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1.0 INTRODUCTION

This report deals with the development of an injury criteria model, formu-
Tated in computer language, and a restraint systew effectiveness index for eval-
uating the degree to which the vehicle environment can prevent scrious occupant
injuries. The need for criteria of this type is based on the fact that, if the
degree of proteclion offered Lo a vehicle occupant by a restraint system or a
vehicle interior {a function of the distribution and magnitude of the forces
transmittod to the occupant) could he cxpressed in quantitative terms, then:
(1) more meaningful comparisons could be made belween various restraint config-
vrations; and, (2) areas of needed biomechanical research and statistical acci-
dent investigeiions could be more recdily identified on the basis of the sensi-
tivity of the results when applying the injury or effectivencss criteria.

The indury criteria modei has been progremncd for use with the HSRI Two-
and Three-Dimcnsional Mathematical Crash Viclim Simulators but also can be ap-
plied to experinentel data cathored {rom impact sted or barrier crash tests.

It cupsists of three partss (1) an injury rating hased on available human tol-
erence dala including type of dinjury, seriovsncss, and the wagnitude of physical
quantities such as force and accelerelion which are related to injury preduction;
(2) a relative matﬁon critericn based on the extenl to which adjacent hody sco-
ments can move with vespect to cos encthery and, (3) en index reflecting the
prohabilily of ¢ single simlated crosh event.

This dnjury eriferia model s bosed on en oxionsive veview of the state of
tho et of ot wolomanee dote, Tho Titerabure wintch was studied is based on

chintes? shuhior of aceidont victine as woll as duoact oded tesis on holh huwon
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reasons - human clinical studies lack precise information describing'%he accident
such as velocity of the impacting vehicle; human volunteer tests have necessary
Timitations on the level of impact; and laboratory animal tests lack techniques
for scaling observed injuries to man.

In order to rate the overall protective capacity of a restraint system, an
ana]ytjca] effectiveness index (M) has been developed. Use of this index involves
application of the injury criteria model to various occupant sizes, impact velo-
cities, impact directions, etc. Thus, the effectiveness index (M) of a particular
restraint system is based on multiple applicaetions of the injury criteria model.
Applications of this index are mede to general restraint system performance eval-
uation, to use in connaction with estimating compliance to motor vehicle safety
standards, to estimation of the protective payoff offercd by the introduction of
safety-related motor vehicle hardware as a function of the probability of usage
of such herdware, and to updating of the injury criteria model.

In eddition to this iniroductory seciion, the veport has five parts. The
injury criteria model is presented in pore 2.0 with a discussion of its basis
and applications. This is Tollowed in pavt 3.0 by a review of the development
of the injury criteris model including the Titerature sovvces from which data
vere gathored.  Part 4.0 provides data on the prehability of occurvence of variou
gocident situations and part 50 shows exanplo anplications of the injury criteria
model, used in oconjunction with the Two- and Thrceo-Dimensionat Mathematical Crash
Victinm stanir . Port 6.0 intecduces the enelylical restraint system effoctives

ness index (1) apd provideo sampie epplications,



2.0 THE INJURY CRITERIA MODEL

The injury criteria model presented in this part of the report includes a
severity rating for various types of injuries based on available human impact
tolerance data and a probability index reflecting the Tikelihood of a particular
type of collision situation. The lLasis for and use of the criteria are explainad,
2.1 BASIS FOR THE IMJURY CRITERIA MODEL

A major problem in developing improved occupant-protecting restraint systcms
has becn the lack of a method for rating in any consistent and quantitative manner
test results generated in the mony experimential research studies which have been
conducted in the past several ycars. Thousands of impact sled tests, full-scale
vehicle barvier collisions, and impact studies using laboratory animals have pro-
duced body accelerations, seat belt forces, nmotion profiles, physiclogical data,

[ [

etc.  Puch of this data i buricd in Tengthy reports and film lTibraries. It i3
rare when conparable dats are gatherad in grographically separated laboralories.
Surprisingly, it is also rare when cumparable data are gathered in two different
research projects within the same Taberetory even though the end objeclives mey

bu tho same - dmprovement of restieint systom performance.

v

,..

The preblen s o define a measure of parformence for restraint systems which
gt b Uvae:uf.ly applied.  The uitite moesure of performance for a restraint
sysiom du reco entively on the Teved of proisction offored to the occupant when
the syston s colled upon 1o accomntich the Gook for which it was designed.  Thus,
L porforencs veling medel should censist o 2 guentitalive evaluation of the
ogtiny producing polestizl of auy coll ~occtpent-venicle bination.

Thin  obaopveling Lo Yed Lo e indvy cietloria rodel. 1t s based en-

Chroly ppon Tecces, acselor Diens s or s abiers opevionced by the humon Ledy in



a collision environment., This model, when completely refined, will be applicable
to any type of crash, scat, restraint system, or vehicle. Because it is indepen-
aent of these external elements and dependent only upon the human subject, it is
also capable of being used in such diverse studies as pedestrian impact, aircraft
impect, pilot ejection, and othe

The injuries which are considered are velated to measurable physical quanti-
ties. Therefore, the model can serve as a guide to the data acquisition require-
ents for an experimenial impect research program. It implies that those quenti-
tics such as body acceievations which are relateble to injury should receive the
highest priovity in preparation of a data acquisition system for any determina-
tion of restraint effectiveness. Other physical quantities relatable to the struc-
tural performance of a seat or vehicle envivonment should be considered separately
uniess they relate divectly Lo oceopant injury production.

As a supplement to the type of injury critevia model which is being proposed,
the probability of occurvence for the event is considered. Ameng the variables
which must be included  are the typo of accident, seating, location of the occu-
pont, end the polentiol usage of vesivaint sysioms. This last variable is neces-
siteled by the tact thal usage way vary for different restraints particulorly
whea active svatems such ¢s Tap eli-chonlder harness combinations are comparad
With pussﬁvv systems cunh @3 airh%ga,

o types oF dnTovantion are ovoiloble 95 the Titer clure which deseribo in

Jury o causation, hwean colorance, end injury severily,  UOne of Lhese is ordinarily
mncd on arerdent dnvestication «00 prevides enoinlory scale defining types of

pojurtes on o atmertest voniting of Uhe ceveriiy of (he dndury. Fhe olher sour o
of iniecwatizn s e vesl Loty oof Tivooatme dosoriting drpaet telererca gathered
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It is the objective of this report to combine o}ements of a numerical injury
rating scale with hunan tolerance data and thus to propose an injury criteria nodel
which can be universally applied to problems in impact protection. This is surple-
mented with data rating the probability that the particular impact situation bcing
studied will occur.

2.2 STATEMENT OF THE THJURY CRITERIA MODEL

The three parts of the injury criteria model are shown in Tables I, II, and
III. Tolerance data used in the crileria are summarized in Table I. Table 11
Tists angular motion ranyes and flexibilily for the various body segments based
on vange of motion dela gathered from humans. The threc elements of event prob-
ability are Tisted in Table IIL.

The tolerance data summarized in Table 1 consists of nine physical quentities
relating to the production of injury. A Timiting magnitude and Titeratuve reference
is given for each quaniity. When the nature of each injury is evaluated il is
clear that severity varies frow winor subject discomfort to critical life-endangering.
In order Lo rate and compare the scverity of cach injury, the injury scale proposed
by Van Kirk® has been adopted. In Lhis scalo

Minor dnjury = 1-1/26

Mocorate injury = 8-10/26

Mocovelely sevore injury = 10-14/26

Severe injury = 16-13/26

Critical indury = 20-22/26

0

[SUEN B N s T e AL
Falal njury o= R ENATASY
i

This injurvy scale was chosen becovse 10 has <officient deiadl to eliow a matching

o availobic lolovans date with spocifie injuries.
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TABLE II. SUMMARY OF ANGULAR MOTION LIMITS USED IN INJURY CRITERIA MODEL

Seven-Joint Model

Joint Flexion Hyperextension
1. hip 120 0
2. Tlower spine 20 45
3. upper spine 20 30
4. neck 60 60
5. shoulder 180 60 ’
6. eibow 135 0
7. knee 135 0

NOTE: ATl quantities measured Trom an erect standing position with arms initially
at sides.

Joint Motion Direction ST Torso Flexible Torso
1. neck pitch hyperextension o0 90
pitch flexion 60 100 -
roll lateral flexion 40 5/
yaw rotation 70 &7
2. hip pitch hyperextension 0 30
pitch floxion 120 140
roll Tateral flexion 0 17
Yow Tcg spread 30 a7

NOTE:  ATT quantivties weaswred from an orect standing position except Teg spread.
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~The nine tolerance quantilies which have been chosen combine available data
into a criterion which is universally applicable to various types of impact situ-
ations. The list should be updated and expanded as new tolerance values become
available and quantities already on the 1ist become more clearly defined.

Most of tho quantitics in the 1ist have received some acceptance by experts
in the field and individually are widely used. Severity index is one of the
foremost among these tolerance values although some quesiions have been raised
concerning the data base.” In order o reflect the Facl that the tolerance of
the head to resist impact is different for various types of loadings and motions,
values for rotational pitch acceleration and lateral g-level have been chosen.
‘Both of these quantities can be regarded as preliminary. Ommaya? has stated that
the value for head pitch acceleration should be "considered only as a usefuly hy-
pothesis which requires further cvaluation." Likowise the g-tolerance to a blow
on the side of the head 13 avproximate duc to the difficulty in cbtaining reliable
dats from accaleromeler vacks atiached Lo the head of humen subjects.  The value
for the Toad which can be supported by the chest was oblained from tests on human
cadavers, conducted primerily to study ihe production of dinjury by the steering
wheel rimand rost.  Becauvse of tho use of cadavers, no relationships between a
force of Uhis macnitude aoplied Lo tha chest and dinjurices to the thoracic contents
can be wade,  Botlh the pelvic and shoulder bell Toads have been estimated on the

J

basis of huwan volunieer date and yonvesept non-indury levels.  The knee Toad

toterance of 1000 Tb his been esiiaated on the basds of codaver specinens, and

could be apnticd equally w201 dn injurices of the Tenur and the velvis as has been
proposed by Polrick™. Conchuding Loe Tizt ave g=telorance Tevels for chest fmpoct
.
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" The primary application of the data given in Table I will b in cases of
frontal or rearward impact. Very 1ittle data are available from human testing
in side impact. In addition, 1ittle has been accomplished in determining the
toierance to impact forces of individual body organs. In order to do this it
will be necessary to measurc the internal pressures and motions required to dis-
place organs such as Tiver, spleen, and heart to such a degree thal tissue failure
and thus injury will occur.

As an example of the incomplete status of the data presented in Table I,
consider a blow to the head. Linear accelerations can be applied to the head in
the three spatial directions. DBecausc the linear dimensions of the brain are
different in these three direciions, it is likely that the brain tearing or shear
patterns will be different when the impact location is varied.

It is even Tikely that tolerence to a vertical acceleration of the head is
negative diveclions.  TFor dnstance, 1T the head is
accelerated downwerd, Llhe brain is supported by the top of the calvarium, whereds‘
in an upward acccleration, the brain mass will tend to exivude ieto the brain
stem, Data available on fore-aft accelerations is already included in Table I;
additional information is currently being galliered ot The University of HMichigen
in order to propose a sound criterion for side inwact to the head., There s
initial evidence that the tolerance Lo a side blow 15 different from the tolerarice
to a frontal blow.

Tt is aiso pocescary Lo consider engular cccolvrations of three typas - pitch,
rell, and yowo The toleronce Tevels provosed by Omtaye” and others vefer o o
pagvered piiching motion of the head catied vhiplash, AU {he precent tivo, this
telorernce dovel conned broconetdorod as tinadized, Yowing morica of the hoead
consieis m? Coaning footne richt or il geonad ooverticel exis, and volling
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a horizontal line running fore-aft through the body. Again, it is likely that
tolerance values for the different types of motions will vary because of the
geometric and structurel propertics of the head.

Not only is the specificaticn of six different tolerance limits a problem
but also the combined action of onc or more of these Tinear and angular motions
is equaiiy troublesome. It is 1ikely that the tolerance levels for the case
where an angular and a linear acceleration are applied simultancously will be
Tower than for the case where the individual Toadings ave applied independently.
For engincering materials and structures the possible applied Toadings are com-
bined to form a mathematically formulated failure criterion. Depending on
malerial and structural nonlincarities, the functional relation between the Toads
ceh be excecdingly compliex.

One problem which has complicated determination of a head injury criteria

T
i

i

{1

is the Tack of highly controlled cineviments. experiments'have of ten invoived
combined Tinzar and oangular cccedevations.  The precise Toading on the head is
usually not Lnown, hence the confusion over the mechanism causing concussion.
These effecte must beo separeted before a Tully acceptanle injury criteria will

bo availeble.

Teble i1 and Ficurcs T ond 2 simmarize the angelar motion Timitls used dn the
indury oriteria mocel,  The moded is designed porticulariy as a specification to
be used with malhenatical sirulotions predicling occupant wotions in & (rash
sitvation but olso can bo used with anihrepopeiric dusnics provided the data aro

dajustod Lo pofloect the Plexibitity of o test dovice. Al date ave derived fren

oasere U oY e e b T s R N T, o Do ey D S e el aryeme py
Recommenoed Proctice J907% of the secrely of fuoonetive Frngineers and represent
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Table 1T 1s divided into {wo parts, one presenting a seven-joint model of
the body cepable of two-dimensional motions (Figure 3) and the eother a two;joint
model capable of motions in three-dimensional space (Figure 4). These models
have been used in the development of the Two~ and Three-Dimensional Mathematical
Crash Victin Simulators at the Highway Safety Research Institute!®»11. For the
seven-joint model, iwo-dimensional flexion and hyperextension ranges are given
for the hip, lower spine, upper spine, neck, shoulder, elhow and knee. The values
given for the Tower spine, upper spine, and neck represent the flexibility of the
Tumbar, thoracic, and cervical vertebrae respectively.

For the two-joini model additional rotationzl motion ranges are given to allow
three-dimensional movements. Specifications are given for both a stiff and a flex-
ible torso. A stiff torso means ihat no motion can cccur in any direction at the
vpper and Towsr spine joints, and is thus defined to be one rigid mass including
the shouldors and arws.  In addition there is no flexibility in the Tower extremi-
ties thus eliminating the knee joint. I{ should be noled that the values for pitch
angular motion at the neck and hip are the same as for the seven-joint, two-dimen-
sional modat.  These quantitics arve cupplemented hy the {hrec-dimensional roll and
yew molions. |

The two-Jdoint fTexible toren model talcs into account ithe {act that the spinal
column s cepoble of substantial Tleyvuevre. The flexibility which was originally
associated with the Two epinal Joints io new Tuiaped into the nock and Rip ronoes
of motion. Twist g of the torae (yvew) and banding to the side.(rol1) are inciuded
10 meke (o rervosencavion Lhree dinensioned.

Phe dinat elencnd of the Doy oviforie woded dends with the probability of
cnd dsocunanvized in Telie TH. o The chowoo that a partic:

plev vaohiohe coounont it oo ive dndoeies on oo given colbision 1o o funcbinn of
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the direction of impact, his position in tho vehicle, and the use of restraint
systems. These quantities have been carefully compiled and documented in many
accident investigation studies. The most recent statistical data which are
available to this project have heen gathered by HSRI and used to compute the
percentages given in the table. A more detailed discussion of this data is in-
cluded in part 4.0 of this report.

Eight directions or regions of impact are included in the list of accident
type probabilities. Tha vehicles involved received extensive demage in these
arcas. It should be noted that ihe sum of probabilities does not add up to 1005.
In additional accident cases, the vehicle was totally destroyed making identification
of the region of primary impact impossible. This category also includes rollovers
and multiple impact collisions.

This dala has not been weignicd to reflect the velocity of impact because
no accurate technique is vel available for estimetir

W

g imnact velecity after a
collision. A suitebic crash recordey certainly would be helpful.

The probability of restraint use was based on a smaller sample (523 cases)
of injury producing.accidents. For lop bells, only occupied seating positions
equipped with lap balis were considered, Likewise in computing the percentage
of Tap belt plus shoulder harncss unage, only seoting positions equipped with
this system were included in the sewple. Thus, ot the cccupants having this

system avaitable only 4.67 chose ﬁo use it Figures for airbag usage are not yet
¢

availabie but it s estimated (hat veane of @ puvely passive aivbag system will

be essentiaily 1607, Ho attempt wes nude to corvclate indury with restroint
eystem uses rathor, the pirpose wae e deteriine the level of restraint system
Usa0o,



3.0 DISCUSSION OF DATA BASE FOR INJURY CRITERIA

The literature on injuries related 1o restraint system pefformance
is of two types. One deals with individual case studies of injury and
gives impact tolerance estimales for restrained occupants. Rarely are injuries
which occur under test conditions reported to human volunteers. The other class
of publications discusses the effectivensss of restraint systems in reducing
injury and sometimes presents ihe reiu?ts of a group of case studies which
are not individually reported. A total of 74 papers (references 12-85) in
the first category and 43 in the second (references 86-128) have been reviewed.
The experimental and clinical cases reported individually in the
Titerature can be broken into three major categories: (1) human clinical

studies; (2) human volunteer tests; and, (3) animal subjects. Fach of

nese categories can be Juriher divided into frontal, iateral, and rear

cotlisions. These cases can be summarized as follows:

1. Human clinical studices

(OS]

a. Frontal dfwpact - 253 cascs
b. Side impact - 46 cases

¢. Rear impact - 13 cases

™~

Human voluntesy svbjects

45 testis

—t

a.  Frontal dnppect -
b, Side dwpact ~ 1064 fests
Co Rear irpect ~ 33 onia

€

3.0 Andmal cobiocis

ac Frontal finoct - 08 togge
B Side dmpaa ERNES



In order to cvaluate and compare the data gathercd in the various
studies on injuries related to restraint system performance, the individual
human volunteer tests listed above have been reviewed and assemblcd into
the master collection of data included as Appendix A of this report. As
much data as was available in the original published reports are included
in these tables. The description of the type of test ic summarized in the
first few columns and includes test location, type of restraint system,
age and veight of subjoct, and the test number. The input sled deceleration
experienced by the occupant is described in the next set of columns and incluces
the angle which the seat cushion makes with a hovizontal surface, the impact
velocity, the peak g-level of the applied deceleration, the onset rate
of the deceleration, and the distance required by the sled to stop. Any
injury or discomfort which was experienced by the subject, and the Titerature
sotree from which this information was taken, are Visted in the Tast two
coTumns.

If all these quantitics were aceurately recorded and evaluated for each
of the tests tisted, there would be a bare mininum of information available
for estimaling body tolerance levels, particularly for belt loads as well as
head and chest g-Tevels. However, thore ave nuny blank spaces in these
tebles indicoling the small emount of informaiion which was gathercd in
post of the {est programs.  In a&dition to ihis, different physical quantities
were measuied in diffeoront test progroms making comparisons of resulis and

]

pstablishnenl of well-defived dnpaci folerance levels extremely difficult.

r

Finatly, it should hoe eboorved that fajury o the subject ds recorded in
onty « cmall wminovicy of the Lests and inopoct canes Lhic ds Timited {o

subgeel divennfori.



Even with these problems, human volunteer data remain the most reliable
source of information for the development of injury criteria models. The
purpose of the present compilation has been to bring together from all
published sources the results of all individual testis carried cut. These tables
should be updated as new data become available in order to provide a continuing
source of information for studants of injury mechanism and writers of performance
standards concerned with impact protection.

A compilation of individual case studies involving human clinical subjects
(accident victims) and animal test subjects was not made. The elimination
of this rather large body of data from the current compilations was done
for iwo reasons. First, for the human clinical studies, the physical
parameters which describe each accident are largely unknown. This limits
the value of the excelient and detailed medical studies which have been
carried out on accident victing in establishing injury criteria models. The
specd and direction of impact are very hard 1o document and the decelerative
loads which can cause injury nust be quessoed., This fact illustrates the
nced for vehicle crash recorders and physician-engineer accident investigation
teans.

For impact studies involving animal Lest subjects, instrumentation can
be as good av better thon that vsed with human voluntecr subjects. Also,
it is possible with humancly awagtherized animels to conduct lesling at
injury Tevels far in excess of Chose which can be veached vsing hunan fest
subjecls. However, thoeve is Titile goometric similarity bctwcen lohoratory
animais ano humans. ihorclere, the scoond veacon for net 1nc1ud1ng humin
clinieal ond animal fost caljoct data dn Lhis study was the Jack of techniques
for scalive inpurvy Drom aninal sabiecls fo hu4aﬂ§. This fact illusirates the

peod for cotaited endviizal studies foobe coreied ol dnoorder Lo develop Lhe

5



geometrical scaling laws governing injury as it relates to man or animal.
Tissue properties (hard end soft tissues) are similar in the two cases. It
" remains to collect appropriate anthropological data and develop the analytical
scaling techniques before animal subject data can become useful in the develop-
ment of injury criteria modeis.

Three sources of information on which injury models can be based have been
discussed in the previous paragraphs. In clinical studies of accident victims,
an iradequate supply of physical data defining the crash environment is available.
Also, abundant animal subject impact test data will remain generally unused until
scaling laws are devaloped and verified. This leaves only human volunteer data
as the base on which injury criteria models can be formulated and this information
is iiﬁited by the fact that impact levels nust be kept below estimated injury
fevels,

Therefore, in order bo increase ihe data base and improve the injury criteria
model which has been presented in this report, considerable research must be
carried out. Receiving high priority should be: (1) more complete documentation
in order to deiine the physical quantities of the crash such as velocity, impact
divecticn, and coatacts botween body perts and items in ihe vehicle interior,
etc.; (2) development of a crash recorder to measurve impact g-Tevels and direce
Lion; (3) deveiopment of enalvtical scaling Tews to relate human injury to
animal test subject dota Lased on deteiled entnrepomeiric studies on both humans'
and animales (1) improvenent of tedmique for measuring ]1nva" and ongular
acceleration, volocities and positions in humin velunteors; and, (5) correlation
briveen humoa subdoct and anthroronsivig duway date dn order Lo roeduce the need

Sohe e e gt e TN oy bt § P i e 4 e \e {
Oy v bmtoot m:xHH{}; Gl V(B?L';wwl. of scatiny taws Lo copnare duis Yy oana

-t

ahital Lost dota,



4.0 [CVECIT PROBASILITY DATA BASE

The statistical data base used to determine the probability of a given
collision event is oullined and discussed in this part of the report. All
data has been retrieved from the HSRI Accident Data Bank!2%, Because the
data files are continually updated, this is the most current information
available.

The probability of particular accident types is outlined in Table IV.
Two data sets are used. The first set covers a five-year period from 1965
to 1970 and is based on Ann Arbor, Michigen, a medium-sized city with a
population of approximately 100,000. The second data set covers a two-year
period from 1968 to 1970 and is based on Washtenaw County, Michigan, a
primarily rural area with an extensive network of paved county roads and high-

spead exnressways,  Data for the Cily of Ann Arbor is included witlh the county

1

data.
The dimpact damage zones used in compiling this data are shown in Figure 5.

Fach of the eight zones is defined by a 45° arc., Of the total 10,686 recorded

accidents in Ann Arbor, 555 of thesc are included in a ninth category entitled

“total," in which vehicle damage was so severe that identification of a primary

fmpact rooion was invossibic. This catentry also includes rollovers and multiple
impact cetlisions.  The increased incidence of "totallcd" vehicles in the cpunty
data should be noted.  This reflects the increased spue&s and increased accident
severity Quifh accuys ocublcide the city Timils on countly roads qnd EXPUEsSWays.,
The probsbi?izy.ihai a pecbiculer ocounant position is Leing used 15 outs
Tined dn Table Voo The six o standoyrd oooveont positions crporise the bulk qf the
;

dota, Tne s data Tiles which wore ueed Lo pronare Table 1V were agoin used
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TABLE V.

PROBABILITY OF PARTICULAR OCCUPANT LOCATION

Location in Vehicle

Ann Arbor, H1cn .y

ashtenaw County, Mich.** - ¢

L T -

L e e

*Data {or CiTy
l rom }( )‘"‘ ‘(} I}L)

'.4-'7’([/\;* -

Ld for Hashtenow Cot

rem 1968-1970,

driver 1007 100%
center front 5.7 6.9 h
—-—'mnuggéég-front 27.5 29.2
left rear 5.3 ) 6.2 -
center reav ” 3.4 V _
dgtrer | e EE
et | 2| o

inty ohitained Trom

of Amn Arbor obilained feom HSRI Accident Data Bark covering poriod

HSRT Accident Data Benl covering period



Restrainl systen use is suammarized in Table VI. The detailed data sample
is smaller in this case and is composed of 521 lap belt and 505 upper torso
restraint analyses. Current indications are that less than 207% of occupants
are using lap belts and less than 5% are using upper torso restraints. Also
noted in this study was that improper use of active restraint systems can lead
to very inefficient system performance and can even be dangerous. A slack re-
straint syctem can increase bolt loads!30 and bedy g-levels significantly and
thus result in an increased injury incidence. Table VI shows that 69% of the
occupants were wearing snug lap belts, whereas, in a much more Timited sample,

only 33.3% were wearing their upper torso systens correctly.



TABLE VI. RESTRAINT SYSTEM USE SUMMARY

Lap Belt

Hurber of accident cases
Occupant positions cquipped with lap belt
Occupant positions not equipped with lap belt
Not known whether equipped with lap belt

ap belt used by occupant

Occupants vearing lap belt snuggly*

Lap Balt Plus Upper Torso Harness

Husber of accident cases

o upper torso vestraint for occupant

Lap belt plus upper torso vestraint Tor occupant
Occupants using restraint system

Occupents vsing restraint system correcily *
i

521
441

30
87
60

505
310

195

(]

*This date was oathorod by questioning the cccupant concerning

his use of restrainis.



5.0 SAFPLE APPLICATIONS OF THE INJURY CRITERTA MODEL

The application and use of the 1n3ury criteria model is d%scussed in this
part o the repert., Two typcs of applications for models of this type are ap-
parent. The first of these is in conjunction with the HSRI Two- and Three-
Diménsiona} Mathematical Crash Victim Simulators, where the compuler programs
are supplemented by subreutines which autcmatically compare the motions, forces,
and accelerations experienced by the crash viclim with acceptable levels as de-
fined in the injury criteria model. The second type of application is to actual
jmpact sled or full-acale vehicle crash tests. In this case, motions must be
delermined from high speed motion pictures of the event while ihe appropriate
forces and accelerations are found from cscillographic or tape recordings of
transducei data. Both types of applications are demonstrated in the three samples
whiéh follow, the first two using the HSRI mathematical models and the third
using the results of an HSRI dmpact sled test. 1t should be noted that these
applications do not vepresent optimum restraint system configurations. Ratlher,
for the purposc of demonstrating the use ¢f the injury criterie wmodel, examples
of inferior restraint systow povriovoance have been chesen from the viewpoint that
vell-designed restraint svsloms will not produce injuries and hence would not
demonstroia the injury criteria wodel.

5.1 APPLICATION NO. 1 - THO-DIBUHSIONAL MAVEERATICAL CRASH VICTIM SIMULATCR

This case reprevents an Peproporly used belt vostraint systen consisting
of a shacic dep belt (4 inches) and w slack single diagonsl shioulder harnoss (iU
iches). A sketeh of occivoni pesition is shown in Ticure 6 and a descriplion

ol N SIS IRV 1 by iyt N P S T \
of the coreuler inpul and ot pvd s ogaven dn dabie VIT,
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TABLE VIT. SU%HA? ¥ OF TWO-DIMENSIONAL CRASH SIMULATION INPUT DATA

occupant - 50th percentile male

restraint - slack lap belt and single diagonal torso harness
position - frent occupant

type of crash - frontal impact

initial velocity

20 niph

acceleration ievel - 25 ¢ peak

The next four iables (VITI-X1) show the cutput generated by the injury cri-
teria moded section of the Two-Dimensional Crash Victim Simulator. The first two
of these tables tabulate the input data on which the injury criteria model is
hased.

Tabie X sumnarizes in seven columns those quantities which exceed tolerance
fevels. The quantity is identified in the first column, its peak value given in
ihe sécond, the Live of occurrence ol the peak o the third, the time duration
while the quantity vewains shove ihe tolevince level in the fourth, the points in
time when the quantity rises above the tolerance level and then falls below in
the Tifth and sixth, and the weighting code for the injury which has been identi-
fied with a particuiar tolerance Tevel in the seventh column.

In this exomple the occupart slides forward, contacts the slack restiraints,
and Lhen vobounds into the seal back.  Because of the large amount of slacl in
Lhe upper terso belt, the hip beging to rebound befoce the upper torsoe has meved
the naxinven disconce forvard. As a resull of his, ih&jhcad and vpper portion

ol the chiesl piteh forward over the tppor torso belt,

terd pitei acoeivration ovoveds specifiod toluanee lovels Lwice as the hed
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system. As a result of the large belt force applied to the chest, the anterior-
posterior g-loading of the upper torso exceeds tolerance levels at nearly the
same time. An additional large chest anterior-posterior g-load is applied to
the chest late in the simulation when the upper torsc rebounds into the seat
back structures.

Excessive superior-inferior chest g-loadings are observed three times during
the simulation. The first of theose results because of an upward push caused by
contact hetween the buttocks of the cccupant and the seat cushion. The second is
a downward pull on tha torso and results at that point in time when the Tap belt
force is a maximum. The third peak occurs as the buttocks of the bccupant inter-
act with seat back structures during the rebound phase of the simulation.

Upper spine flexion is the final quanlity excceding specified voluntary motion
ranges.  This occurs @5 a result of the hich chest leads caused by the upper torso
belt as th~ head and upper chest pitch forwird over the belt.

Table XJ demonstrates the computations of the probability that this event
would occur. In Washtenaw County data the probapility that a given collisien will
be a front collision is .39 and the probability that there will be a rignt front
passenger seal occupani is .2972. The low probability of shoulder and lap belt use
(.046) indicates 1hat this injury pattern could occur in less than 1% of accident
Cases.

5.2 APPLICATION 1O, 2 = THREU-DIMENSTORAL PATHEVATICAL CRASH VICTTM SIMULATOR

thic case represents @ conier vinhy sl dmpact.  The 50th percentile male
4 bt R M f gty gy R U T VI H PR 0y (R .
vignt frest prssenger using @ huekel seal b rosurained by an inveried y-yole

! - 3 S PSP 4 PR . MEER 2 e - : D3y Yoy
Barness and o Tep belte A cleteh of ocovieond pesition is showa in Ficure 7 cua
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TABLE XIT. SUMMARY OF THREE-DIMENSTONAL CRASH SINULATION TNPUT DATA

occupant - 50th percentile male
restraint - inverted y-ycke harness
position - right front occupant

type of crash - right front obligue impact

initial velocity 0 mph

forward acceleration - 3.4 ¢ peak

1

side acceleration

15 g peak

Table XV summarizes those quantities which exceed tolerance levels in seven
columns as was done in the Two~Dimensional Crash Victim Simulator. As this com-
puter excercise involves a mild rignt front collision, the passenger is observed
to slide forward and to the right in his seat. lle contacts door side panels and
the window Tichily with his right shoulder and knce end s well restrained by the
restraint sysiom and buckel seat combination. -

Several angles ere obscrved to cxceed voluntory renge of motion Vimils, par-
tially due to the selection of the stiff terso cption for the injury criteria
model prinboul. The head yaw angle veaches a peak of 71.2 degrees to the right
as the coccupan! veaches his maximiem forward motion. Likewise head roll to the

richit sida reocheos a maximun at 00715 sec. and vehounds to the Teft reaching a

peak of 41.8 Cogrecs near the ond of the coltision. As the Tegs swing toward the

douvy hip waw reaches a peaic of 36 deg. et 0,700 sec. Hip pitch ongle becomes
Teryr as the Togs robound upvard ob Uhe ond of the staulation.  The fact that hip
roil ongle 1o voported sevoral times vellects the o000 Lorso option vsed in this

peinioul with any norgeroe vatues Loieg Hieind Hood piteh soeelevalion {in deu
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Table XVI shows the probability of occurrence of this cvent. The accident
and cccupant position probabilities are based on Washtenaw County, Michigan, data.
Since no data is available on usage of inverted y-yoke harnesses, their probability
of use is arbitrarily assumed to be equal to seat belts.
5.3 APPLICATION NO. 3 - IMPACT SLED TEST EVALUATTON

This case represents a frontal impact involving a 50th percentile male Sierra
dummy resivained only by a lap balt. A tracing of part of the oscillographic data
recorded in this test is shown in Figure 8 and @ photograph of occupant motions at
maximum forvard excursion in Figure 9. The impact velocity was 43 ft/sec with a
trapezoidal deceleration pulse with an 18 g peak and a total duration of 0.110 sec.

In order to evaluate Lhis data, reference is made to Tables I and 11 which
sumzarize the tolerance ond angular motion data used in the injury criteria model.
The value of the severity index s 856 based on integration of the head anterior-
postericor g-pulse. 1t should be noted, however, that this pulse does have peaks
over 100 ¢'s and cxceeds 80 g's Tor more than 3 ms. Based on the severity index,
the value s below a folerance Tevel of 1000. Other accelerometer data exceea
tolerance Tevels used in the injury criteria model including chest superior-inferior

g-leading (32 g's), chest anlerior-posterior g-loading (60 g peak and over 45 g's

1

for 8 ms), head lateral u-loading (70 g peak). The lap beli total peak load i3
3200 1h. and G within teierance Tevals used u the injury criteria nodsl. Based
on the photographic data it is observed that vhe heed s bent back (hyporoxtension)
‘\l\-(

elative to thy tovso epproximately 900, a value excceding the angular wotion Timits

given in the dnjury orrioria pedel, and potentictiy fotal to the ocoupant.
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6.0 PERFORMANCE EVALUATION OF RESTRAINT SYSTEMS

In order to rate the overall protective capacity of a restraint system, it

is necessary to apply the injury criteria model which has been proposed in this
reporit to various occupant sizes, impact velocities, impact directions, etc.

Thus, the effectivensss is based on multiple applications of the +injury criteria
model, individual samples of which have been given in Part V of this report.

An analytical effectiveness index {I4) is presented in this part of the report
which aliows the user to estiimate the performance potential offered by a restraint
system based on the totality of occupant sizes, impact directions, probabilities
of usage etc., wnich might be encountered in actual use. In conélusicn, appli-
cations of tnis index are made to gensral resiraint system performance evaluation,
to use in connection with estimating compliance to moter vehicle safety standards,
to estimation of the protective payoff offerad by the introduclion of safety-related
motor vehicle hardwars as a function of the probability of use of such hardware,
and to vpdating of the injury criteria nodei.

The analylical effectivencss index (M) is hypothesized to be a function of

the three sets of physical peramoters which define a restraint environmant (the
occupant, the vehicle intevior and pnysical propertics of the restrainl system,

and the velocity as well ss divection of the dmpact), the probabilily that on
occvpant will be using the vehicte location for which the restraint system is
provided, and the prebabilily thao the vestraint systom will be in ouse by the
occupant.

This may be feraiatlod as

whoere



D = definition of deceleration time history, impact velocity, and

direction of impact

PG = probability that an occupant will occupy the scating location for
which the restraint system is provided
Pu = probebility that the occupant will use the syster

As the intent of the index (M) is to provide & measure of effectiveness for
individual restraint concepts, the quantity R may be separated from the functional
relationship and redefined as a scaling function to be used with baseline data
to set the value of M to unity. In ihis case 1 would indicate a restraint de-
vice more effective than the baseline whereas M<1 wouid indicate a Tess effective
device. Likewise, the two probabilitics are numbers independent of the restraint
system and the quaniities describing the various types of collision events. As
such they can also be separated from the functional relstionship. Hence, Eq. 1
may be rewritien
M= RE P f (0, D) (2)

That part of the function which describes the occupant should apply to the
entire size range of occupants for which the rostieint system is expected to )
offer protectien. Representative occupants are those medeled by anthropometric
test dunmics and include a six year old child, a 5th percentile acult female,
ond 50th as well as 95th pevcentile adult male dummies. Tt should he noted at
this point that parameters deseribing the occupant{0) have been separated from
probobility thei an occupent will be using the location where the reslraint
system is previdad,  For oxempie, 1L s uniikely Lhet a & year old chitd will
ocupy the drivers seal and it s most Tively that the drchr will be an adylt
ate,  Therofore, in acdition to ropresenting the size venge of possibie occu-
pants, the functioral velalionshiip must dnchude the prebobiTity that the occupont
e ¢ particelar sire,

The redalionahig



where

prebability of use by 6-year-o0ld child

I

o1

]

g, = probability of use by 5ih percentile female

o3 = probability of use by L0th percentile male

il

oy = probability of use by 95th percentile male,

accomplishes both these objectives and also increases as the variety of occupant
sizes offercd protection increases. I sufficient data have not been gathered to
define these probebitities, the quantities could be set to 0 or 1 to cover the
range of occupants for which the restraint system is intended to be effective. A

more general form of the equation describing the range of occupant sizes which may

use a particular restraint system is

B0 - J o (4)
B

.

whee "™ ds the nuwier of occupant sizes or cowbination of sizes for which the
restraint systenm is designed.  This formulation may be useful when a combination
of occupants may be offercd protection by a single restraint system.

That portion of £y which describes the velocity and direction of impact should
increase as effectiveness increases and include the range of velocities over which
the level of protection is satisfaclory, impact direction, the probebility that
a porticular type of cccident event will occur, and the distribution of impact

¢

spocds from a given direction.  The relotionship which accowpliches this is

m
F (D) =) (v. -v. )d. a (5)
-'.: u} ! \J‘ 4 J \J
=1
wheve
Vi T the wexipra velooity for which protection is oifered to the cocupant

o=

\
~
o)
-~
=
. )
o

dtoria wodnl Tor g particder dmpact divection
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Vj? = the minimum velocity (in most cases vj2 = 0 wph) for which pro-
tection is offcred to the occupant under the injury criteria
model for a particular impact direction

d. = the probability of an impact from a particular direction

J

aj = Lhe percentage of accidents occurring in the speed range covered
by the difference in maximum and minimum threshold velocities

m = the number of types of collisions to be included in the index.

The maximum and minimun threshold velocities are chosen either as a requirement
to be met by a restraint sysiem under evaluation or as the result of testing and
snalysis. The subscripting scheme in Table XVII is suggested for use in the index.

TABLE XVII. SUBSCRIPTING IN RESTRATHT SYSTEM EFFCCTIVENESS INDEX

Subseript 1 Definition
1 front
2 | right front oblique )
3 left front cblique
4 right side
5 Teft side
6 right rear oblique
/ Teft rear oblique
8 rear
9 rollover

10 other

The prebebitiling for most of these events e aiven in Table TV,

i3
o



Less information is available describing the percentage of accidents occurring
in the speed range covercd by the difference in maximum and minimum threshold vel-
ocities. The most up-to-date information known to the authors is that contained

in the HSRI Hit Lab files 27 Y

and gathered at the Research Triangle Institute.
This information could be modified for use with the present effectiveness index.
A preliminary study basad on HSRI it Lab files is given in Table XVIII showing
the percentage of accidents occurring at increasing velocities. Ko correlation

with impact direction is available.

TAELE XVITI. PERCENTAGL OF ACCIDENTS AS A FUNCTION OF VELOCITY

Velocity Rance (mph) Percentage of Necidents
0-5 14.5
5-10 6.6
10-15 4.0
15-26 15.8
20-2F 14.5 \

25-30 9.2
30-35 13.7
35-40 3.9
40-45 9.7
45-50 2.0
5055 4.0
above b 2.0

combining fguations (2Y, (4) andt (8) tre general form proposed Tor the complete

pestraint wysiom offectiveness mdox can be wvitten o
n i

O T S N R I {6)

u 1 e RPN



If the subscripting schomes proposed in Evaluation (3) and in Table XVII are

applied, L[quation (6) can be rewritten

M= R P0 Pu(ol ooy b+ Oh)[(vl’l - vl,z)d1 a,

3 Y/ - se - &
4 (Vz,1 2,2)d2 8, * (V10’1 V]O’Q)dIO %ol

The Tirst sample hypothetical application of the effectivencss index compares
a lap beli-shoulder harness combination with an airbag for a rigyht front passenger.
Ordinarily, an impact sled or full-scale cresh test matrix for such a system in-
cludes Trontal, right lateral, and rear-end tests and involves various sizes of
adult dumnies. The 5th percentile female, 50th percentile male, and 95th percen-
tile male will be assumed for this case. The airbag will be assumed to: (1) have
a 100% probability of use; (2) be effective from 0 to_a meximum of 40 mph in a
irontal collision; and, (3) he effective in 20 mph right side impact and 40 mph
resr impact when supplemented by appronriate vehicle side door and seat back design
features.  The belt combination will: (1) have a 5% probability of usage; (2) be
effective from 0 to 40 nph in o frontal collision; and, (3) be effective in 20 mph

-
1
t

right side impact and in a 40 noh rear collision when supplemented by appropriate

vehicle side door ena seat back desiun featlures. The probabilily of occupancy of
the right fremt passengar posiiioq will be assumzd to be 29.2% (See Table V) and
the percentage of accidents occurving in the speed rance will he assumed to bo
1005 for the purposes of this cxawple. Doth the ﬂirhAg-and the belt conbination
are assuwed o protect all three cccupant sizes Toading to tha ossunption thal

the thveshold velocity de dndependont of occupant size. Thus, in this oxample,

. . ‘ R TP - o )
O ® v 70, oo Dquabion (77 09 sivndified for Uhe examle to
B R <3




M o= Po Pu (05 +o__ +o

For the airbag restraint system,

50 95)(Vf de + Y drl Y dr)

M=.292 x 1. x 3.(40 x .39 + 20 x .054 + 40 x .023) = 15.4

For the Tap belt and shoulder harness combination,

M= .292 x .05 x 3.(40 x .39 + 20 x .054 + 40 x .023) = .8

The advantage of the ¢irbag is clearly demonstrated Lecause of its passive

depleyment.

as a

The second example of possible use of the index is related to its application

compliance tool.

The revised form of MVSS 208 (November 3, 1970) involves

frontal, lateral and rollover compliionce tests involving dummies in all seating

locations.

where 1, 2, .., 6 represent separate

whore

M=HM + M2

subscripts d, of, vi', Ir, cr, rvorefer Lo occupant Jocalions with d = drivor,

O O T S o P R N AN
cf = center front, rf = riobt Dont,
o pight yooy
4 ~ (.v-"" Y. e
v prebioilily et use
U
Opos SO percontodo wale dun,
AT
! )*‘E ¥ P S
e \ vy i R N DR AN T

{" oo

Yo

M

Oug (Vf df)

6

applications of the index.

Because there are six seating locations the index may be written

(9)

Expanding this,

ra

r
i

Toft rear, or = conter rear, and

Patorad, ond vollover

-



accidents when subscripted to velocity or probability. Because the test

matrix will be carricd out in the same manner each time the probability of use
of the occupant positions, the probability of use of the restraint systems, the
probability of a 50th percentile male dummy and the probebilities of the accident
type and velocity range will all be unily. The test velocities as stated in the
standard are
Ve ® 30 mph, Vil = 20 mph, Vig = 30 mph
In order to comply with the standard, the injury criteria (in this case the one
specified in MYSS 208) must be mei for
M= 280

with the stipulation that no test velocity be below these listed in the standard.

The thivd example of potential use for the index (M) is concerned with its
use in the determination of research priority and potential payoff. It should
be noted in Lquation (6) that the effectiveness varies directly with both the
probabilitly ol restraint system use and the probability tnat a particular seating
Tocation is occupied, emphasizing that protecting the driver and right front
seat passengers with effective passive restraint systems would lead to 2 greater
reduction of injurics than protecting all other potential occupants conbined.
Likewise, protecling the driver in frontal cellisions would be a more effective
mecsvre in injury reduction than protecling him {rom all left rear oblique
collisions. |

The fourth example of the application of the index (M) hes to do with its
vse in updating the injury criteria wodel.  In arder to determine Lhe velocity
(v) Tor use in the index it 1s necessary Lo apnly an injury criteria model such
as ihe ene weopased in this vepoct. taen thic s done reseatedly it s likely

Lhat wome tvpens of Loleronce Tevels will be evceeded twre often than ethers,



For instance, knce loadings will show up as an important limiting factor in most
passive restraint systems which are being proposed et the present time. Likewise,
head lateral g-Toading will very Tikely be a limiting factor in evalualing
door crashworthiness structures. Thus, during application of the index (M), the
need for refining specific tolerance data and for determining new informwation
should be iscliated.

In this part of the report a resivaint system effectiveness index (M) has
been introduced for use with {he injury criteria model. Its use has been demon-
strated in four exampies to provide the researcher and developer of standards

with a consistent tool for comparing the protective level of restraint systems.
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