Technology, the abbre-
viated title of project Phase I being COMPATIBLE
VEHICLES, pursues on the basis of this arrangement
principle an

economically focused/optimum national strategy.

This eliminates any further RIGHT or WRONG in
the discussion of compatibility, leaving only a co-existence
ofdifferent approaches, which the individual author then
must also explain.

Points of controversy are then no longer COMPATI-
BILITY PROBLEMS but the decision in favour of the
criteria of the three STRATEGY CIRCLES to be em-
ployed.

SUMMARY

As a result of their work in various national and in-
ternational bodies, the authors ofthis paper are constantly
confronted with the problems involved from the different
interpretation of terms. From their own knowledge of
these problems and a study of the comprehensive technical
literature meanwhile available, they explain the terms
PASSIVE SAFETY and COMPATIBILITY on an ap-
plication-oriented basis and define them relative to each
other so as to cover all known terms. Only by introducing
the term COMPATIBILITY STRATEGY and the var-
iations which it offers is it possible to achieye a breakdown
ensuring extraordinary transparency.

r PASSIVE SAFETY thus means effort to reduce the
OVERALL ACCIDENT RISK.

r COMPATIBILITY means a proper distribution of
unavoidable risks based on a specified strategy.
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I{HTSA Frontal $tructures Hesearch

CARL L. RAGLAND
National Highway Traffic Safety
Administration

ABSTRACT

A methodology is being developed to asses$ fleet safety
in the frontal crash mode. While many individual safety
contributions have been made in improving safety poten-
tial ofone vehicle, few studies have successfully predicted
net safety gains which may be obtained by relatively minor
vehicle changes (in some cases) applied to large portions
of the fleet. This study addresses the methodology for
predicting the net gain in safety benefit by manipulation
of input vehicle,/fleet parameters (stiffness, weight, fleet
distributions, accident distributions), and occupant injury
predictive analysis. The application of this methodology
is the identification of optimized vehicle structural input
parameters which result in minimum risk to the popu-
lation as a whole.

INTRODUCTION

Even though protection ofoccupants in frontal crashes
has been a major focus of safety efforts in recent years,
frontal crashes still continue to present the largest risk
to passenger car occupants. For instance, 5O7o of all
passenger car fatalities and 53Vo of all light vehicle serious
injuries (AIS > 3) result from frontal accidents. These
data are obtained from NHTSA's Fatal Accident Re-
porting System and from the National Crash Severity
Study.

To investigate this problem, NHTSA frontal structures
research is undertaking a systems approach quantitatively
identifying problem areas, conducting parameter studies
to optimize structural,/safety design and performance pa-
rameters, and finally recommending countermeasures
that would be most effective in a specific fleet environ-
ment,

The first step of this approach is identiffing all pertinent
factors which influence occupant risk. These factors in-
clude exposure factors and physical factors such as stiff-
ness, crash pulse shape, intrusion, and vehicle interior
geometric and restraint data, all of which will be derived
from various data sources including but not limited to:

-accident data
-<rash test data
-registration data
-fleet weight data
-analytical studies
-vehicle studies

The next step will attempt to assess the effect of these
risk factors to determine the potential for occupant harm.
This risk assessment will be accomplished using simple
but valid trend predicting analytical techniques. These
techniques will relate the risk factors and changes in risk
factors to overall fleet risk which allows the final step to
be accomplished.

The final step in the approach utilizes an accounting
model which sums the risk potential for all input scenarios
to determine the optimum physical parameters for any
given exposure which minimizes occupant risk. The out-
put of one such study is shown in Figure L This study
shows that for the range of input parameters there exists
a minimum harm level associated with stiffness for every
theoretical crash pulse shape. This result is very important
in indicating the need for optimizing stiffness. However,
the sample output shown here is not relatable to the real
fleet because the deflrnition used for stiffness is not ap-
plicable to car-to-car collisions and the crash pulse shapes
are too theoretical (not linked to specific cars). This out-
put is useful, though, to predict expected results from a
more reflrned study. This paper will discuss the effofts to
refine a methodology to assess present and future fleets
and determine expected safety improvements associated
with fleet,/vehicle changes.

RISK FACTOR

Data Collection
The first step in the research approach is the collection

and compilation of data necessary for input to the ac-
counting methodology. As a major source for crash test
and vehicle data, including weight, stiffness, geometry,
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Figure 1. Injury frequency vs. stiffness by crash pulse shape.
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SECTION 5; TECHNICAL SESSIONS

etc., the NHTSA has eollected in a data base system over
460 records ofcrash tests ofvarious types performed over
the past several years. Of these crash tests, approximately
24O include tests in which at least one of the vehicles
were impacted with a predominantly frontal PDOF (prin-
cipal direction of force). These records will be the primary
emphasis of this study along with other necessary fleet
properties, distributions of weights (current and pro-
jected), etc.

Collection and compilation of the crash test data are
being performetl to present the data in a format which is
compatible with accident data. These data will be pre-
sented in tabular form showing distributions of delta V's,
striking and struck car weights, collision types, and im-
pact types. Comparisons will then be made with accident
data to determine commonalities and voids in test data.

As shown in Figure I and in other research findings,
crash pulse shape can have a significant influence on
occupant frontal crash protection (1). Therefore one of
the primary physical factors associated with occupant risk
is crash pulse shape. This factor has been condensed from
the 2,10 crash tests into 9 generic crash pulse shapes as
shown in Figure 2 (2). These data will be useful as input
to the accounting model for identifying one of the primary
characteristics of the existing fleet.

From this sample of crash pulses it can be determined
that, while variations of crash pulse shape are available,
these variations may be narrowed down to perhaps 5 or
6 basic shapes. Future research work will concentrate on
sales weighting these data to determine a representative
fleet distribution.

Another structural parameter which can be linked to
crash pulse shape is structural stiffnessr Here stiffness is
defined as the combination of factors influencing resist-
ance to crash forces. Where specific stiffness is unique to
each crash event, generally stiffness may best be derived
from dynamic loads measured during a specified crash
event such as a flrxed load cell barrier test. The NHTSA
has collected and compiled such force-crush curves using
a NHTSA designed load cell barrier. This barrier, shown
in Figure 3, is constructed of rigid supporting structure
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EXPERIMENTAL SAFETY VEHICLES

used to mount thirty-six, 50,00O pound capacity load cells,
capable of measuring a 25,000 pound off-axis load when
combined with a 25,000 inch pound moment. Extremely
good data are being collected from this device. lntegration
of load-time histories indicates virtually no loss of load
based on impulse-momentum balance. Additionally there
is very negligible noise content in data.

Force-time data from the load cell barrier have been
collected on a small sample of test vehicles. These data
include approximately 14 model year 1980 cars, 12 model
year 1980 car$, and 24 model year 1982 cars (1982 model
year testing is currently in progress with approximately
10 model year 82 tests completed at date of writing).
Utilization of these data has been primarily to determine
stiffness ofthe crash tested cars and hence to extrapolate
stiffness properties to the entire fleet.

A sample of the total load-time data digitally frltered
at 300 Hz cut-off is shown in Figure 4.

Two secondary benefits have resulted from load cell
barrier data. First, load data, unlike accelerometer data,
have proven to have low susceptibility to noise and vi-
bration. Therefore load-time data. can be used to "match"

the best accelerometer response, when several redundant
accelerometers are available in the vehicle compartment.
Secondly, the actual structural response is measured with
a high degree of precision. This allows assessment of
repeatability of test car structures under similar test con-
ditions. Load data, in this case, can identify structures
that behave differently in tests due to manufacturing,/
design changes, etc.

Complete load cell barrier data (load-time) are stored

Figure 4. Load-time data filtered at 300 Hz. 1981 Mercury
Marquis, 35 mph load cell barrier total force vs.
time.

Table A. Stiffness comparison for 35 mph load cell barrier
tests.

Table B. Stitfness comparison for 35 mph load cell barrier
tests, 2100-2700 pound weight class.

NHTSA
TEST
N O .

1 1 9
1 1 9
't?2

137
194
273
333
334
365
380
386
425
426
427
428
999*
999*
ggg*

* T O B E

TEST
VEHICLE
WEIGHT

3066
2M
2314
3714
2707
2456
2214
3417
2650
3965
3930
4615
2M'1
3880
2767
3428
3060
2584

ASSIGNED

STIFFNESS,
(LBS.  /FT. I

55900
69200
58400
80900
7s000
77000
73000
87800
57000
52000
93882
89000
60300
84600
58500
45600
65581
88000
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NHTSA
TEST
N O .

1 1 9
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273
333
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426
999"

TEST
VEHICLE
WEIGHT

2404
2314
2456
2214
2650
2641
2584

STIFFNESS,
K

(LBS.  IFT . I

69200
58400
77000
73000
57000
60300
88000

* TO BE ASSIGNED



Table C, Stiffness comparlson for 35 mph load cell banier
tests, 2700-3300 pound weight class'

NHTSA TEST
TEST VEHICLE STIFFNESS,
NO.  WEIGHT K

(LBS.  /FT. I

118 3066 55900
194 2707 75000
4?8 2767 58s00
999* 3060 65581

*  TO BE ASSIGNED

in the NHTSA data base. Table A presents one form of

comparing these data using the deftnition that stiffness,

K, is the maximum force divided by the dynamic crush

which occurs at the same time as that maximum force
value. While this straight line force-crush is not totally
representative ofoverall stiffness, it serves as a reasonable

approximation in most cases for classifying the selected

test cars by stiffness. A weight breakdown of this small

sample of data is presented in Tables B through E. Future

attempts will be made to expand this sample size to in'

clude a cross section of cars in terms of stiffness. Then,

association of crash pulse shapes with stiffness will be

used as input to the accounting methodology to be de-

scribed in the following section.
Other data required to analytically assess the frontal

crash environment include interior geometry of occupant

compaftments, fleet weight distributions for current fleets

as well as projected fleets, closing velocity frequency dis'

tributions, and relationships between occupant injury se'

verity with both intrusion and occupant impact speed
(with interior vehicle components). Interior geometry can

Table D. Stiffness comparison for 35 mph load cell barrier
tests, 3300-3900 pound weight class.

NHTSA TEST
TEST VEHICLE STIFFNESS,
NO.  WEIGHT K

(LBS. /FT. }

137 3714 80900
334 3417 87800
427 3880 84600
999* 3428 45600

*  TO BE ASSIGNED

SECTION 5: TECHNICAL SESSIONS

Table E. Stitfnese comperison for 35 mph load cell banier
tests, over 3900 pound weight class.

moet simply be expressed ae a frequency distribution of

the shortest distance between an occupant's head or chest

and interior components. An example is shown in Table

F. More sophisticated dimensions may be required for

more detailed occupant studies. Fleet distributions are

available from many sources such as fuel economy data

for projected fleets, Polk Data, and accident data sources

such as NCSS (National Crash Severity Study) and NASS
(National Accident Sampling System). One compilation
of 1985 weight projections is shown in Figure 5 while

overall NCSS passenger car weight distribution is shown

in Figure 6 (3,4). Frequency of closing velocity distri'

butions and accident types is obtained also from NCSS

and NASS data along with occupant injury relationships.

It is anticipated that exposure data as currently obtained

will not significantly be altered in future fleets, except

weight-frequency distribution changes. Other data being

compiled for possible input to the analytical accounting
model are interior data necessary to exercise an analytical
2-D or 3-D occupant model. These data may include input
for intrusion in the model, various occupant sizes, various
seating positions, etc. It is anticipated that the more com-
plex approach to occupant modeling will not, however,
be a part of the initial research effort,

ASSESSMENT OF RISK FACTORS

The primary factors which are related to risk and are
practical to control by vehicle designs are vehicle struc-
tures and occupant protection countermeasures. Since nu'

NHTSA TEST
TEST VEHICLE STIFFNESS,
NO.  WEIGHT K

(LBS. /FT.I

396s 52000
3930 93882
461s 89000

380
386
425

Table F. Occupant spacing frequency distribution.

X.  ( INCHES)  F  (0 /6 )

6 3 4
12 50
r 8 8
2 4 8

X-=MINIMUM SPAcING BETWEEN OCCUPANT AND INTERIOR SURFACE

F=FREAUENCY OF OCCURRENCE oF A GIVEN OCCUPANT SPACING
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Figure 5. 1985 passenger car weight distribution by sales.

merous other studies have addressed occupant protection
countermeasures in the vehicle interior, this paper will
concentrate on assessing factors relating to vehicle frontal
structures for design optimization purposes. Assessment
ofoccupant risk requires understanding ofgeneral effects
on the occupant due to changed structural parameters.
A simple occupant model will be employed.

The direction for assessment of structures,/occupant
response is to adequately predict trends of occupant pro-
tection by varying structural parameterri. For instance,
predictions of occupant harm for unrestrained occupants
will be based on the difference between the velocity of a
free flying single mass object representing an occupant
and the compartment velocity at the time the one-mass
occupant contacts with interior. Time of interior contact
is determined based on the difference between the inte-
gration of the occupant velocity and the compartment

F
z

0 L
t(m ilm ,$fl)

W E I G H T  ( L B s I

Figure 6. NCSS passenger cer weight distribution.

EXPERIMENTAL SAFEW VEHICLES

velocity. Figure 5 shows the various occupant velocities
which will be used to assess occupant harm. Likewise
determination of contact speed is determined (if it occurs)
for a restrained occupant as shown in Figure 6. Addi-
tionally, intrusion is considered very simply as a rigid
coupling between the front bumper and the intruding
surface (dash, steering assembly, etc.). Therefore, when
intrusion begins it is assumed the intruding surface im'
mediately undergoes the entire delta V of that crash event
as shown by the theoretical representation ofthe interior
intruding surface velocity profile in Figures 7 and L Fur-
thermore it has been experimentally shown from crash
te$t data that intrusion begins at approximately the time
the crush reaches 8O7o of the value of the measured

RESTRAINED OCCUPANT

@ ,*^i+it.ot^tlUFENtcc 
u PANr AN o

tr

ni

Figure L Restrained occupent velocity-time relationships.

UNRESTHAINED OCCUPANT

F777) SPACE BETWEEN OCCUPANT
r4J AND INTERIOR SUFFACE
-- -  VELOCITY OF INTEHIOR

{ INTf iUDING}  SURFACE
- ._  VFLOCITY OF ONE.MASS

OCCUPANT IVlODEL
-  VELOCITY OF VEHICLE COMPARTMENT

-

Figure 7. Unrestrained occupant velocity-time relationships.
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Figure 9. Acceleration time history for Rabbit from Rabbit-
to-Concord crash test and lrom analytical predic-

, tion'

distance between the engine and the front bumper' These
distances on existing cars in the crash test data base may

be obtained and as$essed relative to occupant safety'
While these occupant injury relationships are simply

conceived and are not expected to accurately predict crash
protection potential of an individual vehicle in the fleet'

it is expected that general "good" and "bad" structural

characteristics (crash pulse, stiffness, engine placement)

of individual vehicles and vehicle fleets can be identiflred'

To produce the multitude of crash pulses that can be

generated from various car-to-carr object, etc., collisions

an analytical crash model was developed. This analytical

tool is used to predict occupant compartment respon$e'

By using this method, vehicle crush as well as time oc-

currence of crush is predicted. Therefore, all of the sim-
plified occupant parameters as previously described can

be defined. An example output is compared to actual

crash data for a car-to-car collision in Figures 9 to 12.

Note this shows the most difficult prediction in which

two cars of incompatible structures collide head on' Par-

ticularly encouraging is the reasonable accuracy of the

dynamic cru$h, see Figure 12, Compared parameters are
presented in Table G. Note from Figures ll and 12,

intrusion begins substantially befote the occupant would

have contacted the interior surface (without intrusion).

Therefore, as can be seen by referring to previous Figure

7, the occupant undergoes the total vehicle delta V as
reported in the table.

The basis of this crash analysis is a comparative method

by which structural crushing forces generated in two-car

crash tests are compared at each time increment of the

crash event to determine how each car is crushing due

to its lower force level and to predict the resulting crash

Figure 10. Velocity-time history of theoretical one-mass oc-
cupant, test vs. prediction.

pulse. Part of the computational software assumes a con-

stant force crush of the "weakef" car when its peak crush
is reached. This plateau can be seen in Figure 9. Ad'
justments are then made to the duration of impact to

obtain a theoretical impulse,/momentum balance' Reftne'

ment of this methodology is still ongoing to validate re'

sults against crash data in all impact conditions' Also

consideration is being given to the question of whether

Figure 11. Rabbit unrestrained occupant spacing vs. contact
time, test vs. prediction.
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Figure 12. Rabbit displacement-time history to predict intru-
sion, test vs. prediction.

accelerometer generated force data can be used rather
than currently used load cell data which have restricted
availability.

PARAMETER STUDIES AND
OPTIMIZATION

A methodology is currently being developed to account
for all of the above parameters and predict their combined
effect on occupant harm. The basis of this methodology
was developed by Dr. A. C. Malliaris. A sample of the
output generated was shown in Figure I. Results were
encouraging from the initial exercise of the methodology,
but several refinements are required to include "best"

available input data as previously discussed.
One of the major refinements to the model replaces

empirically derived equation$ to predict occupant re-
sponse and separate equations to predict crush and in-
trusion with the structural crash model as previously
discussed.

Other refinements to the accounting methodology will
include the ability to analyze a nonhomogeneou$ fleet of
varying stiffness and crash pulse shapes.

As far as input refrnements, all input parameters are
being validated and changed as necessary using latest and
best available data. One of the major refrnements is in
the area of structural data, which includes stiffness prop-
erties and crash pulse shapes. Other areas include weight,

EXPEHIMENTAL SAFEW VEHICLES

crash velocity, and occupant injury data as previously
discussed.

EXPERIMENTAL APPROACH

Once an ar,ulytical method successfully predicts trends
for improved structural crash performance, an experi-
mental technique needs to be developed to verify results
of this prediction. Currently the accepted method of eval-
uating crashworthiness is by flat rigid barrier. While this
method has proven valuable in advancing state-of-the art
in crashworthiness, particularly with regards to restraint
development, it has done very little to advance improve-
ments in compatibility as evidenced by extreme variations
in stiffness (Table A). Shortcomings in assessment of
crashworthiness and compatibility using the flat rigid bar-
rier are twofold. First of all the intrusion aspect of crash-
worthiness is not evaluated on a comparable scale. This
assessment can be readily visualized when one considers
that in barrier crash testing, intrusion is proportional only
to kinetic energy, meaning intrusion could be just as severe
for large and small cars alike. In the accident environ-
ment, however, it is recognized that intrusion is typically
a greater problem for small car occupants. Also, accident
data show greater intrusion than crash test data at com-
parable delta V's. This latter observation is due to the
crash environment of usually less than full frontal en-
gagement resulting in lower acceleration (force) and
greater extent of crush. The second shortcoming of the
rigid barrier is the assumption that actual objects crashed
into by a car will have the same force-crush properties
as the car or will be non-yielding.

This assumption, while reasonable if stiffness of the car
is "average," may result in ineffective restraint designs if
the structural properties of the car versus those of the
fleet are not considered. Note that car-to-car force inter-

Table G. Comparison of Flabbit data from Rabbit-to-Concord
test and analysis.

TEST
DATA

A N A L Y T I C A L
slMULAToN

34 s'sPEAK ACCELERATION 3 5 g s

V E L O C I T Y  C H A N G E  O F
Q F  V E H I C L E

42 MPH 4? MPH

MAXIMUM CBUSH,
RESIDUAL

2 8  6  I N C H E S 2 8  I N C H E S

VELOCITY WHEN OCCUPANT
HITS INTFUDING
S U R  F A C E

42 MPH-
( C A L C U L A T E D )

42 MPH.

VELQCITY WHEN OCCUPANT
H I T S  N O N - I N T R U D I N G
S U B F A C E

35 MPH
{ C A L C U I . A T E D )

38 MPH

SAI\4E AS AV
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Figure 13. Seat positioning method used in detormable mov-
ing barrier testing.

actions are emphasized here because only 4OVo of the AIS
> 3 injuries are associated with fixed object collisions
with a very small percentage of that number being a truly
rigid, flat surface. The remaining 6O7o frontal AIS > 3
injuries result from car-to-car collisions with a relatively
large share, especirrlly the more severe crashes, associated
with front-to-front collisions. Thus the largest percentage
of accidents, in which peak accelerations approach the
peak dynamic force capability of the structure (divided
by the mass), are accidents involving reasonably sym-
metric front-to-front collisions.

Therefore the crash environment initially chosen for
experimental structure crashworthiness and compatibility
evaluation. is one that creates maximum acceleration and
maximum intrusion under a delta V environment which
is inversely proportional to test car weight. Intrusion is

SECTION 5: TECHNICAL SESSIONS

also intended to be inversely proportional to structural
stiffness of the test car, unlike the rigid barrier environ-
ment, in which intrusion is proportional to kinetic energy
or energy dissipated by the cars structural collapse.

The means of testing cars in this crash environment is
performed with a deformable moving barrier. Inciden-
tally, load cells are mounted behind the deforming ele'
ment to enhance knowledge of the structural behavior of
the test car. This barrier is constructed of aluminum
honeycomb and is the same barrier developed for side
impact testing (5). It is designed to absorb energy roughly
equivalent to that of a 16fi) pound car impacting a rigid
barrier at 35 mph. The purpose of this design is to force
larger cars to absorb more energy for compatibility as-
sessment and intrusion assessment.

Results of dummy response parameters using Part 572
dummies are shown in Table H. To eliminate variability
in these tests the restraints were fixed at the "D" ring,
thus eliminating restraint spool-out. Also for comparative
analysis the seats were placed identically, as shown in
Figure 13, to represent an intuitively average seating po-
sition. One more deformable barrier test is planned in the
near future using a Fiat Strada. Analysis of the data has
not been completed and will be presented at a later date.

CONCLUSIONS

This study is based on the premise that occupant risk
is dependent notjust on the singular propefties ofa vehicle
but rln the properties of the entire fleet. Research studies
have shown that occupant response is indeed related to
crash pulse shapes. It may also be rationalized that crash
pulse shapes are dependent upon stiffness and on the
combination of stiffness in car-to-car events. Therefore
occupant response is also dependent on stiffness as it
indirectly affects the crash pulse shape. Stiffness also af-
fects the occupant harm environment directly by either
preventing or allowing intrusion, particularly in oar-to-
car collisions.

NHTSA research will continue to quantify the effects
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Table H. Dummy response using frontal deformable moving barrier.

CAR
TEST
TYPE
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CITATION
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806

1 1 0 1
?2ffi

418
361
269
523
751
707

40
29
27
58
,18
59

30
35
28
38
35
39

255
500
800

1825
520
550

750
2000
600

1 100
225
400

1700
200
600
675

1 585
650

300
750
600
525

1800
400

1 5 3



EXPERIMENTAL SAFEW VEHICLES

of these and other parameters that affect occupant re-
sponse. Finally, this research is intended to identify the
structural properties which are optimal for occupants pro-
tection in the real world environment. Initially the effoft
will consist of a simplified analytical approach. Follow
up studies may employ more sophisticated techniques
such as the Fiat Methodology (6) or the Safety System
Optimization Model.
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ABSTRACT

Volvo's Safety Engineering Philosophy is described in
detail starting with Volvo traffrc accident investigations
as one of the most important inputs to the safety char-
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characteristics are transformed to measurable properties
in laboratory environment is then explained and exem-
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system and subsystem specifications suitable and
understandable to the engineer at the drawing board.
The engineering follow-up procedure, including
Crashworthiness Design Review Meetings and at the end
certification tests and production control tests, is dis-
cussed.

How variations in test results affect the engineering
procedure and methods to set engineering limits to be
used during the different design phases are discussed.

How this Safety Engineering Philosophy is imple-
mented into the development of a new Volvo car is then
descnbed step by step and exemplified by different tech-
nical solutions and test results.
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INTRODUCTION

With the Volvo Safety Engineering Philosophy as a
background this paper describes how the crashworthiness
characteristics at the very first beginning of a project are
built into a new car and how this is controlled through
the total development programme.

VOLVO SAFETY ENGINEERING
PHILOSOPHY

One of the primary characteristics of a Volvo car has
for a long time been safety and with the safety charac-
teristics Volvo has always meant safe transportation in
the real trafftc environment.

Volvo Safety Engineering Philosophy can be explained
by a circle as in Figure 1.

As safety in the traffrc environment is the primary goal,
it is important to know the real performance of our cars
in actual accidents.

Accident Analysis
Since 1965 Volvo has carried out traffrc accident re-

search on Volvo cars and the knowledge from this re-
search is used to set up our own safety requirements.

Volvo's Traffic Accident Research consists of two main
parts
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Figure 1. Volvo Safety Engineering Philosophy.
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-multidisciplinary accident investigations
{ata collection and statistical analysis

The multidisciplinary accident team is on call round
the clock, seven days a week. All accidents with occupant
injuries in a Volvo car, truck or bus are investigated. On
the scene of the accident, the investigator looks for all
information which can be of importance during his later
analysis. This analysis consists of finding the cause of the
accident and the consequences to the occupantg and the
vehicle. The medical expert of Volvo's investigation team
gets in touch with his colleagues at the hospital to which
the injured persons have been taken. With the help of
data from the vehicle and information concerning the
sustained injuries, it is possible to relate the pattern of
injuries to the type of impact which caused them.

To get a material large enough to be used in a statistical
analysis Volvo's unique insurance system has for a long
time been used. All Volvo cars sold in Sweden are covered
by a three-year motor vehicle damage warranty. This
damage warranty is administrated by Volvo's insurance
company. Through this motor vehicle warranty system
Volvo has access to all data concerning the accidents.
Each year, about 45,0(X) such accidents are reported to
the warranty department. About 5,000 of the more se-
riously damaged vehicles are insp€cted by Volvo's staff
of 12 damage as$es$ors who are placed throughout the
country. The basic information for our statistical accident
research comes from this group of serious accidents.

Our own data in combination with data from different
accident data files from all over the world are the basic
background for setting our priorities.

Laboratory Requirement
The first step in the engineering procedure is to trans-

form the accident scene to a controlled laboratory envi-

fotrment. The complex acsident has to be transformed to
a test which is repeatable and reproducible. Examples of
these tests are frontal impacts into a rigid barrier, movable
deformable barrier for side collisions and rollover simu-
lations.

The occupants in the car have to be simulated with
test dummies. These dummies are of course not in every
detail copies of the human being but they are anthro'
pometric and anthropomorphic. Dummies of different
sizes are available (such as 5th percentile female, 50th
percentile male, 95th percentile male and many different
sizes of child dummies). Several different injury criteria
are connected to the dummies, e.g., head injury criterion'
chest injury criterion, femur injury criterion. These cri-
teria have been found through biomechanical research.
Within our function analysis staff Volvo has an expert in
biomechanics who monitors this research in detail.

Engineering Requirements
Having the functional laboratory requirements on thc

complete car is not enough. The car must be divided into
various systems and the system into various subsystems.
With this technique the complete car requirement for
different collisions could be broken down into a set of
system and subsystem requirements which can be checked
in laboratories and which are understandable to the draft-
men and engineers.

The requirements on systems and subsystems form the
basis for our development technique within the safety
engineering procedure. The two major systems are the
body structure system and the interior system, The body
structure system covers the "body in white" and drive
line (engine-transmission) and the interior system covers
all the interior of the car such as instrument panel, steer-
ing wheel, seats and safety belts.

The requirements for the structure system are built up
around a measuring technique using barrier tests, "body

tests" and component tests. During the entire develop-
ment procedure analytical tools such as structural mass,/
spring models and finite-element calculations are used to
further optimize the mechanical engineering.

Two very important requirements for the structural
sy$tem are intrusion and deceleration characteristics in
the different crash tests. The reason is that these char-
acteristics form the inputs to the interior system. The
basic development technique for the interior system is a
crash simulator in which the intrusion and deceleration
can be reproduced. In this way the development of the
interior is not depending on the possibilities to crashtest
complete cars. As for the structure system the interior
system uses several subsystem tests and in parallel cal-
culations in mathematical models are made.

After a couple of loops between the structure and in-
terior engineering departments in which an optimization
of performance, weight and cost is done, the complete
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Figure 2. Development cycle lor a new car.

car is ready for the evaluation and certification phase. In
this phase complete cars (try-out and preproduction cars)
are tested with the speciflred test methods and controlled
against the specified criteria. A few extra loops back to
structure and interior system may be ilecessary during
the evaluation phase. Certification tests against legal re-
quirements are then made, sometimes with representatives
from the authorities witnessing the actual tests. Figure 2
shows a typical development cycle for a new car.

Production Control
During the development many different types of doc-

umentation are produced to ensure the production qual-
ity. A special documentation system for Vital Safety Parts
(VSP) is used to

-guide product engineering, manufacturing and as-
sembly in accordance with government requirements

iemonstrate compliance with government require-
ments

-limit the number of vehicles affected by recall action
in case of non-compliance or safety defect

-limit product liability exposure and demonstrate that
due care has been exercised

During production control many systems and subsys-
tems (e.g. safety belts, windshields, seats, sunvisor) are
tested and complete cars are taken as samples for crash
tests.

The circle (see Figure l) is closed and the new car is
ready for the actual traffrc environment. The Volvo

Traffrc Accident Research can start its investigations to
evaluate the safety performance ancl to gain more knowl-
edge for further improvements.

FRONTAL COLLISION PERFORMANCE
FOR THE NEW VOLVO 760

The above described engineering philosophy will now
be repeated and the special considerations during the
development of the new Volvo 760 will be accounted for.

From all international traffic accident statistics as well
as our own (refs l, 2) it is obvious that frontal collisions
are the type of collision with the highest number of ac-
cidents as well as the highest total cost for the society.

This has since a long time been recognized by Volvo
and since the early fifties Volvo has gradually introduced
different kinds of technical solutions to improve frontal
crash protection (ref 3). When the work to specify a new
Volvo for the eighties started, one of the highest priorities
wa$ to engineer a car with outstanding performance in
frontal collision.

Test Method
The first step in our safety engineering procedure was

to transform the overall specifrcations to functional re-
quirements measurable in laboratory environment. Dif-
ferent safety regulations have since a long time used
impacts against fixed barriers as their test procedures. Of
course these test procedures are very simple simulations
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of actual accidents and must be combined with careful
analysis by experienced test engineers as well as by ac-
cident investigators. To limit development cost it was
nevertheless decided to u$e these procedures (impact
against a fixed barrier 0', t 30) as the main laboratory
te$ts as they must be used in the certification phase. It
was decided to test at 35 mph.

Test Dummies
What type of dummies to use was the next decision to

be taken. During the development of the Volvo 240,/260
most of the tests were made with the Part 572 (50 per-
centile) male dummy. From our own experiences (ref 4)
as well as others (ref 5) it is obvious that the total meas-
urement chain with a dummy as "sensor" is a very com-
plicated one and large variations in test results are to be
expected. Careful analysis of test signals together with
studies of the behaviour of the dummy during the test
must be used to overcome the shortcomings of the
dummy. As no other well documented dummies were
available the Part 572 dummv was chosen.

Injury Criteria
The conventional measurements to be taken in the dum-

mies are head and chest acceleration and femur forces.
From these readings special injury criteria such as HIC,
SI, Max Chest acceleration etc. can be derived.

In spite of heavy criticism the criteria stipulated in
FMVSS 208, namely HIC, peak chest acceleration (3 ms)
and maximum femur forces, are frequently used.

The protection levels of these criteria, HIC 1000, 60 g
and 2250 lbf (10 kN) respectively have also been ques-
tioned, in particular the level of the HIC value. Patrick
et al. (ref 6) suggested in 1974 that HIC of 3000 was
below the acceptable limit and Walfish et al. (ref 7) rec-
ommends a tolerance limit of 1500.

To have consistency with all our previous experimental
work it was nevertheless decided to use HIC 1000, chest
acceleration 60 g and femur force l0 kN as protection
levels.

During later years the problem of detecting subma-
rining or penetration of lap belt into the abdomen has
been focused. Our experience is that an optimal restraint
system is heavily depending on the performance of the
seat. One way to evaluate this performance is to measurc
submarining or submarininglike behaviour. Even if sub-
marining is not a great problem in real life the benefits
of a good suppoft from the seat cushion in experimental
work have been documented by several authors (refs 8-
t0).

Transducers on the iliac crest were therefore used in
combination with high speed film analysis to evaluate the
performance of the belt $ystem.

Vehicle Related Criteria ,.

Vehicle criteria were also set up, such as FMVSS 212
Windshield Retention, FMVSS 219 Windshield Zone In-
trusion, and FMVSS 301 Fuel System Integrity.

ENGINEERING METHODOLOGY

System and Subsystem Requirements
Having the functional requirements on the complete

car was not enough. The draftsman at the drawing table
cannot design for example a front side member only
knowing that certain injury criteria in a dummy should
be below a specified level. The car must be divided into
various main systems and the main systems into various
subsystems. For the frontal collision two main systems
are body structure system and interior system (Figure 3).

The body structure system covers the "body in white"
and driveline and the interior system covers all the interior
such as instrument panel, steering wheel, seats and safety
belts.

By using mathematical modelling technique, stnrctural
mass/spring models, fltnite element calculations as well
as different models of occupant simulations, the complete
car functional requirements were broken down into re-
quirements for the two main systems.

Body Structure System
The body structure system was specified for example

by body deceleration curves for 0' and 30'barrier tests,
intrusion limits for different parts of the body such as
floor pan, instrument panel and steering wheel intrusion
and vertical movement. These requirements formed an

3. Borly structure and interior system engineering
methodology.
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input to the body engineers for a further procedure broken
down into subsystem requirements.

These systems and subsystems requirements were then
controlled with test techniques such as component testing,
subsystem testing, "body tests" and prototype tests. The
"body test" is a technique used during early stages of
development when no prototypes are available. By taking
an existing car body and replacing specific parts in front
of the A-pillar with prototype body concept$ early te$t
results such as force,/deflection curves can be obtained.
Our experiences from these body tests are that they are
very useful both when different body concepts are to be
evaluated as well as during the process of optimization
between the structure design and material selection (ref
I  l ) .

Interior System
For the interior system the barrier test requirements

are broken down to a sled test deceleration curve (the
same a$ the body deceleration curve) and intrusion limits
for body and interior parts such as the instrument panel
and the steering wheei.

These requirements are the inputs to the interior en-
gineering process which uses a HYGE crash simulation
sled as an evaluation tool. From our early experiences of
the use of the HYGE sled a good correlation between
barrier tests and their simulations on the sled can be
achieved at test speeds up to 30 mph (ref l2). Testing at
higher velocities has however shown the need of further
development of the simulation technique. Due to the
higher test speed the body deceleration characteristics also
in the vertical direction (pitch) and dynamic intrusions
of body and interior panel including the steering wheel
play an important role for the results in the dummies.
Different techniques are used (max intrusion, intrusion
at contact between dummy and interior, pitch simula-
tions) but still much development has to be done to get
an optimal simulation at speeds higher than 30 mph. In
the meantime careful evaluation of test results from sled
tests and a detailed comparison with results from barrier
te$ts must be done during the development process. The
importance of not being lost in these highly simplified
simulations of actual traffic accident is obvious. For that
reason our traffrc accident analysis experts are involved
also in the test evaluation process to ensure that not only
good test results but also good performance in accidents
will be achieved.

During both the structure and the interior engineering
process mathematical calculations are used to back up
the engineering and test work. Mathematical calculations
have proven to be very helpful in concept evaluations and
parameter optimizations.

The body structure and interior sy$tems are developed
in parallel during the early phases of a complete car
project (see Figure 2). Several loops between the two

systems are done in which performance, weight and cost
are optimized. During the complete car evaluation phase
tryout and preproduction cars are tested with specified
test methods and controlled against specified criteria. A
few extra loops back to the structure and interior system$
may be necessary.

The number of complete cars crashed during the de-
velopment of the Volvo 760 have been 50 and added to
that around 70 body and component tests and 150 sled
tests.

Crashworthiness Design Review Meeting
The safety characteristics influence more or less all the

systems and subsystems in the car and consequently all
departments in the organization have to be involved.
Therefore a special steering committee meeting "Crash-

worthiness Design Review Meeting" was formed to con-
trol the implementation of the Volvo Safety Engineering
Philosophy into the design process.

The responsibility to chair these meetings was given to
the Crashworthiness Functional Analyst. The Functional
Analyst is a person in the organization responsible for
converting the crashworthiness characteristic$ set by the
Product Planning Department into Functional Require-
ments of the complete vehicle.

In the case of crashworthiness the Functional Analyst
is also responsible for the Volvo Automotive Safety Test
Centre including Volvo Traffrc Accident Research which
ensures that neither test re$ult nor actual traffrc accident
results are neglected during the development process.

The meetings have taken place every month and par-
ticipants have been all of the managers in the line orga-
nization including representatives for Engine and
Transmission Engineering, heads of different safety test
departments, trafftc accident experts and also represen-
tatives from Legal Requirement and Product Liability
department.

The Crashworthiness Design Review Meeting was
proven to be a very effective way to follow and control
the development of the car safety characteristics during
all stages of development. Optimization problems between
different engineering areas have been possible to solve at
the earliest possible time in the project.

ENGINEERING LIMITS
The various national and international requirements on

safety characteristics are usually expressed as a maximum
limit that no cars are allowed to exceed.

This implies that the average performance of the man-
ufactured cars mu$t be engineered with a margin to the
limits.

The margin must include allowance for a number of
factors. Some of these are

-uncertainty in the parameters that are used by the
engineer in his work
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-inaccuracies in the measurement techniques and data
evaluation in the crash test

-unrepeatability of nominally identical cra$h te$t ex-
ecutions

iifference between prototype cars and production
cars

{iffrculties in making statistical inference from a
small number of laboratory tests

Note that a single test outcome above the limit does
not imply that the actual car value is outside the limit.
It might equally well have been random fluctuations in
the laboratory test procedures that have given this result'

A thorough treatment of the statistical consequences
of some of these factors is given by Versace (ref 13). He
has illustrated how the engineering limit can be related
to the regulatory limit, by paying attention to all the above
factors.

As input during the early stages of a new car project
experience data from crash tests ofprevious models, data
from the accident research and predictions on future tech-
nologies are used. If there is a larger technological step,
say for instance a proposed change from belt restraints
to airbag systems, due respect must be paid to the un-
certainty concerning the behaviour of the new system.
Based upon this, requirements are formulated which re-
quire the first tests with the prototype to exhibit values
well below a limit. As the development continues and the
test data accumulates for the new concept, the confidence
increases in the soundness of the new product. This in-
creased confidence makes it possible to revise the require-
ments so that the average performance is closer to the
requirement than first permitted, even while the risk of
having one car exceeding the limit is kept low.

It must be noted here that the requirement during
development work is not, as some technicians may think,
a more severe requirement than the requirement on the
production cars. It is only an augmented and reformulated
requirement on the engineers' work that must be achieved
in order to get just the performance of the flrnal car that
the customers expect and the regulations require (ref l4).

TECHNICAL SOLUTIONS

The overall dimension and weight requirements for the
76O car were as such a challenge, The length from bumper
to A-pillar was to be decreased some l0 cm as compared
with the 240/260 car. The kerb weight should also be
lowered some 50 kg. As a high crash performance was
to be designed into the 760 car these goals demanded a
thorough optimization between structure and interior en-
gineering.

Structure
The 760 concept is a front engine, rear wheel drive,

five-seat passenger car,

Figure 4. Structure design concept 760.

To optimize the stiffness and weight relationship, mem-

ber design, sectional properties, welded joints and other
joints have, for the monocoque body, been carefully cal'

culated, analyzed and compared with experiences gained

from previous designs (Figure 4).
The front side members (Figure 5) are designed as

closed sections and from the front and backwards they
form a continuously increasing cross section. The side

members run under the floor with an outward angle and

are connected to the doorsills with a cross member in

order to distribute forces.
The front wheel housing and the suspension strut form

together with the side member an integrated structure
welded to the compartment.

The system is able to effectively absorb the kinetic

energy in a frontal crash. The side members are at the
front provided with "trigger swages" to initiate and con-
trol the buckling during deformation.

The aim has been to construct a body which, despite

a large body area, weighs less than its predecessor' High

strength steel (HSLA) has therefore been used in the front

section of the front side members and sheet metal thick'
ness has in different parts ofthe body been varied in order
to optimize strength and weight.

lnterior
The interior restraint systems are engineered not only

to meet the overall safety requirements but also to improve
the systems performance in the following areas: belt com'
fort, webbing guidance to eliminate problems with pi-

Figure 5. Front member system.
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voting webbing guides, seat cushion yieldingness for front
and rear seats optimizing the balance of the forces acting
on the restrained occupant in a crash.

For the front seats a three-point manual belt with lower
anchorage points in the seat frame was chosen. The system
incorporates one reel and webbing guide fully covered
behind a panel. The webbing guide in the B'pillar is
inclined "aligned" and bolted to the pillar hereby giving
consistent performance in crash testing.

The lower belt anchorages are located in the seat struc-
ture giving constant belt geometry of the lap belt inde-
pendent of the seat position. The dynamic forces in a
crash are transmitted through the rails which are engi-
neered to withstand this extra loading.

The seat structure shown in Figure 6 has e special tube
under the frontal part of the cushion which limits the
vertical movement of the occupant during a crash.

To minimize steering wheel intrusion during a crash
the system has at two locations a collapsible shaft, one
for bending moments and one for axial loadings, in com-
bination with a, for rearward forces, strong mounting of
the upper shaft bearing.

Forces generated by chest impacts of unbelted occu-
pants in a crash will be absorbed at a tolerable force level
by deforming the steering wheel and the bracket for the
upper shaft bearing.

The steering wheel with its four spokes, padded rim
and hub is designed to mitigate head and face injuries on
belted occupants in case ofcontact with the steering wheel
during a crash.

The primary goal has been to keep the instrument panel
away from the belted occupant during a crash. This has
put special demands on the fire-wall and scuttle area as
well as the attachments of the instrument panel.

At the same time efforts have been made to design an
instrument panel without protruding parts, projecting a
"clean" surface towards the occupant.

Sheet metal structure and padding characteristics have
been combined to give tolerable forces if, in spite of all,
a head contact would occur.

The three-point belt in the rear seat has the same fixed,
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inclined webbing guide as described above. The floor un-
der the seat cushion has a special ridge which prevents
excessive vertical movement and submarining during a
crash. This design was built on the experience from the
Volvo Concept Car (ref l2).

All belt geometries have within the limits of existing
regulations been elaborated to give good protection and
comfort for occupants spanning from 5th female to 95th
male percentile.

TEST HESULTS

During the complete development procedure (see Fig-
ure 2) a lot of testing was done at component, subsy$tem,
system and complete car level.

At the end of the development it was decided to run
three identical frontal barier tests at 35 mph. The number
of tests was chosen as a compromise between cost and
the need to cover the repeatability and reproducibility
problem. These three tests were run at MIRA (Motor
Industry Research Association, England). They are iden-
tiflred by the numbers 227-229 in the following result
presentation.

For comparison two previous tests done at the Volvo
crash test laboratory are presented. The Volvo tests are
taken from some early test series and the car$ are pro-
totypes not completely identical with the MIRA cars.
The test numbers arc 225 and 226. The test results are
shown to illustrate the variation in test results during
development.

TEST PROCEDURES

The tests were run according to the test procedure
specified in FMVSS 208. Both MIRA and Volvo crash
test laboratories have a long experience with this test
procedure and fullflrll all instrument requirements includ-
ing a well organized dummy calibration procedure. The
main difference between the two laboratories is the pro-
pulsion sy$tem used. MIRA uses an electrical linear motor
directly connected to the car and Volvo uses a tyristor
controlled electrical rotational motor and an endless wire
connected to the car.

The test cars were Volvo 760 GLE with automatic
transmission (see Figure 7).

Test weight was as speciflred in FMVSS 208 (unloaded
vehicle weight plus its rated cargo and luggage capacity
weight plus two Part 572 dummies) which for the Volvo
760 means 1630 kg (3590 lb).

A total of 50 signals cover both the dummies and
different car related measurements as well as a segmented
force measuring barrier. The tests were covered by eight
high speed cameras.

The dummies were calibrated before every single test.
Table I shows some test parameters.

i."
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Figure 7. The Volvo 760 GLE.

'r 
SD : standard deviation defined es SD :

Structure Flelated Test Results

A typical body deceleration pulse is shown in Figure
8.

A typical force,/deflection cuwe is shown in Figure 9.
The following structure related regulations were

checked: FMVSS 212 Windshield Retention, FMVSS 219
Windshield Zone Intrusion and FMVSS 301 Fuel System
Integrity.

Table 2 shows results of the test.

Figure 9. Dynamic Force/Deflection Curve during 35 mph
barrier test.

:
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Figure 8. Body deceleration pulse.
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Table 1. Test parameters.

MIRA
227

MIRA
228

MIRA
229

Mean
Value SD')

Volvo
225

Volvo
226

Test Weight
kg
Test Speed
mph
Test Temp"c

1630

35.3

22.O

1 630

35.3

22.O

1630

35.2

22.O

1630

35.27

22.0

0.0

0.006

0.0

1630

35.2

1 S

1 630

35.4

20

Table 2. FMVSS 2'12,219 and 301 test results.

Reoulation
MIRA
227

MIRA
228

MIRA
229

Volvo
225

Volvo
226

FMVSS 212
o/o Retention
FMVSS 219
Penetration
FMVSS 301
Leakaoe oram

100

OK

0

100

OK

o

100

OK

o

100

OK

0

r00

OK

0



Interior Related Test Results
The occupant crash protection was evaluated by meas-

uring dummy signals as required in FMVSS 208.

Chest Injury Criteria
In Table 3 two chest injury criteria are shown.-Re-

sultant chest acceleration duration longer than 3 rns, 83.,
and Chest Severity Index, CSI, (weighted time integral
of chest resultant during crash).

Head lniury Criteria
Table 4 shows the Head Injury Criteria calculated as

defined in FMVSS 208 (HIC) and also the same calcu-
lation but during head contact (HIC").

Femur Injury Criteria
In Table 5 femur injury criteria as defined in FMVSS

208 are presented.

EXPERIMENTAL SAFETY VEHICLES

Seat Belt Loads
Seat belt loads in the lap belt and shoulder belt were

also measured and are listed in Table 6.

30" Barrier Test Results
Two tests were also done to evaluate the 30'barrier

performance. One test 30'right-first contact passenger
side and one test 30'left-first contact driver side and
both tests at a velocity of 35 mph.

Requirements in FMVSS 212 Windshield Retention,
FMVSS 219 Windshield Zone Intrusion and FMVSS 301
Fuel System Integrity were all met.

Dummy test results as for FMVSS 208 can be seen in
Table 7.

CONCLUSIONS

This work has demonstrated that by integrating the
desired safety properties from the very beginning ofa new

Table 3. Dummy results{hest injury criteria.

Chest Injury
Criteria

MIRA
227

MIHA
228

MIRA
229

Mean
Value SD

Volvo
225

Volvo
226

Driver
9s-u
csl

46.4
370

50.0
427

47.O
417

47.8
405

1 . 9
30

54.0
455

45.2
428

Passenger
9s."
CSI

41 .6
293

45.0
3 1 1

45.0
323

43.9
306

2.0
21

45.8
345

41.4
372

Table 4. Dummy results-Head injury criteria.

Head Injury
Criteria

MIRA
227

MIRA
228

MIRA
229

Mean
Value SD

Volvo
225

Volvo
226

Driver
HIC
Htc-

945
645

897
676

820
820

821
714

124
93

898
898

825
825

Passenger
Htc
Htc^

729
27

890
?09

990
87

870
108

132
s3

1 030
349

1 2S0
686

Table 5. Dummy results-Femur injury criteria.

Femur
Force kN

MIRA
227

MIRA
228

MIRA
229

Mean
Value SD

Volvo
225

Volvo
226

Driver
F. (Left)
F- (Rioht)

4.96
0.61

4.74
1 .76

4.24
1.07

4.65
1 . 1 5

o.37
0.58

5.8
2.O

4.4
1 . 3

Passenger
F, (Left)
F- (Rioht)

3.g l
1 . 3 1

5.52
2.98

3.36
0.87

4.26
1.72

1 . 1 2
1 . 1  1

3.6
1 . 0

3.1
2.3
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Table 6. Dummy results+sat belt loads.

Belt load
KN

MIRA
227

MIFIA
228

MIHA
225

Mean
Value SD

Volvo
225

Volvo
226

Driver
Lap
Shoulder

Passenger
Lap
Shoulder

6.3
7.4

7.3
7.6

7.9
8.2

7.0
6.8

7.5
7.5

7.9
6.7

7.2
7.7

7.4
7.0

0.8
0.4

0.5
0.5

7.O
8.2

7.4
7.8

6 .1
7.7

7.5
7.7
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car project and by continuously following up the engi-
neering process it is possible to achieve an increased level
of safety.

It has pointed out the inherent complexity of crash

testing and the need to use statistical methods in order
to make qualified judgments during a car development
process.

Emphasis has also been placed on the nece$sity to use
experience from field accidents in order to complement
the laboratory simulation.
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Table 7. Dummy results-3O" barrier.

Test Parameters
Velocitu: 36.5 mph Riqht: 36.2 mph Left Weight: 1630 kg'

Chest g.*
csl
Hrc
Hlc"
Femur Forcgs
F. kN
F" kN
Belt Loads
Lap kN
Shoulder kN

30'Risht /MIHA 30'Left /MIHA

Driver Passenger Driver Passenger
35.0
216
4 1 8
285

1 . 4
2.8

5.9
6.S

3 '1 .0
227
5'�t7
258

2.8
2.4

2.2
5 .1

47.O
388
762
361
3.2

2.6
4.2

6.8

44.0
3 1 5
570
73
1.4

0.8
8.S

7.6
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Gomputer Modeling of Occupant Dynamics in Very
Severe Frontal Crashes

SHERMAN E. HENSON
Ford Motor Company
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ABSTRACT

Computer simulations of occupant dynamics in frontal
crashes have pretty much been done like sled tests, in
that crash-induced deformation of the interior-which
may be signif,rcant for the occupant-has usually not been
accounted for. The object of occupant dynamics simu-
lation studies is often to as$ess the effect of changes in
vehicle front-end parameter$ on occupant response. But
these parameter variations may influence the amount of
interior deformation. In order to simulate more accurately
occupant dynamics in very severe cra$hes, the interior
deformation caused by engine intrusion should concur-
rently be simulated. Crash test results over a range of
speeds were used in a computer simulation study of oc-
cupant compartment intrusion in high speed barrier crash
tests. It was found that intrusion has a significant effect
on occupant response and where appropriate should be
included in crash simulations. For the crash conditions
simulated, intrusion increased the restrained occupant's
head and chest accelerations while no clear trend emerged
for the unrestrained occupant.

INTRODUCTION

This paper describes the use of a computer model to
simulate dummy dynamics in very severe frontal car
crashes<rashes that are similar to running a car into a
wall at speeds ranging from 35 to 50 mph. Figures I and
2 are photographs of vehicles which were in real accidents
of approximately the range of severity of the simulations
discussed in this paper. These high speed crashes tend to
use up all of the energy-absorbing capability built into
the front structure of the car and so the front of the

passenger compartment gets pu$hed closer to the occu-
pant. The effect of this passenger compartment defor-
mation on the loads imposed on the occupant in severe
crashes is not very well understood. Computer simula-
tions of occupant dynamics in frontal crashes have usually
been done like sled tests, in that crash-induced defor-
mation of the interior-which may be significant for the
occupant-has not been accounted for. The object of such
simulation studies is often to assess the effect of changes
in vehicle front-end parameters on occupant responfie.
But these parameter variations may influence the amount
of interior deformation. In order to simulate more ac-
curately occupant dynamics in very $evere crashes, in-
terior deformation caused by engine intrusion should
concurrently be simulated.

In the study reported here, results ofhigh speed barrier
crash tests run by NHTSA were used to estimate occupant
compartment intrusion as a function of time for input to
a computer simulation model of occupant dynamics. Sim-
ulations were run both with and without intrusion to
study the effect of intrusion isolated from other crash
variables.

METHODOLOGY

The study utilized a computer model called MVMA-
2D that was developed by the University of Michigan
Highway Safety Research Institute with funding from the
Motor Vehicle Manufacturers Association. The model is
a lumped mass multi-degree-of-freedom dynamics model
which represent$ an occupant, his restraint system, and
the vehicle interior, as shown in Figure 3. The windshield,
steering column, instrument panel, and floor pan are rep-
resented by line segments. In order to simulate the effects
of occupant compartment intrusion, the movement of
these component$ as a function of time relative to the
occupant's seating position was needed as an input to the
model.

Figure 1. Actual severe crash.
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Figure 2. Actual severe crash.



,T
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Figure 3. MVMA-ZD computer model.

To estimate the movement of the intnrding components
into the passenger compartment, films of crash tests run
by the NHTSA on Chevrolet Citations at 35, 4O, and 48
mph were analyzed. The availability of test data at these
high speeds was the main reason for choosing the Citation
for this simulation study. High speed film analysis was
used to determine the relative engine movement as a
function of time in these three crashes because the engine,
in effect, forced the intruding components rearward into
the passenger companment. Figure 4 shows the results
of the film analysis, the average dynamic engine intrusion
in inches as a function of time in milliseconds at the three
speeds. The maximum intrusion varies from about 3 in.
at 35 mph to about 22 in. at 48 mph and reaches the
maximum at about 90 to 120 ms.

Knowing the engine movement as a function of time,
and the Chevrolet Citation interior dimensions. the ve-
hicle interior deformation was estimated for these crashes.
The maximum rearward movement of the windshield. A-
pillar, and upper instrument panel were gotten from post-
crash vehicle photographs and from post-crash measure-
ments included in the crash reports. The above compo-
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Figure 5. Passenger side interior deformation.

nent$ were assumed to begin relative movement at the
time when engine intrusion began and to reach maximum
deformation at the time of maximum vehicle crush. Dis-
placement of each component between these two times
was assumed to increase linearly with time. It had to be
assumed that the lower instrument panel, dash panel,
steering wheel, and floor pan displacement-time relation-
ships were identical to that of the engine intrusion since
the data were not available from the test to e$tabli$h the
intrusion precisely as a function of time and the area was
hidden from the high speed camera coverage. It is rec-
ognized that the lower instrument panel rearward move-
ment may not be identical to that of the engine, but the
assumption was necessary in this ca$e and the error in-
troduced by this assumption is believed to be small. Dur-
ing model validation at 48 mph, the maximum rearward
displacement of the steering wheel was adjusted $omewhat
to improve simulation fidelity. Figure 5 shows an outline
of the maximum deformation of the passenger-side wind-
shield and instrument panel at the three speeds as well
as the undeformed location. The windshield position at
35 mph is the same as the undeformed position. A line
drawing of the seat is shown for reference. Notice how
the instrument panel and windshield move back and ro-
tate as the crash speed is increased. Figure 6 shows the
same thing for the driver side, except the steering wheel
maximum deformation is included. As in Figure 5, the
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Figure 7. Model validation at 35 mph.

windshield is not deformed at 35 mph. The steering wheel
position shown is the expected position without occupant
loading. Figures 5 and 6 show the maximum deformation
of the components, but for input into the model, the
positions as a function of time for not only these com-
ponents but the floor pan and toe board were required.
To get the component positions as a function of time,
functional relationships for the movement of all of these
components were derived from the test results and the
functions were inputted into the model as tables of surface
displacement as a function of time.

The MVMA-2D model was set up to represent a 5fth
percentile male in a Citation package. The belt-restrained
occupant is shown in Figure 3, but an unrestrained oc-
cupant was also simulated. Exercising these models is a
very complex and time-consuming procedure, since
hundreds of input variables are required to describe the
occupant and vehicle interior. For each ofthe panels that
can be contacted by the occupant such as the windshield,
instrument panel, and seat, force-deflection characteris-
tics are inputted into the model in either tabular or poly-
nomial format. Belt restraint material properties have to
be inputted as well as the acceleration-time pulse of the
occupant compartment. Once all the input data were gath-
ered and put into the computer correctly, several runs
were made and the results were compared to those of the
Citation te$t$ to see if the model was a reasonable sim-

ulation of the event. The following section describes the
model validation.

VALIDATION

Figure 7 shows a comparison of the dummy head and
chest acceleration as a function of time for a driver and
right front pa$senger in a 35 mph barrier crash. The solid
lines are the test values from the Chevrolet Citation tests
and the dashed lines are the simulation results. The results
of the simulations compare reasonably to the test results
especially when the large test-to-test variability ofbarrier
crashes is considered. The same comparison at 40 mph
is shown in Figure 8. The match again is reasonable except
that, as in Figure 7, the peak head g's in the simulation
occur somewhat later than in the test. The comparison
at 48 mph in Figure 9 again shows that the simulation
peaks occur later than the test.

Although there is room for improvement in the sim-
ulation, overall, the results were considered acceptable
for the pre$eflt study. Matching peak accelerations over
the wide range of crash severity represented here proved
to be more difficult than tuning a model to a single, less
severe crash. The model predictions could not be com-
pared to test results for the unrestrained occupant because
a comparable set of tests has not been run.
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Figure 10. Intrusion effects on re$trained passenger.

PRELIMINARY RESULTS

Once the model was validated, computer runs were
made to explore the effect of intrusion on dummy dy-
namics. This was done by simply repeating the simula-
tions ofthe Citation barrier crash tests at the three speeds
without the occupant compartment deformation. Figure
l0 shows the maximum head acceleration of the restrained
right front dummy for the three crash speeds with intru-
sion and with no intrusion. The dots on the graph are
the values from the Citation tests. It is apparent that
eliminating the intrusion for the restrained occupant has
little effect at 35 mph where the intrusion is small, but
the effect increases with speed and the head acceleration
is much larger at 48 mph. Without intrusion, the dummy
responses are nearly constant as speed increases. The
constant response occurs because at these large values of
structural crush, the crush resistance is nearly constant
and so the vehicle average deceleration is nearly constant
over the range from 35 to 48 mph.

Figure I I shows the occupant kinematics for the same
simulations as Figure 10. The upper set shows the oc-
cupant position at about the time of maximum forward
movement, which is about 100 ms, for the three crash
speeds when intrusion was included in the simulations.

Figure 1 1. Intrusion effects on restrained passenger at 100
milliseconds.
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Figure 12. Intrusion effects on restrained driver.

It can be seen in the upper figrres, the ones where in-
trusion was simulated, that the occupant strikes the in-
strument panel rnore forcefully as the crash speed is
increased because the instrument panel and floor pan are
moving closer to him. It was shown in Figure 4 that
maximum engine intrusion occurs at about the same time,
100 ms. In the lower set of flrgures, the case with no
intrusion, the occupant moves nearly the same distance
forward even as speed increases and never hits the in-
strument panel because the panel remains in the same
relative position.

The peak head and chest accelerations for the restrained
driver are shown in Figure 12. As in the case of the
restrained passenger, head and chest accelerations are
lower when there is no intrusion. The apparent decrease
in head acceleration is an artifact due to the 3 ms cut-
off; the absolute peak acceleration actually increases
slightly with speed.

The restrained driver position f,t 100 ms is shown in
Figure l3 for the simulations with intrusion and with no
intrusion. It is again apparent from the flrgures that the
occupant loads the intruding components more forcefully
when there is intrusion, resulting in higher head and chest
accelerations.

While eliminating intrusion appears to be an attractive
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Figure 13. Intrusion effects on restrain€d driver at 100 mil-
liseconds.
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Figure 14. Intrusion effects on unrestrained passenger.

way to reduce occupant Ioads for both driver and pas-
senger, it is diflicult in practice. In order to eliminate
intrusion in these very severe crashes, the front $tructure
would have to be made either very stiff, or the front of
the car would have to be made very long. If the structure
were stiffened, the vehicle acceleration would increase and
the occupant in the bottom set of pictures in Figures I I
and 13 would move farther forward and probably strike
the instrument panel like the occupant in the upper pic-
tures where intrusion is included. lncreasing the length,
on the other hand, of the front of the car by the large
amount nece$$ary to eliminate intrusion in these very
severe collisions would be impractical.

Figure 14 is similar to Figure 10 except the results are
for the unrestrained pas$enger. The unrestrained model
is identical to the validated restrained model except the
belts were removed. There is no clear difference between
the simulations with intrusion and those with no intrusion
either for head or chest accelerations. There is an inter-
esting effect, however, for the head acceleration in the
case of intrusion. The head acceleration decreases some-
what as the crash speed increases. This is probably due
to an effect known as ride-down, where the relative speed
that the head contacts the windshield decreases at hisher

Intrusion etlects on unrestrained passenger at
100 milliseconds.
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Figure 16. lntrusion effects on unrestrained driver.

impact speeds because the windshield is moving closer to
the occupant.

Figure 15 shows the kinernatics for the unrestrained
occupant. Notice that the occupant kinematics confirm
the conclusion drawn from Figure 14, that there is very
little difference in the unrestrained occupant response
whether or not there is intrusion. The final occupant
position in the simulations with intrusion shown in the
upper figures looks almost like the bottom row of figures
where no intrusion was included.

The head and chest acceleration results for the unres-
trained driver are shown in Figure 16. Head acceleration
is somewhat lower for the case with no intrusion, but is
quite high in both cases. There is little difference in chest
acceleration for intrusion compared to no intrusion except
in the extremely severe 48 mph collision where the sim-
ulated steering column bottoms out. The validity of the
simulation in this region is not known since test results
for unrestrained occupants were not available. The high
chest acceleration is determined by the assumed force-
deflection characteristic of the steering sy$tem in the re-
gion beyond the normal collapse zone. Because force-
deflection characteristics for the steering column were not
available under these severe conditions, the simulation
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results could be considerably in error. The kinematics of
the unrestrained driver are shown in Figure 17.

DISCUSSION AND CONCLUSIONS

The results of the computer simulation study indicate
that simulations, whether by mathematical model or by
impact sled, of severe collisions should take intrusion into
account. Including intrusion is most important for the
restrained occupant where intrusion may make the dif-
ference between contacting or not contacting the instru-
ment panel or windshield, or where intrusion may have
a large influence on the force generated by the contact.

In all the restrained occupant simulations, the effect of
intrusion was to increase occupant accel€ration. The effect
of intrusion on the unrestrained dummy was not as clear
as for the restrained dummy. In some cases intrusion
reduced accelerations while in other simulations, accel-
erations were increased by intrusion,

The results of the simulations discussed above should
not be generalieed and applied to all accidents. Only a
small fraction of frontal collisions were simulated in this
study. Offset and angular collisions with other size oc-
cupants could produce different results. Also, while it is
easy to eliminate intrusion in mathematical models, it is
not so simple in practice. Using today's technology, major
structural changes would be required (particularly for the
higher speed crashes) which, even if possible, would
greatly increase weight, cost, and fuel consumption and
could adversely affect the safety of vehicles now on the
road through increased aggressiveness in car-to'car col-
lisions. A major challenge for the future is to determine
through sy$tems analysis tradeoff studies, the optimal
balance of vehicle structure characteristics.
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Possible Future Trends Towards Increasing Occupant Protection in
Frontal lmpacts ,5#
G. JONES

Austin Rover Group Ltd.

ABSTRACT

Over the past decade or so of ESV/RSV activity it has
been a priority to improve occupant protection in frontal
impacts and there is evidently a need to continue research

towards establishing maximum protection in this mode
of impact.

In the ESV program we have seen developments aimed
at making larger heavier car$ more accommodating to
the smaller lightweight cars in collision situations. We
have also seen that there are big problems in reducing
the aggressiveness of the larger heavier vehicles.

Future developments, particularly for lightweight cars,
may therefore have to be based on the assumption that
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it is not alwayt possible to achieve the ideal of little or
no intrusion matched to a restraint systern which ideally
attenuates the vehicle deceleration.

In these circumstances there appears to be considerable
merit in the concept that the occupant be held much more
rigidly in the seating position by seat belts considerably
stiffer than those curretrtly used.

Recent tests using a typical 30 mph barrier crash pulse
show that reduced injury levels and much reduced for-
ward displacement to avoid or reduce the effects of sec-
ondary impact, are obtained when adopting this concept'

With a more $evere pulse the latter advantages are
retained and injury levels, though higher, are still below
accepted tolerable levels.

Bearing in mind the fact that a high proportion of
frontal impacts are assymetric, producing relatively lower
deceleration values but with more intrusion, the overall
trade-off would appear to favour the system with reduced
forward displacement.

INTRODUCTION

This paper conceflls an investigation into the possibility

ofobtaining increased protection from seat belts in frontal
impacts.

It is well known that belts as currently provided, and
when correctly worn, do enable occupants to survive im-
pacts of much greater severity than would be so if the

occupants were unrestrained. Howeyer, there is evidently
a need to continue the search for further improvements
in restraint system performance particularly in view of

the fact that initiatives towards producing a degree of
conrpatibility between large and small vehicles in frontal
impacts has proved to be much less fruitful than was
expected at the start of the ESV program.

Accident data show that in some impacts the most

serious injuries are a$ a result of the occupant striking
forward interior components such as the steering wheel

or facia partly because the restraint itself can allow con-

siderable forward displacement and partly because of in-
trusion.

These injuries are generally more severe than those
produced by the belts themselves.

The tests described in this paper were therefore carried

out to determine the effect of having a restraint system
which very much reduced the forward displacement of

the occupan

ACCIDENT DATA

The most recent data which indicate the general effec-

tiveness of seat belts in the United Kingdom have been
provided by the Transport and Road Research Labora-

tory and by the University of Birmingham Accident Re-
search Unit.

One of the conclusions in e TRRL report by Hobbs
(l) was that a seat belt wearing rate of 1007o would give
an estimated further saving of over 12,000 fatal and se'
rious casualties per year. If only 857o wearing rate were
achieved, which is a more realistic figure, the potential
further saving would be 9,000. An estimate by the Uni-
versity of Birmingham Accident Research Unit, based on
detailed studies of fatal accidents (2) suggests that in the
United Kingdom about 8fi) people each year die need-
lessly in their cars simply because they do not use the
seat belts available to them. These people represent l27d
of all road accident fatalities, because car occupant fa-
talities comprise only about one-third of the total road
deaths.

Note that the overall average seat belt wearing rate in
Britain during the period covered by these statements has
been about 307o.

Frontal impacts, even for those wearing seat belts, do
however present the greatest risk ofserious injury though
this risk is much lower than for those not wearing belts.

One of the TRRL findings was that where injuries due
to direct seat b€lt loading occurred they were mainly of
minor severity.

It was also reported that the head was the most com-
monly injured region of the body and, because of the
presence of the steering wheel, there were more drivers
with serious injures (A153-6) than there were front seat
passengers within the same injury range.

However, the difference wa$ not statistically significant'
Similar general statements on the TRRL findings were
reported by Hobbs in a more recent paper (3).

In-depth investigations have also been carried out by
the University of Birmingham Accident Research Unit
and findings (4) were similar to those of the TRRL with
regard to belted drivers suffering more severe head injuries
than belted front seat passengers in frontal impacts.

Using the University of Birmingham data it is calcu-
lated that for injuries A153-6 the difference between driv-
ers and front seat passengers was not statistically
significant in this study also. When moderate injuries are
included so that the range is 4152-6 the difference, as
reported, is statistically significant.

For drivers, the head and face was the most frequently
injued body area, followed by the legs and the chest. For
front seat passengers the head and face was the most
frequently injured body area but its importance was much
reduced compared with drivers and the chest was almost
as important followed by the legs.

As would be expected, head or facial contacts wcre
much more frequent where there was headspace intrusion,
there being severe head space intrusion in accidents in-
volving under-run and significant intrusion compromising
belt performance in partial overlap impact configurations'

Although chest injuries were almost as important as
head and face injuries for front seat pas$engers, it is noted
that in the absence of intrusion and additional loading
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from rear seat passengers, or luggage, no occupant sus-
tained a chest injury more severe than AIS3, that is they
were non-life-threatening.

A later publication by the University of Birmingham
Accident Research Unit (5) deals specifically with steering
wheel induced head injuries amongst drivers restrained
by seat belts and a paper by Mackay (6) has emphasised
the fact that injury producing contacts with the steering
wheel and other forward components are subjects for
further investigation in the search for better protection
in frontal impacts.

BASIC CONCEPTS AND PRACTICAL
REALITIES

One currently popular concept for obtaining increased
occupant protection is to assume that there is little sig-
nificant intrusion into the pas$enger compartment and to
provide a restraint system which attenuates the vehicle
deceleration to produce minimum forces on the occupant.
Such a concept relies on inelastic deformation of the re-
straint system and use of all available space.

In cases where intrusion is small it is natural to en-
deavour to produce the ideal by allowing the restraint
system to make full use of the forward displacement avail-
able before the occupant contacts the facia or steering
wheel, etc.

However, current safety belt systems are not suffrciently
inelastic or in other words the displacement is not suf-
ficiently plastic as to produce attenuation. In fact there
is usually a degree of magnification as associated with
the performance of a damped elastic $ystem.

Whilst this may indicate that future developments to-
wards providing a more plastic restraint system defor-
mation would be beneficial, freld experience shows that
there is little intrusion only in a limited propoftion of
real crash events.

Therefore good energy absorption qualitieo need to be
linked to the practical limitations of available space when
intrusion occurs.

An alternative concept, based on acceptance ofthe fact
that considerable intrusion does occur in a proportion of
the more severe frontal impacts, is to restrain the occupant
so that he or she experiences little displacement within
the passenger compartment and is subject to substantially
the same deceleration pulse as the vehicle itself, virtually
all ofthe energy-absorption being exterior to the occupant
compartment.

In theory even when there is no intrusion the occupant
should at least be better off than with an elastic restraint
system in that there should be no magnification of de-
celeration.

The Battelle Memorial Institute proposed such a system
a$ a near-term recommendation in their 1970 report 'The

Evaluation of Phase I Reports on the Experimental Safety
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Vehicle Program' (7Fthe recommendation being based
mainly on reducing occupant mass sensitivity problems
associated with elastic restraint systems, and concerned
with vehicles in which there would be little intrusion.

In the context of the present study there are obvious
advantages when considerable intrusion occurs.

TEST PROGRAMME

To obtain some facts related to this concept a series of
tests was carried out on the 'Hyge' sled at the Motor
Industry Research Association. These were to compare
the performance of a typical inertia reel belt system with
a belt system broadly in accordance with the Battelle
recommendations, i.e., an elongation rate l0 to 20 percent
of current belts under comparable loading.

This stiffer belt system consisted of a laminate of four
thicknesses of current webbing for the lap and diagonal
section, and for test purposes it was a static system with
the shoulder belt terminating the 'B' post anchorage, to
also minimise the effective belt length.

We estimate that at comparable loading the elongation
of this system was in the order of 5 to l0 percent of that
for the inertia reel system.

FIRST TEST SERIES

Figure I shows the 'Hyge' pulse used for the initial
series of tests,-it is similar to the crash signatures from
some medium size UK cars subjected to 30 mph barrier
tests.

In this initial series of tests the Part 572 manikin was
installed on the sled in a rigid seat as normally used for
ECE 16 type seat belt tests.

Comparative forward displacements and injury criteria
for the Part 572 manikin are shown in Table 1.

With standard inertia reel belts the mean maximum
forward displacement of the head was 460 mm and with
the stiff belts the figure was 300 mm.

The mean chest 'g' value exceeded for a cumulative

o to 20 30 40 50 60 70 80 90 too

Figure 1. 'HYGE' test pulse,first series of tests.
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Table 1. Results from part 572 manikin'first seriss'
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3 m sec period was 36.2 for the standard inertia reel belt
system and 32.6 with the stiff belt system.

Although many regard measured head injury criteria
as being of no consequence when there is no contact
between the head and any vehicle component, it is of
interest to note that in these tests, in which there were
no components to contact, the mean HIC was 635 with
the standard belts and 424 with the stiff belt system.

It will be noted that with the stiff belt system the
maximum forward displacement-that is, at the head-
is approximately 65 p€rcent of that which occurs with
the standard belt system and at the same time the nu-
merical injury values are less.

A further point noted was the tendency for the torso
of the manikin to roll out of the diagonal section of the
standard inertia reel belts.

This tendency was less evident with the stifr belts.

SECOND TEST SERIES

A further series of test$ was carried out using a 'Hyge'

pulse which lies within the ECE 16 envelope and which
is shown in Figure 2.

This series of tests was carried out to determine the
effect of using a differently shaped pulse, i.e., one having
a more rapid build-up to peak 'g'.

As in the initial test series the ECE 16 seat and the
Part 572 manikin were used.

tlrHnLaaaarda

Figure 2. 'HYGE' test pulse-second series of tests.

Figure 3. Shoulder anchorage point positions.

For this further series of tests the shoulder anchorage
point was also raised in an endeavour to reduce the torso
roll-out which had occurred particularly when standard
inertia reel belts were used in the initial series. The re-
spective anchorage points are shown in Figure 3.

The raised anchorage point still complies with the re-
quirements of Regulation ECE 14 but the belt fit was
more suited to the Part 572 manikin and there was no
tendency to roll out.

Figure 4 shows comparative forward displacements of
the manikin.

In this case with standard inertia reel belts the maxi-
mum forward displacement of the head was 530 mm and
with the stiffbelts the figure was 310 mm, i.e., less than
60 percent of the amount with standard belts.

Table 2 shows forward displacements relative to the
ECE regulation requirements, this time at chest level.
Head displacement is also shown frrr comparison.

Compared with the ECE 16 range of between 100 and
300 mm, measurements at chest level were 310 and 135
mm respectively for standard inertia reel and stiff belt
system.

- 
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Figure 4. Forward movement of manikin restrained by emer-
gency locking reel belt and by stiff static seat belt.
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Table 2. Fonrvard displacement of manikin-second series.

ilrrt|rtlildt|

EGE tt tirndrrde*rdr lFd.lrnfib.lt
iaq|dffit rtlLlt tyrtafr

Hr.d
lxrdffit

tb.s l.twrft
Dl|Irffit lOOa 3OO

t tE

trrh,|r Ltffi
ol|Iilffit aor 2OO

It is of interest to note that although the Part J72
manikin is quite different from that used in testing belts
to Regulation ECE 16 the forward displacements with
standard reel belts are in the region of the higher ECE
16 values whereas with stiffbelts they are near the lower
values.

The comparative mean measured injury values from
the Part 572 manikin are shown in Table 3. In this test
series the mean chest 'g' value exceeded for a cumulative
3 m sec period was 44.5 for the standard reel belt system
and 54.3 for the stiff system.

Comparable peak resultant chest values were 48.8 and
59.6 'g' respectively.

Note that whereas in the initial series of teste the values
for the stiff system were lower, the values in this second
series are higher.

However the results from these tests, using a pulse
which some regard as being excessively severe, do show
that even the peak resultant chest value does not exceed
the 60 'g' which is accepted as being tolerable for a cu-
mulative period of no more than 3 m sec.

With regard to head injuries it may again be pointed
out that the quoted values may be of no consequence in
the absence of head contact.

Even if they were considered to be of consequence the
slightly higher results from the stiff belt system are not
sienificant.

CONCLUSIONS

The results of the tests indicate that the forward move-
ment of the occupant in an impact can be significantly
reduced by the use of seat belts which at a comparable
loading have much less elongation than current reel belt
systems. This is particularly significant in the case of the
driver whose $pace available for forward movement is
limited by the steering wheel and also when in more severe
impacts there is intrusion into the passenger compart-
ment.

Though there is some trade-off in chest injury when
the more severe test pulse is used, it must be noted that
no special attention was paid to damping propertie$ and
it is possible that an increased amount would be an ad-
vantage.

Belt tensioning and webbing clamping devices are
known developments towards the objective of reducing
forward movement of the occupant. Low elongation web-
bing of minimum length, possibly in combination with a
suitably developed webbing clamping system may be the
most practical means of producing further improvements
in reel belt systems. Any future developments along these
lines must however run in parallel with developments
towards providing maximum possible levels of comfort
and convenience.
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Occupant Protection from lmpact with the Steering Assembly

JOHN B. MORHIS, LEE STUCKI,
RICHARD M. MORGAN and NANCY BONDY

National Highway Traffic Safety
Administration

ABSTHACT

This paper will discuss areas of NHTSA research re-
lating to the accident environment of the driver impacting
the steering assembly. These include:

r Acciderrt analyses to define the problem.
r Development of biomechanical criteria for assess-

ment of injury severity on test surrogates.
r Laboratory testing of steering assemblies to deter-

mine the safety performance.
r Computer modeling for reconstructing accidents and

assessing the effects of changes to steering assembly
characteristics on driver responses.

The accident analyses quantify the problem in terms
of injuries and fatalities sustained by drivers as a result
of impacting the steering assembly. Relationships will be
developed between frequency and severity of injury and
source of injury, alfected body regions, crash direction
and severity, and steering assembly response parameters.

Biomechanical injury criteria on blunt thoracic impact
is available and may be applicable to chest impact with
steering wheel hubs.

A program was recently completed which evaluated
the safety performance of several production steering as-
semblies and, also, one improved steering assembly con-
structed from components with desirable safety attributes.
The performance was evaluated via component tests and
dynamic sled tests with instrumented Hybrid III dum-
mies.

A computer program entitled "^Steering Column and
Occupant REsponse,Srmulation" (SCORES) has been de-
veloped to model the various interactions of a driver
impacting a steering assembly in a frontal collision. The
SCORES model is used to predict the occupant/steering
assembly response when certain assembly characteristics
are changed, i.e., column force deflection properties, and
to reconstruct actual accident cases,

A joint effort by NHTSA and Transportation Systems
Center (TSC) is being conducted to reconstruct the ac-
cident environment of occupants injured by the steering
assemblv. The SCORES model will be exercised for var-

ious make./model vehicles, occupant sizes, and accident
configurations which essentially comprise this accident
environment. Countermeasures will be introduced into
the SCORES model and the effect on injury and fatality
reduction will be assessed.

BACKGROUND

The steering column is responsible for producing more
injuries and fatalities than any other vehicle component.
In an effort to alleviate the harm caused by the steering
assembly, the automobile industry started designing and
developing energy absorbing steering assemblies in the
late 1950's (l). Methods were also devised to prevent
rearward intrusion of the steering column during the
crash event. In 1965, the Society of Automotive Engineers
(SAE), recognizing the need for a test procedure for this
new device, issued Recommended Practice J9,14 (2). This
practice describes the laboratory test procedure for eval-
uating the characteristics of steering control systems un-
der simulated driver impact conditions. It consists of a
body form weighing 75 pounds that impact$ a steering
assembly mounted in the production configuration. A
load cell mounted between the wheel and column is used
to measure the force imparted to the system.

In 1966, the General Services Administration (GSA)
issued a $teering assembly protection rule (GSA Standard
515/4a) which became effective in October 1967 (3X4).
All passenger cars purchased by GSA after the effective
date were required to comply with this standard. The
standard specified that the force imparted to the SAE
J9,t4 body form must not exceed 2,500 pounds when
impacting the steering assembly at l5 mph. The intrusion
prevention portion of the standard specified that the rear-
ward horizontal displacement of the upper end of the
column mu$t not exceed 5 inches during a 30 mph frontal
barrier test.

In 1967, NHTSA adopted the GSA standard but sep-
arated the energy absorption and rearward displacement
requirements into two standards, FMVSS Nos. 203 and
204. These standards became effective on January l, 1968
(5). Federal Motor Vehicle Safety Standard (FMVSS) No.
203, "Impact Protection for the Driver From the Steering
Control System," specifies requirements for minimizing
chest, neck, and facial injuries by providing steering sys'
tems that yield forward, cushioning the impact of the
driver's chest by absorbing much of his impact energy in

ri"4

175



frontal crashes. FMVSS No. 2O4, "Steering Control Rear-
ward Displacement," specifltes requirements limiting the
rearward displacement of the steering control into the
passenger compartment to reduce the likelihood of chest,
neck, or head injuries.

Compliance with these standards has resulted in var-
ious designs for absorbing the energy of the occupant
impacting the steering assembly, usually an energy ab-
sorbing device in the column (FMVSS No. 203). The
prevention of column intrusion into the occupant com-
partment is usually accomplished by a shear capsule
(FMVSS No. 204). The standards were subsequently ex-
tended to light trucks and vans effective September I,
198 l .

Many accident analysee have been conducted to assess
the effect of post-1968 steering assemblies. Garrett (6),
Huelke (7), Nahum (8), Levine (9), O'Day (10), and
Mclean (11) all reported a reduction in severe injuries
as a result of the energy absorbing steering column. Two
studies have been conducted by NHTSA to determine the
effectiveness of post-1968 steering assemblies. One study
was conducted by Kahane (4)(12), and the other which
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is included in the rulemaking support paper for FMVSS
Nos. 201, 203, and 204 Extension to Light Trucks and
Vans (13).

Kahane (4) reported that in pre-standard cars in the
National Crash Severity Study (NCSS), 58 percent of the
drivers who were killed or hospitalized in frontal crashes
were seriously injured by contacts with the steering as-
sembly. This is in agreement with a study by Nahum (8)
based on 1960-1966 model cars. Kahane also reported
that the pre-standard steering column entered into the
passenger compartment in 3.5 percent of the towaway
accidents. There also was column displacement in 20 per-
cent of the cases involving steering assembly contact and
75 percent of the driver fatalities (14).

Using data from the Fatal Accident Reporting System
(FARS), Kahane concluded that energy absorbing steer'
ing systems reduced the risk of driver fatalities in frontal
crashes by 12 percent. Using NCSS data the study also
concluded that energy absorbing systems reduced by 38
percent the risk of serious injury due to the steering as-
sembly. Also observed was that post-standard steering
system reduced the incidence of column intrusion into

Teble 1. Harm to car occupant Bs e function of contact point.

Body Harm o/o
of Total
1 1 . 9 0
9.41
4.94
4.68
4.O4
3.43
3 . 1 3
3.02
2.36
2.06
1.85
1.80
1.65
1.40
1 . 2 5
1.23
1  . 1 6
1.08
0.84
0.79
0.77
0.76
0,71
0.69
0.57

65.52
14.74
7.91

1 1 , 8 3
100.0

Contact
1 Steering assembly
2 Steering assembly
3 Side interior surface
4 Windshield
5 A-Pillars
6 Instrument panel
7 Steering assembly
I Roof edge
I Side interior surface

10 Instrument panel
11 Instrument panel
12 Roof
13 Instrument panBl
14 Instrument panel
15 Arm rests
16 Glove comp. area
17 Steering assembly
18 Mirrors

Chest
Abdomen
Chest
Head and face
Head and face
Lower extremities
Head and face
Head and face
Abdomen
Chest
Abdomen
Head and face
Head and face
Upper extremities
Abdomen
Abdomen
Upper extremities
Head and face
Chest
Head and face
Head and face
Abdomen
Lower extremities
Lower extremities
Neck

1 9
20
2 1
22
23
24
25

Glove comp. area
Window glass
Window frame
Front seat backs
Side interior sudace
Floor
Roof edge
All the above
All other interior contacts
All non-contact
All exterior contacts

Atl

Malliaris (15)
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the passenger compartment by 58 percent. It should be
noted that since it is difficult to $eparate the effects of
FMVSS Nos. 203 and ?O{ on injury reduction, the above
estimates are based on the combined effectiveness of the
two standards.

Despite the apparant safety improvefients of steering
assemblies since 1968, the steering assembly remains the
major source of injury. Using NCSS data, Malliaris (15)
ranked source of injury (contact point) by percent of
harm. Four of the top 17 most harmful body region,/
contact point interactions are produced by the steering
assembly. Table I presents harm to the occupant as a
function of contact point/body region.

Cohen (16) in analyzing NCSS data concluded that the
steering assembly is responsible for 27 percent of all se-
rious (AIS 3-6) injuries. The body areas involved and
their percentage of total serious injury is shown in Table
2. As can be seen, steering assembly impacts with the
chest and abdomen account for nearly 20 percent of all
serious injuries. A tabulation ofthe distribution ofsteering
assembly injury by body region is shown in Table 3.
Serious to fatal injuries attributed to the steering assembly
occur predominately to the chest (547o) and aMomen
(25%). Cohen also investigated the effect of delta V on
injury produced by the steering assembly. Figure I illus-
trates the results of this analysis. The mean delta V for
serious chest injury is approximately 27 mph and 32 mph
for the abdomen. Additional analysis of the accident data
as it relates to the steering column will follow later.

Table 2. Percent of all Als 3-6 injuries caused by steering
assemblies,
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Figure 1. Distribution of steering assembly injuries-AlS
3-6 injuries-for drivers in frontal impacts by delta
V.

As reported by $tucki (17) several issues have been
raised regarding the adequacy of the FMVSS No. 203
test procedures. Key among these issues are:

. The test device does not physically simulate the
driver impacting the steering assembly in actual
crash simulations.

r The test device is not a good human surrogate and
the performance criteria are not adequate indicators
of injury severity.

. The inability of the test and,/or performance criteria
to distinguish "good" and "bad" design steering as-
semblies as a result of the previous inadequacies.

Observations of the inability of the current test pro-
cedure to address the effects of accident-induced steering
column behavior were made by Gloyns (18) and Garrett
( le ) .

Stucki also noted that the FMVSS No. 203 force criteria
do not account for load distribution and that improve-
ments to the safety of the steering assembly such as load
distribution features are not rewarded by the performance
criteria. Ways to realistically evaluate the safety perform-
ance of the steering assembly will be addressed later in
this paper.

ACCIDENT ANALYSIS

The National Crash Severity Study (NCSS) contains
12,050 accidents in which a passenger car, light truck, or
van had to be towed. Accidents were sampled from seven
areas throughout the United States from January 1977 to
March 1979. The NCSS file repofr$ 67,559 weighted driv-
ers in towaway passenger cars, of which 14,512 had a
known contact source. Of the 14,512 drivers 5,902 or
ffi.1% had contact with the steering assembly of which
154 or 2.69Vo were fatally injured. The data presented in
this section consist ofonly those drivers in passenger cars
having contact with the steering assembly.

Steering assembly/all
body parts 27.3o/o (698)

Steering assembly/
chest 14.5

Steering assembly/
abdomen 6.6

Steering assembly/
upper extremity 1.8

Steering assembly/
head and face 1.7

Steering assembly/
pelvis 1,4

Table 3, Distribution of steering assembly injuries (AtS 3-6)
by body part and impact direction.

Part Frontal Non-Frontal
Chest 53.5% 51.86/o
Head and face 6.6 5.5
Abdomen 24.9 22.1
Pelvis 5.8 4.5
Upper extremity 5.0 1 1.1
Lower extremity 2.2 2.5

TotalAlS 3-6 Injuries 499 199
Cohdfl (tB)
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Table 4 shows the distribution of driver injury severity
in terms of AlS, by crash mode. Crash mode is defltned
by the variable 'General Area of Deformation' which is
the second component of the Collision Deformation Clas-
sification (CDC) and describes the general area of impact
to the vehicle. The most severe impact to the vehicle was
used to define crash mode.

Table 4 shows that 7?Vo of the drivers having steering
assembly contact were in frontal impacts. Almost 74Vo
of the injuries caused by steering assembly contact were
minor injuries (AIS l). Note: in right and left impacts,
there are almost the same number of drivers contacting
the steering assembly.

Table 5 shows the distribution of AIS for drivers having
contact with the steering assembly by delta V. Delta Y
is defined as the change in velocity which occurs during
the collision.

Deleting the'other' category, Table 5 shows that 767o
of the drivers were occupants of passenger cars having a
delta V between l-20 miles per hour. Approximately 82Vo
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of the AIS I and 2 injuries occur at the delta V between
l-20 mph. The severe injuries AIS 3-6, increase propor-
tionally as the delta V increases.

Table 6 describes the injuries sustained by drivers con-
tacting the steering assembly in terms of body region and
AIS.

Table 6 shows that over 60 percent of the injuries to
drivers contacting the steering assembly are to the body
regions face and chest, followed by upper extremities,
head and abdomen. Note: the majority of these injuries
are of low severity; however, over 40 percent of the in-
juries to the abdomen and one-fourth of the injuries to
the chest are AIS 3 and above.

The National Accident Sampling System-Continuous
Sampling Subsystem (NASS-CSS) is a random sample of
police-reported accidents in l0 sites throughout the
United States. These accidents when weighted produce
national estimates. Because the potential error in many
of the estimates is large, these numbers should be used
as estimates, not as precise counts.

Table 4. AIS for drlvers having contact with the steering assembly by crash mode (NCSS).

Frequency
Percent
Row %
Column %

Front Right Left Back Top Other* Tota!Ars

I

3113 264 246 213 106 420 4362
52.75 4.47 4.17 3.61 1.80 7.12 73.S1
71.37 6.05 5.64 4.88 2.43 9.63
73.21 71.16 66.49 8S.50 75.71 79.10

558 53 60 11 I 65 756
9 .45  0 .90  1 .02  0 .19  0 .15  1 .10  12 .81

73.81 7.O1 7.94 1.46 1.19 8.60
13.12 14.29 16.22 4.62 6.43 12.24

2

3

325 33 32 13 19 33 455
5.51 0.56 0.54 0.22 0,32 0.56 7.71

71.43 7.25 7.03 2,86 4.18 7.25
7.64 8.89 8.65 5.46 13.57 6.21

4

9 9 7 1 7 0 2 8 1 3 3
1.68 0.12 0.29 j  0  0.03 0.14 2.25

74.44 5.26 12.78 0 1.50 6.02
2.33 1.89 4.59 0 1.43 1.51

5

9 0  I  I  1  3  2  1 1 3
1 .53 0.1 4 0.1 5 0.02 0.05 0.03 1 .S1

7S.65 7.08 7.96 0.88 2,65 1.77
2.11 2.16 2.43 0.42 ?.14 0.38

6

1 6 2 2 0 0
o.27 0.03 0.03 0 0

80.00 10.00 10.00 0 0
0.38 0.54 0.54 0 0

0 2 0
0 0.34
0
0

Injured
Severity
Unknown

1
0.02
1 .59
0.71

51
0.86

80.95
1.20

3
0.05
4.76
0.56

63
1.O7

0
0
0
0

4 4
0.07 0.07
6.35 6.35
1.08 1.08

Total 4252
72.04

371
6.29

370
6.27

238
4.03

140
2.37

531
9.00

5902
100

*Other includes undercarriage, unclassifiable, and unknown
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Table 5. AIS for drivers having contact with the steering assembly by detta V (NCSS).

Frequency
Percent
Row o/o

Column %
Delta V (miles per hour)

AIS 1 -1 0 1 1 -20 21 -30 31 -40 41 -50 51 '60 61-SS Other* Total

1

823 1351 358 46 I 2 0 1773 4362
13.94 22.85 6.07 0.78 0.15 0.03 0 30.04 73.91
18.87 30,97 8.21 1.05 0.21 0.05 0 40.65
88.59 7s.35 60.58 ?5.56 18.37 14.29 i 0 75.80

80 275 89 37 6 1 0 268 756
1.36 4.66 1.51 0.63 0.10 0.02 0 4.s4 12.81

2 10.58 36.38 't1.77 4.89 0,79 0.13 0 35.45
8.61 1 5.34 15.06 ?0.56 12.24 7 .14 0 1 1 .46

20 107 87 46 13 2 1 179 455
0.34 1.81 1.47 0.78 0.22 0.03 0.02 3.03 7.71
4.40 23.52 19.1? 10.11 2.86 0.44 0.22 39.34

3 2.15 5.97 14.72 25.56 26.53 14.2S 14.29 7.65
' t  28 27 19 7 1 1 49 133

, 0.02 0.47 0.46 O.32 O.12 0.02 0.02 0.83 2.?5
4 0.75 21.05 20.30 14.29 5.26 0.75 0.75 36.84

0.1 1 1 .56 4.57 10.56 14.29 7 .'t4 1 4.29 2.09
0 1 5 2 5 2 5 1 3 6 4 2 5 1 1 3
0 0.25 0.42 0.42 0.22 0.10 0.07 0.42 1.91

5 0 13.27 22.12 22.12 11.50 5.31 3.54 22.12
0 0.84 4.23 13.89 26.53 42.86 57.14 1.07

1
0.02
5.00
7 . 1 4

1
0.02
5.00
2.04

40

6

0 1
0 0.02
0 5,00
0 0.06

0 0.07
0 20.00
0 2.22

1 1 2
0.02 0.20
5.00 60.00

14.29 0.51

20
0.34

Injured
Severity
Unknown

63
1.07

5  1 6
0.08 0.27
7.54 25.40
0.54 0.89

5
0.08
7.54
0.85

3
0.05
4.76
1.67

0 3 3
0 0.56
0 52.38
0 1 .41

0
0
0
0

1
0.02
1.59
7 . 1 4

180 49  14
3.05 0.83 0.?4

Total s2s
15.74

1 793
30.38

591
10 .01

7
0.12

2339
39.63

5902
100

%Als <3 2.3 8.5 23.7 53 69.4 77 100
rother includes unknown and not applicable.

Since the weighting factors assigned to actual accident
cases are large in order to extrapolate to national esti-
mates, this magnifies differences between cells with no
actual cases and those with only a few cases. As more
cases are collected by NASS, this discrepancy should be
somewhat corrected.

The NASS-CSS flrle reports, for 1979 and l9E0 com-
bined, 17,703,387 drivers of passenger cars of which
821,732 or 4.6Vo had contact with the steering assembly.
Of the 821,732 drivers 10,353 or l.3%o were fatally in-
jured.

Table 7 shows the distribution of AIS for drivers con-
tacting the steering arsembly by crash mode.

Table 7 shows that 6O7o of the drivers having contact
with the steering assembly were in frontal impacts. Al-
most 857d of the injuries to these drivers were minor
injuries (AIS l). These results are in agreement with the
NCSS file.

SECTION 5: TECHNICAL SESSIONS

Table 8 shows the distribution of AIS by delta V.
Excluding the 'other' category, Table I shows that

76.7Vo of the drivers contacting the steering assembly
were occupants ofpassenger cars having a delta V between
l-20 mph. About 80Vo of the AIS I and 2 injuries occurs
at delta V between l-20 mph. The severe injuries, AIS 3-
6, increase proportionally as the delta V increases with
the exception of delta V '51-60.' The discrepancy is most
likely due to the small number of actual cases that fall
into the'51-60' category.

Table 9 describes the
body region and AIS.

to drivers in terms of

Table 9 shows that half of the injuries to drivers are
to the body regions, face and chest followed by upper
extremities, abdomen, and head. The majority of the in-
juries are of low severity (AIS I and 2); however, almost
one-fourth of the injuries to the abdomen and one-sixth
of the iniuries to the chest are AIS 3 and above, These
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EXPERIMENTAL SAFETY VEHICLES

Table 6. AIS for drivers having steerlng assembly contact by body region (NCSS).

Frequency
Percent
Row %
Column % AIS

1 5431
Body
Region

Injured Total
Severity

6 Unknown
682

1 1 . 5 6
84.0

15.64

0  8 1 2
0 1 3 . 7 6
0
0

*Upper
Extremities

78
1.3?
9.61

10.32

I
0 .15
1 . 1  1
6.77

0
0
0
0

0
0
0
0

43
0.73
5.30
9.45

1046 't44 27ts 41 60 17 10 1594
17.72 2.44 4.68 0.6S 1.0? 0.20 0.17 27.A1

Chest 65.62 9.03 17.31 2.57 9.76 1 .O7 0.63
23.98 19.05 60.66 30.83 53.09 85.00 15.87

1 2076
0.02 35.17
0.05
1.59

Face

0
0
0
0

0
0
0
0

5
0.08
0.24
3.76

29
0.49
1,40
6.37

1723
29.19
83,00
39.50

3 1 8
5.39

15 .32
42.06

2 1 8 9 7 1 3 3 9 1 3 4 3 7 5
3.69 1.64 0.22 0.05 0.15 0.02 0.58 6.35

Head 58.13 25.87 3.47 0.80 2,40 0.27 s.07
5.00 12.83 2.86 2.26 7.96 5.00 53.e7
8 4 1 2 4 0 0 0 0 1 0 0

1.42 0.20 0.07 0 0 0 0 1.69
Knee 84.00 12.00 4.00 0 0 0 0

1.93 1.59 0.88 0 0 0 0
189 2 28 64 44 1 16 344

3.20 0.03 0.47 1.08 0.75 0,02 0.27 5.83
Abdomen 54.94 0.87 8.14 18.60 12.79 0.29 4.65

4.33 0.26 6.15 48.12 38.94 5.00 25.40
7 1 1 6 3 5 1 0 0 1 1 2 4

1.20 0.27 0.59 0.02 0 0 0.02 2,10
Pelvis 57.26 12.90 28.22 0.81 0 0 0.81

1.63 2.12 7,69 0.75 0 0 1.59

J33 ,3! ol2 3 3 3 ool ,133
Shoulder 71.19 25.42 2.97 0 0 0 O.4Z

3.85 7.94 1.54 0 0 0 1.59
0
0
0
0

0
0
0
0

5
0.08
4.20
3.76

Thigh

88
1 .49

73.95
2.02

1 2
0.20

10.08
1 . 5 9

1 4
0.23

1 1 . 7 6
3.08

0  1 1 9
0 2.02
0
0

0
0
0
0

E

0.08
4.09
3.76

Other
Unknown

93
1 . 5 8

76.23
2 . 1 3

1 7
0.29

13.93
2.25

6
0 . 1 0
4.92
1 .32

1
0.02
0.82
5.00

0 122
0 2.07
0
0

63 5902
1 .07  100Total

4362
73.91

756
12,81

1 1 3
1 . 9 1

455
7.71

20
0.34

133
2.25

' lncludes erm, elbow, lorearm, and wrist/hand.
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Table 7. AIS lor drivers contacting the steering assembly by crash mode (NASS).

Frequency
Percent
Row %
Column %

Front Right Left Back Top Other* TotalAIS

I

413779 22080 39209 24455 12388 183047 694962
50.35 2.69 4.77 2.98 1.51 22,28 84.57
59.54 3.18 5.64 3.52 1.78 26.34
83.12 75.64 70.46 78,99 62.68 94.78

45756 4850 6942 6015 999 8606 73168
5.56 0.59 0.84 0.73 0.12 1,05 8.90

62.54 6.63 9.49 8.22 1.37 1 1.76
9.1 1 1 6.62 1 2.48 1 9.43 6,67 4.45

2

241 10 1850 8749 491 1596 1485 38281
2.93 0.23 1.06 0.05 0,19 0.18 4.66

62.98 4,83 22.85 1.28 4.17 3.88
4.84 6.34 15.72 1.59 10.65 0.77

3

4

6194  110  276  0  0
0.75 0.01 0.03 0 0

94 .13  1 .67  4 ,19  0  0
1.24 0.38 0.50 0 0

0 6580
0 0.80
0
0

5

4 5 1 4 0 0 0 0
0 . 5 5 0 0 0 0

1 0 0 . 0 0 0 0 0 0
0 . 9 1  0 0 0 0

0 4514
0 0.55
0
0

6

1 4 9 8 2 9 9 0 0 0
0 .18  0 .04  0  0  0

83.36 16.64 0 0 0
0.30 1.02 0 0 0

o 1797
0 0.22
0
0

Injured
Severity
Unknown

1 961
0.24

80.70
0.39

46S
0.07

r 9.30
0.84

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

2430
0.30

Total 49781 2
60.58

291 89
3.55

55645
6.77

30965
3.77

14983
1.82

1 931 38
23.50

821732
100

SECTION 5: TECHNICAL SESSIONS

;';l
;i'i

s'!l

I

*Other includes undercafflago, unknown, and uncla8Biti€d.

results are similar to those shown in Table 6 from the
NCSS. Differences which appear are primarily due to the
small number of actual cases sampled.

SUMMARY

The NCSS and NASS files both indicate that driven
are more likely to contact the steering assembly in frontal
impacts than in any of the other impacts. The severity of
the impact defined by delta V shows that the severity of
the injuries (AIS 3-6) increases as the delta V increases.
The common injuries sustained by drivers contacting the

steering assembly primarily to the face and chest, followed

by upper extremities, head, and abdomen. The majority
of these injuries are AIS I and 2, however, the severe
injuries, AIS 3-6 occur to the body regions, abdomen and
chest.

INJURY CHITERIA

In order to sssess the protective capability ofa steering
assembly a criterion for estimating injury is required. As
noted previously the two most prevalent body regions
injured by the steering assembly are the thorax and the
abdomen. In the following section a review of previous
studies addressing thoracic and abdominal injury toler-
ance is undertaken, and the most appropriate continuous
injury criteria for frontsl thoracic and abdominal impact
are presented.

THORAX INJURY CRITERIA-A variety of kine-
matic parameters have been utilized in the literature for
predicting the results of a blow to the thorax-thoracic
acceleration, force, deflection, power, etc. The data bases
for these approaches also vary extensively in type ofsub-
ject tested----cadavers, porcine subjects, squirrel monkeys,



Table 8. AIS for drivers having contact with the steedng assembly by delta V (NASS).

Frequency
P6rcent
Flow %
Column o/o

Delta V (miles per hour)
1-10 11-20 21-30 31-40 41-50 51-60 Other" TotalAIS

I

89174 126837 34646 7583 2175 2522 432022 694959
10.85 15.44 4.22 0.92 0.26 0.31 52.58 84.57
12.83 18.2s 4,99 1.09 0.31 0.36 62.17
92.35 86.51 67.5S 56.18 40.28 71.26 85.57

5275 15423 7355 3327 0 782 41009 73171
0.64 1.88 0.S0 0.40 0 0.10 4,99 8.S0
7.21 21.08 10.05 4.55 0 1.07 56.04
5.46 10.52 14.35 24.65 0 22j0 8.12

2

1204 1830 6688 551 2110 235 25653 38271
0.15 0.22 0.81 0,07 0.26 0.03 3.12 4.66
3.15 4.78 17.48 1.44 5.51 0.61 67.03
1.25 1.25 13.05 4.08 33.08 6.64 5.08

3

0 1418 1gg3 0 0 0 3169 6580
0 0.17 0.24 0 0 0 0.39 0.80
0 21 .55 30.29 0 0 0 48.1 6
0 0 . 9 7 3 . 8 9 0 0 0 0 . 6 3

4

0 666 0 1801 635 0 1411 4513
0 0.08 0 0.22 0.08 0 0.17 0.55
0 14.76 0 39.91 14.07 0 31.26
0 0.45 0 13,34 1 1.76 0 0.28

5

o 440 399 235 0 0 724 1798
0 0.05 0.05 0.03 0 0 0.09 0.22
o 24.47 22.19 13.07 0 0 40.27
0 0.30 0,78 1.74 0 0 0.14

6

lniured 911 0 180 0 479 0 861 2431
Severity 0.11 0 0.02 0 0.06 0 0,10 0.30
Unknown 37.47 0 7.40 0 19.70 0 35.42

0.94 0 0.35 0 8.87 0 0.17
Total 96564

11.75
1 4661 4
17.84

51 261
6.24

't3497

1 ,64
5399
0.65

3539
0.43

504849 821723
61.44 100

6/oA15 g3 1.3 3.0 17.7 19.2 55.8 6.6
*Other includes unknown and not applicable.

rhesus monkeys, baboon, etc. Each of these data bases
has diffrculties associated with its use. Using cadavers,
the muscle tension and lung inflation (as compared to
living subjects) must be considered. Animal tests must be
scaled to account for size, shape, and anatomical differ-
ences.

The approach taken herein is based on two facetsr [1]
the injury criteria must be continuous and [2] only data
sets compo$ed of human cadavers or porcine subjects shall
be utilized and other animal species shall be used only to
guide the analysis. Porcine subjects are used based on the
understanding that the circulatory, respiratory, and skel-
etal systems of the pig are important human analogues
which establish the pig as structurally a very similar an-
imal species to man (20).

The first body of experiments to be considered is the

EXPEHIMENTAL SAFETY VEHICLES

Kroell data (21, 22). These data are comprised of 24
cadavers which received frontal blunt thoracic impacts.
The Kroell data (where the cadaver weights were 90-209
pounds) are shown in Figure 2. The numbers in the center
of the figure are the associated injury (using the l97l AIS
scale). The AV term for the Kroell data should be the
maximum change-of-velocity between the sternum and a
point on the spine, say fourth thoracic vertebra. In ac-
tuality, that number is often not available and the AV of
the impactor is substituted. This turns out to be a rea-
sonable approximation for the Kroell data because the
$ternum pulse is over by the time the spine pulse begins
(21). In Reference 23, the average ratio of first integral
of the sternal spike pulse to the contact velocity of the
impactor is l: l l .

Where this approximation breaks down is when the
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Frequency
Percent
How %
Column "/o Als

Body
Fleoion 1

Injured Total
SeveritY

2 3 4 5 6 U n k n o w n

'Upper
Extremities

1 03258
12.56
80.91
14.86

2 1 8 1 8
2.66

1 7 . 1 0
29.82

1458
0.18
1  , 1 4
3.81

1087
0 . 1 3
0.85

16.52

0
0
0
0

0
0
0
0

o 127621
0 15.53
0
0

165235 11641 26981 3379 2097 1350 1050 211741
20.1 1 1.4? 3.28 0.41 0.26 0.17 0 '13 25.77

Chest 78.04 5.50 12.74 1'60 0'99 0.64 0.50
2379 15.91 70.48 51 .34 46.46 75.53 43-21

Face

267544
32.56
90.27
38.50

28082
3.42
9.48

38.38

746
0.09
0.25
1.95

0
0
0
0

0
0
0
0

0
0
0
0

0 296377
0 36,06
0
0

Head

25905
3 . 1 5

86.21
3.73

3721
0.45

12.38
5.08

424
0.05
1 . 4 1
1 . 1  1

0
0
0
0

0
0
0
0

0
0
0
0

0 30050
0 3.66
0
0

Knee

241 65
2.S4

97 .15
3.48

709
0.09
2.85
0.96

0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0 24874
0 3.03
0
0

33057 511 6151 2115 2417 0 469 44720
4.02 0.06 0.75 0.26 0.29 0 0.06 5-44

Abdomen 73.52 1 .14 1 3.75 4.73 5.40 0 1 .05
4]8 0.70 16.07 32.14 53.54 0 19.30

Shoulder

31 306
3.87

87.60
4.52

3533
0.43
9.86
4.83

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

91 1 35840
0.11  4 .36
2.54

37.49
0 27962
0 3.40
0
0

Thigh

27962
3.40

100.00
4.02

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

Other

't 6440
2.00

72.89
2.37

31 54
0.38

13.98
4.31

2522
0.31

1  1 . 1 8
6.59

0
0
0
0

0
0
0
0

440
0.05
1 . 9 5

24.47

0 225s6
0 2.74
0
0

694S62 73169 38282 6581 4514 1798 2430 821736
Total 84.57 8.90 4.66 0.80 0.55 0.30 10q

'lncludss arm, elbow, forearm, end wrist/hand.

SECTION 5; TECHNICAL SESSIONS

Table 9. AIS for drfuere having steering aseembly contact by body region (NASS).

impactor mass is very light which is the case for a handful where
of the Kroell data. (In those few ca$es, momentum cal-
culations were made to better estimate the sternum AV.) AV : impact velocity (fps),

Two models-to define the dependent variable, AIS, P : penetration'
as a function of the response parameters-were consid- D : depth of chest,
ered. These were: P /D : normalized total deflection,

AIS : f (AV, p,zD, Age) , and
and
AIS : g (P/D, Age) , AGE is in Years'

,t
1
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Figure 2. GM cadaver frontal impacts to the thorax.

EXPERIMENTAL SAFEry VEHICLES

The following equation is the AIS predictive expression
as a function of P/D and AGE:

AIS :  17.4P/D + 0.0313 AGE - 5. l i  ( l )

where

R : multiple correlation coefficient : .87
SE : standard error of estimate : .87

This is Neathery's equation from Reference 22. Nat-
urally, this regression equation is only good for values of
P/D and AGE which lie within the region covered by
the original data (24); e.g., this equation is not to be used
for a 5-year-old child because children were not included
in the original data set.

For the regression analysis on AIS : f (AV, P,zD,
AGE), the coeflicient in front of the AV term is not
significant. In other words, AV is not a good independent
parameter for the GM cadaver test$. This point bears
further consideration.

Recently, Eppinger (25) used a combination of digital
convolution theory and least-squares approximation tech-
niques to predict relative velocity and deflection based on
accelerometer readings from side impact$ of human ca-
davers. Eppinger found a relationship which suggests that
the magnitude or severity of the resulting trauma is not
only the result of the maximum deflection the thorax
experiences but also a function of the rate at which the
thoracic deflection is produced.

In 1975, Fayon et al. (26) investigated frontal crash
simulations with 3 point seat belts. Results were presented
for 31 cadavers in dynamic tests and 7 other in static
tests. Fayon concluded that it is not possible to specify
a tolerance level for thorax deflection without specifying
the deflection speed which the thorax undergoes.

Jonsson (27) exposed anesthetized rabbits to controlled
compression blunt impact on the right side. The results
of this study suggest that velocity, as well as compression,
might be a primary factor in nonpenetrating thoracic
injury mechanisms. Predominantly fatal injuries were ob-

served at velosities y 39 fps and input compressions of
2O-307o, whereas compression of 50-60% were required
for a lethal outcome at velocities < 39 fps.

The apparent injury mechanism was different for im-
pact velocities above and below the 39 fps impact velocity
region. In the higher velocity exposures the lung lesions
resembled those found in blast injury.

Twenty-one living and post mortem porcine subjects
were exposed to blunt thoracic impact by GM (20, 28).
The impactor wa$ a 46.3 pound mass with a flat contact
surface traveling at 9.8 to 34.8 fps. The contacting inter-
face was an unpadded, 6-inch-diameter wooden block
with a half-inch edge radius to prevent localizing loading
at the perimeter. The GM argued that a comprehensive
review of comparative anatomy between the swine and
man would indicate that the cardiovascular, respiratory,
and thoracic skeletal systems of the pig are anatomically
and functionally a good parallel of similar structures in
man. During the impacts, the force was applied in the
horizontal direction through the vertically aligned contact
block and was centered midsagitally over the sternum.

In their most recent swine experiments (29), the GM
team concluded that-while chest compression is clearly
an important factor related to injury in severe blunt tho-
racic impact-there is a specific role for velocity as well.
In other words, for a given level of thoracic compression,
a higher average loading velocity represents a potentially
more damaging exposure.

There is a possible reason AV is not a significant in-
dependent variable for the Kroell data. Figure 3 shows
the GM swine data, or Viano data, for blunt thoracic
impact. (The weight of the swine varied from 102-154
pounds). The Viano data have points of high AV and low
P,zD while the cadaver data do not.

The Viano data suggest that the magnitude of the re-
sulting trauma is not only the result of the maximum
deflection the thorax experiences but is also a function
of the rate at which the thoracic deflection is produced.

Finally, chest deflection was used for a Highway Safety
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Figure 3. GM swine frontal impact to the thorax.
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Re*arch Institute (HSRI) study (30) as the indicator of
injury.

The whole of the GM, HSRI, Fayon, Jonsson, and
Eppinger work suggest$ that the most appropriate con-
tinuous injury criteria for frontal impact to the thorax
should be based on at least two kinematic parameters:
maximum deflection of the thorax and the rate at which
the thoracic deflection is produced.

At this time, the best continuous injury criteia is:
(1) The Neathery equation

Ars :  r7.4PtD + 0.0313 AGE - 5.15

Plus (both part$ are to be used together)

(2) The following restriction on the rate at which the
thoracic deflection is produced as suggested by Fig-
ure 4 if

AV < 30 fps, use Neathery equation

if 30 fps g AV < 40 fps,
use Greater of AIS : 3 or Neathery equation

if 4O fps < AV < 50 fps,
use Greater of AIS : 4 or Neathery equation

I if 50 fps 4 AV,
use Greater of AIS : 5 or Neathery equation

The duration over which the rate of thoracic deflection
is calculated should not exceed 120 msec.

ABDOMEN INJURY CRITERIA-The mechanisms
of injury to various abdominal organs are not well under-
stood. Biomechanical studies by Stalnaker et al. (31) have
defined tolerance values or injury severity as function of
a dimensionless parameter involving force magnitude, du-
ration of impact, mass of the impacted subject, and the
area of contact. Melvin et al. (32) have established a
loading rate sensitivity of the isolated liver and kidney to
injury. In a recent study of closed blunt impacts delivered
to anesthetized rabbits, Lau and Viano (33) also dem-

L ̂ ,"-.

ilumbqrr Oonor. AIS

.6 .7 .8

Figure 4. Velocity layers for frontal impact to the thor$(.

onstrated that injury severity of the liver was velocity
dependent.

One of the earliest studies to try to relate kinematic
parameters to abdominal injury level is a 1953 report by
Winquist et al. (Discussed in Reference 34.). They em-
ployed upright seated swine to examine the effects of
frontal abdominal impacts against objects that might be
struck in an aircraft cockpit. These object$ were a control
wheel, a stick-like protrusion-struck end-on-and a
large, flat surface similar to a radio box. The animals
received impacts in both their midriff and lower abdom-
inal regions at velocities of 20 and 40 fps. All of the high
velocity exposures were fatal. These data are shown in
Figure 5. These swine weighed from 95-187 pounds.

A regression analysis of these data results in a lower
correlation coeffrcient for AIS as a function of P/D alone.

This lower correlation coefficient is probably due to
the AIS : I at P/D : .7. The impactor in that event
was the stickJike protrusion. What may have happened-
as suggested by the second author of Reference (34) in
personal communication-is that the rod went in at a
lower speed and allowed the midriff organs to avoid the
main thrust.

In Reference (35), 15 swine (43-65 pounds) werc ex-
posed to controlled frontal abdominal impact. The rigid
impactor weighed 30 pounds and had a 3-inch-diameter
circular impacting surface.

The swine test data are shown in Figure 6. Regression
models for this data have a correlation coefftcient of about
0.75.

The data for abdominal impact suggest a dependence
of injury on normalized abdominal penetration and upon
rate of change of the penetration. The data are not abun-
dant enough to allow the exact understanding of these
parameters (or of possible age effects).

The equation for abdominal impact to the HSRI swine
(frontal) and Winquist swine (frontal) shows some sim-
ilarity to the GM work for frontal impact to the thorax.
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Figure 5. Winquist's swine frontal impect to the abdomen.
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Figure 6. HSRI swine frontal impact to the abdomen.

If the assumption is made that severe injury begins to
appear after 30 percent normalized total penetration (the
same as in the thorax for frontal impact), then an injury
criteria can be hypothesized.

The most appropriate conlinuous injury criteria for fron-
tal abdominal impact are:

( l )

A I S : 0
AIS : .15 P,/D - 1.5
A I S : 6

plus (both parts are to be used together)
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of several production steering a*semblies via static com-
ponent and dynamic systems tests. The selection of steer-
ing assembly types was based on acquiring a cross section
ofproduction available types ofenergy absorbers as shown
in Table 10. Since publication of this paper additional
research was conducted in this same program. An im-
proved dynamic systems test was developed where the
complete Hybrid III dummy is impacted into a stationary
assembly. Tests were conducted on four make's types of
steering assemblies (Ford Fairmont, Chevy Citation,

, Volvo, and a hybrid type) in the frontal mode at 20 and
25 mph and 30" oblique at 25 mph.

The hybrid steering assembly was constructed from
components which yielded the best results based on eadier
testingr a Ford Fairmont column and energy absorber
and Volvo steering wheel. Table I I shows the results of
the dynamic testing.

As discussed previously in the biomechanics section
and in References 23, 26, and 29, it appears that chest
deflection correlates better with injury than does spinal
chest acceleration for blunt impact. If this is used as a
performance criteria, the hybrid steering assembly would
rank as the best of those tested.

Two other innovations were developed during this pro-
gram. A device which uses electrical switches to give a
rough estimate of the area in contact between the dummy
and the impacted surface was developed and included in
the later tests. An abdomen form which replaces the
standard insert was constructed of Styrofoam and follow-
ing impact will show the maximum penetration of the
wheel rim, or other component into the abdomen. Both
of these techniques will provide measurements which will
be useful in determining the injury severity.

This device for measuring contact area was further
refined under a NHTSA contract (36) to improve the
accuracy. The switching array was expanded to 180
switches, monitored discretely, arranged on a lB0 square
inch area. The discrete method has numerous advantages
over the parallel method originally ueed on the device,
such as improved electronic accuracy and the potential
to identify the specific location of each closed switch. The
device was built into a vest which can be worn over the
chest of a dummy. Since the area monitoring method
used a discrete switching pattern of I inch squares, the
accuracy ofthe device is very dependent on both size and
shape of the contact surface. Based on geometric analysis
and static and dynamic te$ting using common shapes
(circles, squares, etc.), the accuracy appears to vary from
lOVo or less for larger areas (greater than 20 $quare
inches) up to 307a for small areas (less than 4 rquate
inches) when suflicient prsssure is applied to close the
switches.

A computer model has been developed to specifically
address the unrestrained driver impacting the steering
assembly in a frontal collision. This model entitled
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P/D <
. l < P / D <
,5 < P/D

(2)
if av

if 30 fps < AV
equation above
if 40 fps < AV
equation above
if 50 fps q AV,
equation above

. l

.5

g 30 fps, use equation in (l) above
< 4O fps, use Greater of AIS : 3 or

< 50 fps, use Greater of AIS : 4 or

use Greater of AIS : 5 or

The duration over which the rate of thoracic deflection
is calculated should not exceed 120 msec.

RECENT AND CURFIENT RESEAHCH

Several programs recently completed or currently in
progress will advance our understanding of the role of
the steering assembly in causing injury during an accident.
A program which was the subject of an SAE paper entitled
"Study of Steering Assemblies for Evaluation and Rating
of Safety Performance" (17) investigated the performance
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Tebl€ 10. Steering column types.

Make/Model EA Othar Features

Chevrolet Citation
Volvo
Ford Fairmont
Mercedes
Honda

Ball-tube
Convoluted iacket
Fling-tube
Convoluted hub
Hook bends plate

Cowl bracket guide
Self-aligned wheel

EA unit in lower column

K-car

Table 11. Dynamic test results (phase ll).

Column
Test No.

Peak Chest Maximum Chest
Acceleration Deflection Maximum

2251
2254
2282
2260
2262
2278
2357
2362
2287
2237
2350
2288

Citation
Citation
Citation
Volvo
Volvo
Volvo

Fairmont
Fairmont
Fairmont
Hybrid
Hybrid

Frontal
Frontal
Oblique
Frontal
Frontal
Oblique
Frontal
Frontal
Oblique
Frontal
Frontal

19.8
24.6
24.9
19.0
25.0
24.9
20.0
25.0
25.0
19.7
25.0
25.1

38.4
46.5
35.5
28,7
49.4
40.5
39.7
6 1 . 1
50.6
34.0
47.9
36.6

3 .1
2.6
20.5
1 . 6
2.5
1 .92
1 . 6
2.9
2.7
1 . 6
1 . 9 5
1 . 7 6

0.94
3.75
3.42
3.50
3.1
2.2
3.05
3.8
1 . 8
2.5
4.5
1 . 2

SCORES (Steering Column and Occupant Response Sim'
ulation) was the subject of an SAE paper by Stucki and
Fitzpatrick (37).

As noted in the report more work was needed to val'

idate the model and to add the capability of modeling
occupant impact with the windshield and,/or header. As
part of a larger computer modeling effort which was
awarded in September 1982, the first task will be to in-
corporate the windshield and header into the current
SCORES model and to validate these additions'

A program is currently being conducted at NHTSA's
Safety Research Laboratory (SRL) to validate the
SCORES model. Two passenger cars (Ford Fairmont and
Chevrolet Citation) were selected for the study. All inputs
for the modeling will be obtained from available sources
such as vehicle and dummy specification, through direct
measurement and from testing of dummies and steering
assembly components. Frontal sled tests at 20 and 25
mph were conducted on both vehicles. The unrestrained
driver dummy is the same Hybrid III which was used in
the component tests to ensure consistent responses' These

sled tests will be used as cases for the validation $tudy'
comparing dummy and steering assembly responses pre'

dicted by the SCORES model to the measured responses
in the sled tests.

FUTURE PHOJECTS
A project was recently started by the NHTSA to give

a b€tter understanding of harm resulting from steering
assembly impact and methods of alleviating the problem.
The following tasks, to be conducted, will contribute to'
wards these objectives:

A. Establish relationship between injury and occupant
and vehicle response measurements'

B. Extrapolate this analysis to a national representative
accident environment such as that predicted by thc
NASS and/or NCSS files'

C. Propose countermeasures to reduce injuries and fa'
talities which will be applied to the predicted accident
environment.

D. Analyze the effects of these countermeasures on in-
jury and fatality, nationwide and select the most
viable candidates for further development through
sled and crash testing.

The spectrum of accidents will be those in which an
injury to the occupant was caused from impact with the
steering assembly. The form of the accident data will be
a multi"element array of the following parameters:

(a) Body region injured.
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(b)
(c)
(d)

AIS level: I through 6.
Vehicle Make/model, 1975 and later.
Occupant size and sex: A maximum of 3 categories
for each.

(e) Principle Direction of Force (PDOF): l l, 12, and I
o'clock.

(f) Object contacted: Other vehicle or fixed object.
(g) Velocity change: Either 5 or 10 mph increments from

5 to 35 mph.

The SCORES computer model will be exercised for
each cell of this matrix, i.e., for each make,/model vehicle,
occupant size, and sex, PDOF, object contacted, and ve-
locity change SCORES will predict responses for each
body region (for SCORES this is limited to head, chest,
abdomen, and femurs). These responses will be converted
to injury level (AIS) by the applicable biomechanical cri-
teria for the particular body region. The outcome of this
exercise will be an AIS level for each cell in the multi-
element array. The frequency ofoccurrence can be applied
to each cell and summed to give overall frequency of each
AIS level for comparison with the actual accident file. If
the AIS distributions are not similar between the
SCORES prediction and the actual accident data, ad-
justments will be made to the SCORES inputs until good
agreement is achieved.

One of the major effofts of this project is to acquire
the inputs necessary to exercise SCORES on each cell of
the matrix. The Transportation Systems Center (TSC)
has responsibility for providing all vehicle dimensions for
approximately 40 post-1974 passenger car lines which
account for more thzn 9OVo of the passenger cars pro-
duced in this period (one car line will generally include
several models). These measurement$ include dimensions
such as steering column angle, wheel location, etc., and
force-deflection properties of the wheel rim and energy
absorber unit in the column.

TSC is also generating vehicle crash pulses for different
velocity change, PDOFs, and object contacted. The final
requirement for input is the anthropometric and biome-
chanical properties ofthe various occupant sizes for each
sex. Much of this information currently exists for certain
size occupants and may have to be extrapolated to other
size occupants using engineering judgment.

The output of the SCORES model will be verified by
checking against results of other models, such as the
MVMA-2D, and sled and crash test results. The input
parameters will continually be upgraded by this verifi-
cation process and by the latest biomechanical criteria.

One of the primary injury risks to occupants involved
in collisions is the relative velocity at which the occupant
strike$ interior contact surfaces. The SCORES output will
provide the information, in terms of body part velocities
and responses, needed to construct relationships between
body part response (which can be converted to an injury
level) and impact velocity. Figure 7 shows this relation-
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Figure 7. Chest/steering wheel hub impact.

ship for the chest impacting the steering wheel hub, where
the given responses are the most probable indicators of
chest injury level. This is a preliminary analysis based on
several SCORES runs with a 5fth percentile male oc-
cupant and 1979 Volvo dimensions and properties. Once
relationships such as these have been developed, coun-
termea$ures, which will lower the injury risk, in this case
impact velocity, can be investigated using the SCORES
Model.

SUMMARY 1'

The steering column is responsible for producing more
injuries and fatalities than any other vehicle component:
27Vo of all serious to fatal (AIS 3-6) injuries. Steering
assembly impact with the chest and abdomen accounts
for over AOVI of all serious injuries.

The most appropriate continuous injury criteria for
frontal impact to the thorax are based on maximum de-
flection and the rate at which the thorax deflection is
produced. The most appropriate injury criteria for ab-
dominal impact are abdominal penetration and rate of
change of penetration.

An improved dynamic systems test has been developed
and the performance of several steering assemblies eval-
uated.

A steering assembly computer model has been devel-
oped and is being validated.

We are establishing the relationship between injury and
occupant and vehicle re$ponse measurements, investigat-
ing countermeasures, and analyzing the effects of these
countermeasures on injury reduction.
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To make down-sizing and safety compatible, it is well
known to be important to utilize Ride-Down phenomena
effectively.

Many studies (Refs. l-8) have been made regarding
what kind ofvehicle crash characteristics or seat belt one
can decrease occupant injury with.

However, there seems no study to clarify the effect of
seat belt and vehicle crash characteristics on Ride-Down
efficiency. It is diffrcult to separate the effect of seat belt
and that of vehicle body, since Ride-Down phenomena
consist of a combined effect of vehicle crash character-
istics and seat belt ones.

Here an idea, which we call "Ride-Down index," is
introduced and utilizied for safety design to evaluate each
effect of vehicle body and seat belt separately.

RELATIONSHIP BETWEEN RIDE-DOWN
EFFICIENCY AND PASSENGER
CHEST DECELERATION

Figure I shows the macrosocopic model of vehicle col-
lision against fixed barrier. K is a spring which denotes
seat belt and is assumed constant.

Passenger energy absorption is written in equation (l).

l/ZMYoz = M)'(rdX, + l/2 K (Xr - Xr)'� (l)

where M
!o+,
x r
x2
K

Passenger mass
Velocity at collision
Passenger deceleration
Passenger displacemcnt
Vehicle displacement
$pring constant of seat belt

The first term of right hand of equation (l) denotes
the energy which vehicle body vicariously absorbs and is
generally called Ride-Down energy. The rate of Ride-
Down energy to initial passenger kinetic energy (l/2 M
Vo'�) is called Ride-Down effrciency. That is

A Study on the Ride-Down Evaluation

HIROSHI KATOH and RYOJI NAKAHAMA
Passenger Car Engineering Center
Mitsubishi Motors Co., Ltd,

ABSTRACT
3667

v
The injury of occupants restrained by seat belt is dom-

inantly affected by the vehicle crash characteristics and
seat belt effectiveness. Matching both performances is
essential in attaining occupant's safety with most reason-
able weight and cost.

Hitherto the effrciency of occupant's energy disposal
has been evaluated in terms of a concept of Ride-Down,
a ratio of energy absorbed vicariously by the vehicle to
the occupant's initial kinetic energy.

This long established idea, however, has a certain limit
for further analysis. In this paper, a new method of as-
sessing relative effectiveness of vehicle structure and seat
belt system is proposed to enable to attain a balanced
approach as a whole.

The Ride-Down efficiency is decomposed to one that
concerns vehicle structure and the other that relates to
restraint system. The former is determined as relative
Ride-Down effrciency when the simulated system of the
vehicle is subjected to collision with a standard restraint
system. The latter is obtained in the relation of conven-
tional and the newly obtained method.

The two-way Ride-Down approach paves the way to
indicating straightforwardly the most effective direction
in which occupant protection is harmoniously attained in
each vehicle design.

INTRODUCTION

The trend toward smaller car and weight reduction of
automobiles has progressed increasingly to save energy
and material.
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Figure 1. Macroscopic model of collision.

Ride-Down energy:

r X f f i

E : I ' M ) i , d x ,
.lo

Ride-Down efficiency:

f'^tli,dx,
t

n ' : y 2 y J f f i r

where Xrmax : Maximum vehicle displacement

Furthermore. it is well known that Ride'Down effi'
ciency is closely related to occupant injury value. Figure
2 shows this relationship between Ride-Down efftciency
and passenger chest deceleration of frontal collision tests
at 35 mph. Here Ride-Down efftciency is calculated ac-
cording to equation (2) where t, is replaced with fore
and aft component ofpassenger chest deceleration. These
data are based on 35 mph collision tests performed on
various vehicles since 1978 as a part of NCAP (New Car
Assessment Program) by NHTSA (National Highway
Traflic Safety Administration) in U.S.A.

Figure 2 clearly indicates the relationship that passen-
ger chest deceleration decreases as Ride-Down efTiciency
increases.

However, since Ridc-Down efficiency, as shown in Fig-
ure I and equation (2), is the result of a combined effect
of both vehicle body and seat belt, each effect cannot bc
estimated separately. But from the standpoint of safety
design, if each effect of vehicle body and seat belt can be
estimated independently, it is very useful.

INTRODUCTION OF "RIDE-DOWN INDEX''

Considering the collision model shown in Figure 1, we
assume that seat belt has the characteristics shown in

(2)

Figure 3(A), where spring rate K is constant and initial
slack 6o is chosen as a parameter of seat b€lt character-
istics. Besides vehicle crash characteristics are defined by
sine wave deceleration time history shown in Figure 3(B),
and maximum deceleration Gm is selected as a parameter
of vehicle body characteristics. Because the collision ve-
locity is constant (35 mph), Gm.Tt becomes constant.

In this simple model, Ride-Down effrciency qt becomes
a function of two variables (Gm, 6o). In order to obtaiu
each effect of vehicle body and seat belt, we keep either
Gm or 6o constant and vary the other. Then "Ride-Down

index of vehicle body" 4v is for convenience deflrned as
a function of Gm (while 6u : const.). Similarly "Ride-
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Figure 2. Passenger chest G and Flide-Down efficiency.
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Down index of seat b€lt" tb is deflrned as a function of
6o (while Gm : const.). That is

Ride-Down effrciency 4t : /(Dq, Gm)

Ride-Down index of
vehicle body 4v : /(60", Gm); Dog

: const. (5 mm) (3)
Ride-Down index of

seat belt qb : /(8* Gmu); Gmu
: const. (l7G)

where
8o : seat belt slack
60" : the slack of the standard seat belt (5 mm)
Gm : maximum vehicle deceleration
Gmu: maximum vehicle deceleration of the standard

vehicle (17 c)

The value of Suu, Gmu is selected practically as the most
optimum value after various attempts were made.

Then, simulation calculation results in the constant 4t
curves shown in Figure 4. Now 4t is divided into 4b and
4v. Therefore we can estimate each effect of vehicle body
and seat belt on the Ride-Down effrciency Tt, and the
most cost-benefit direction on the improvement of Tt can
be indicated. The change in 4t due to the variation in 4v
or r1b can be respectively estimated using Figure 4. For
example, in case of 4t : SOTo and r1b : 40To, r1v is
shown to be large, about 807o. Therefore to increase 4t,
it seems more practical to improve r;b rather than 4v.
On the other hand,in case of 4t : 307o, qv : 4OVo, it
seems better to improve 4v rather than qb.

Figure 5 shows the flow chart of actual improvement
method.

Figure 4. Constant value lines of 4t.

EXPEHIMENTAL SAFETY VEHICLES

THH METHOD TO OBTAIN rb AND rv lN
ACTUAL TEST

First, 4t is obtained from actual test data by substi-
tuting the fore and aft component of passenger chest
deceleration ur j(, into equation (2).

In order to obtain 4v, two-dimensional simulation
model shown in Figure 6 is used. Here seat belt char-
acteristics shown in Figure 7 are applied for all vehicles,
and for vehicle crash characteristics. vehicle deceleration
time history of the actual test is used. Then 4v is obtained.

Two-dimensional simulation model is used here instead
of one-dimensional model shown in Figure I because the
chest deceleration can be calculated in two-dimensional
model. Then 4v using the chest deceleration in two-di-
mensional simulation becomes comparable with 4t sub-
stituting the chest deceleration measured in actual test as
described above.

Accordingly 4b can be known when 4t, Tv are plotted
on Figure 4. Now the effect of vehicle crash characteristics
and seat belt characteristics on Ride-Down efficiency in
actual test can be obtained separately.

ORIGII{AL VEHICI.E

CMSH TTSI

SII'IULATION
CALCULATION

/ I{ECESSARY OUAI{IITY \
\ oF rr'rpnovrnrHr I

I I'lPR{]VED VEH I CLE

Figure 5, Flow chart of improvement method.
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Figure 6. Two-dimensional simulation model.

Here a consideration mutt be gtven to the fact that 4v
and 4b are not really independent, so evaluation by r;v
and 4b are not absolute but relative. However, within the
scope ofactual vehicle collision, 4v and 4b are considered
to be ofpractical signifrcance in evaluating each functions
of the various vehicles relatively.

4b can be approximately obtained by the following
simple method. As we take 8o as a parameter of seat belt
characteristics, consider the seat belt slack 6,*, which
indicates relative displacement between passenger and ve-
hicle when shoulder belt load reaches 100 kg (220 lb.).

S,*: relative displacement between passenger and vehicle
when shoulder belt load reaches 100 kg (220 lb.).

Here 6,* is chosen instead of 8o in Figure 3(A), because
it is diffrcult to obtain So in actual test.

Figure 8 shows the relationship between rlb and D,*.
It can be said that they are mutually related. From Figure
8, r1b can be approximately obtained if 6100 is known.

APPLICATION TO TEST DATA

Figure 9 shows the summary of qv, 4b for various
vehicles subjected to NCAP crash tests at 35 mph, The

200 300 400t0t (r

5 T R 0 x I 5 r h 0 ( E

Figure 7. Seat belt characteristics used for calculation.
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Figure 8. Seat belt slack and 4b.

data are classified based on whether the vehicle passed
injury criteria of FMVSS 208 or not"

To pass injury criteria, qt Z 507o becomes a necessary
condition.

Furthermore, improvement direction and quantity can
be easily obtained from Figure 9. For example, 4v of
vehicle A is almost the same as that of vehicle B, but 4b
is considerably different and as a result vehicle B could
not pass injury criteria. If vehicle B were equipped with
the same seat belt as vehicle A, vehicle B could be ex-
pected to pass the criteria. Keeping 4b at the same value,
and increasing Tv up to 83Vo, a similar result could be
expected.

EXAMPLE OF ACTUAL IMPROVEMENT

Figure l0 shows a result of improvement on vehicle C1
in Figure 9. As t1v of vehicle C1 is relatively high, im-

o C0tiPLIED l l lTH It{JURy CFTITERIA
r f l( ]r  C0HPLIID

c0'lPLL,l{CE LIiri l I
( 2 t  = s t l z )

Figure 9. Test data ananged by 4v and 4b.
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Figure 10. Example improved by increasing qb (C, and C,
car in Figure 9).

provement of 4b was made. In original test (C,) 8rm :
120 mm and 4b : 57Vo. To pass injury criteria, 4b must
be increased np to 75Yo and seat belt slack 6,* must be
shortened by about 60 mm from Figure 8. Therefore seat
belt retractor was modified to minimize the spool-effect

I t ' lPRovED'Uv= J. t ;

n /  * , . ;p

U
J

=
U
>

{ 9

F
6

E

L2
#

@

L

Figure 12. Example improved by increasing both tv and 4b
(D, and D"<ar in Figure 8).

or spool-out due to squeezed winding around the spool,
and the favorable result (C') is obtained.

Figure l l also shows the example of seat belt improve-
ment on another vehicle at 30mph collision.

Figure l2 shows the case of improvement made on
both vehicle body and seat belt. This case is expressed as
vehicle D, (original) and D, (improved) in Figure 9.
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Figure 13. Example improved by increasing both 4v and 4b
(at 30 mph).
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Figure 14. Example improved by increasing both 4v and 4b
(at 30 mph).

Figures 13 and 14 also show the test results of the
similar improvement made on both vehicle body and seat
belt. Generally, if the base body structure is unchanged,
it seems very hard to increase 4t without changing the
front side member layout largelY.

CONCLUSION

(l) Ride-Down efficiency qt has a close relation to the
occupant injury value in the vehicle frontal collision.

(2) The new idea to separate the effect of seat belt and

vehicle body on the Ride'Down efftciency (4t) is pro-
posed.

(3) The vehicle crash characteristics can be evaluated by
Ride-Down index of vehicle body (4v) which is ob-
tained by using the mathematical simulation with the
standard seat belt.

(4) The seat belt characteristics can be evaluated by Ride-
Down index of seat belt (qb) which is obtained by
using the mathematical simulation with the standard
vehicle body.

(5) By using 4b and 4v, the problem of which side and
how much improvement of vehicle body and seat belt
should be made is easily clarified. This idea of Ride-
Down index is practically useful for safety design.
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Optimlzing Knee Heetralnt Characteristlcs for lmpr6ved
Air Bag System Performance of a $mall Car

HIDEO TAKEDA and SABURO KOBAYASHI
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ABSTRACT
The two known systems for restraining vehicle occu-

pants in a crash situation are the seat belt and the air
bag. A series of head-on crash tests against a barrier
indicated that these restraining devices present widely
different G waveforms for the chest of a dummy seated

behind the steering wheel as the crash pulse becomes more
severe. The dummy chest, when restrained by a seat belt,
showed a gentle G waveform, while with an air bag, it
presented another waveform with unusual spikes.

An analysis of the test findings reveals that spikes in
chest G are always accompanied by similar spikes in G
for the pelvis. It was found that this is attributable to a
substantial shock when the dummy's upper leg contacts
the molded pelvic structure. This suggests that the existing
dummy might have some structural deficiency. This con-

: l
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tact occurs when the restraining force for the upper torso
of the dummy is much less than that for the pelvis.

An air bag was used to restrain the driver's upper torso
and a knee restraint to hold the pelvis. The restraining
force for the upper torso was limited by the characteristics
ofthe bag. Therefore, use ofa softer knee bolster appeared
to be the only available alternative for keeping the upper
and lower restraining forces well-balanced.

Another series of crash tests was conducted on an
improved air bag system using softer knee bolsters. The
findings indicate that the improved system can allow
gentle G waveforms even with severe crash pulses despite
the shortcoming of the existing dummy.

INTRODUCTION

A series of head-on erash tests against a barrier was
conducted to develop a suitable air bag for small cars.
When the vehicle crash speed was increased from 30mph
to 35mph and the vehicle $tructure modified accordingly,
unusual spikes began to appear frequently in chest G for
the driver side dummy. Available data were analyzed by
various methods to find why such spikes occur and how
they could be precluded. This report discusses the re-
search efforts that have successfully solved the chest G
spike problem.

AIR BAG/SEAT BELT-RESTFIAINED
DRIVER CHEST G

Figures I and 2 present typical chest G for the driver
dummy restrained by two alternative methods-an air
bag and a seat belt-in 30mph and 35mph head-on crash
tests against a barrier. The dummy chest, when restrained
by a seat belt, continued to show a gentle G waveform
with no appreciable change even if the crash speed was
increased to 35mph, while with an air bag, it presented
another waveform with unusual spikes at 35mph crash
speed.

3OmFh HEAD-ON CRASHG
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36moh HEAD-ON CfiASH

Figure 1. Air bag-restrained driver dummy chest G.
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CONCEIVABLE CAUSES OF UNUSUAL
CHEST G SPIKES

Initially, we simply auributed the unusual spikes in
chest G to inadequate energy-absorbing capability of the
air bag system. Therefore a variety of techniques were
developed to increase the energy-absorbing capability in-
cluding the use ofa larger air bag, increased gas generator
capacity, and a longer stroke for the energy-absorbing
column. None of them resulted in any appreciable im-
provement.

Longitudinal, vertical, and lateral G traces were sep-
arately analyzed in relation to the position of the dummy
from high speed films. The analysis revealed that a vertical
G spike always appeared immediately preceding a lon-
gitudinal G spike. The findings led to the assumption that
unusual spikes in chest vertical G create big longitudinal
G with high peaks and deep valleys. (See Fig. 3.) The
dummy's behavior was carefully examined with particular
attention given to the movement of its pelvis because this
region is the only conceivable source ofvertical G input.
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Figure 2. Seat belt-restrained driver dummy chest G.
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Figure 3. Typical measured chest G with unusual spike.
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Figure 4. Typical measured pelvis G.

As shown in Figure 4, it was found that the vertical
G for the pelvis has similar spikes as those in the
chest vertical G.

Figure 5 shows another important finding: these spikes
occur when the hip joints reach their maximum angle
due to the upper leg segments firmly contacting the
molded pelvic structure. Unlike the dummy, we can bend
over until our thighs touch the abdomen. This suggests
that the existing dummy might have some structural de-
ficiency.'The impact occurring under this condition is
presumably transmitted to the chest through the steel
cable which forms the central core of the lumbar spine
as shown in Figure 5.

RESEAHCH EFFORTS TO REDUCE
CHEST G SPIKES

Chest G spikes might occur, as noted earlier, when the
dummy's hip joints are bent to the utmost limit. It was
assumed therefore that the spikes could be removed sim-
ply by reducing the extent to which the hip joints bend
in a crash test.

LUMBAR SPINE STRUCTURE

Figure 5. Excessive bending of hip ioint.

Major Factors of Large Hip Joint Bending
In our crash tests on air bag systems, the dummy's

upper tor$o was restrained by an air bag, while pelvis was
held by a knee bolster. The sharp bending ofthe hipjoints
is attributable to a large difference between these two
system$ in developing restraining force. (See Fig. 6.)

The air bag cannot develop a restraining force as
quickly as the knee bolster since the gas inside the bag
has to be compressed by the dummy to some extent to
produce a suffrcient reaction force, The difference between
these systems' initial restraining forces permits the upper
torso of the dummy to move forward substantially more
than the lower part in a crash situation. This is probably
why the hip joints bend sharply.

As noted earlier, unusual spikes in chest G began to
appear after the vehicle crash speed was increased to
35mph and the vehicle structure stiffened as required, In
other words. a crash of a stiffer vehicle structure at a
speed 5mph faster than the previous level reduced the
crash pulse duration. As the crash pulse becomes more
severe, the imbalance in restraining forces between thc
air bag and knee bolster systems becomes greater. This
is a significant factor affecting hip joint bending.

System lmprovements to Reduce Hip Joint
Bending (Table 1)

The following paragraphs discuss the system improve
ments we made to reduce sharp hip joint bending and
the problems we faced in working out such improvements.

Several attempts were made to improve the unfavorable
characteristics of the air bag in developing a restraining
force. These improvement effofts included the use of a
larger bag and increased gas generator capacity for faster
bag deployment. As discussed earlier, however, a series
of tests revealed that none of these changes resulted in
any appreciable improvement and at the same time tended
to increase air bag deployment noise.

Figure 6. Typical restraining force of knee bolster and upper
torso bag.
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Table 1. Causes and remedies of sharp hip joint bending.

Causes Remedies Problems

I lnadequate air bag capability

to qurckJy develop a

restrainins force

Use of a larger bag and

faster deployment

svstem

I-arger noises during bag

deployment

1 Greater restrainrng force of

the knee bolster

Reduction of the knee

bolster's restrainlng
force by increasing its crush

Reduced passenger leg

space in a small
automobile

We concluded that the only available means to ensure
well-balanced restraining forces for the upper and lower
parts of the dummy would be to reduce the knee bolster's
restraining force. Our improvement efforts were then con-
centrated on the development of a modified knee bolster.

KNEE BOLSTER MODIFICATION

A series of 35mph head-on crash tests against a barrier
using a buck was conducted with knee bolsters of different
hardness levels and sizes installed at different distances
from the occupant. The findings may be summarized as
follows: As shown in Figure 7, a greater forward dis-
placement of the pelvis results in lower chest G. In
other words. favorable results can be achieved if the
knees sink deeper into the bolster. However, when a
smaller, harder knee bolster is used to minimize the
required space and is installed farther away from the
occupant to allow a greater forward displacement of
the pelvis, spikes in chest G still occur if the bolster's
collapsing load exceeds a 1400 lb. level in femur load
equivalent. A knee bolster installed closer to the oc-
cupant to immediately produce a restraining force
also fails to preclude chest G spikes because it stops

SOFT KNEE BOLSTER
CLOSER TO THE OCCUPANT

FROM THE OCCUPANT

Figure 7. Pelvis forward displacement v$. chest G.

EXPERIMENTAL SAFEW VEHICLES

the forward movement of the dummy's pelvis too
early and causes sharp hip bending. These findings
suggest that a satisfactory solution to the chest G
spike problem requires the use of a larger, softer knee
bolster which has a much smaller collapsing load
than the allowable femur load limit as specified in
FMVSS 208. The knee bolster must be installed at a
proper distance from the occupant to allow sufficient
forward displacement of the pelvis.

Figure I shows typical examples of chest G curves
recorded at ayerage femur loads of 1720 lb., 1350 lb.,
and 1100 lb. As is apparent from the diagram, verti-
cal chest G spikes become smaller, reducing the max-
imum resultant chest G. as femur load decreases.
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AVEBAGE FEMUF LOAD lIOOIb.

Figure 8. Typical chest G with different femur load.
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KNEE BOLSTER
MODIFICATION

Figure 9. Etfects of knee bolster modilication on chest G.

FULL-SCALE CHASH TESTS

Some full-scale crash tests were performed to demon-
strate the effects ofthe above remedies for chest G spikes.
Figure 9 shows the chest G traces recorded before
and after the improvements were made in the knee
bolster. As expected, the results are similar to those
of the buck tests; no unusual spikes appeared in chest
G. The improved restraint system produced acceptable
head and chest G and femur loads in a 35 mph head-on
crash test against a barrier. (See Table 2.)

CONCLUSION

The modification of knee bolster characteristics enabled
us to prepare an expenmental vehicle with a driver air

Table 2. Test results with air bag system-research stage
(35 mph head-on crash).

Driver

Hlc Che3t G
Femur load fibsl

Left R Sht

465

859

437

364

50.5

5 6 . )

47.2

55.8

I  526

I 790

r  5 5 7

l 6 l 6
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4 t 6

43E

447
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Figure 10. Required seat positioning.

bag system that produced good results. Unusual spikes
in chest G traces appearing when the dummy's hip joints
are bent to the utmost limit are very likely to occur in
small automobiles that have $evere crash pulses. The im-
provement of the restraint system discussed in this report
required the use of a larger knee bolster. Therefore the
front seats had to be moved rearward to give the driver
suffrcient leg space to freely to operate the control pedals.
This unfavorably affected the interior layout of the car
as the rear leg space was reduced substantially. (Fig, 10)
Installing an air bag system in an existing small vehicle
design will drastically impact its basic layout and utility.
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On the Optlmum Parameter$ of a Seat Belt Pre-loading Device
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ABSTRACT

The effectiveness of occupant restraint system is gen-
erally reduced as the impact velocity of vehicle increases.
The addition of a pre-loading device to seat belt system
has been proposed as one ofuseful measures to this kind
of degradations.

This paper proposes the optimum selection of activation
time and level of load produced by the assumed pre-
loading device in case of 2-point diagonal seat belt system
with knee bolster on the frontal impact at 40mph.

The two dimensional, five mass occupant mathematical
model is developed and the validation of the model is
carried out by adjusting various parameter$ of the model
in comparison of the simulated results with those of the
actual sled test, where a typical pre-loading device is
employed.

The set of optimum parameters of pre-loading device
is derived in relation to the level of HIC (head injury
criteria) and the displacement of occupant through the
computer simulation of this kinematic model.

PHEFACE

On frontal collision at higher impact speed, so called
"spool out" and additional elongation of the webbing
reduce the restraint capability of seat belt system with
retracting device. As one of the measures to avoid this,
a pre-loading device is proposed which retracts a certain
length of webbing during the first few milliseconds of a
crash (l).

The effectivetress of preJoading device, in correspond-
ence to a target velocity where its maximum effectiveness
is obtainable, varies substantially depending on such pa-
rameters as its activation time and the level of load pro-
duced. In this respect, this paper discusses the selection
of these optimum parameters at the impact velocity of 40
mph, as the improvements of the restraint capability could
be attainable with tather conventional manner below this
speed.

As a typical case, a Z-point diagonal $eat belt system
with knee bolster is considered, where the anchorage lo-
cations are selected based on a certain 4-door sedan. [n
addition, the vehicle deceleration profile selected is a half-
sine curve simulating a result of actual crash test of the
vehicle that does not tend to undergo a large peak de-

EXPERIMENTAL SAFEW VEHICLES

celeration in the passenger compatrment around the end
of vehicle deformation.

The conventional anthropomorphic dummy is treated
as a two dimensional, five mass mathematical model,
whose validation is made as follows. First, various pa-
rameters of the mathematical model are adjusted to obtain
agreement with the actual sled test results, for the case
where the dummy is restrained by the 2-point diagonal
seat belt without preJoading device. Second, the results
by the computer simulation with the parameters thus
determined and those by the actual sled test are compared
for the case where the preJoading device is activated,
resulting that the computed results are in good agreement
with test results. Then, computer simulations are made
to find the optimum parameters for the preJoading de-
vice, employing the mathematical model of the afore-
mentioned characteristics.

MATHEMATICAL MODELING

General Description
A two dimensional, five mass model is employed, the

schematic of which is shown in Figure l, since a dummy
makes a virtually two dimensional movements on frontal
collision, and a modeling of unnecessarily complicated
design would make characterization and input to the
model excessively complex. Here, the front seat pa$senger
is dealt, since it is generally diffrcult for the driver to
avoid impact against the steering wheel, making it nec-
essary to consider the energy absorption ofsteering $ystem
by the occupant.

This mathematical model is provided with toe board,
$eat, and knee bolster. These surfaces are to make inter-
action with parts of the dummy expressed as circular
segments, generating friction force on contact. The char-
acteristics of seat belt are mathematically adjusted on two
dimensional plane by designating the relative anchorage
locations and the actual elongation of the webbing. The
seat belt on the mathematical model is to contact with
the dummy model at two points, generating friction force
at respective point.

Dummy Characteristics
By referring to the geometric, inertial, and joint char-

acteristics of Part 572 Hybrid II dummy described in
publications (2-3), and by conducting some measure-
ment$, dummy characteristic$ are determined. The neck
joint characteristic, as a representative example, is shown
in Figure 2, where the torque versus rotational movement
is nonlinearly represented with angular velocity depend-
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ent hysteresis. Similar approaches are made in determin-
ing the characteristics of other joints.

Characteristics of Restraint Components

The seat cushion is represented by a plate on two ver-
tical nonlinear resistances, one of which is fixed at the
front end of the plate. The other is connected at the
bottom of the dummy's hip, making it possible to move'
forward with the hip displacement. These characteristics,
whose typical examples are shown in Figure 3, are de-
termined by pressing the seat cushion with hip-shaped
ram.

o

a
g

E

Figure 2. Representative neck joint characteristic.

The knee bolster is represented by a plate, where the
force versus deflection is nonlinearly represented with
hysteresis. A typical characteristic is shown in Figure 4,
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Figure 3. Representative seat cushion (rear part) charac.
t6ristic.
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Figure 1. Schematic of mathematical model.



I

r000

800

..:(
I
o()
o
u, 400

?00

0

Figure 4. Representative knee bolster characteristic.

which is determined by pressing a knee-shaped ram on a
knee bolster.

The load versus elongation characteristics of the seat
belt webbing between upper and lower anchorages is also
nonlinearly represented with hysteresis. This character-
istic is determined as the combination of the following
three characteristics, whose typical example is shown in
Figure 5:

-Elongation characteristic of seat belt webbing is de-
termined by the method stipulated in FMVSS 209.

-The "spool out" of seat belt webbing taken up in the
retractor is determined by measuring the actual spool
out characteristics.

-Deflection characteristic of chest on interaction with
seat belt at Part 572 Hybrid II dummy is determined
by such method as described in the literature (4).

VALIDATION OF MATHEMATICAL MODEL

Seat Belt System Without Pre-loading Device
A computer simulation is executed at 33.5 mph with

the aforementioned characteristics, resulting smaller head
displacement and larger HIC value compared to actual
sled test results at the same velocity. The reason for this
is substantially because, in actual test, the dummy's ro-
tational movement toward sideways causes the head to
move forward. whose effects is not taken into account on
this mathematical model.

To compensate this inconsistency the elongation char-
acteristic of the seat belt is partially adjusted. As the
consequence, the computation yields results in good
agreement with those by the actual test, as shown in
Figure 6.

EXPEHIMENTAL SAFETY VEHICLES

Seat Belt System with Pre-loading Device
As a result of the aforementioned mathematical com-

putation for the case without pre-loading device, the time
sequence can be plotted on the load versus elongation
characteristics of a seat belt system as shown in Figure
7. Respective time on the plot is utilized to specify the
activation time of a pre-loading device. Once this acti-

Figure 6. Comparison of the results between simulation and
test (without pre-loading device).
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Figure 5. Representative seat belt system characteristics.
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Figure 7. Representative seat belt syctem characteristics
(with and without pre-loading device).

vation time and a particular extraction force produced by
a pre-loading device are specified, the characteristic curve
is shifted along the horizontal axis as the elongation in-
creases in correspondence with the load.

This procedure is used to provide the load versus elon-
gation characteristics ofthe seat belt system with a given
pre-loading device of speciflrc parameters. Figure 7 also
presents an example of the characteristics of the case
where the activation time is 15 msec and the extraction
force is 150 ke.

To compare the results by computation with those by
experiment, an actual sled test is run at 36.3 mph, where
a typical pre-loading device which produces the maximum
load of 150 kg is installed as shown in Figure I and
activated at 15 msec. Then, Computer Simulation with
the aforementioned parameters is executed at 36.3 mph,
where a half-sine acceleration profile similar to the actual
crash pulse for the test above is set as shown in Figure
9. The results thus obtained show in good agreement with
those by the actual sled test, some typical examples of
which are shown in Figure 10.

OPTIMUM PARAMETERS AT 40 MPH

Computer $imulations at 40 mph are carried out with
various combinations of activation time and load of the
preJoading device, thus to clarify the influence of param-
eters on HIC level and head displacement, the results of
which are shown in Figure 11. Figure ll also indicates

Flgure 8. Schematic of pre.loadlng device installation.
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Figure 9. Crash pulse.

the shaded horizontal lines which implies the target HIC
level and the permissible head displacement short of con-
tacting a forward interior object. Here, the target HIC
level is specified at 800 and the permissible head dis-
placement is set at 600 mm, assuming probable contact
with the instrument panel beyond this value.

Since this simulation model is made without instrument
panel, the calculated HIC level registered is low, even
when head displacement exceeded the permissible level.
In actual situations, however, a higher level as shown by
broken line in Figure I I would be assumed to result, once
when the head is brought into $trong contact with the
instrument panel. Consequently, it is important to hold
the head displacement to below the permissible level.

It is observed, in Figure 11, that both HIC and head
displacement are decreased as the activation time is re-
duced and the load ofthe pre-loading device is increased.

10. Comparison of the results between simulation
and test (with pre.loading device).
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Figure 11. Influences of pre-loading device at 40 mph sim-
ulation.

However, there is restriction against the load parameter
to keep the HIC and the head displacement under the
respective permissible levels. Namely, it is said that the
number of rib fractures increases as the load produced
by seat belt increases, and there is an instance where rib
fracture was suffered at as low a shoulder load as 200 kg
or $o, according to tests using human cadavers (5)' and
the higher load produced by inadvertent activation of the
pre-loading device could lead to driver's error in vehicle
operation. There is also restriction against the activation
time to maintain the sensing reliability.

Thus, in the example aited, it is considered that the
load produced by the preJoading device should be held
to below 220 kg. With this condition, the activation time
is required to be less than 15 msec, as shown in Figure
11, to meet the target of both HIC and head displacement.

PERFORMANCE AT LOW SPEED

Computer simulation is executed on an impact velocity

of, as an example, 25 mph, to observe the feasibility of

the pre-loading device with the optimum parameters ob-

tained at 40 mph. The sled acceleration profile for the
above-mentioned 40 mph was rearranged to that for 25
mph as follows.

EXPERIMENTAL SAFEW VEHICLES

First, the acceleration profile at 36.3 mph, as shown
in Figure 9, was doubly integrated with respect to time,
resulting the force versus deformation characteristic.
Then assuming one dimensional, one mass and one spring
model whose spring rate is given by the abovementioned
characteristics, the acceleration proftle at 25 mph is ob'
tained as response of the mass on impacting the model
into the flrxed barrier at 25 mph. Generally, the activation
time of pre-loading device comes to be rather late as the
impact velocity of the vehicle decreases' In this case, it
is assumed to be 25 msec rather arbitrarily, since the
precise value depends on the specifltc sensing device for
the preJoading device.

With this assumption and load produced by the pre-
loading device to be 220 kg as before, a computer sim'
ulation is executed at 25 mph. It is demonstrated as the
result that the pre-loading device is still effective in re'
ducing HIC and head displacement at 25 mph, too, as
shown in Figure 12, thus indicating that the parameters
specified for 40 mph would have no adverse effects in
low speed collisions.

SUMMARY

(t) A two dimensional, ftve mass mathematical model
can be used effectively to estirnate such response as HIC
and head displacement occurring at actual impact test.

(2) The computer simulation is an effective tool to
determine the optimum parameters of a pre-loading de-
vice with respect to activation time and load. This ap-
proach could be applicable to various types of seat belt
system, anchorage locations which vary with vehicle geo-
metric features, and vehicle body deformation character-
istics.

(3) On the simulated 4-door front drive car presumed
to suffer deformation at an impact velocity of 40 mph,
the optimum parameters of the preJoading device are
proposed to be activation time of 15 msec and load of
220 kg.

Figure 12. SWimulated effect of pre-loading device at 25
mpn.

l--] witnout Prs-lffidrnE dsvice
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(4) The aforementioned optimum parameters obtained
from the computer simulations seem to have no adverse
effects at lower speed collisions and to be still effective
in reducing HIC level and head displacement.

Thus it is observed that the pre-loading device is ef-
fective to the extent of a typical frontal collision studied'
To put it into practical application, however, further ex-
tensive technical development has yet to be made, in
addition of consumer acceptability, on such areas as elim-
ination of occupant's uneasiness at activation of explo-
sives, sensing reliability for the activation only when it is
necessary, and ensuring reliability of the complex system'
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Itlathematlcal Models for the Assessment of Pedestrian Protectlon
Provided by a Gar Contour

J. WISMANS and J. van WIJK
Research Institute for Road Vehicles TNO
Delft, The Netherlands

SUMMAHY

Injuries sustained by pedestrians $truck by the front of
cars are dependent on the proflrle and the local stiffness
characteristics of the vehicle. Mathematical Crash Victim
models, if well-validated, could provide a suitable method
for the assessment of pedestrian protection provided by
different car contours.

In this presentation, first a review will be given of a
number of existing pedestrian models along with the as'
sociated validation $tudies. On the basis of this review
and results of recent accident analysis studies a series of
pedestrian models with varying complexity were devel-
oped using the Crash Victim Simulation Program MA-
DYMO.

The predictions of these models are compared with
experimental results for two impact velocities and the
reliability with respect to their complexity is discussed.

INTRODUCTION

Pedestrians sre among the moct wlnerable trafftc par-
ticipants. A pedestrian runs more than twice as high a

risk of being fatally injured in a road accident as a car

occupant. [n recent years trafftc safety research has con-
centrated more and more on the problem of pedestrian

accidents.
Since the end of 1980 three research institutes: Bun-

desanstalt fiir Strassenwesen (BASI), Organisme National
de S6curit6 Routidre (ONSER) and the Research Institute
for Road Vehicles (IW-TNO) have co-operated in the
field of pedestrian safety. The aim of this study is to
propo$e a standardized test methodology that can be ap-
plied to pedestrian safety tests carried out for research or
for compliance testing of passenger cars.

A part of this project was the formulation of a math'
ematical model of a pedestrian during an impact. Several
advantages of mathematical models are the exact repro-

ducibility of a simulation, the absence of measuring prob-

lems and the possibility to conduct sensitivity-analyses in

a simple, rapid and inexpensive way.
This study was conducted with the MADYMO pro-

gram package, developed at the Research Institute for
Road Vehicles TNO, Delft, The Netherlands. A descrip
tion of this package, along with several examples of ap-
plications can be found in (l l). The main features of this
package can be summarized as follows:

-a compact FORTRAN source which can be imple-
mented on small computer systems;

a 2D and a 3D option;
-a variable number of linkage systems;
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EXPERIMENTAL SAFETY VEHICLES

-s ssf of standard force interaction routines;
----€asy incorporation of user deflrned subroutines for

specific force interactions and user deflrned output.

In this paper, flrrst a brief review will be given of a
number of existing pedestrian models along with the as-
sociated validation studies. On the basis of this review
and results of recent accident analysis studies a series of
three pedestrian models with varying complexity were
formulated. The predictions of these models will be com-
pared with experimental results with an Audi lfi) for two
impact velocities, namely 30 and 40 km,/h.

REVIEW OF MATHEMATICAL
PEDESTRIAN MODELS

In this section a literature review will be presented
concerning existing mathematical models for the simu-
lation of car-pedestrian collisions.

Table I summarizes the source and background of ten
models that were analyzed. The models are numbered
according to the numbers in the reference list. Four
models are based on the CALSPAN CVS program. These
models are not identical since different versions of this
computer program were used and modifications were in-
troduced by the users. The PRAKIMOD model is based
on the MVMA-program.

In Table I the main characteristics of the models are
summarized. A first distinction which can be made is

between 2D and 3D models. This last type of models, in
general, will be more realistic since the kinematics of a
pedestrian impacted by a car are found to be of a three-
dimensional nature. However, such a 3D model is much
more complicated and in addition a lot of extra input
data has to be defined.

A CVS-model consists of a series of rigid bodies, con-
nected by hinge or ball-and-socket (3D) joints. The num-
ber of elements in the various models is included in Table
L

In most of the models, the vehicle is represented by a
number of straight line segments (2D) or planes (3D). In
the PROMETHEUS 2 model, however, interconnected
segments are used for the simulation of the vehicle con-
tour. The position of these segments can be defined by
means of an auxiliary program, which transforms the
input parameters into a flrnite element model of the ve-
hicle. The user can define the hood-contour by a skewed
hyperellipse.

Most of the mathematical models for pedestrian col-
lisions are limited to the impact of the pedestrian with
the vehicle. Ground impact is not considered in these
simulations. Reasons for this are (6);

-a meaningful simulation of the secondary impact is
extremely diffrcult since inaccuracies in the simula-
tion of the primary impact will strongly affect the
pedestrian kinematics in the secondary impact;

-in the airborne phase the pedestrian has time for
voluntarv muscle action:

Table 1. Summary of ten pedestrian models.

Ref. author/model Year 2D/3D Number of Institute

1 Transportation 1S71 2D 3 Cornell Aeronautical Laboratory pSA)
Research Department

2 Gldcker 1S73 2D 1 Institut fUr Krattfahrzeuge, Technische
Universitflt Berlin (Germany)

3 Kramer 1974 2D 3 lnstitut fUr KraftfahEeuge, Technische
UniversitAt Berlin (Germany)

4 Mac Laughlin 1574 2D 4 National Highway Traffic Safety
Administration. U,S, Dept. of

s youns, lezs sD 12 l:il-#l1t:illu"risil,l rn=titute, rexas
TTICVS A&M University (USA)

6 Twigg, 1577 2D 11 Boeing Computer Services Inc. (USA)
Prometheus 2

7 Fowler, 1S76 3D 15 British Leyland Limited (Britain)
Calspan 3-D CVS, version lll

8 Padgaonkar, 1577 3D 15 Biomechanics Research Center,
Calspan version lll Wayne State University, Detroit (USA)

9 Lestrelin, 1980 2D 8 Laboratoire de Physiologie et de
Prakimod (MVMA) Biom6canique de Peugeot S.A./

Renault (France)
10 Cotte, 1S80 3D 15 Laboratoire de chocs et de

version l l l ioue ONSEH
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. -thc simulation time must be increased from ?00 ms
to about 1000 ms resulting in a considerable increase
of computer costs.

In addition it follows from accident analyses that the
secondary impact in general causes less severe injuries
than the primary impact (Ashton (12), Mackay (13).

For the interaction between pedestrian and vehicle
three types of contact models are used:

-in models 2 and 3 contact interaction is based orr
the classical theory of collisions between two rigid
bodies. According to this theory the impact time is
taken as zero. Consequently force and accelera-
tion time histories during the impact phase can-
not be evaluated by this type of model;

-in model 6 (PROMETHEUS 2) the vehicle contour
. is represented by an arbitrary number of intercon-

nected segment$;
-in the other models description of the contact is based

on interactions between contact surfaces (lines,
planes, ellipses, etc.) connected to the vehicle and
the predestrian. Whenever a positive penetration
between contact surfaces is detected. normal and
friction forces are calculated. Force-penetration
characteristics have to be defined and are based on
measurements or assumptions. Realistic simulation
ofcontacts between pedestrian and sharp edges (e.g.,
between lower leg and bumper) may cause problems
in this type of contact models (7).

SECTION 5: TECHNICAL SESSTONS

In most studiee model predictions have been compared
with experimental results in order to get an impression
of the reliability of the models. Table 2 summarizes some
of the test conditions used for validation of the various
models. The last item of Table 2 is the type of data used
for validation.

The degree of validation, however, differs strongly in
the various studies. Some models are not validated at all
(models 2 and 4); others are compared with several ex-
periments for a number of conditions. The first column
shows the pedestrian surrogate used in the test. Most
researcher$ have concentrated on dummies. because these
are a relative easily accessible source for model input data.
Measurements of masses, moments of inertia, joint-
torques, etc. easily and accurately can be carried out at
dummies. Padgaonkar (8) has simulated cadaver exper-
iments. One of the differences between his dummy- and
cadaver-model was in the knee,joint: a hinge-type for the
dummy and a ball and socket joint for the cadaver in
order to admit lateral deflection.

The orientation of the pedestrian, in these tests, varies
from frontal via oblique to lateral (see Table 2). Simu-
Iation of a lateral or oblique impact in general will be
more dillicult than a frontal impact, due to the more
complex three-dimensional motions. Twigg, for instance,
(model 6, 2D) observes that the elbow of the pedestrian
can act as a lever to vault the torso up over the hood,
thus reducing the injury incurred by the head and torso.

Table 2 also summarizes the cars which were used in

=-tr

I j.?

l

:.:. i

'Drop tests on mock-up. Drop height 0,4-0,8 m."ln addition four cadav€r t€sts and drop tests ol Yor.rng (S).

Table 2. Validation of the models.

Pedestrian
Veloclty

/ hFef
1

2

3
4
5

6

7

I

I

50th % male
child dummy

50th % malg

6-yr Sierra dummy
Sth % Sierra dummy female
95th o/o Sierra dummy male
Pert 572 modified
6-yr child dummy
Ogle OPAT

95th o/o $ierra dummy

50th % dummy

1 0 ONSEH 50

Pedestrian
orientation
Frontal

Frontel

Frontal
Oblique

Lateral

Lateral

Lateral
Frontal
Frontal

Frontal

Vehicle
Ford Galaxie
1 966

Mock-up

lmpala 1974,
Test bucks
Leyland cars
SRV2 Marina
Chevrolet 1973

Ford FalrlanE
Renault 5
Honda N360
Feugeot 204
Opel Kadett
Peugeot 304
Citroen GS
Citroen Visa

1 6

36

t

32

16,32

22,241
30,39)**

16,28,33,40
36
43
40
45
22

43,48
20,25

Validation
criteria
gross motion

gross motion
throwing distance

gross motion
accelerations

acceleration$

gross motion,
accelerations
gross motion,
accelerations
traiectory head

gross motion,
head impact
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the e*periments as well as the impact velocity. The fact
that different validation criteria are used prevents an ad-
equate comparison of the reliability of the several models.

Most researchers stress in their conclusions the im-
portance of the contact model. The contact model must
be able to cope with the problem of edge-contacts, as well
as inertial effects. Another crucial point is the description
of the joints. Inelastic failure and dynamical effects
(damping) must be taken in account. Both the contact
and the joint-model must be based on realistic, preferably
measured, input data.

MADYMO z.DIMENSIONAL PEDESTRIAN
SIMULATIONS

Based on the preceding literature review of existing
pedestrian models and results of several recent accident
analyses, a number of requirement$ were formulated for
simulations of pedestrian-vehicle impacts with the general

CVS program package MADYMO. The literature study
did not show a clear relationship between the complexity
of the different models (i.e., number of elements, 2D
versus 3D) at the one side and their reliability at the other
side. One of the aims of our study therefore was to get

first a better insight in this problem. It was decided to
develop several models with a differing complexity. Three
models are presented which were formulated with the 2D
option of MADYMO. In a future study (14) results of
3D-simulations will be presented.

The simulations are limited to the primary impact (pe-

destrian-car contact) and are concerned with lateral im-
pacts, since this is the most frequent type of impact
observed in pedestrian accidents (12). The three models
have 2, 5 and 7 segments, respectively, as is shown in
Figure l. The same contact ellipses are attached to the
2- and S-segment model. In the present models the arms
are not incorporated as separate segments: a part of the
mass of the arms is added to the mass of the thorax
segments,

The input data set describing the pedestrian (e.g., the
geometry, mass distribution and joint characteristics) are
derived from a standard data set of a Part 572 50th
percentile male dummy, which itself is based on a number
of measurements conducted in our laboratory.

One of the most important aspects concerning the sim-
ulation of pedestrian accidents is the representation of
the contacts between vehicle and pedestrian, especially
for the edge-contacts. A special contact model was de-
veloped in which the external geometries of pedestrian
and vehicle are simulated by hyperellipses. A hyperellipse
is a general form ofa standard ellipse and can be described
by the following equation:

EXPERIMENTAL SAFETY VEHICLES

7-segment model.

where ea and eb are the semi-axes of the hyperellipse and
n the degree (see Fig. 2). Ifn : 2, this equation describes
a standard ellipse; however, ifn increases, the hyperellipse
approximates more and more a rectangle as is shown in
Fig. 2 for n : 8. This geometrical description is partic-
ulady of interest for the representation of the car and
bumper geometry, since vehicle edges quite well can be
approximated in this way. A more detailed description
of hyperellipse contact models will be presented in ref-
erence (14).

The three models presented were applied to simulate
a pedestrian impact with a vehicle of the type Audi 100.
The geometry of this vehicle is represented by two hy-
perellipses: one for the bumper and one for the hood (see
Fig. 3). The vehicle dimensions were determined from
scale drawings and mea$urement$.

Figure 2. Hyperellipses with identical semi-axes, n : 2 and
n : 8 .*E) '= t

;  =  jornt

Z -segmenl

1 5 2 0  ? 5
=_* y(ml

Figure 1. Geometry and contact-ellipses of resp. 2-, 5- and

(H)".
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Figure 3. Geometry of Audi 100.

Dynamic force-deflection characteristics of the bumper,
hood and hood edge of the Audi lfi) vehicle were deter-
mined experimentally by the BASt (Bundesanstalt fiir
Strassenwesen). Pendulum tests with a rigid wooden pen-
dulum were used for the bumper and the hood edge. This
pendulum was equipped with an accelerometer, while the
vehicle deflection was measured with a linear transducer.
mounted in the car. The pendulum mass was l0 kg for
the bumper impact and 15 kg for the hood edge while
the impact velocity was 25 km/h in these tests. For the
hood instead of a pendulum test a drop-test was used.
The impacting body was a rigid wooden sphere with a
mass of 5.25 kg and an impact velocity of 30 km/h.

VALIDATION TESTS

The mathematical model results are compared with a
number of dummy tests, which were conducted by the
BASt. The dummy in these tests, a 50th percentile male,
Part 572 was equipped with triaxial accelerometers in the
head, chest and pelvis and uniaxial accelerometers in the
knees and feet. Test velocities were taken 30 and 40

Figure 4. Dummy position at impact.

SECTION 5: TECHNICAL SESSIONS

km,/h and the car deceleration 6 m,/s2. At each impact
velocity three tests were conducted.

The dummy position before impact is shown in
Figure 4. This position was selected after several pre-
tests. In these pretests it could be observed that in
case of a pure lateral impact no direct head-hood
contact occurs due to the stiff neck and shoulder as-
sembly of the part 572 dummy. Since head-impact
was desired in these tests the dummy tor$o was
slightly rotated (25) causing the dummy to rotate
around its vertical axis during impact and resulting in
a direct head impact. The geometry of the ellipses of
the pedestrian model was selected in such a way that
they approximate the projection of the geometry of
the rotated dummy on the plane of simulation.

Experimental results of these tests will be presented in
the next section together with mathematical model re-
sults.

RESULTS
Figure 5 shows model predictions for the kinematics

resulting from the 7-segment pedestrian model in a 4O
km/h impact, A good agreement in general between
model and experimental result could be observed. A com-
parison of predicted trajectories of the head, chest, pelvis
and foot relative to the vehicle, resulting from the 2-, 5-
and 7-segment model, is presented in Figure 6 (30 km/h
impact) and Figure 7 (40 km/h impact). Locations of the
head impact point on the hood predicted by the variou$
models are summarized in Table 3. All models appear to
predict this location within or close to the range of ex-
perimental results.

Table 3 includes model predictions and experimental
results for the head impact velocity just before impact
with the hood. Both the 5- and 7-segment model appear
to predict too high values for this quantity compared to
experimental observations.

Figure 8 presents model results together with experi-
mental data for the knee, pelvis, chest and head accel-
erations in a 40 km,/h impact. Results are given for the
2-, 5- and 7-segment model respectively. For the pelvis,
chest and head, resultant linear accelerations are pre-

Figure 5. Kinematics of 7-segment model, v : 40 km/h.
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Figure 6. Trajectories of 2, 5 and 7 segment models, v =
30 km/h.

Figure 7. Traiectories of 2, 5 and 7 segment models, v :
40 km/h.

EXPERIMENTAL SAFETY VEHICLES

sented and for the knee joint the linear acceleration in
lateral direction. It follows that the simple Z-segment
model gives quite reasonable results for the acceleration-
time histories (i.e., these accelerations appear to be in or
close to the experimental corridors). Application of the
5-segment model does not result in better predictions for
the knee and pelvis acceleration. A small improvement
of the head and chest acceleration-time histories, howeyer,
can be observed particularly for t < 20 ms, where head
and chest acceleration become smaller and more corre-
sponding to the experimental observations. The peak head
acceleration, however, becomes too high in this simula-
tion.

Extension of the 5-segment model with 2 segments in
order to represent the left and right leg separately in the
model, results in a more realistic prediction of the knee
accelerations. Also, the alignment between model and
experimental head and chest accelerations appears to be-
come more realistic now.

A comparison of bumper load-time histories for the 4O
km,/h impact, predicted by the 5- and 7-segment model,
respectively, is shown in Figure 9. Due to the introduction
of a second leg in the model, peakbumper loads are found
to decrease by about 25Vo. Furthennore, the curve has
two peaks. The bumper loads resulting from this model
are more close to the results of experiments than results
from the more simple models.

Accelerations predicted by the 2-, 5- and 7-segment
models in a 30 km,/h impact showed in general the same
characteristics as in the 40 km/lr impact. The agreement
between model and experiment in this impact was found
to be less, however, than in the more severe 40 km,/h
impact.

A limited sensitivity study was conducted to analyze
the response of the 2-, 5- and 7-segment models to var-
iations in some of the model input parameters. Two dif-
ferent series of variations will be presented here.

The first series concerns a change on the stiffness of
the bumpers by +25% and -25Vo respectively. Results
of these calculations are summarized in Table 4. It follows
that the 3 models predict an almost identical relative

- ! -  ? - s e g m e n t
- - - -  5  -segmenf
-* 7 -segmenl

2 0
y ( m s )

Teble 3. Head impact velocity and head impact point for three moJels, along with experimental results.

Model Experimental
test-range

6.7-9.2

0,82-1.00

11.2-12 .5

1.00-1.07

2 segment
v : 30 km/h
resultant head-impact
velocity (m/s)
distance head-impact
point/hood-edge (m)
v : 40 km/h
resultant head-impect
velocity (m/s)
distance head-impact

9.1

.91

12.7

.96

12 .3

.s0

16.6

.s5

12.0

1.02

15.8

1.08
/hood

2 1 0
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Figure 8. Accelerations of knee, pelvis, chest and head for a) 2-segment, b) 5-segment and c) 7-segment model (- : model,
-- : experimental corridor) in a 40 kmi h impact.

change in peak bumper loads. However, predictions for
the relative change in accelerations of the impacted leg
(i.e., foot and knee accelerations) are found to be strongly
dependent on the number of elements in the model. In
the models with a greater number of elements, the peak
foot and knee accelerations are found to be much more
sensitive to changes in the bumper stiffness.

fo r re  (  N)

- t r m e  ( m s )

Figure 9. Bumper force for (a) S-segment and (b) 7-segment
model in a 40 km/h impact.

A second eeries of variations is concerned with the
friction between foot and ground. In the reference sim-
ulation (Audi tfi), 40 kmA impact), the friction coefli-
cient was taken 0.7. Table 5 shows the results of a series
of simulations in which the friction between ground and
foot is omitted. Predictions of the three models for most
of the output quantities are found to be close to each
other. The influence of this variation in general is minor:
bumper force and foot acceleration are somewhat lQwer
and the knee acceleration becomes higher.

DISCUSSION AND CONCLUSIONS

Mathematical simulation of the highly complicated
gross motion of the human body impacted by a vehicle
has gained increasing importance in the past years. A
brief literature review was given of various pedestrian
models along with the associated validation studies.
These models varied strongly in complexity: 2-dimen-
sional models with the number of segments for the pe-
destrian varying between I and I I as well as 3-

-.* *

a ) 0

E *

c )  o

r0o  !5o
tft(mE)

211



EXPERIMENTAL SAFETY VEHICLES

Table 4. Eflect of bumper stiffnessr.

Bumper Stiffness Increased by 25o/o

Max. accelerations
(a %)

Mal<. contact lorces
(a %)

bumper- hood edge-
Model foot knee pelvis chest head (left) lower leg (teft) uppei leq

2 segment
5 segment
7 segment

3 2
8 1 6

12 24

- 2
- 1 0
- 1

6
- 4
* 5

5
1

* 3

1 6
1 4
1 7

-30
- 2
- 1

Bumper Stiffness Decreased by 25Yo

Max. accelerations
(A %)

Max. contact forces
(A %)

ni'ifrl;l,*o nffil,,";1?i;,
2 segment
5 segment
7 segment

- 3 0
- 5  1

-14 -26

3
1 3

- 5

- 2  - 3
- 3  - 4

1 3

-17
- 1 5
- 1 5

40
7
0

'Changes with respect to reference simulation: a 40 km/h Audi 100 impact.

Table 5. Eifect of ground frictionr.

Model foot knee pelvis chest. head
2 segment
5 segment

- 1 3
- 5
- 6

2
4
2

- 1
- 1

0

0
- 5
- 3

- 1
- 2

0

- 2
- 1
- 1

- 1
1
0

'Changes with r€spect to reference simulation: a 40 km/h Audi 100 impact.

dimensional models having up to 15 segments were re-
ported. In addition, methods for representation of the
interaction between pedestrian and vehicle were found to
vary considerably in these models. This literature study
did not show a clear relationship between the complexity
of the models and their reliability. One of the aims of our
study therefore, was to get first a better insight into this
problem.

A series of three 2-dimensional pedestrian models with
2-, 5- and 7-segments, respectively, was formulated using
the general CVS program package MADYMO. The lit-
erature review showed that adequate description of the
contact between pedestrian and vehicle is of crucial im-
portance for a successful simulation. Particularly the pe-
destrian interactions with sharp vehicle edges (like the
bumper and the hood) appeared to cause sometimes prob-
lems in the existing contact models. Therefore, within our
project a more advanced contact model was developed in
which the vehicle is represented by a number of hyper-
ellipses as illustrated in Figure 3. This new contact model
in MADYMO was found to perform very well for this
type of applications. Extension of this contact model for

incorporation in the 3-dimensional version of MADYMO
is planned for the near future.

The three proposed pedestrian models were used to
simulate a Part 572 dummy impacted at two different
impact velocities (30 km,rh and 40 km/h) by an Audi
lfi) vehicle. All three models were found to predict the
head impact point location on the hood within or close
to the experimental range of results. Predictions for the
head impact velocity just before impact with the hood
were too high ( + 35Vo) in the 5 as well as the 7-segment
model. Knee, pelvis, chest and head accelerations pre-
dicted by the various models were found in or close to
the experimental corridor (Fig. 8). The observed differ-
ences between models and experiments may be due to the
following reasons:

-The dummy in the experiments was slightly rotated
before impact, causing the dummy to rotate around
its vertical axis during the impact. In addition, the
arm$ were found to interact with the hood. The effect
of these aspects will be analyzed in future with a 3-
dimensional pedestrian model.
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-High speed films were used to determine the head
impact velocity before impact with the hood. Due to
3-dimensional head motions and absence of adequate
calibration procedure$, this measurement might b€
rather inaccurate.

-Dynamic force-deflection characteristics wcre deter-
mined for the bumper, hood arrd hood edge. How-
ever, due to possible differences in impact velocities,
shape of contact bodies, and location of the impact,
the force-deflection characteristics in the actual
dummy-vehicle impact may vary. Development of a
contact model that accounts for geometric and ve-
locity effects could considerably contribute to the
improvement of the model's reliability. The sensitiv-
ity of the model to changes in the bumper stiffness
(see Table 4) indicates the importance of an adequate
description of the pedestrian-vehicle contact.

The influence of the complexity of the model (i.e., the
number of model segments) can be summarized as follows:
The reliability of the model if used for a lateral impact
seems to be slightly improved if a greater number of
segments is used to represent the pedestrian. The most
significant changes are absence of an initial peak in head
(and chest) accelerations if the number of segments in-
creases from 2 to 5 and more realistic lower leg accel-
erations (and probably also bumper loads) if the number
of segments is increased to 7.

In the next phase of this project, mathematical simu-
lations for different car types are planned. [n addition to
adult dummy te$t$, also child dummy and cadaver ex-
periments will be simulated. Further, it will be analyzed
to what extent more complex models like a l5-segment
3D model can contribute to the reliability of the simu-
lations. If the mathematical models then show reliable
results for such different conditions, successful model ap-
plication for the evaluation and improvement of pedes-
trian protection provided by different car contours might
be expected.
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ABSTRACT

The objective of the study described in the paper is to
determine the extent to which pedestrian protection can
be provided by practical car design measures. The project
examines the effects of vehicle impacts upon the six-year-
old child and 50th percentile male adult.

Evaluation of vehicle designs primarily involves the use
of the Calspan CVS computer program for pedestrian
impact simulation. Computer models of dummies have
been developed with the simulation method being vali-
dated against practical testing. Modifications have been
carried out on the OGLE adult dummy to improve the
performance of the leg in lateral impacts. Adduction of
the hip joint has been increased and the knees have been
given lateral compliance together with suitable torque
characteristics. The results from tests and simulation
show good correlation and give confidence in the mo-
delling technique.

The influence of various front-end changes have been
studied with computer simulation using a simpliflred ve-
hicle representation.

INTRODUCTION
Pedestrians form a significant proportion of road ac-

cident casualties and therefore warrant an investigation
to establish if vehicle design measures can mitigate injuries
and reduce the costs incurred by society.

This paper describes the first stages of a 21, year col-
laborative project between the UK Government and BL
Cars PLC that studies simulated pedestrian impacts up
to a speed of ,10 km/h. Such an investigation should give
car designers a better understanding of the interaction
between changes in car design and the resulting change
in severity of an impact with a pedestrian.

The project is based on computer simulation of pedes.
trian impact and examines the influence of car shape and
structural stiffness on the kinematics, impact forces and
accelerations imparted to adult and child pedestrian
models. It is confined to the most important and pre-
dictable injury-producing phase of the pedestrian colli-
sion, namely, the impact between the pedestrian and the
vehicle (l).

A computer simulation modelling technique was chosen
since it facilitates the study of many difTerent shapes and
stiffnesses and gives complete repeatability, thereby en-

abling the efrect of changes to a single component to be
clearly resolved.

COMPUTEH SIMULATION MODEL
For many years BL Cars have been using computer

simulation techniques to study and optimise vehicle per-
formance in terms of occupant and pedestrian protection
(2), (3), (4). During this time, the Calspan Corporation's
3D Crash Victim Simulation Program has been a major
tool (5), (6), (Figure l). For the work reported here BL
have made changes to the current version ofthe program
(CVS III Version 20) tor

. improve the vehicle to victim contact model (7)
r output additional joint force data
. retain kinematic dummy plotting facility from ver*

sion 15

The program has been extensively validated and an
example of this is given in $ection 6.

Dummy Models
The simulation models of the OGLE adult and child

dummies have been developed from data derived from a
comprehensive study of the two dummies. This included
the establishment of:

. the location, axis of rotation and ranges of motion
of each joint;

r thejoint's stiffness and viscous properties, including
the nature of the joint stops;

r the inertial characteristics of each body segmentl
r the contact stiffness and energy recovery properties

, of each body segment;
r the external profile of each body segment.

For the project, the simulation of the adult dummy
was modified to give increased limits of adduction at the
hip and also lateral compliance of the knees (described
in Section 3). The latter entailed the addition of an extra
segment in each leg at the knee to enable the inclusion
of a joint to provide the extra direction of knee movement.

The victim contact surface model is defined by ellip-

Figure 1. Computer simulation model.
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soidal contact surfaces corresponding to each body seg-
ment and these were determined from the data. The
stiffness characteristic of each segment was obtained by
compressive tests between flat and curved rigid surfaces.

In the simulation program, contact forces can be gen-
erated between ellipsoids and vehicle panels, and are cal-
culated as a function of penetration of the surfaces, with
sliding friction forces generated to oppo$e any relative
motion. Any such contact must therefore be defined in
terms of the combined characteristics of the two surfaces
involved as a tabular or analytical function (7).

Vehicle Model
The vehicle contact surface model consists of up to 30

rectangular plane panels. For a particular vehicle model,
panels are chosen to represent the surfaces as required.
The stiffness data are determined from component impact
tests. Each significant area is impacted normal to its sur-
face using an appropriate rigid form weighted according
to the part of the body it represents, for example, the
bumper would be impacted with a leg form and the wind-
screen by a head form.

Several impact speeds are used up to and including the
speed to be used in the simulation. From thesc results
each force versus deflection characteristic and the nature
of the energy recovery and permanent distortion can be
determined.

Program Operation
When setting up a full impact simulation model the

contacts between each vehicle panel and the appropriate
body segment ellipsoids are specified, and, using the avail-
able stiffness data, the mutual force deflection character-
istics are derived. The output from the program is both
by printout of simulation parameters and by post pro-
cessor plotting of the dummy kinematics at selected time
frames. In addition, it is possible to plot variables in a
graphical format either against each other or against time,
and to calculate relevant injury criteria. A BL modifi-
cation makes it possible to printout the forces and torques
at any joint in the geometric reference $ystem of a segment
as seen at any point within that segment. Additionally,
the data are output in the same reference system as the
vehicle. From these data and a knowledge of contacts
with vehicle panels, it is possible to investigate segment
bending moments. This is particularly useful when con-
sidering the lower limbs of an impacted pedestrian.

PEDESTRIAN DUMMIES

Although the project is based on computer simulation,
it was necessary to conduct some experimental tests with
dummies, Firstly, to validate the program and its input
data, and secondly to provide occasional experimental
'reference points' to check for drift in the computer pre-
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diction that might occur after a wide range of parameter
changes.

The dummies used as the standard for the pedestrian
models were of OGLE design and manufacture, and rep-
resented a 50th percentile male adult, 1.76 m tall weighing
75 kg and a six-year-old child, L19 m tall weighing 21.5
kg. They were basically conventional vehicle occupant
test devices, strengthened where appropriate and modified
to allow the dummy to stand upright. All joints were
torque loaded at I g.

The adult dummy also had additional modifications to
the hip and knee joints as described below.

Hip Joint
In the human body, values of hip joint adduction of

up to 40" have been reported (8). With the dummy in the
required stance, the hip joint of the impacted leg was
found to have no residual adduction. To represent the
human characteristic more realistically, the hip joint of
the impacted leg was modified to the maximum practical
extent so that adduction was increased to 28'but at the
expense of some abduction.

The leg on the non-impacted side was not modiflred; so
both legs were able to swing relative to the torso for at
least 25' in the direction of impact.

Both hip joints were flrtted with compressible washert
to reduce the severity of the shock loads when the joints
reached the limits of their travel.

Knee Joint
Impact tests on cadavers (9), (10) have shown that the

human knee will bend to a limited extent in the lateral
direction. To reproduce this effect both knee joints were
modified to permit rotation in both lateral directions, with
friction plates added to give an adjustable but constant
level of friction torque (Figure 2).

INJURY TOLERANCE LEVELS

Tolerance levels for the different body regions have
been selected so that an assessment can be made of the
relative safety potential of the car configurations studied.

They are based on quantities that can be measured
from practical tests as well as computer simulation, and
are acceleration of the head, thorax and pelvis, and bend-
ing moments in the leg.

Head, Thorax and Pelvis
The acceleration levels chosen, are at'the lower end of

the range known to be in common use, and are shown
in Table l.

However, to enable several vehicle profiles to be as-
sessed simultaneously during the first stages of this study,
a head impact velocity criterion was preferred to accel-
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Femur
Tibia
Fibula

in the leg, the neccAsary low stiffnese of the contacting
car structure would reduce the risk of crush or shear
failure. So, to simplify the assessment of injury, only
bending moments are considered. Values of bending
strength for the knee and long bones were not available
and estimates have therefore been developed from existing
data.

The Long Bones
Estimates of long bone tolerance values have been ob-

tained from published data on static bending tests in the
anteposterior direction (l l). There was claimed to be no
significant diflerence in the ultimate strength of the bend-
ing breaking load in the lateral and the anteposterior
direction. Consequently, the derived values have been
used as a first estimate for bending in any flirection.

Quoted values of ultimate deflection, ultimate speciflrc
deflection and bending breaking load have been used to
calculate the following bending moment$ at fracture:

2l2Nm
tffilil 

| zr+n-

Figure 2. Modified adult knee.

eration. This was set at the maximum vehicle impact
velocity of I I m/s and represented the level of kinetic
energy which might realistically be absorbed whilst main-
taining an acceptable acceleration condition.

This relationship between energy absorption and max-
imum acceleration does not apply to the stiffest parts of
the vehicle structure and so the head impact location was
also considered in conjunction with its velocity.

The Leg
The aim of the research concerning the legs is primarily

to save the knee from serious injury, and secondly, to
reduce the risk of long bone fracture.

For the lower limbs it has been assumed that long bone
fracture or knee injury results from either horizontal
shear, crush or bending loads. The torsional failure mode
has not been considered. However, it was found in early
tests that to obtain an acceptable level of bending moment

Table 1. Tolsrance levels based on acceleration.

Accelera-
tion g for

3ms Htc sr
Head
Thorax
Pelvis

80
60
60

'10
1 000
1 000

A value of 200Nm has therefore been adopted for both
the upper and lower leg. 200Nm has also been used for
the child because no data were available.

Knee-Adult
To establish the tolerance limit of lateral compliance

for the adult knee there were two parameters to be de-
termined. The first was joint stiffness (represented by
friction torque in the model) and the second, the mag-
nitude of lateral rotation representing the tolerance limit.

For the lateral stiffness, comparative tests on cadavers
and adult dummies (9) claimed that representative de-
formations of the dummy lower leg were seen when a
short length of 12.5-mm-diameter threaded rod was in-
serted axially into the leg directly below the knee joint.
In the model, a lateral friction torque of 200Nm at the
knee joint would provide a similar resistance to that of
the threaded rod.

Consequently,'a lateral friction torque of 200Nm was
adopted.

Because the friction torque setting in the knee joint
was the same value as the bending momert tolerances
adopted for the long bones, the leg model had a constant
tolerance to applied bending moment over its entire
length. The effect of this was that the leg tolerance level
was most frequently exceeded at the point of impact. This
is in agreement with accident studies (15) which found
that leg injury most frequently occurred adjacent to the
point of major impact.

For lateral rotation an angle of 6' was chosen to rep-
resent collateral ligament failure. This value was deter-
mined by utilising the work by Aldman et al. (14). By
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taking the maximum r€ported elongation for the medical

collateral ligament (7.2 mm) and the active distance of
the ligament from the condyle (70 mm), an angle of 6'
was produced.

Knee{hild
No attempt was made to determine a tolerance value

for the child knee because of the infrequency of serious
injury to the knees of children as noted in an appraisal
of accidents investigated by Dr. S. J. Ashton (Birmingham

University, Accident Research Unit). In this investiga-

tion, from a total of 83 accident case$ of children ten
years of age or younger, there were 24 cases of fractured
long bone, 15 cases of minor surface injury at the knee
and only I case of non-minor injury*a fracture of the
tibial plateau rated at AIS 2. It was therefore assumed

for this study that for the range of shapes and stiffnesses
to be investigated, bending moment at the knee would be
unlikely to cause serious injury.

IMPACT CONDITIONS :

The following conditions applied throughout the proj-
ect.

Dummy
The dummy was struck on the right hand side, with

the right leg backward and the left leg forward to rep-
resent a walking stance. Both legs were straight and the
full weight of the dummy was judged to be evenly dis-
tributed between the two legs at the moment of impact.
The dummy was rotated 60" from a position directly
facing the vehicle, as shown in Figure 3.

The left arm of the dummy was allowed to hang ver-
tically down whereas the upper $egment of the right arm
was inclined rearwards at 30' to the vertical plane and
the lower segment allowed to hang vertically down.

The torque settings for the joints were I g.
This stance was chosen for several important reasons:

r to avoid knee to knee impact
r to give a lateral impact to the lower limbs that is

representative of typical accident conditions
r to improve the probability of head to vehicle contact

without the shoulder striking in such a manner that
it gives unrealistically high protection to the head

r to give a predictable trajectory, the dummy being
inclined to rotate face down onto the vehicle.

Vehicle
The dummy was impacted on the centre line of the car

at 40 km4r. This speed was considered to be the maxi-
mum at which pedestrian protection could be practicable.

The vehicle was braked at the instant of dummy contact

SECTION 5: TECHNICAL SESSIONS

Figure 3. Pedestrian standing position.

with a nominal deceleration of 0,?g. The vehicle suspen-
sion was locked at normal running height to give re-
peatable impact conditions.

COMPARISON BETWEEN
EXPERIMENTAL TEST AND
COMPUTEH SIMULATION

Prior to the $tart of this project, it was es$ential to
establish that computer simulation could accurately re-
produce the results from practical tests. The simulation
method was validated by comparing the results from high
speed cine records of dummy impacts with post processor
plots from the mathematical model. From these, one such
adult comparison is presented to demonstrate the accu-
racy of the computer simulation, using the dummy and
impact conditions described in Section 5. The results from
the simulation and practical test are compared with re-
spect to the kinematics (Figure 4), and head impact lo-
cation and velocity (Table 2 and Figure 5).

Detailed analysis of the head plus a visual trajectory
comparison of all the body segments was considered to
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Table ?. Summary of validation results-head.

Figure 6 shows the six panels or groups ofpanels used
in the model. These represent the under-bumper region,
bumper, grille, leading edge, bonnet and windscreen. To
enable an extended amount of information to be gained
from each run of the program, three bonnet lengths were
modelled simultaneously, each having the same leading
and trailing edge heights. Associated with each bonnet
length was a group of three windscreens to which were
given negligible stiffnesses. By this melun the impact ve-
locity of the head with each windscreen could be obtained.
Where a radiused leading edge was investigated, a slightly

be suffrcient for flrnal confirmation of the performance of
the model. From these results, it was concluded that, in
general, the correlation wa$ good, especially during the
critical periods of impact, e.g., head contact. It was con-
sidered suffrcient for the computer predictions to be
within the order of variation normally associated with
nominally identical dummy tests (12). Consequently, the
overall agreement in results, including those from nu-
merous other validations, was such as to allow the project
to proceed with confidence.

PARAMETRIC STUDY BY COMPUTER
SIMULATION

This section describes the use of the computer program
to evaluate the effect of various vehicle front-end profiles
on impacted pedestrians. Since the project is ongoing,
only the initial findings are discussed.

Vehicle Representation
A typical vehicle front was modelled by using a min-

imum number of flat planes to represent a simplified shape
which nonetheless contained the most important features
for pedestrian impact. The planes themselves were given
idealised stiffness functions based upon those for current
production vehicles. Figure 5. Head validation results.

2 1 8

Simulation Practical Tesl
Contact Time to

Vehicle
Location Head to

Vehicle
-Horizontal
-Veftical

Resultant Head lm-
pact Velocity

Head lmpact Contact
Angle

(to horizontal)

122 ms

-1350 mm
-560 mm

10,9 m/s

72"

1 1 9  m s

*1425 mm
*585 mm

1 1 , 3  m / s

68'

Figure 4. Kinematic validation.
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more complex model was used (Figure 6 inset). The three
panels used to model the curvature op€rated in a de-
pendent manner, the panel with the greatest contact with
each segment being used at any one time.

Stiff ness Characteristics
The idealised stiffness characteristics shown in Figure

7 dcscribe forces normal to the vehicle panels. All reached
a force plateau at which there was no limit on deflection
(the stiffness of the understructure not being considered).
By this means, nece$sary material crush depths could be
assessed for each condition. Within the program, the stiff-
ness for the irrteraction of each panel upon the relevant
body segment was derived by combining their character-
istics. For each combined stiffiress, the permanent de-
flection and energy recovery were set to be constant
proportions of the maximum values reached after impact.

Parametric Variables
Throughout the initial parametric study the bonnet

trailing edge height and windscreens were maintained
constant while the parameters under investigation were
concentrated at the front face of the vehicle. Table 3 and
Figure 6 summarise the type and extent of the variations.
Since the total number of permutations for the parametric
adjustments selected wa$ extremely large, the choice of
combinations had to be selectively based upon logical
progres$ion and a deepening understanding of the me-
chanics of the impacts. It became apparent that the three
initial leading edge heights chosen displayed distinctive
characteristics during pedestrian impact. Consequently,
the approach adopted was to assess the effects of para-
metric change against each of these leading edge heights,
using the primary run as the baseline. The comments in
the following sections refer specifically to these simula-
tions.

SECTION 5; TECHNICAL SESS|ONS

Adult lmpact Response
To assist comparison of the difrerent conditions, the

period of impact has been divided into four phases as
described in Figure 8. The length and timing of each
phase varied depending upon the vehicle shape. Figure 9
summarises the results to date.

Low Leading Edge
Phase I tends to be at its longest with this profile

because of the delay before leading edge contact. Con-
sequently, a large proportion of the total energy iflparted
to the victim is transferred from the bumper. The knees
undergo a high level of abduction and the lower legs are
subjected to high bending moments with the localised
impact close to the knee.

Phase 2 is short because the leading edge contact is
only slight, its contribution being again close to the knee.

Phase 3 involves high rotational velocity with little
thorax or arrn contact with the bonnet. This trajectory is
a consequence of the bumper and leading edge energies
being centred on an area that is well below the overall
centre of gravity of the victim.

Head contact (Phase 4) velocities are high due to the
angular velocity of the whole body. All windscreens are
contacted.

Medium Leading Edge
Phase I is shorter than for the low leading edge profilc

because of the earlier leading edge contact. The bumper
therefore impacts less energy during this phase and while
the bending moments in the lower legs are similar, knee
abduction cannot reach as gref,t an angle in the shorter
time.

Phase 2 is initiated by the leading edge contacting the
central region of the upper leg. The still considerable
difference in speed between vehicle and victim means that
the contact is severe and causes a high local bending

J
,  J; :

l i l

r,fl" {

Figure 7. Simulation vehicle panel stiffness.
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Figure 6. Vehicle simulation panels.
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Table 3. Vehicle parametric variables.

moment. In addition, rapid angular motion of the upper
leg puts the knee joint into severe abduction as the lower
leg is being accelerated. This is in addition to that already
imposed by the bumper during Phase 1. It is acknowl-
edged that in a human victim, the knee injury would be
greatly different if the upper leg was in fact broken.

Compared with the low leading edge, Phase 3 involves
lower angular velocity of the torso because the leading
edge is closer to the overall body centre of mass.

Head impact (Phase 4) velocities are close to the initial
vehicle impact velocity but are less than those for the low
leading edge case because of the reduced rotational ve-
locity ofthe torso. Since the torso pivots about the leading
edge, the impact sites are also less rearward.

High Leading Edge
Phase I is at its shortest for this configuration and

there is only limited knee abduction before the leading
edge contact, although the bending moments in the lower
legs reach similar values to the other leading edge heights.

Phase 2 starts with the leading edge contactirrg the
upper leg near to the hip at almost initial impact velocity
(ll m/s). There is very little hip rotation because of the
proximity of the impact and the force is transmitted al-
most directly into the pelvis; this also gives reduced upper

EXPERIMENTAL SAFEW VEHICLES

leg bending moments. The consequence of this is that the
hip joint is subjected to high forces and the pelvic region
therefore sustains high accelerations. With a high bonnet
there is a low rate of leg rotation about the leading edge,
and therefore low inertial forces across the knee results
in little abduction of this joint.

Phase 3 is controlled by the leading edge contact being
close to the centre of body mass with the result that the
rate of body rotation is low.

Phase 4 head impacts are well below the vehicle impact
velocity as a consequence of the slow rotation rate. The
contacts are only with the foremost group of windscreens.

Child lmpact Response
The impact has again been divided into four phases as

shown in Figure 10. Figure I I summarises the child re-
sults to date.

Low Leading Edge
Phase I is again at its longest with this profile because

of the delayed leading edge contact. As the bumper ac-
celerates the upper leg, the inertia of the lower leg puts
a bending moment across the knee. There is also a bending

ruN NUMBER L1 L2 13. M1 M3* M4 M5 M6 WI M8 HT H2 H3* H4 HE H6 H7

VEHICLE

DIMENSIONS

(mm)

(SEE FIG"  6 }

A 600 600 600 720 12Q 720 720 720 720 720 Bs0 850 850 850 850 850 850

B 450 3s0 450 450 450 450 450 4S0 350 450 4s0 350 450 450 450 450 350

c 320 270 320 320 320 320 320 320 270 262 320 270 3?0 320 320 320 2-10

D r50 150 150 1 5 0 150 250 350 150 150 r50 150 150 150 250 350 150 '| 50

E 1 5 0 1s0 150 150 150 1s0 1 5 0 150 150 r50 r50 150 150 r50 150 150 1 5 0
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moment at the site of impact due to the inertia of the
whole leg.

Phase 2 is brief and involves a moderate contact with
the leading edge.

Phase 3 involves the body flexing around the leading
edge. The torso gains a high angular velocity constrained
only by the stiffness of the hips. The impact velocity of
the thorax with the bonnet is therefore high and results
in a high chest deceleration.

Phase 4 continues from the previous phase with a head
impact velocity just less than that of the vehicle,

Medium Leading Edge
Phase I is similar to that for the low leading edge but

shortened by the earlier leading edge contact.
Phase 2 involves direct leading edge contact with the

pelvis and this results in both high forces and accelera-
tions.

Phase 3 is similar to that for the low leading edge except
that it is the thorax and head which are rotating above
the contact. The thorax contact velocitv is low and both
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acceleration and rotation are small. The head rotation
velocity is however affected by its inertia causing initial
neck fluxion away from the vehicle only for the head to
be rapidly accelerated forward when the neck recover$
and the thorax decelerates.

Phase 4 therefore involves a head impact velocity which
is only slightly below that of the vehicle.

High Leading Edge
Phase I is little affected by raising the leading edge

although it is shortencd slightly.
Phase 2 involves direct leading edge to thoru contact

with resulting high chest accelerations.
Phase 3 is significantly different from those of previous

profiles in that the torso does not rotate onto the bonnet,
thus exacerbating the inertial effects upon the head and
neck.

The head impact velocity (Phase 4) is low as most of
the deceleration of the head is provided by the neck. For
this reason, neck injury might well arise in real accidente
of this type.
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CONCLUSIONS

A mathematical model for the simulation of a pedes-
trian dummy has been described and its capability to
effectively reproduce a car to dummy impact, demon-
strated.

Tolerance levels for leg bending moments and lateral
knee compliance have been determined and these have
been used to as$ert$ the performance of varioufi car $hapes
and stiffnesses, together with the generally accepted ac-
celeration-based tolerance limits for head, thorax and pel-
vis.

A knee joint with limited lateral rotation, coupled with
a constant frictional torque proved to be an effective
method of representing the lateral flexibility of the knee.

The studies to date show the following general rela-
tionship between vehicle design and the resulting severity
of impact to pedestrians at speeds of 40 km,zh.

r A low leading edge profile has two major disadvan*
tages. By concentrating most of its load input below
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the centre of gravity of the pedestrian high angular
rotation is induced and this results in head impact
velocities of greater magnitude than the initial vehicle
impact speed. Secondly this concentration of load
about the knee causes severe local injury.

The medium leading edge profile has serious prob-
lems associated with adult leg and knee injuries and
child pelvis acceleration. All the geometric changes
to reduce these, increases the head impact velocities
for the adult, but not for the child. Of the shapes
considered, only the rounding of the leading edge
reduced both upper and lower leg bending moments
in the adult.

A signiflrcant feature of the high leading edge is that
both adult and child head impact velocities are con-
sistently below vehicle impact speed. There are, how-
ever, problems associated with direct child thoracic
and pelvis impact but these can be reduced by in-
creasing the bumper lead.

For the structural stiffnesses and leading edge heights

El dual  phase
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studied, the resulting adult thoracic accelerations
were always low and the pelvic accelerations only
exceeded 609 for 3 milliseconds on two occasions.

The results to date suggest that further reductions in
the severity of impact can probably be achieved with the
medium to high leading edges. More detailed stiffness and
geometric investigations will be conducted to study this
possibility.
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ABSTRACT

Over the past rcveral years, Dynamic Science, Inc.,
under funding from Fiat Auto S.p.A., developed a meth-
odology for evaluating vehicle crash compatibility. The
ultimate goal was to provide compatibility characteriza-
tion technology in the frontal, side, and rear impact en-
vironments. The result of this research has been extremely
encouraging, providing accurate analysis and predictive
capabilities, as well as justiflrcation of the methodology
approach.

Because of the increasing concern for vehicle crash
compatibility, the U.S. National Highway TrafTic Safety
Administration (NHTSA) acquired the Fiat Methodology
in 1980. The NHTSA then increased the funding of an
on-going program to apply the Fiat Methodology to a
side impact research program. Frontal and side structural
characterizations were used in the side impact analysis.

This paper summarizes the results from the above
NHTSA research program emphasizing the applicability
of the Fiat Methodology to the characterization of vehicle
structural respon$es in frontal impacts. Validation of the
frontal structure characterization is discussed and pre-
sented along with comparisons between predictive anal-
ysis and crash test results.

INTRODUCTION

For more than a decade automotive safety researchers
have recognized the signiflrcance of vehicle crash com-
patibility in evaluating vehicle crashworthiness within the
overall accident environment. This problem has become
particularly evident in the United States due to the in-
creasing number of small vehicles. During that period,

however. the traditional measure of crashworthiness and
compliance in frontal impacts has been and remains based
on the rigid barrier SAE J 850a test. Researchers have
voiced concern with regard to the limitations and ability
of this test procedure for representing real world acci-
dents. Some of the rigid barrier test limitations include:

. Is unable to simulate the great majority of automobile
encounters
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. Produces vehicle crashworthiness results which can
deviate significantly from the trafftc mix environ-
ment

. Overestimates the survival performance of smaller
vehicles

r Underestimates the survival performance of largcr
vehicles.

These limitations have promptd rcsearchers to study
and recommend other testing and evaluative approaches
which more closely represent the crash dynamics and
structural interactions associated with traffrc mix crash
encounters. To effectively manage such a complex inter-
active evaluation, it would be necessary that efforts be
concentrated on vehicle test and analysis techniques
which consider all significant aspects of the crash envi-
ronment.

In 1973, Fiat Auto S.p.A. and Dynamic $cience, Inc.
began formulation of test and analysis techniques for eval-
uation of vehicle crash compatibility. Since this initial
formation, Dynamic Science, Inc., under funding from
Fiat Auto S.p.A. developed a methodology for evaluating
vehicle crash compatibility. The ultimate goal was to pro-
vide compatibility characterization technology in frontal,
side and rear impact environments. The results of this
research have been extremely encouraging-accurate
analysis and predictive capabilities have been developed,
as well as justiflrcation of the methodology approach.

Because of the increasing concern for vehicle crash
compatibility, the U.S. National Highway Traffrc Safety
Administration (NHTSA) acquired the Fiat Methodology
in 1980. The NHTSA then increased the funding of an
on-going program (Reference l) to initialize the applic-
ability of the Fiat Methodology to side impact analysis.
Both frontal and side structural characterizations were
used in this study.

This paper summarizes the results from the above
NHTSA research program emphasizing the applicability
of the Fiat Methodology to the characterization of vehicle
structural responses in frontal impacts. A companion pa-
per, Reference 2, deals with the applicability of the Fiat
Methodology to the characterization of side impacts, uti-
lizing the frontal model characterizations presented
herein.

FIAT METHODOLOGY APPROACH

Franchini (References 3 and 4) discussed and high-
lighted the Fiat Methodology in prior Experimental
Safety Vehicles (ESV) conferences. However, it seems
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eppropriate to summarize the Fiat Methodology approach
prior to presenting the results used for the NHTSA study.

The Fiat Methodology has resulted in new tesr and
analysis approaches and techniques for evaluating vehicle-
to-vehicle crash interactions. The research accomplished
to date has resulted in the design and development of test
hardware, test techniques, data analysis software and
crash simulation software, along with validation of the
basic methodology. Figure I flow charts the basic engi-
neering approach and illustrates the coupling of experi-
mental test data and analytical technology to define and
characterize a vehicle's response to crash enviroflments.

lt was recognized from the beginning of the Fiat Meth-
odology development effort that the results and analyses
must be based on experimental data. As illustrated in
Figure l, the first step is a structural characterization test
of the vehicle under the appropriate impact conditions.
For our research, this was accomplished through the use
of a test device developed to enhance structural data
acquisition. The test device has been discussed and pre-
sented by Franchini in References 3 and 4 and consists
of a 36-module load-measuring moving barrier fitted with
energy-absorbing honeycomb blocks attached to each
module. The purposes of the test device include:

L Simulation of the structural interface interactions in-
volved in vehicle-to-vehicle encounters,

2. Measurement of crash interface loads and deflections
between the test device and vehicle being character-
ized. and

3. Simulation, as closely as possible, of inertia reactione
associated with vehicle-to-vehicle impacts.

Of equal importance in the characterization test i$ the
instrumentation of the vehicle being characterized. It
must adequately define the structural dynamics and in-
ertial reactions (including occupants, restraints, engine,
suspensions, etc.) that characterize the vehicle's response
to the crash environment. The vehicle instrumentation is
dependent upon the impact mode (front, side, rear) and
upon the vehicle's design conflrguration.

The second step of the Fiat Methodology was to de-
velop analysis techniques which would permit character-
ization of a vehicle's structural response to a crash test
environment. This was accomplished by developing a data
processing software package referred to as Computer Pro-
gram A. As illustrated in Figure l, Program A accepts
as input the kinematic and dynamic behavior obtained
from the vehicle characterization test data, the vehicle
parametric data, and analytical model configuration. The
program then processes these data to deflrne the necessary
structural properties of the general lumped-parameter ve-
hicle model which are required to reproduce the given
kinematic input. The end product is an analytical model
of the vehicle being characterized, using full-scale crash
data.

The third step of the Fiat Methodology was to develop

EXPERIMENTAL SAFETY VEHICLES
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Figure 1. Fiat methodology approach.

techniques which simulate crash encounters between
characterized vehicles. This was accomplished through
the development of a software package referred to as
Computer Program B. As illustrated in Figure l, Program
B accepts as input lumped-mass non-linear spring model
representations such as defined by Program A output (or
other desired impact conditions) and computes the crash
response of the vehicles. Program B can also be used to
check Program A output by simulating the vehicle char-
acterization test, thus providing model validation and a
means for model improvement.

Once a vehicle's model characterization has been val-
idated, it can be used to study structural crash interaction
with other characterized vehicle structures or barriers. A
suffrcient number of characterieed vehicles representing
the traffrc mix environment could then provide a data
base for evaluating an individual vehicle's structural
crashworthiness compatibility with a traffic mix popu-
lation environment.

FRONT STHUCTURAL CHARACTER-
IZATION

In the Fiat S.p.A.-sponsored Fiat Methodology devel-
opment efforts, the Fiat 132 sedan was the primary eval-
uation vehicle. As a result. a considerable test data base
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had trun gencrated for that vehicle in both the frontal
and side impact configurations. The Fiat 132 was con-
sequently selected as the study vehicle for the NHTSA
demonstration program (Reference l). The Fiat 132 four-
door sedan is a conventional front engine, rear wheel drive
vehicle with a curb weight of approximately 2,380 pounds
(1,080 kg).

The Fiat 132 front structures characterization effort is
illustrated in Figure 2. It included full-scale characteri-
zation testing, computer data processing, model devel-
opment, and model validation.

STRUCTURAL CHARACTERIZATION TEST

The front characterieation test consisted of a head-on
impact between the Fiat test tool (described in References
3 and 4) and a Fiat 132 Sedan. Table I summarizes the
test conditions for this test. The Fiat 132 carried fully
instrumented driver and right front passenger Part 572
dummies and extensive accelerometer instrumentation on
all significant inertial masses. The test tool carried 36
load cells along with string potentiometers for measuring

Table 1. Fiat tEst tool to Fiat 132 frontal characterization
test.

tcst tool honeycomb deflections and frame accelerome-
ters.

STRUCTURAL MODEL DEVELOPMENT
AND VALIDATION

The data from the Fiat test tool-to-Fiat 132 frontal
characterization test was processed through a Class 60
digital filter and input, along with the Fiat 132 parametric
data and representative model configuration into Com-
puter Program A. The output of Program A defined the
interconnecting spring load deflection characteristics be-
tween the analytical model masses. For the Fiat 132 char-
acterization test, the analytical model configuration, with
resp€ct to vehicle mass representations, is illustrated in
Figure 3. This model incorporates both the Fiat 132 and
Fiat test tool inertial repre$entations.

The Fiat 132 model, along with the interconnecting
spring characteristics and the analytical model of the Fiat
test tool were input into Computer Program B and ex-
ercised under the impact conditions of the characteriza-
tion test. This procedure validated the Fiat 132 analytical
model by direct comparison of predicted and test results
and provided an opportunity to flrne tune the spring char-
acteristics. It has been our experience that fine tuning,
following the initial Program B validation run, is normally
confined to improvements in the definition of the ana-
lytical spring unloading characteristics. This definition is
extremelv sensitive to data inaccuracies near the end of
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Fiat 132 Test Weight 2798 lb (1269 kg mass)
Test Tool Weight 4040 lb (1833 kg mass)
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lmpact Orientation Head on with Aligned
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Figure 2. Flow chart of front structural characterization.
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Table 2, Fiat 132 frontal model validation results summary

Parameter Test Data Simulation
Closure Velocity (mph) 39.2 39.2
Fiat 132 Weight (lb) 2798 2798
Test Tool Weight (lb) 4040 4040
Fiat 132 Velocity

Change (mph) 24.5 26.2
Test Tool Velocity

Change (mph) 17.4 , , 17.4
Maximum Dynamic Mu-

tual Crush (in.) 24.8 24.3
Fiat 132 Average Dy-

namic Crush (in.) 21.0 20.6

the crash pulse. Other fine tuning should not be necessary
if test data retrieval is accurate.

The results of the Fiat 132 frontal model valiation are
summarized in Table 2. Figure 4 compares the predicted
response of the compartment of the Fiat 132 to the actual
test data. Similarly, Figure 5 compares the predicted re-
sponse ofthe test tool to the actual test data. Ofparticular
interest in a frontal simulation is the ability to characterize
the dynamics of vehicle components as well as structural
responses. Figures 6 and 7 respectively compare Fiat 132
engine and left front suspension predicted responses to
actual test results. The right front suspension response
(not shown) was essentially the same as that shown in
Figure 7 for the left front suspension. The results indicate
excellent representation by the analytical model of the
actual crash response of the vehicle. The Computer Pro-
gram B input which provided these results consisted of
a Fiat 132 frontal model and test tool model totaling 41
degrees of freedom.

VEHICLE.TO.VEH ICLE
PREDICTIVE CAPABILITY

The validated Fiat 132 frontal model was duplicated
and both model sets were input into Computer Program
B, along with the initial crash conditions of a Fiat 132

EXPERIMENTAL SAFEW VEHICLES

Figure 5. Comparison between predicJed and test results for
the Fiat test tool vehicle-Fiat 132 frontal valida-
tion.

Figure 6. Comparison between predicted and test results lor
the Fiat 132 engine-Fiat 132 frontal validation.

Figure 7. Comparison between predicted and test results for
the Fiat 132 lelt suspension*Fiat 132 frontal val-
idation.

front to Fiat 132 front crash test conducted at a closure
velocity of 48.7 mph (78.4 km/hr) (Reference 5). This
effort is illustrated in Figure 8. The resulting simulation
provided 46 degrees of freedom, including both vehicle
representations. Table 3 compares the predicted results
to the actual test data. The vehicle analytical models were
identical, therefore, producing exactly the same predicted
responses. The crash test, however presents two identical
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Figure 4. Gomparison between predicted and test results for
the Fiet 132 compartment-Fiat 132 frontal vali'
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Figure 9. Comparison between predicted and test results for
the Fiat 132 compadment.

vehicle models with corresponding responses represent-
ative of the real-world manufacturing and data acquisition
tolerances. The Fiat I32 frontal model used was identical
to that used in the validation analysis without adjustment
of total vehicle mass differences.

Figure 9 compares the predicted Fiat 132 compartment
re$ponse to the response accompanying each of the Fiat
132 test vehicles and Figure l0 compares the predicted
engine response to the responses measured on each ofthe
test vehicles. Figure I I presents the predicted dynamic
crush of the Fiat 132 models compared to the measured
post-test residual crush for the test vehicles at bumper
level.
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Table 3. Fiat 132 front to front predicted crash result* sum-
mary,
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Figure 11. Comparison between simulated and test results
lor the Fiat 132 exterior crush at bumper level.

CONCLUSIONS

The objective of the Fiat Methodology is to provide a
means by which vehicle interactions within a variety of
crash environment can be determined with minimal test-
ing. The applicability of the Fiat Methodology, test tool,
and computer analysis procedures to the frontal head-on
impact problem was demonstrated. The predicted results
documented herein were well within the variability which
can be expected when production vehicles are tested under
identical conditions, using current instrumentation.

Early Fiat Methodology research revealed that the de-
velopment of the predictive technology was evolutionary
in nature-the achievement of a certain level of model
sophistication resulted in improved modeling and char-
acterization techniques. A great deal of the capabilities
reported herein involved methodologies and upgraded
computer programs which are presently proprietary to
Fiat Auto S.p.A. Therefore, only the results of these anal-
yses can be presented in this report.

The side impact model development on which the
NHTSA program (Reference 1) focussed indicated that
considerably more detail and capabilities, over and above

EXPERIMENTAL SAFETY VEHICLES

'the capabilities of the NHTSA versions of the Fiat Meth-
odology, computer programs, were required to provide
side impact characterization. Consequently, to maintain
compatiblity between the frontal and side characterization
programs, the frontal characterization model discussed
herein also required this additional reflrnement.

Accuracy of the electronic test data is critical to the
effective application of the Fiat Methodology. Significant
time can be saved if the accuracy of the electronic test
data is verified prior to its input into Program A. In
addition, the vehicle characterization and model predic-
tive accuracies can never be better than the test data used.
As a result, the accuracies and refinement of the Fiat
Methodology can be improved concurrently with im-
provements in instrumenation hardware and techniques.
Furthermore, the use of the Fiat Methodology to evaluate
a vehicle's crashworthiness is not frxed or dependent upon
one evaluation condition or compliance environment. It
is a methodology which is compatible with changing com-
pliance criteria.
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SECTION 5: TECHNICAL SESSIONS .,.t-

' Jd 7at.t
lnfluence of Occupant Seatlng Posture and Size on
Head and Chest Injuries in Frontal Collision

TSUYOSHI AIBE, KUNIYUKI WATANABE,
TATSUMASA OKAMOTO and
TAKASHI NAKAMOHI

Nissan Motor Co., Ltd.

ABSTRACT

The evaluation of vehicle occupant protection perform-
ance in a collision is generally based on the injury criteria.
The seat is placed in the standard design position, using
a 50th-percentile dummy, as represented in the FMVSS
208.

On the highway, however, vehicles are driven by in-
dividuals of various physical sizes and in various seat
positions.

In this study, we have examined the rclationship be,
tween injury level and ocsupant size or seating posture.

This paper presents examination results concerning
forces acting on the chest and also on factors causing
injury to the head.

TEST PROCEDURES

Test Eguipment
In order to compare occupant injury levels in various

conditions, we have conducted tests using a weight-drop
type sled tester. This sled tester was considered to be a
highly accurate reproduction when combined with a
shock absorbcr, capable ofproducing a deceleration curve,
simulating a 30-mph frontal barrier collision.

Figure I shows a schematic drawing of the test equip-
ment. Figure 2 shows a deceleration curre caused by the
combination of the weight-drop type sled and the shock
absorber. Another deceleration curve produced by a 30-

G

t
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F
4
J

U
4

- WEIGHT.DROP
IMPACT TEST
rySLED

- - 3o-mph FBONTAL
BARRIER COLLTSION
TEST WCAR

DULATION TIME (rEd) +

Figure 2. Deceleration curve.

mph frontal barrier coltision with a vehicle is also shown.
This can be regarded as an actual simulation of the col-
lision.

Test Conditions
We conducted all sled tests with the same instrument

panel, seats, seat belts, and seat belt anchorage points as
found in an actual car.

To consider the influence of occupant body size, we
used the following three typ€s of dummies:

Next, tests were conducted to examine the influence of
occupant seating posture by setting up flrve points as
ehown in Figure 3. The seat slide was moved forward or
rearward by 100 mm from the normal middle position.
The seat back angle was set where the seat back was
inclined forward or backward by 9 degrees from the nor-
mal middle position.

Using three different sized dummies to examine the
relationship between injury levels and occupant sizes, a
series of tests were carried out under the conditions shown
in Table 2.

Next, to scc what efrect the scat slide positon had on

Tabfe 1. Types of dummies.

;il';ilttilfrii | 745

AMERICAN, FEMALE,
5 th  PERCENTILE

fli[li," REMARKS

M. I HYBRID II
I ALDERSON.MADE

S6 5 I ALDERSON-MADE

47 2 | 78.0

Figure L Test equipment.
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SEAT SLIDE

Figure 3. Positions of seat back and seat slide.

Table 4.

M50 MS5

DFII/ER PASSENGER DHIVER PASSENGER

(D @ L$ @

@ @ o (}

ED @ 6 €b

injury level, te$ts were conducted under conditions shown
in Table 3.

To determine what effect the seat back angle had on
the injury level, tests were conducted under the condition
shown in Table 4.

Table 5.

\\===JUMMY--'--Sgnf ---=\

sEAr BELr 
---{tsrtoru

ELONGATION RATE 
-\\

M50

DRIVER PASSENGER

STD WEBBING rql @

15% MORE
ELONGATING WEBBING e9 @

Finally, to determine the effect of the seat belt elon-

gation rate on the injury level, tests were conducted under

the same conditions as in Test Nos. (9) and (10), with

the belt elongation itself increased by approximately 15

percent, as shown in Table 5,

RELATIONSHIP BETWEEN INJURY
LEVEL AND OCCUPANT BODY SIZE

Figures 4 and 5 show the extent of injuries sustained
by the head and by the chest, as a result of tests of Test
Nos. (1) through (12) under the conditions shown in Table
1

In Figures 4 and 5'
(l) The head injury level increases as the dummy size

decrease$, especially with the F05 which shows high in-
jury levels, and

(2) The chest injury level also increases as the occupant
size decreases.

Here, force applied to the dummy during a collision is
shown in Figure 6. The difference in occupant size does
not change the initial restraint caused by the seat belt.

E-]
E ]-r*1

+'  FO5 M50 M95

DUMMY SIZE

Figure 4. Head injury level.
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Table 2. Test condition (1).

Table 3. Test condition (2).
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Figure 5. Chest injury level (3 msec.G).

After approximately 40 to 50 msec from the start of the
collision, the chest becomes restrained by the shoulder
belt, and after another 30 msec, the chest stops moving.
Then, the head begins to pivot on the neck, and thus, the
phenomenon caused by the collision comes to an end.

We examined the reason why, in a similar phenomenon,
the tendencies shown in Figures 4 and 5 occur.

The chest is restrained by the shoulder belt. Our ex-
amination revealed, in each test case, that the relationship
between the tension on the shoulder belt and the occupant
weight was highly correlated as shown in Figure 7. Gen-
erally the substantial mass weight applied to the shoulder
belt is said to account for 25 percent ofthe overall weight.
The Substantial mass weight frgured out from the belt
tension and the deceleration G produced on the chest is
shown in Table 6. This shows clearly that the substantial
mass weight makes up approximately 25 percent of the
overall weight.

The force produced on the chest can be calculated by

;
6
z
U

tr
U(D

y:348 + 26 6x
r = 0 9 9

22 24

Figure 7. Relationship between occupant weight and belt
tension.

using a simple equation. From the correlative equation
in Figure 7, the following equation is formed:

F : W G  ( l )

where F : Shoulder belt tension (kg)
W: Substantial mass weight (kg)
G: Deceleration produced on chest

F : 2 6 . 6 W + 3 4 8

From equations (l) and (2), the deceleration produced
on the chest is expressed by the following equation;

+ 26.6 (3)

From equation (3), it is found that the chest injury
level is lowered in a reciprocal proportion to the dummy
size and weight.

t

-. rl

' , i l
,tl':':'

348
r J :  
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Table 6. Substantial mass weight applied to shoulder belt.
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Next, let's consider the influence of the dummy size
on the head injury level. It is found that although the
aforementioned chest deceleration influences the head in-
jury, the dummy size has a more dominant effect.

That is, when the curve of deceleration produced on
the head is looked at after a period of time, we can
consider the phenomenon in the following two stages:

According to the deceleration curves in Figure 6,
(l) Approximately 80 msec after the initial collision,

the deceleration on the chest reaches a peak. In the mean-

Figure 9. Restraint positions by size.

time, the head, affected by the chest, traces a large circular
arc trajectory with the waist as a pivot, and thus, a peak
at the first stage is reached.

(2) The chest stops moving after the peak of the first
stage. The remaining speed energy on the head is absorbed
by the head shaking motion. It has an extremely small
turning radius, and uses the neck as a pivot. Centrifugal
force generated by the head shaking motion produces the
second-stage peak deceleration.

In this study, the level of head injury $ustained by the
F05 dummy is highly comparable to those cases of the
M50 and M95 dummies. This is thought to be due to the
second-stage peak mentioned above.

Figure 8 shows head behavior graphed according to
dummy size. From the head behavior after the chest
ceases to move (approximately 80 msec after the initial
collision), the turning radius of the head shaking motion
is measured to be equal to the values shown in Figure 8.

The difference ofthese turning radii ofthe head shaking
motion was caused by the difference in the position of
chest restraint by the shoulder belt.

Let's discuss the head turning radius. Changes in the
early position ofchest restraint by the shoulder belt, which
is caused by the difference in occupant size, will have
different effects on the attitude of the restrained dummy
during a collision. As shown in Figure 9, the difference
in restraint ranges from a rapid head shaking motion,
with the neck as a pivot (F05 type), to a comparatively
gentle head shaking motion with the neck turning with
the twisting torso (M50 and M95 types).

As described above, it can be seen that the head injury
level is largely influenced by the difference between the
chest restraint position and dummy size, namely due to
the difference in the head turning radius, even if the
occupant compartment has no components to cause a
secondary collision to the head.

INFLUENCE OF SEAT SLIDE POSITION ON
INJURY LEVEL

Figuree 10 and ll show the cheet injury level and thc
head injury level as they relate to the position ofthe seat
slide, with the following results:

(l) The chest injury level tends to increase as the seat
slide is positioned rearward.

(2) The head injury level tends to increase as the seat
slide is moved rearward. When the seat slide is positioned
forward, a phenomenon can occur in which a secondary
collision against the steering wheel, etc, become$ more
severe and the iqiury level increases.

Hereupon, we examined the reason why we see in-
creased deceleration on the chest when the seat slide is
moved rearward.

Figure 12 is a comparison graph showing deceleretion
produced on the chest, belt tension and cheet moving
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Figure 10. Seat slide position and chest injury level.

speed of Test Nos. (3), (9) and (13), when conducted
using an M50 dummy.

The time when the shoulder belt begins to restrain the
chest changes by 4 to 6 msec according to the position
of the seat slide.

This difference in time influences the amount of tension
produced on the shoulder belt and the rise ofdeceleration
produced on the chest. On the other hand, an observation
of the relative speed between the occupant's chest and
the sled reveals that there is a difference of 4 to 5 km/h
in relative speed due to variations in the time when the
restraints begin.

It can be considered that a delay in initiating the seat

SECTION 5: TECHNICAL SESSIONS

DULATION TIME +
tmffi,

Figure 12. Results of tests by seat $lide position.

slide rearward position restraint results in a lowered Ride-
Down Effect, and thus leads to an increase in chest de-
celeration and in injury level.

INFLUENCE OF SEAT BACK ANGLE ON
INJUHY LEVEL

Figures 13 and 14 show changes in injury level, caused
when the seat back angle was changed. The chest injury
level rises slightly when the seat is inclined backward.

As clearly seen in Figure 14, the head injury level
increases remarkably when the seat is inclined backward.

Figure 15 shows how deceleration acts on each part.
The graph shows that a delay in chest restraint by the
shoulder belt is caused in the same way as in the test
conducted by changing the position of the seat slide.

SEAT BACK ANGLE 
+

Figure 13. Seat back angle and chest injury level.
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FEMUR LOAD ACCORDING TO SEAT
POSITION

Table 7 shows femur loads obtained in all the tests
reported so far. As is clear in this table, even the heaviest
femur loads are within 70 percent of the injury criteria
provided in FMVSS 208, etc., and have no significant
influence.

The level of the femur load is determined by whether
or not the knees have collided with the instrument panel
or the steering shaft, or by the severity of the knee col-
lision.

kffi/h

I CHEST MOVEMENT-
SPEED (km/hl ./ '

, --CHEST DECELERATIQN ic)
r (RESULTANT]

Table 7. Femur load.

RELATIONSHIP BETWEEN SEAT BELT
AND OCCUPANT INJURY LEVEL

We have conducted an examination to frnd out the
influence of the seat belt webbing elongation rate, when
increased by 15 percent over the standard, on the behavior
of the occupant.

Table 8 shows the increased amount of movement of
each body part of the dummy when the seat belt webbing
elongation rate is increased. From this it is seen that an
increase in the webbing elongation rate leads to an in-
crease in the amount of chest and pelvis movement, which
is directly restrained by the seat belt.

Figure 16 shows the movement speeds of the sled and
the dummy chest. It also shows the amount of tension
acting on the shoulder belt. When the seat belt webbing
elongation rate is increased, the chest movement speed is
greatly delayed by 6 to 8 msec. Further, the seat belt
gently raises the tension, and causes an 8 to l0 msec delay
for the same tension and a 15 msec delav for the tension
to reach a peak.
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PART DRIVER PASSENGER

HEAD 1O7% 110%

CHEST 120% 136%

PELVIS 119% 123%
Figure 15. Results of tests by seat back angle.
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It follows from this that an increase in webbing elon-
gation rate will somewhat ease the chest restraint and
lower the injury level.

Figure 17 shows the behavior of the head. It is when
the chest is restrained by the seat belt that an increase in
seat belt webbing elongation rate begins to cause a dif-
ference in the head behavior. The head's forward move-
ment is increased by as much as the chest restraint is
loosened.

The head behavior in Figure 17 is sharply changed
because the top of the head has collided with the upper
side of the instrumental panel caused by an increased in

forward movement. This phenomenon is very advanta-
geous for decreasing the dummy injury level. It can be

decreased by increasing the rate of the seat belt webbing

elongation. For the head, however, this signifies that a

secondary collision has occurred due to an increase in

forward movement.
The length of seat belt webbing left on the retractor

spool may cause injury to the occupant, Suffrcient web-
bing is generally wound inside the seat belt retractor, so
that the seat belt can be used in any seat position. Further,
in order for the belt to restrain the dummv in a collision.

15P; MORE ELONGATING

Figure 17. Behavior ol head.
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a device is installed for immediately locking the retractor
mechanism when a collision occurs! that is, Emergency
Locking Retractor.

An examination of the movement of a tightly belted
dummy in a collision was done. It was found that ap-
proximately 40 to 50 msec after the collision, the seat
belt starts to re$train the dummy. In the meantime, the
dummy moves forward approximately 100 mm.

The cause for this is thought to be that the seat belt
webbing in the retractor is spooled out. Therefore, we
conducted tests on the amount of spooled out seat belt
webbing in the three stage$ of 400 mm, 800 mm and 1,100
mm. These are the lengths of webbing found on the re-
tractors before the respective tests. Figure l8 shows the
amount seat belt spooled out in the process of applying
a 1,000 kg load.

Another phenomenon in Fig. l8 is that when l0 percent
of the tension acting on the seat belt is produced, the
amount of spooled out webbing covers approximately 70
percent of the maximum spooled out amount, and when
20 percent of the tension is producedn the amount of
spooled out webbing covers approximately 75 to 80 per-
cent of the maximum spooled out amount.

It follows from this that the amount of spooled out
seat belt webbing will lead to a delay in the beginning of
occupant restraint.
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CONCLUSIONS
As a result of this study, it is found that the occupant

injury level varies largely according to occupant body
size, seating posture, and the seat b€lt. That is,

(1) The larger the occupant body size, the less the injury
level. Especially with the head injury level, it is found
that when the occupant size is small, the head turning
radius becomes small. Thus, the injury level is increased
after completion of the chest movement, because the dis-
tance between the seat belt restraint point on the occupant
and the head's center of gravity is short.

(2) The beginning of the chest restraint is delayed as
the seat slide is moved rearward. Due to this lapse in
time, the Ride-Down Effect is lowered, and thereby the
injury level is increased.

(3) As the seat is inclined backward, the beginning of
restraint is delayed as in the case ofthe seat slide position.

(4) When the $eat belt webbing elongation rate is in-
creased, the chest restraint is reduced and the injury level
is lowered. However, the head forward movement is in-
creased, and thus the danger of a secondary collision
against the instrument panel, etc. is increased.

(5) Furthermore, it is certain that the spooled out web-
bing length from the seat belt retractor, even under a
load equivalent to 100 kg, amounts to approximately 70
percent of the overall spooled out amount, thus leading
to a delay in the beginning of restraint.

It is important to conduct evaluations under various
conditions on the occupant restraint system used in the
market. There are many subjects still to be examined;
some of them are mentioned below;

(l) A quick restraint of the occupant by the eeat belt
immediately after a collision is effective in the sense of
reducing the injury level. On the highway, people of var-
ious physical siees are driving in various positions; thus,
to cope with this, the seat belt should be improved in its
fitting performance, taking its comfort and convenience
into consideration.

EXPERIMENTAL SAFETY VEHICLES

(2) For evaluation of the occupant protection perform-
ance according to size, the performances and speciflrca-
tions of dummies should be realistic. This is a subject of
development necessary to solve the present problems.
There are some differences even in measurement data
obtained by tests carried out in the same conditions. We
would like to pursue our study for the development of a
better occupant protection system.

(3) All of the tests were conducted using weight-drop
sleds, in order to evaluate occupant protection systems
in collisions. In actual collisions, however, complicated
secondary collisions and various vehicle behaviors will
come into play. For this reason, we should continue to
analyze various factors affecting the comparison between
weight-drop type sled and actual vehicle tests.
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