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1. Scope—This report reviews current! quantitative data on human tolerance levels without recommending

specific limits. Data developed on humans (including cadavers) are presented where available; however, in
many cases animal data are provided where no suitable human results have been reported. This report
confines itself, as much as possible, to information of direct use to the automotive designer and tester. Data of
only academic interest are largely omitted; therefore, J885 should not be considered as a complete summary
of all available biomechanical data.
Most of the data cited in this report applies to adult males since little information is available on women or
children. The summary data provided in the tables should be considered in conjunction with the accompanying
descriptive test. This material explains the manner in which the data were obtained and provides an insight as
to their limitations.

1.1 Purpose—The purpose of this report is to assist the automotive safety designer and testet k
with quantitafive data on the strength of the human body under impact loading conditions:

2. References

2.1 Applicable Rublications—The following publications form a part of the specification to the
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96. D. H. Robbins, B. M. Bowman and R. O. Bennett, "The MVMA Two-Dimensional Crash Victim
Simulation,” SAE Paper No. 741105, Proceedings of the Eighteenth Stapp Car Crash Conference,
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Definitions

3.1 Abbreviated Injury Scale (AIS)—A numerical rating system for quantifying the severity of injuries to an

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

accident victim. The rating scale is:

Cat
\>a~a~] arCg oy

Minor

Moderate

Serious

Severe

Critical (survival uncertain)
Maximum (virtually unsurvivable)
Unknown

© o 0B~ WN P

For further details see the Abbreviated Injury Scale 1980 Revision’ published by the America
Automotive Medicine.

Anterior—Ftont.

Anterior-Pogterior (a-p)—Front to back; in humansgdirected from the belly surface towards
Articular—Prtaining to a joint.

Avulsion—Tparing away of a part.

Cancellous Bone—The spongy or lattice-like structure of a bone occurring towards its inner
Cartilage—Hibrous connective tissue.

Cervical—Pegrtaining to-the neck.

Comminuted—Broken into small pieces.

n Association for

he back surface.

core.

Compact Bane=The dense structure of the bone which constitutes its outer portion, |

Condyle—A rounded projection on a bone usually associated with a joint.
Contusion—Bruising from a direct impact.

Cricoid Cartilage—The ring shape fibrous tissue which encircles the airway passage near th
Distal—Remote; further away from the point of reference.

Esophagus—The passageway which carries food to the stomach.

Extension—Rearward bending when applied to the neck.

e top of the neck.
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3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

3.36

3.37

3.38

3.39

3.40

Femur—Thigh bone.

Fibula—The

outer and smaller of the two bones of the lower leg.

Flexion—Bending; forward bending when applied to the neck.

Frontal Bone—The bone constituting the forehead and upper forward portion of the skull.

Functional Injury—A trauma which is not readily observable on visual examination but manifests itself as an
impairment of normal usage or behavior.

—Bleeding

Hemorrhag
Hemothorax

Hyperextend
the neck.

Hyperflexio
Inferior—Be
Inferior-Sup

Injury—Phyq
normal functi

Injury Leveld
impairment (

Injury Criter

In Situ—In it

—A collection of blood in the sac surrounding the lungs.

ion—Extreme or excessive extension of a limb or part; backward overbending

—Extreme or excessive flexion of a limb or part; forward overbending when app
OW.
brior(i-s)—Below to above or lower to upper; from-the trunk towards the head.

ical disturbance, damage, or destruction to.a biological structure which impai
pning.

—A rating of a trauma’s severity relative to its threat to life or degree of phys
f: Abbreviated Injury Scale).

on—A numerical relationship'between measurable engineering parameters ang

5 normal location in the.body.

Intervertebral Disc—Circular(pads of fibrous cartilage situated between adjacent vertebrae

In Vivo—Wit

Laceration—|

hin the living body.

LA wound 'made by cutting or tearing.

Larynx (pl. U

when applied to

lied to the neck.

S or prevents its

ical or functional

injury level.

n the backbone.

arynges)—The muscle/cartilage structure at the front of the neck.

Lesion—Any bodily disfunction or damage.

Ligament—A band of tissue that connects bone or supports viscera.

Loading—See Measurable Engineering Parameter.

Mandible—The bone of the lower jaw.

Maxilla—The bone which forms the central portion of the upper jaw.
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3.41

3.42

3.43

3.44

3.45

3.46

3.47

3.48

3.49

3.50

3.51

3.52

3.53

3.54

3.55

3.56

3.57

3.58

3.59

3.60

3.61

3.62

3.63

3.64

3.65

Measurable Engineering Parameter—Physical behavior of a system detectable by instrumentation which
describes the externally applied environment to, or the structural response or, the system or its surrogate.
(Examples of measurable engineering parameters are force, acceleration, strain, and pressure).

Mobilized—Made free to move. (See Surgically Mobilized).

Occipital Condyles—Rounded prominences on each side of the base of the skull which articulate with the
uppermost vertebra of the neck.

Occiput—The bone forming the rear and lower rear portion of the skull.

Patella—Kn

e cap

Pneumotho

Posterior—H

Process—A

Rotation—W

ax—An accumulation of air or gas in the sac surrounding the lungs.
ear.
prominence or projection on a bone.

hen applied to neck motion refers to the no gesture of the head.

Sagittal—A plane or section dividing the body into right and left portions.

Spinous Pro
Sternum—B

Subclavian
arteries pass

Subdural He
Superior—A
Supracondy

Surgically M

vessels intac|.

Suture—A g

cess—A projection of the rear on a vertebra.
reastbone.

\rteries—Two of the four major blood-vessels arising from the top of the hea
under the clavicles and supply blood to the upper body.

matoma—Bleeding between.the two layers surrounding the brain.
bove.
ar—Situated ab@ve-(superior to) a condyle.

obilized—Separated by surgery from its surrounding tissues but leaving

int in;which the opposed bone surfaces are closely united.

t; the subclavian

onnecting blood

Symphysis—A line of union; a type of joint in which the opposing bones are firmly united by cartilage.

Temporal Bones—Two bones which make up the lower sides of the skull.

Temporo-Pal

Tendon—A f

rietal—Side of the skull.

ibrous cord by which a muscle is attached to a bone.

Thorax—Chest.

Thyroid Cartilage—A wishbone shaped stiff tissue located in the upper portion of the neck.

Tibia—The larger of the two long bones of the lower leg.
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3.66

3.67

3.68

3.69

3.70

3.71

4.1

41.1

41.2

4.1.3

Tolerance Level—The magnitude of loading which produces a specific injury level.

Tolerance Specification—An impact level which is taken as the maximum (or minimum) allowable condition

for design pu

rposes.

Trachea—The windpipe.

Trauma—See Injury.

Vertebra—O

ne of the thirty-three bones of the spinal column.

eekbone

Zygoma—C
Introduction

Test Subject
volunteers (
advantages &

HUMANS—
on the dyn
ofthe "no i
they cannd
robust mal
population,
low levels \

CADAVERSH
injurious tg
similarity tg
is highly d¢
factors has
test results
cadavers,
assist in trg
tissues ded
conservatiy
around the

To Biomechanics

s—Of necessity, human tolerance levels must be inferred by indirect’ means
pelow their injury level), cadavers, or anesthetized animals. ¢Each of the
Ind shortcomings which influence the applicability of the resultant/data.

olunteers provide the primary source for determining the effects of muscle tong
hmic behavior of humans. Volunteers can also provide-some information on thg
hjury" tolerance level. However, true tolerance levelscannot be determined with
t be tested into the injury range. A further disadvantage is that volunteers a
es whose pain and injury tolerance is apt to e’ considerably higher than th

Finally, the muscle bracing which volunteers@ometimes employ can have an i
vhich cannot necessarily be extrapolated to*higher levels.

—Cadavers are normally employed when testing is undertaken at severity level
volunteers. Cadavers are logical candidates as test subjects since they
living humans and many of their structures retain a strength similarity as well.

pendent on the treatment of.the cadaver and the time duration since death. Re
led to extensive changes'in)cadaver testing techniques in recent years in an ef
more representative of living human response. These changes include the us

hflation of the lungsy;and pressurization of portions of the vascular system with

luma diagonsis. (It is“generally accepted that the mechanical strength of most li

reases with agé. -Consequently data obtained from tests of cadavers of the elde

e relative to2the general population. Other potential shortcomings of cadavg

r lack of muscle tone, and differences in some body properties from those of the

ANIMALS—

the only fupctioning physiological systems which can be subjected to severe impacts. They

\nimalesting is generally employed to study the mechanisms of trauma sincs

such as testing
se subjects has

e and pre-bracing
e upper boundary
volunteers since
e usually young,
pt of the general
mportant effect at

5 which would be
retain geometric
This latter aspect
cognition of these
ort to make such
e of unembalmed
dye solutions to
ving human body
rly are likely to be
r testing revolve
living.

animals provide
also provide the

only known bridge for examining the relationships between living and dead subjects. T

hus animals may

provide the only possibility for evaluating the usefulness of cadaver testing. Unfortunately, the results of
animal tests cannot, as yet, be quantitatively scaled with confidence to determine human tolerance levels
due to the size, shape, and structual differences between animals and humans.

4.2 Application of Biomechanical Data

421

HUMAN SURROGATES—The behavior of the human surrogate is an important consideration when the
biomechanical data of Section 5 are applied to automotive testing. To be of value, the surrogate must be
sufficiently human-like so that its performance will be indicative of human behavior under similar
circumstances. The problems of achieving such correlations are discussed in Section 6 of this report.

-10-
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4.2.2

4.3

43.1

4.3.2

DETERMINATION OF TOLERANCE LEVELS—A comprehensive discussion of the factors involved in the
determination of human tolerance levels is beyond the scope of this report. Indeed, such specifications are
beyond the state-of-the-art in biomechanics except perhaps for a few academic situations. There are several
difficulties which prevent a ready establishment of human tolerance levels. First, there are differences in
judgement as to the specific degree of injury severity that should serve as the tolerance level. Second, large
differences exist in the tolerances of different individuals. It is not unusual for bone fracture tests on a sample
of adult cadavers to show a three-to-one load variation. Presumably, variations of at least this magnitude
exist in the living population. Finally, most tolerance levels are sensitive to modest changes in the direction,
shape and stiffness of the loading source. The above considerations indicate that complete and precise
definitions of human tolerance levels will require large amounts of data based on controlled statistical
samples. Only in this way can the influence of age, size, sex, and weight be comprehensively assessed and

way can mean loads and statistical measures of scatter be linked to specific tol

rance levels.

only in this

In the inten

m, it is necessary to employ various tolerance measures in the development

safety featlires. Probably the most widely used of such measures is the tolerance‘specifig

impact lev
specificatig
a specific ¢
statistical

Biomechani
composite bg
connector all

b| taken somewhat arbitrarily as a boundary condition for designhpurposes
n should not be confused with the tolerance level which is the magnitude of load
egree of injury. As explained above, complete definitions of tolerance levels p
neasures relating probabilities of injury and degrees of injurydompact histories.

Cal Materials—The body is composed of hard and seftmaterials which can
dy structures such as the rib cage and vertebral colamn. The presence of soft
bws for large structural deflections.

BONE—In
individual

ddition to being non-homogeneous and anisotropic, a given bone often varig
individual. Therefore, it is not generally.>convenient to employ conventiona

techniques| for estimating the strength of a bone from its material properties. To overcd
bones are [generally tested in situ to determinetheir load carrying capacity as a structd

structure,

variety of failure modes is usually possible depending on the distribution ar

applied forges and, for impact situations,.time duration effects may be important as well.

important
presented

The bones
due to their
provide a
innermost
between th
cause failu

SOFT TiIssU

understand the mode of.gad application (that is, torsion, bending, shear)
n Section 5; these tolerancellevels should only be applied under similar conditio

of the skull and knee €ap are uniquely sensitive to punch through (bearing load
anatomical construction as well as to their physical prominence and lack of soft
padding effect.\\The bones of the skull and knee cap are of a sandwich co
hnd outermogstlayers are shells of compact bone which embrace a middle zon
em. Excessive bearing loads can punch through the outer shell at force leve
e of the.overall bone structure. Examples of this bearing load effect are given ir

Es=The development of injury criteria for soft tissue trauma is an extraordinarily

hnd evaluation of
ation. This is an

The tolerance
ng that produces
operly should be

bccur together in
tissue as a bone

bs in shape from
|l stress analysis
me this difficulty,
re. As with any
d location of the
Accordingly it is
for the situations
ns.

failures. This is
issue covering to
hstruction. Their
e of porous bone
Is that would not
Section 5.

complex subject

which is only in its early development stage.

reasons:

a.

Progress in this field is likely to be slow

A wide variety of possible injury mechanisms exist.

for the following

b. Small differences in the location or level of injury can have vastly different consequences to the injured
person.
c. The capability to analyze and model the organs is very limited.

-11-
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4321

Skin—Skin has been studied more than any other soft tissue insofar as automotive collision trauma is
concerned. The state-of-the-art in assessing skin injuries is summarized in SAE Information Report J202.
One test procedure is to expose a synthetic skin material to a standardized impact test and then to
evaluate the injury level either by subjective observation or measurement of the resultant damage to the
synthetic material. This appears to be a practical method to evaluate skin injury levels when the multiplicity

of skin injury mechanisms are considered. Skin trauma includes:

Lace

Avulsion (tearing away).
Contusion (bruising from direct impact).

ration (cutting).

Puncturing.

ing

Split
Abral

~0 oo OTp

4.3.2.2 Internal §
abrasion

vascular

cavitation.

injurious

5. Data—The |
mechanisms
discusses eal

5.1 Fracture Lo4

5.1.1 FRACTURE

sandwich

Sion.

In addition, they can be injured by excessive displacement which may-detach
or ligamentous connections. In the brain, rapid displacement.-may result
Unfortunately, little quantitative data exist on force, penetration, 0r displaceme
to soft tissues. No synthetic internal organs are currently in common use for im

uman body can be subjected to a broad variety ofitfauma caused by a
certain of these predominate for each zone of the“body. Therefore, this i
ch body zone separately. They are considered in ody order from head to legs.

ds for the Cranium

MODES—The bones of the cranium are not homogeneous throughout their thick
onstruction. The sandwich consists*of a core of cancellous (low density) b

layers of ¢
occur, eac

bmpact (high density) bone. This~arrangement allows two different types of
arising from a different failuresmode.

boft Tissues—Internal soft tissues are vulnerable to all of the above ‘types ¢f trauma except

an organ from its
in injury due to
ent levels that are
bact testing.

number of injury
hformation report

ness, but are of a
ne between two
bone fractures to

5111

51.1.2

Linear Fractures (failure of the structure as a whole due to bending stresses)—When the impact is well
distributed, the skull will be bent inwardly at the site of the blow, and outwardly in somg regions remote
from the plow. The tensile stresses (or strain energy densities according to one theory) arising in the latter
regions g¢an precipitate a €rack. The crack usually originates at some point of stress doncentration and
propagates towards the'site of the blow along an essentially direct path. The bone on|each side of the
crack rerpains in alighmient in this type of fracture. A linear fracture is not life threatening per se since it
does not|in itself precipitate brain injury. However a linear skull fracture is a cause for ¢goncern since the
integrity ¢f the skull has been lost.

Depressgd-Fractures (localized failure of a cranial bone due to concentrated forces)—If the impact force is
sufficiently concentrated, it may break through the structure locally even though the magnitude of the force
might be insufficient to over-stress the bone structure as a whole. A contact area of approximately 2 in2
(13 cm2) is considered here to represent the transition between distributed and concentrated loading. As
the contact area diminishes below this threshold size, depressed fractures are likely to occur as a result of
localized stresses at the impact site. This produces a cave-in mode of failure. If the contact area is further
diminished, to less than approximately 3/4 in2 (5 cm2) the depressed fracture takes the form of a clean
punch-through with a hole size which matches the size of the struck object. This behavior is thought to be
due to two concurrent failures: compression of the core of cancellous bone and shearing of the compact
bone. Both the cave-in and punch-through types of depressed fractures result in an inward displacement
of the bone which can lead to mechanical impingement against the brain and allow the entry of foreign
bodies. Depressed fractures are potentially life threatening injuries.

-12-
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5.1.2

FRACTURE DATA—Table 1 presents a summary of fracture load data for the cranium. Some of the anomalies
found there can be explained by considering the impactor shape and the cranial bone properties; however,
most are likely due to the large variations that are inherent in any cadaver population. The likelihood of
inconsistencies is compounded by the small number of test specimens employed in many of the test series
cited. These considerations suggest the need for caution in the use of this table.

-13-
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TABLE 1—DYNAMIC FRACTURE FORCES FOR CRANIAL BONES
RIGID SURFACE IMPACTS

Fracture Fracture Fracture Fracture
Forces® Forces®™ Forces)  Forces® Fresh
Mean Mean Range Range Sample or
Type of Impact Surface b N b N Size Embalmed Ref
Frontal Bone
flat plate®® 1430 6360 880-2650 3910-11 790 12 fr 1
flat plate 1440 6400 1220-1770 5420-7870 6 em 2
longitudinal surface ofcytmader
1in (2.5 cm) rad. aligned transversely 1260 5600 950-1650 4220-7340 7 em 3
1in (2.5 cm) rad. aligned sagittally 1600 7120 940-2000 4180-8900 5 em 2
5/16 in (0.79 ¢m) rad. aligned transversely 1230 5470 700-1730 3110-7700 5 em 3
sphere, 8 in (2013 cm) rad. 1180 5250 830-1530 3690~6810 5 em 2
small area flat qurfaces
11/8in (2.9 cp) dia 1130 5030 848-1600 _3770-7120 5 em 4
11/8in (2.9 cp) dia 1390 6180 980-1990 *“4360-8850 5 fr 4
11/8in (2.9 cp) dia 1310 5830 9302220 4140-9880 7 em 5
0.61in (1.55 ¢m) dia 1710 7610 920£2200 4090-9790 5 em 6
0.43in (1.09 ¢m) dia 1030 4580 470-2000 2090-8900 5 em 6
small area rounfded surface
0.67 in (1.70 ¢n) dia® 1000 4450 620-1820 2760-8100 6 fr 1
Temporo-Parietal Bones
flat plate @ 1140 5070 770-1760 3430-7830 13 fr 1
flat plate 1910 8500 1050-3360 4670-14 950 7 em
small area flat qurfaces
11/8in (2.9 cip) dia 846 3760 550-1330 2450-5920 7 fr 5
11/8in (2.9 cp) dia 702 3120 302-1330 1340-5920 8 em 5
0.61in (1.55 ¢m) dia 1290 5740 500-2200 2220-9790 10 em 6
0.43in (1.09 ¢m) dia 780 3470 140-1500 620-6670 10 em 6
small area rounfded surface
0.67 in (1.70 c) dia® 766 3410 400-1100 1780-4890 7 fr 1
Occiput Bone
small area rounded surface
0.67 in (1.70 cm) dia® 1440 6410 1150-2150 5120-9560 5 fr 1
Padded Surface Impacts
Frontal Bone
rubber padded rigid surface
flat sheet, 90 durometer 2530 11260 1200-3400 5340-15 100 7 em 2
1in (2.5 cm) rad. cyl. 90 durometer aligned sagittally 1650 7340 1100-1960 4890-8720 6 em 2

1. These forces produced a variety of fracture patterns: see the source material referenced for a description of the fractures
produced by each surface.
2. Static tests.

-14-
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5.2

521

5.2.2

5221

5.2.2.2

Brain Injury—The brain can be injured by processes other than the fracture/impingement mechanism
described above. Excessive acceleration, by itself, can cause brain injury through a variety of effects, none of

which are completely understood. Relative motion between the brain and the skull can induce a wide range of

debilitating effects; the periphery of the brain can be contused, the blood vessels leading from the brain to the

multiple or long duration impacts.

skull can be ruptured, internal brain matter can be sheared by relative motion between its parts, and the brain
stem can be distorted by extrusion through the opening at the base of the skull.
stresses can occur independent of any large brain displacement. This usually takes place opposite the impact
site and can disrupt a variety of brain functions depending on its location. Little is known about the effects of

Finally, excessive tensile

ConNcussioN—In 1966, the Committee of the Congress of Neurological Surgeons defined brain concussion

as:

"A clinical 9
consciousn

Concussion is usually a fully reversible injury. It has been widely studied for anumber of re

a. ltish
b. Cond
impal
It ac
withd
Itisn

C.

d.

For these
complexin

HISTORICAL
correlated

a. Rota]
b. Trang
c. Flexi

Only the fir

Ommaya
(Ref. 11)
animal b
levels foi

Rotational Acceleratien—Leaders in this field have been Holbourn (Ref. 7), Gurdjian

yndrome characterized by immediate transient impairment of neural function.su
ess, disturbances of vision, equilibrium, etc., due to mechanical forces,*

y far the most prevalent brain trauma.

ussion is usually the first functional impairment of the brain to occur as the
Ct increases.

companies 80% of all linear skull fractures (howeyer/the vast majority of cd
ut skull fracture).

eproducible in experiments with animals whereas-other brain injuries are not.

easons, early brain injury studies were based on analysis of concussion rath
ury mechanisms described previously.

DeveLoPMENT—Three different aspects of the gross skull motion have been su
0 concussion:

ional acceleration.
lational acceleration.
bn-extension of the upper cervical cord during motion of the head-neck junction.

, et al (Ref/ 9A), Unterharnscheidt, et al (Ref. 9B), Gennarelli, et al (Ref. 10),
In more recent years, most of the research into the effects of rotation have bg
ains/in vivo or in isolation. Hirsch's group has attempted to establish injury critg

5t two phenomena_have received quantitative appraisals and are discussed herae.

h as alteration of

asons:

severity of head

ncussions occur

er than the more

ggested as being

, et al (Ref. 8),
and Hirsch, et al
en conducted on
ria and tolerance

rotational acceleration. Based upon results of experiments with several types

f monkeys, they

have employed scaling laws to apply tolerance levels to the human.

Translational Acceleration—The first version of the Wayne State University Concussion Tolerance Curve

(Figure 2) was proposed by Lissner, et al in 1960 (Ref. 12). The abscissa is the duration of the effective
part of the pulse spanning the principal impact. The ordinate is effective acceleration which is the average
a-p2 acceleration of the skull measured at the occipital bone for the principal part of the impact of the
forehead against plane, unyielding surfaces. The curve was derived from the following observations:

a.

concussion (Gurdjian, et al. (Ref. 13)).

2. Anterior-posterior or front to back.

It was observed clinically that linear skull fracture is usually associated with unconsciousness or a mild
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The acceleration levels and pulse durations necessary to cause skull fractures in cadaver heads were
measured in free fall impacts against a rigid surface. These results were considered to approximate
the human tolerance level for concussion from the correlation noted in item (a) above. The fracture
data provided points for the curve in the range of 0.001-0.006 s.

Experimental animals were concussed by air pressure pulses of varying magnitudes and durations
applied directly to the membranous covering of the brain (Gurdjian, et al. (Ref. 14)).

The pressure pulses measured in the parietal and temporal regions of cadaver heads in drop tests
(Lissner, et al (Ref. 12)) and Gurdjian, et al. (Ref. 15)) were compared with the animal data in item (c),
and the corresponding cadaver acceleration measurements were used to provide data points for the
concussion curve between 0.006 and 0.010 s.

The long-duration end of the curve, with the asymptotic value of 42 G, was obtained from whole body
volunteer data reported by Stapp (Refs, 16, 17). Patrick, et al, considered this value to be too low,
sincqg other volunteers had survived frontal crash simulations exceeding 45 G. The¢y recommended
that the value of the asymptote be raised to 80 G for padded impacts that avaid)cqncentrated loads
(Ref|18). The resulting curve (Figure 2) became the accepted version of thé/Wayn¢ State Tolerance
Curve and is the basis of most current head injury criteria including the leriginal UfS. Federal Motor
Vehigle Safety Standard head impact specification (FMVSS 201) (Ref. 19).
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Ono, et al, (Ref. 20) concluded that their results supported the Wayne State Concussion Tolerance
Curve given in Figure 1. This conclusion was based on extensive microscopic examination of brain
tissues and physiological measurements following translational and rotational impacts to the heads of
sixty-three monkeys, and drops of fifteen human cadavers' skulls.

5.2.3 INJURY CRITERIA AND TOLERANCE LEVELS—The two principal criteria of brain injury are the Severity Index (SI)
and the Head Injury Criterion (HIC). Numerous additional indices of brain injury have been proposed. Most
of these are summarized in Ref. 21.
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5.2.3.2

Severity Index—The WSU Tolerance Curve is difficult to apply to complex acceleration-time pulses
because of uncertainties in determining the effective acceleration and time. To overcome this problem,

Gadd (Refs. 22, 23) devised a weighted impulse criterion for establishing a Severity Index (SI):

S| = éa”dt
where:

a = acceleration in G's

n = weighting factor, 2.5 for head impacts
T = pulse duration

t = time jn seconds

(Eq. 1)

The weighting factor of 2.5 is primarily based on the slope of the straight-line approxima!lion of the Wayne

State Tolerance Curve plotted on log-log paper between 2.5 and 50 ms. A review of

derivation of the Severity Index by Versace (Ref. 26) details the relationship, between

the Severity Index. Gadd proposed a tolerance value of 1000 as the threshold
pact (Ref. 22). This tolerance value was mandated in early versions’of FMVSS
specified|that the Severity Index was to be calculated using the resultanti@cceleration me
of the hepd instead of the uniaxial acceleration measured on the occjput in the direction o
used by (Gadd.

For distriputed or non-contact blows to the head, Gadd (Ref.24) has indicated that an
would b¢ an appropriate concussion tolerance level. (Gadd cited the fact that Stapp
accelerafion pulse which equated to a true biaxial head eéxposure estimated to have re
Index of 1500. This occurred in a rocket sled run inwhich 45 G was measured on the se
brain injury in this exposure although retinal hemotthages occurred.

Some success has been reported in employing the Severity Index concept to redy
occurring to football players. Seventy-three’to one hundred percent of the brain injury
annually |in this sport have been subdural hematomas. Beginning in 1970-1971, footl
designed to attenuate head impacts to an Sl of less than 1500 in a simulation of a se\
impact. The influence of this impact criterion is shown by a 50% reduction in fatality incid
when comparing the post 197%:.seasons to the preceding equivalent period (Ref. 25).

Head Injliry Criterion (HIC)—=Versace (Ref. 26) examined the relationship between the W|
and the $everity Index.:;In response to this, a new parameter, the Head Injury Criterion (
by NHTSA as:

he mathematical
the Wayne State
of concussion for
208; however, it
asured at the CG
f the blow as was

Sl value of 1500

experienced an
ached a Severity
ht. There was no

ce brain injuries
atalities reported
all helmets were
ere football head
bnts (normalized)

pyne State Curve
HIC) was defined

(Eq. 2)

HIC = { (1, —tl)[—Qa(t)dt} “max
i -1 KV)
Where tl II\‘:Il t2 alc thc ;l ||t|a= al Id fll |a= t;IIICQ (c;\plcaacd ;II SCCLUI |db) Uf thc il Itcl va: dul il IU

vhich HIC attains

a maximum value and a(t) is the resultant acceleration (expressed in G) measured at the head CG. The
HIC replaced the Sl in later versions of FMVSS 208 with a HIC value of 1000 being specified as the
concussion tolerance level.

A point worth noting is a study by Hodgson and Thomas (Ref. 27) which concluded that the HIC interval
(t, - t1) must be less than 15 ms in duration in order to pose a concussion hazard even if the HIC value
exceeds 1000. This finding resulted from an examination of events for which the concussive outcomes
were known or could be inferred.
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5.2.3.3

5.23.4

53

of directions.
and conformability of thelimpacted surface. The literature on facial bone fracture is limited, §
part of it deals with the sirength of the individual bones. The typical impactor employed was

in“ area (6 1y2 cm2) and covered with little or no padding. Test impacts were usually deliy
prominent feature,of'the bone and essentially normal to it. A summary of facial bone fracturg
in Table 2.

531

Mathematical Models of the Brain—Some researchers in brain injury have sought insights into its behavior
by developing mathematical models of the brain and/or skull. Early investigators in this field employed
continuum models. Much of this work is reviewed in Ref. 28. These simple models proved to be
unsatisfactory and attention turned to finite element formulations. Ward and Thompson developed one of
the more advanced models of this type (Ref. 29). More recently Ward et al proposed a brain injury criterion
based on the intracranial pressure calculated from the model's response to input accelerations (Ref. 30).

Lateral Tolerance of the Brain—All of the preceding discussion is based on data obtained from head
impacts in the a-p direction. Some lateral studies employing cadavers and primates have been reported by
Stalnaker, et al (Ref. 31). They concluded that the threshold of irreversible closed skull brain injury to
humans occurred when the translational head acceleration reached a peak of 76 G with a pulse duration of

Strength of
the two zygoinas (cheekbones). ;All are prominent and can be struck in a variety of locations 3
In addition, theése bones can be loaded individually or collectively depending o the size, shape,

20 ms.

Got, et al performed twenty-two lateral drop tests employing cadavers with pressurij
systems [(Ref. 32). Seventeen of these specimens were helmeted, three were{unheln
padded surfaces, and two were unhelmeted and struck a rigid surface. Sixteen of
consider¢d to have produced useful results, with HIC values ranging from. 900 to ove
values equal to or below 1500 (10 cases) two specimens exceeded an AlSiinjury level of
equal to pr below 1000 (two cases) one specimen received an AlS ipjuty level of 0 and
injury level of 2. It should be noted that the brain damage found with the use of bra
procedures employing liquid dyes are typically arterial ruptures-which are more serious
reversibl¢ concussion on which Figure 1 is based. The venaus\system was not pressur
chance df detecting a failure in its vessels. It should also be\noted that neurophysiologicg
be detected in cadaver experiments.

Melvin ef al (Ref. 33) investigated lateral impacts to\unembalmed cadavers against rigig
structurep. They found, for head impacts against-rigid walls, that brain damage of AIS 4
to occur at head impact speeds of 20 mph (33 km/h).

Nahum gt al performed lateral impact tests’'to the heads of five cadavers using a padd
34). Arterial pressurization was employed with post test dissection showing subarachn
on the laferal brain surfaces. HICs'tanged from 1340 to 5246 with a mean of 2930.

Facial Bones—The-principal facial bones are the mandible (lower jaw), maxillal

red brain arterial
neted and struck
these tests were
r 2000. For HIC
3; for HIC values
the other an AIS
in pressurization
injuries than the
zed reducing the
| damage cannot

| and deformable
or greater began

bd impactor (Ref.
oid hemorrhages

(upper jaw), and
ind from a variety

ut the far greater
flat, circular, of 1
ered to the most
data is available

a. The minimal tolerance load was 200 Ib (0.89 kN); their recommended level for a cli
fracture was 225 Ib (1kN).

b. Embalming did not appear to affect results for the areas studied.

c. Thickness of the overlying soft tissue played an important role.

ZYGOMA—TFour studies are available in which a 1 1/8 in (2.9 cm) diameter impactor was used to strike the
zygoma. Three of these studies employed blows to the frontal portion of the zygoma (near its junction with
the maxilla) while the fourth study addressed the mid-arch. The results of these four investigations were
similar and their findings can be summarized by the results reported by Nahum, et al. (Ref. 35).

nically significant
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TABLE 2—DYNAMIC FRACTURE FORCES FOR FACIAL BONES

Fracture Forces Fracture Forces Fracture Forces Fracture Forces Fresh
Mean Mean Range Range Sample or

Bone Impactor b N Ib N Size Embalmed Ref
zygoma @ (@) 386 1717 138-780 614-3470 19 both 35
zygoma® @®) 374 1665 208-640 925-2850 10 both 5
zygoma 4 283 1259 190-374 845-1665 5 embalmed 36
zygoma ®) 516 2297 360-756 1600-3360 7 embalmed 36
zygomatic arch ®3) 345 1535 208-475 925-2110 17 both 5
maxilla (3) 258 1148 140-445 623-1980 13 both 5
maxilla (lower) @ (6) 175-210 778-934 (6) (6) 35
mandible (symphysis) @ (6) 350-4007) 1558~1780 (6) (6) 35
mandible (midbody) @ (6) 290-325(7) 129021445 (6) (6) 35
mandible (center) ®) 697 3100 425-925 1890-4110 9 both 5

mandible (lateral (®) 431 1918 184-765 818-3405 9 both

Impacted fear the maxillary suture.

Flat rigid ithpactor, 1 1/8 in (2.9 cm) dia covered with MetNet pad. 0.2 in,(0.5 cm) thick.
Same as fpotnote b except pad thickness was 0.10 in (0.25 cm).

Padded impactor, 1 1/8 in (2.9 cm) dia.

Patted impactor, 2 9/16 in (6.5 cm) dia.

Not reportéd.

Lower range of fracture values.

Flat rigid ithpactor 1 x 4 in (2 1/2 x 10 cm) covered with nickel foam pad 0.2 in (0.5 cm) thick.

NGO~ WNE

In another gygoma study, Hodgson (Réf:36) explored the effect of increasing the area of the impactor. He
conducted |paired tests of five cadavers; the zygoma on one side of the face was struck wjth a 1 1/8 in (2.9
cm) diameter impactor while the opposite zygoma was struck with a 2 9/16 in (6.5 cm) diameter impactor.
The average fracture loads were 283 Ib (1.26 kN) and 573 |b (2.55 kN) respectively.

5.3.2 MaxiLLA—The maxilla is the-weakest of the facial bones when the impact is directed to the thin bone covering
the maxillary sinus. Sehneider, et al (Ref. 5) reported that every one of the fractures in their maxilla study
was "depressed and-comminuted" due to breakage of this bone shell. They conducted| thirteen impacts
(producing [elevef - fractures) with a 1 1/8 in (2.9 cm) diameter flat impactor. Their average fracture force was
257 |b (1.1b kNyand their fracture range was 140-445 Ib (0.62-1.98 kN). A previous study of the maxilla by
Nahum, et gl {Ref. 35) had reported a range of 175-210 Ib (0.78-0.93 kN) as a "clinical frac¢ture tolerance".

5.3.3 MANDIBLE—The size and shape of the mandible presents a wide range of impact possibilities. Schneider, et
al (Ref. 5) noted an indeterminacy in delivering impacts to the center of the mandible. If the blow was
directed towards the cranium, and the teeth were in contact, high forces could be sustained before failure
occurred at the mandibular body or its symphysis. However, if the blow was directed towards the neck, the
loading was carried primarily by the condylar processes (where the jaw articulates with the skull) which failed
at lower loads. In this Schneider series, fractures occurred at all three locations; the fracture force levels for
the nine specimens tested range from 425-925 Ib (1.89-4.11 kN) with an average value of 639 Ib (2.84 kN)
for the six failures obtained. A previous study (Ref. 35) had found a "clinical fracture range" of 350-400 Ib
(1.56-1.78 kN) for impacts to the symphysis of the mandible.
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54
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54.2

5.5

Direct Impad
delicate and

Lateral impacts to the body of the mandible have been undertaken both with a 1 1/8 in (2.9 cm) diameter
impactor and a 1 x 4 in (2 1/2 x 10 cm) rectangular impactor aligned along the body. The former study
obtained "lower fracture values" of 290-325 Ib (1.29-1.44 kN) (Ref. 35) while the latter study produced a
fracture range of 184—765 Ib (0.82—3.41 kN) and an average fracture load of 431 Ib (1.92 kN) (Ref. 5).

FuLL FAcCE—One study is available which indicates that the facial skeleton is remarkably strong when face
contact occurs against a padded, deformable surface. Daniel and Patrick (Ref. 37) conducted 22 sled tests
with lap-belted cadavers in an automobile body buck; head impact speeds ranged from 9-40 mph
(4-18 m/s). Their test geometry was such that the cadaver heads typically struck the top of their padded
instrument panel chin first; the head then rotated forward until full-face contact occurred. No facial bone
injuries were found in this series. Head a-p accelerations were all below 60 G except for the single run at
40 mph (18.m/s); here the acceleration was 165 G

ssues which are
upper end of the

t to the Neck—The anterior portion (front) of the neck contains two stifp i
vital. These stiff tissues, the thyroid and cricoid cartilages, are found‘at the

airway pass3

wishbone with a relatively blunt apex. The apex (Adam's apple) faces anteriorly. The ¢

immediately

ge in the neck; hence their collapse can obstruct airflow. The thyroid eartilage

peneath the thyroid; it is ring shaped and completely encircles the tfachea.

is shaped like a
icoid cartilage is

MELVIN DATA—The fragility of the thyroid and cricoid cartilages is illustrated by the data in Table 3. Melvin, et
al., (Ref. 38), employed a Plastechon high-speed testing machine-fe{conduct dynamic comppression tests on
eight excisgd, unembalmed human larynges. They found that incipient cracking occurred at a mean load of
40.6 Ib (181 N) for the thyroid cartilage and 55.5 Ib (247 N) foirthe cricoid when each was Ipaded separately.
As a part of this program, both cartilages were also loaded‘simultaneously to very large deflections (one-half

their original dimension) through the use of a 1 1/2 in (38 @m) diameter flat plate. For this s

increased

very serious fracture level at which total collapse ofithe larnyx was imminent.

GADD DATA—AnNother larynx study by Gadd, et al. (Ref. 39), tested unembalmed human
The Gadd progrgm employed an

larynx in

instrumentg¢d drop weight of 1 in? (6 1/2 cm2) area and produced marginal fractures of eit

cricoid car

Neck Injury
bending from
injurious nec

Neck bendin
extension; fo
the "no" gest

a mean level of 110 Ib (490 N). It should\be noted that this 50 percent defleqd

itu and obained somewhat -highier loads than Melvin.
lage at dynamic loads of 90+100 Ib (400-450 N).

Due to Head Inertia~Loading—In automobile collisions, neck injuries can occu
head inertial loading. When the torso is violently accelerated (or decelerated),
loads and deflections are generated by the inertia of the head.

) can oc€up in any direction. In medical terminology, backward bending of t
ward bending of the neck is termed flexion, sidewards bending of the neck is cal
ire of.the head is termed rotation.

tuation, the force
tion represents a

subjects with the

her the thyroid or

as a result of its
large, potentially

e neck is called
ed lateral flexion;
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5.5.2

TABLE 3—DYNAMIC FRACTURE LOADS FOR THE THYROID AND CRICOID CARTILAGES

Cartilage

Dynamic Dynamic Dynamic Dynamic
Fracture Loads Fracture Loads Fracture Loads Fracture Loads
Mean Mean Range Range
Ib N b N

Nature of
Fracture

Ref

excised

thy

excised
cricoid

40.6 180 14-85 62-377 incipient

roid cracking

55.5 248 35-68 156-302 incipient

cracking

38

38

thyj
cri
sin|

thyf

i¢oid

imminent to
collapse

roid and 100 490 76-182 337-810

oid loaded
ultaneously

90-100 440-445 marginal

fracture

roid
itu
400-445

90-100 marginal

itu fracture

tal 38

39

39

NECK STRU
referred to
however, (
cartilageno
tissues call

Relative m

which are attached to the skull, the individual*vertebrae, and the torso through tendons. T

are symmel
movement
extension,

The muscl
are located
developed
produce th

INJURY ME

CTURE—The neck skeleton consists of seven cervical vertebrae. These verteb
by number in order from top to bottom as C-1, €-2, etc. No two cervical vertel
L-3 through C-7 are quite similar to one another. Adjacent vertebral bodies

us tissues called intervertebral discs. Vertebral articulations are stabilized by fi
ed ligaments. These ligaments also limitthe degree of relative motion between

tric on the right and left sides-6f'the body, respond in various group actions to prd
of the head and neck. Muscle pairs which produce voluntary flexion are the
And vice versa.

s lying behind thé head/neck are more massive than those lying in front; in ad

further from the head-neck pivot (the occipital condyles). Consequently, larger
for resisting flexion than for extension. Also, a lower resultant muscle force le

CHANISMS

rae are generally
rae are identical;
hre separated by
brous connecting
the vertebrae.

pvement of the cervical vertebralcolumn and the head is accomplished throligh muscle pairs

hese pairs, which
duce the desired
bnes which resist

dition, the former
moments can be
vel is required to

P same miagnitude of resisting bending moment in flexion than would be required in extension.

5.5.2.1 Hyperextension Injuries and Associated Mechanism—The rear-end collision accounts for most of the
diagnosed neck injuries that occur to vehicle occupants. The resultant neck lesions are generally
classified as hyperextension trauma and include symptoms such as localized neck pain, pain radiating to
the shoulders, vague aches, discomfort, and vertigo due to strained muscles, damaged ligaments, injured
articular joints, or fractures of various parts of the cervical vertebrae. The involvement of the cervical
vertebrae, joints, connecting ligaments, and muscles in a rear-end collision environment can be

qualitatively analyzed but are difficult to quantify.

If the head is turned to one side at the onset of a rear-end collision, the neck ligaments will be prestrained
and less articulation of the neck will be required to produce high resistive forces. Consequently, there will
be less time available for the neck muscles to respond to aid in accelerating the head, placing a greater
burden on the ligaments. For this condition, the neck can be more susceptible to injuries.
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5.5.2.2

5.5.2.3

Hyperflexion Injuries and Associated Mechanisms—Hyperflexion neck injuries to lap/shoulder belted
occupants have not been reported with any degree of frequency in field accident studies. A study by Vazey
and Holt (Ref. 40A) of fatalities to car occupants wearing lap/shoulder belts indicated that only two out of
136 fatalities were due to neck injuries. In these two cases, the occupant compartments were severely
compromised. The involvement of the shoulder harness in producing these two neck injuries is doubtful.
In contrast, Schmidt et al (Ref. 40B) conducted a series of one hundred simulated frontal collision sled
tests using lap/shoulder belted cadavers as vehicle occupants. Sled impact speeds of 30, 40 and 50 km/h
were used. The deceleration-time curve was trapezoidal with plateau deceleration levels ranging between
16.9 to 25.6 G's. The cadavers were unembalmed with an age distribution at time of death ranging from 12
to 83 years. While the most frequent cadaver damage observation was rib fracture, 46 of the 100 cadavers

had neck damage with most of this damage being concentrated at the level of C-7 and T-1.

There ar
flexion d
transmit
the bony
muscles
differenc
mimic th
levels.

frequenc
more se
forward i
of the ne

Shear fo

C-3 throligh C-7, there are bone-to-bone interloeking joint surfaces and ligaments to ¢

forces ag
C-1/C-2)
to be inju

When th
lower for
moment.
by the n¢g
chin redd

injury in these areas

As the ng
result if t
be fracty

e a number of possible explanations for the difference in frequency of field and &
hmage. The neck structure of the unembalmed cadaver is flaccid. Its nec
hny significant load even when the neck is hyperflexed. All the neck loads must
vertebrae, the intervertebral discs and the surrounding joint ligaments$._4n the li
can transmit loads, sharing the load distribution with other neck structures. The
b in the load carrying structures of the cadavers and the human-neck is that whil
b neck damage patterns of the human, the cadaver damage, will occur at lower|
Dn the other hand, published field accident data of neck(injury may not rep
y of neck injuries since detailed autopsies of the neck-are not routinely perforn
ere frontal collision environments, the head of the“pbelted occupant may imp
nterior. This is particularly true of the driver. In such cases, the head load causg
Ck loading which could reduce the potential for neck injury.

ces in the neck are important in flexion prieirto the chin contacting the chest.

the neck is flexed. This is not the \case for the upper neck joints (occipital
Here the ligaments must carry the'shear loads. These upper joints are, therefo
red by shear.

b chin contacts the chest}. a redistribution of the loading occurs. Chin-chest
ce level to be developed «in the posterior muscles for the same magnitude of
In addition, the foree'on the chin has a component which is parallel to the shea
ck and aids in deceterating the head. Transfer of loading from the ligaments (
ces the shear load transmitted between the head, C-1, and C-2 and reduces

ck flexes, the front portions of the intervertebral discs are compressed. Lesions
ne compressive forces become sufficient. Also, the anterior portions of the vert]
red)’ The ligaments posterior to the articular surfaces can be torn during

xperimental neck
k muscle cannot
be transmitted by
ing human, neck
mplication of this
b the cadaver will
collision severity
esent the actual
hed. Also, in the
act a part of the
S a redistribution

For the vertebrae
arry these shear
ondyles/C-1 and
re, the most likely

contact causes a
resisting bending
r force developed
f the neck to the
the probability of

to the discs may
ebral bodies may
hyperflexion. In

particular, the ligaments joining adjacent spinous processes are prime candidates for lesions since they
undergo the greatest elongation. The ligamentous and muscle loads may fracture the spinous processes
or parts of the vertebrae surrounding the spinal cord.

Lateral Flexion Injuries and Associated Mechanisms—Lateral flexion injuries occur less frequently than
the other two types of neck injuries. Usually in a lateral (side impact) collision, severe lateral flexion of the

neck does not occur.

For a far side collision, the upper torso is accelerated but may

be free to rotate

towards the impacted side, minimizing the neck forces required to accelerate the head. For a near side
collision, the torso is accelerated upright, but the head usually impacts the side door window or upper side

structures minimizing the neck forces.

fractures

of the articular processes of the vertebrae may be found at the C-5 to C-7 level.

If severe lateral flexion should occur, ligamentous injury and/or
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NECK STRENGTH—TO obtain measures of each injury mechanism which was discussed previously would be a
difficult, if not an impossible task. First, volunteers cannot be exposed to injury-producing environments;
second, relevant in vivo measurements cannot usually be made. Consequently, indirect approaches must be
used to obtain data which can be related to the overall strength of the neck.

Three approaches have been used to obtain neck strength data. Static strength tests on necks have been
conducted with volunteers resisting static loads applied to their heads. Dynamic tests have been conducted
where volunteers have been subject to controlled, non-injurious acceleration environments. In these latter
tests, the torso is restrained and the head is accelerated by the neck. A third approach utilizes human
cadavers in a similar manner to the dynamic volunteer tests, except that the severity of exposure can be
increased until physical damage to the neck structure is produced.

In dynamic| neck tests, it is common practice to measure accelerations of the head and-thg

of the hea

relative to the torso; in static tests the usual measurement is the forceXapp

Investigatofs have noted deficiencies in relating injury severity to these measurements. Fq
the applieq head load does describe the force level the neck must resist, but does not d
resisting b@nding moment the neck must develop. The same is true of thecaccelerations
dynamic tepsts. In an effort to minimize these deficiencies, Mertz and Patrick)(Ref. 41) deyv

for calcula
(occipital ¢
be made o

The angula
bending. H
of motion.
becomes 4
measure a
indicator of

ing the resultant reactions developed between the top of ¢he-heck and the
bndyles) for both the static and dynamic approaches. This(method allows dired
static and dynamic neck reactions.

\r position of the head relative to the torso can be used as a measure of the
owever, it should be noted that the neck can bekinjured without exceeding its sta
In addition, when the neck is flexed to anZextreme of articulation, relative
poor measure of potential injury becausé.a small increase in articulation, w
ccurately, will produce large increases insheck loads. Measures of the neck load
injury potential.

Static Stiength of the Neck—Mertz and. (Patrick (Refs. 41, 42) and Patrick and Choy

conducte
the head
of the m3
The max

d tests on volunteers to deterniine the neck's reaction on the head for statically

The principal results of these studies are summarized in Tables 4 and 5. Tabl
ximum static bending moments developed at the occipital condyles for various Ig
mum shear and axialforces that were observed are given in Table 5.

angular position
lied to the head.
r the static tests,
irectly define the
measured in the
eloped a method
base of the skull
t comparisons to

severity of neck
itic angular range
angular position
hich is difficult to
5 may be a better

(Ref. 43) have
applied loads to
e 4 is a summary
ading conditions.
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TABLE 4—MAXIMUM STATIC BENDING MOMENT DEVELOPED AT THE OCCIPITAL CONDYLES BY VARIOUS

VOLUNTEERS FOR VARIOUS LOADING CONFIGURATIONS (AIS =0)
BENDING MOMENT DEVELOPED AT OCCIPITAL CONDYLES

ft-Ib (N'm)
Neck Resist Resist Resist Lateral Resist Resist
Position Flexion-0 deg Extension-180 deg Flexion-90 deg Flexion-45 deg Flexion-135 deg
Normal 37.0 (50.2) 15.0 (20.3) 35 (47.5) 40.5 (54.9) 24.0 (32.5)
Elexed® 30.0 (40.7) 28.0 (38.0) 45.5 (61.7) 46.0 (62.4) 40.0 (54.2)
Extended® 29.5 (40.0) 17.54) (23.7) 38.0 (51.5) 34.5 (46.8) 27.0 (36.6)

NOTE—These values al
than reaching a
the neck bends

imit on forces producing the resistive bending moment. For example, the moment armjcotld be pro

e not necessarily upper bounds of tolerable neck bending moments. Tests could have beenterming

lue to increasing load. Thus, the magnitude of the applied load could increase, but the resistive ber]

ted for reasons other
pressively decreased as
ding moment could

decrease.
1. |Initial head positio|
2. Initial head positio

3. Value taken from

TABLE 5—MAXIM

h toward the applied load.
h away from the applied load.
Ref 41.; all other values taken from Ref. 43.

UM STATIC FORCE REACTIONS DEVELOPEDR"AT THE OCCIPITAL CONDY
VOLUNTEERS FOR VARIOUS LOADINGCONFIGURATIONS (AIS = 0)

| ES BY VARIOUS

Shear Force Ib (N) Shgar Force lb (N) Shear Forcelb (N) Shear Fofce Ib (N) Shear Force Ib (N) Axial Forcelg (N) Axial Force Ib (N)
R-L
A-P P-A L-R
Tension Compression
0 deg 180 deg 90 deg 45 deg 135 deg
190 (845) M 190 (845)® 90 (400)@ 98 (436)@ 96 (427)@ 255 (1134)(P 250 (1112)@

NOTE—These values 3
could have beern

e not necessarily upper/bounds of tolerance load reactions between the head and the neck at the o
terminated due to discomfort with the strapping used to apply the load to the head.

Ccipital condyles. Tests

1. Values taken from R
2. Values taken from H

It should
the head

ef. 41
ef. 43

be noted that none of these are necessarily upper bounds of non-injury load re¢
and>néck at the occipital condyles. Tests were usually terminated due to dis

straps us

ed’to apply the load to the head. No injuries or neck pain occurred as a resu

pactions between
scomfort with the
t of any of these

loads. They are considered non-injurious neck reactions and correspond to an Abbreviated Injury Scale

(AIS) rati

ng of zero.

Gadd, et al. (Ref. 39), subjected human cadavers to static rearward and lateral neck bending loads. They
noted that minor ligament injury occurred for 80 degrees of rearward neck bending and 60 degrees of
lateral neck bending.

55.3.2

Dynamic Strength of the Neck—Mertz and Patrick (Ref. 41, 42) and Patrick and Chou (Ref. 43) have also

conducted tests on volunteers and human cadavers to determine the neck's reaction on the head under
dynamic conditions. The principal results of these studies are given in Table 6 for volunteers and in Table 7
for human cadavers. The bending moment for forward flexion includes the moment of the chin force taken

with resp

ect to the occipital condyles.
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Mertz and Patrick (Refs. 41, 42) found that the resultant bending moment was an excellent indicator of
neck strength. Based on their cadaver data, they suggested tolerance levels for the 50th percentile adult
male. For flexion, a resultant bending moment of 140 ft-Ib (190 N-m) was proposed as a lower bound for
an injury tolerance level. This bending moment did not produce any discernible ligamentous damage to a
human cadaver. For extension, an injury tolerance level of 42 ft-Ib (57 N-m) was suggested. This level was
associated with ligamentous damage to a human cadaver. However, it should be noted that the human
cadaver was relatively old and, also, there may have been degeneration of the strength of the ligamentous
tissue compared to living tissue. Based on these suggested bending moment tolerance levels, the neck
appears to be at least three times stronger in resisting flexion than extension.

Ewing and Thomas (Ref 44) have also conducted dynam|c forward neck bendmg tests with instrumented
] A ance data. However,
of their more severe test condltlons they have calculated the maximum forward neck bending
relative to the occipital condyles. Three of the volunteers developedomaximum bending
of 22.5 ft-Ib (35 n-m), 33.2 ft-Ib (45 n-m) and 36.9 ft-Ib (50 n-m) without-any pain. These values
stent with the forward bending results of Mertz and Patrick (Ref. 41) given in Taple 6 where neck
\IS = 1 injury, was observed at 65 ft-Ib (88.2 n-m).

for some
momentg
momentg
are cons
pain, an

mulated accident
ure the resultant

et al. (Ref. 45), subjected an instrumented dummy (Hybrid N}, Ref. 46) to si
ents of lap/shoulder belted occupants. The dummy was instrumented to meas

Nyquist,
environm

neck loag
and seve
measure

b (2.97

ings at the interface between the head and neck. For each simulated accident @
prity of the expected neck injury were inferred fremvthe field accident injur]
H a neck forward bending moment of 110 ft-Ib (152:N-m) along with an a-p neck

KN) and a neck axial tension load of 740 Ib (3.29%N) in a test condition associate

ondition, the type
y data. Nyquist
shear load of 670
d withan AIS=1

Iy level. Environments which produced serious neck injury were not simulated in this study. The

5 of restaging field accidents are discussed‘in Section 6.2.2.

neck inju
limitation

TABLE p—TOLERABLE NECK REACTIONS CALCULATED AT THE OCCIPITAL CONDYLES

FOR DYNAMIC VOLUNTEER TESTS

Neck Neck  Neck Neck
Bending Bending Shear Shear Axial Axial
Mepment Moment Force Force Force Force
ft<tb (N'm) b (N) b (N)

Head Angle
Relative
to Torso

deg

Lo
Conf

AlS
Rating

ading

guration Ref Cgmments

Forward bending 0 deg 41 65.0 (88.2) 177  (787) 70 1 Pain but no injury

Rearward bgnding 180.deg 43 225 (30.5) 52 (231) 56 (249) 68 No injury

Lateral bending 90"deg 43 33.3 (45.2) 178 (792) 43 No injury

Lateral bending 135 deg 43 13.3 (18.0) 70 (311) 80 (356) No injury

Lateral bending 45 deg 43 23.0 (31.2) 99 (440) 37 (165) 0 No injury

NOTE—These values are not necessarily upper bounds of tolerance load reactions between the head and the neck at the
occipital confyles. They are all tolerable loads.
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5.6

TABLE 7—NECK REACTIONS CALCULATED AT THE OCCIPITAL CONDYLES

FOR DYNAMIC HUMAN CADAVER TESTS

Neck Neck Neck Neck Head Angle
Bending Bending Shear Shear Rrelative
Loading Moment Moment Force Force Axial to Torso AlS
Configuration Ref. ft-1b (N'm) b (N) Force deg Rating Comments

Forward bending 0 deg 41 140 (190) 357 (1588) — 88 0 No damage

41 130 (176) 437 (1944) — 69 0 Nodamage
Rearward hereirg-186-deg—35 35 47y o Ne-damege

35 42 (57) — — — — 3 Ligamentqus damage

Neck Injury Pue to Head Loading—The neck can be injured by loading of the head. Dur
some or all of the head load is transmitted to the torso by the neck structure. The magnitude
load is dependent on the location and direction of the head load, the inertia of the head, and
of the cervical spine when the head load is applied. For example, if the peck is straight v
lateral head Joad is applied, then the neck may undergo significant bending prior to transn
loads to the forso. However, if a load is applied to the head colinear with the cervical sping
straight, large tensile or compressive neck loads may be transmitted-o.the torso with little ne

ng head loading,
bf the transmitted
the configuration
hen a fore/aft or
nitting large neck
e and the neck is
ck distortion.

Hodgson anfl Thomas (Ref. 47) discussed the effect of neek configuration on the magnitude of axial

compressive|loads transmitted by the neck, and the location’and type of neck injuries for img
the head. They measured bone strains on the anteriorCsurfaces of the third, fifth and
vertebrae of |human cadavers for various neck articulations. For a given applied head |
cervical body| strains were the lowest when the vertebrae were aligned; i.e., neck straight. Th

neck behave
neck injury.

l as a column and that the neck compressive load should be a good indicator @
When the neck is flexed, the cervical vertebrae are subjected to a combined 4

and bending

moment. For this condition, thelaxial compression load alone may not be a god

potential for peck injury.

Culver, et al (Ref. 48), subjected human cadavers to superior-inferior head impacts. The necK
were not flexped and a padded impactor was used to preclude skull fractures. A summary of]
head load apd observed neck frauma is given in Table 8. The mean axial compressive
producing neck trauma was 1620 Ib (7.22 kN), and the range was 1060 Ib (4.71 kN) to 1990 |

Crown impadt tests were' conducted by Nusholtz, et al (Ref. 49). In these tests, the thickne
covering the [impaetor. surface was varied to give different force-time characteristics. A sum
applied head|loads-and resulting neck damage is given in Table 9. The peak head loads whi

acts to the top of
seventh cervical
pad, the anterior
s implies that the
f the potential for
Xial compression
d indicator of the

s of the cadavers
the peak applied
peak head load
b (8.85 kN).

5s of the padding
mary of the peak
h produced neck

damage had g range of 405 Ib (1.8 kN) to 2495 Ib (11.1 kN) and a mean value of 1210 1b (5.4

kN). The authors

concluded that the initial configuration of the cervical spine had a major influence on the load carrying capacity
and damage patterns which were observed. Note that both Culver, et al., and Nusholtz, et al., measured
applied HEAD loads. The axial compressive NECK loads corresponding to these applied HEAD loads could
be smaller due to head mass inertial effects.
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TABLE 8—COMPRESSIVE HEAD LOADS AND RESULTING NECK DAMAGE DESCRIPTIONS FOR SUPERIOR-
INFERIOR HEAD IMPACTS TO CADAVERS WITH NECKS STRAIGHT (48)

Axial Axial
Compressive Compressive
Head Load Head Load
Ib N Neck Injury Description

1490 6620 No Fractures

1510 6700 No Fractures

1560 6950 No Fractures

1060 4710 Spinous pracesses of C4 _CH _C6 fractured  Transverse process of C5 fractured  Body of C5
crushed on right side.

1360 6050 Tips of spinous processes of C3, C4, C5 fractured.

1580 7030 Spinous processes of C7 and T1 and both transverse processes of T1 fractured.| Right transverse
process of C7 crushed.

1620 7200 Body of C5 fractured.

1680 7450 C5-6 disk crushed. Spinous process of C2 fractured from body,at arches. Tip of spinous process
of C6 fractured.

1800 8000 Spinous processes of C1, T1, T2 fractured through arches. Tips of spinous processes of C2, C4,
C7 fractured.

1900 8450 Complete fracture from body of C3 and C4 left transverse processes. Chip fractlires of spinous
processes of C5, C6, C7, T2.

1990 8850 C3-4, C4-5, C5-6 disks crushed. Transverse processes of C5 and T1 fractured| body of T2

severely crushed.
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TABLE 9—COMPRESSIVE HEAD LOADS AND RESULTING NECK DAMAGED DESCRIPTIONS FOR
SUPERIOR-INFERIOR HEAD IMPACTS TO CADAVERS WITH VARIOUS
HEAD-NECK-TORSO ANGLES (49)

Axial Axial
Compressive Compressive
Head Load Head Load

Ib N Neck Damage Description

405 1800 Fracture of C6 spinous process. Fracture of C7 lamina, articular process and body. Rupture of
anterior and posterior longitudinal lagaments and ligamentum flava between C6—C7 with disk
involvement.

495 2200 Extension/compression type damage. (osteoporotic)

515 2300 Fractures of C5 and C6 bodies. Fracture of C5 spinous process. FractureZof C6 lam|na. Rupture of

anterior longitudinal ligament between C5-C6 with disc involvement,

740 3300 Fractures of C3—C7 spinous processes. Fracture of C2—C3 dise/With displacement. Rupture of
anterior longitudinal ligaments between C3—C4 and C5-C6 with disc involvement. Rpupture of C2
posterior longitudinal ligament.

740 3300 Fractures of C3—C4 spinous processes. Fracture©f C4 articular capsule. Rupture of longitudinal
ligament between C3-C4 with disc involvement:

1280 5700 Fracture of C4 spinous process. Rupture @fanterior longitudinal ligament between 2—-C3 with disc
involvement.

1350 6000 Fractures of C5 and C7 bodies.\Rupture of anterior longitudinal ligament at C5. Fragture T2 body.

1395 6200 Fractures of C7 and T1.spinous processes. Rupture of anterior longitudinal ligament between C6—C7

with disc involvement.

1595 7100 Bilateral joint laxity between C4—C5. Fracture of T4 body. Rupture of inter - and supraspinous
ligaments between T3-T4.

2315 10300 Rupture-of supra - and inter spinous ligaments and ligamentum flavum between C7—T'1 with disc
invelvement. Fracture of T1 body.

2495 11100 Rupture of anterior longitudinal ligament between C3—C4 with disc involvement. Fragture of T3 body.

630 2800 No damage

In an accident reconstruction program, Mertz et al. (Ref. 50), exposed an instrumented Hybrid Il dummy to
head impacts using a spring propelled, tackling dummy which has produced serious neck injury to football
players. In these tests, the dummy was oriented so that the load was applied to the top of the head, loading the
neck structure in compression with minimal head rotation. This configuration was chosen to produce the
maximum value of neck compression force for the impact velocity used. The neck compressive load measured
by the Hybrid Il dummy should be representative of the upper bound of the maximum axial compressive load
that an equivalent weight human would experience for the same impact velocity since the relatively soft
stiffness of the tackling dummy bag should mask the effect of the relatively stiff neck response required to
obtain a maximum compressive loading. Based on their results, they proposed a time-dependent, injury
criterion for axial compressive neck loads, Figure 2. Exceeding the criterion implies that major neck injury
(permanent impairment of a body function) is likely. However, being below the criterion does NOT imply that
major neck injury will not occur if other neck loading modes are present.
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5.7 Thorax—The human thorax (or chest) is a ribbed shell (rib cage) containing the following important organs:
heart, lungs, trachea, esophagus, and major blood vessels. The size and shape of the thorax depends on the
age and sex of the individual, but roughly it may be described as a truncated cone with its depth less than its
breadth. The rib cage is a semi-rigid structure which provides protection to the internal organs and facilitates
the mechanics of respiration.

5.7.1 THORACIC INJURIES—Thoracic injuries may be divided into two types: (a) injuries to the internal thoracic
organs and (b) injuries to the rib cage. Injuries to the internal organs include pneumothorax3, hemothorax 4,
ruptures of the heart, ruptures of the arteries connected to the heart, injury to the cardiac muscle, lung
contusion, bruising, or rupture. Of these, the most frequent and most serious is the rupture of the thoracic
aorta which is the major artery attached to the heart. Cardiac injuries are thought to be caused by
compressr N Q ) . e is an increased

of the aortq usually occur just beyond the aortic arch at its junction with the subclavianartery. The tears are
usually trafsverse to the vessel axis. The exact mechanism of failure is not yet uriderstogd. Injuries to the
rib cage in¢lude fractures of the ribs and sternum, and less often, dislocations and'fractures of the thoracic
vertebrae. |Rib fractures become dangerous if the broken rib ends are displaced to the poift where they can
puncture internal organs or are numerous enough to inhibit adequate inspiration.

3. These denote, respectively, free air blood in the sac surrounding the lung tissue
4. These denote, respectively, free air blood in the sac surrounding the lung tissue
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(REF. 48)
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5.7.2 THORACIC INJURY CRITERIA—Several parameters have been suggested for monitoring the effect of a blow to
the thorax based on thoracic acceleration, force, deflection, or some combination of these. Chest impact
studies have been conducted by a number of researchers using both embalmed and unembalmed cadavers,
experimental animals (monkeys, dogs, and pigs) and, for quasistatic chest loading, volunteers. There are
difficulties associated with the use of any of the above test subjects in determining thoracic injury tolerance.
With cadavers, corrections may be needed to account for their lack of muscle tone and lung inflation as
compared to living subjects. Rib fractures are a commonly employed measure of thoracic injury with
cadavers but this factor is highly age dependent. Data obtained with tests on animals must be scaled to
account for size and shape differences of their thoracic cage as compared to the human; injury interpretation
is complicated by anatomical differences between the human thoracic organs and those found in
experimental animals.

The majori
impactors
are no datg

fy of experimental chest impact studies have involved frontal impacts employ
br belt restraint systems. A lesser amount of data are available on lateral-ches
available at this time on oblique impacts to the chest.

ing either simple
t impacts. There

5.7.2.1 Chest D¢
which sh
has beer
frontal bl
related th

and ages

flection—Researchers have generally concluded that chest deflection is a re
bws good correlation with chest injury produced by blunt frontal-imipacts. Neathg
a major advocate of this approach. He analyzed test resultsson 24 cadavers
unt thoracic impacts delivered by a simple impactor. Employing regression a
eir chest traumas (using the 1971 AIS scale) to their chest deflection (normalize
at death.

sponse measure
ery, et al (Ref. 51)
hat had received
halysis, Neathery
d by chest depth)

Based on an injury level of AIS 3 (severe; not life-threatéhing), and a median driving ags
Neathery recommended the following sternal deflectiondimits:

e of 45 years old,

The pre
previous
fracture

correspo

TABLE 10—
Occupant Size Recommended Recommended
Sternal Deflection Sternal Deflection
Limit for AIS 3 Limit for AIS 3
mm in
5th percentile.female 60 2.36
50th pércentile male 75 2.95
95th\percentile male 90 3.54

eding ‘fecommendation for the 50th percentile male is consistent with ob
vy bysMéelvin, et al (Ref. 52). Melvin proposed a chest deflection limit of 1.75
vas)to be avoided; he also concluded that a deflection range of 2.5-3.0 in (6

servations made
in (44 mm) if rib
¥—76 mm) would

nd to an AIS injury level of 3.

In a subsequent re-analysis of the data used by Neathery, Viano (Ref. 53) emphasized the distinction
between skeletal and non-skeletal thoracic injuries. By separating these injury classes, Viano noted that
internal injuries (which can be life-threatening) only began to appear at P/D ratios® of approximately 0.40.
At this deflection level, the rib cage has lost its structural integrity due to multiple rib fractures. Viano's P/D
limit of 0.40 is slightly greater than Neathery's recommended limit of 0.387; however, Viano's limit
represents the onset of life-threatening injuries, (AIS = 4) whereas Neathery's limit represents an AIS level
of 3 which is serious, but not life-threatening. It should also be noted that Viano's analysis did not correct

for the effects of age levels as did Neathery's.

5. P/D = penetration divided by pre-impact chest depth
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5.7.2.2

5.7.2.3

The primary disadvantage of the deflection criterion is the difficulty of performing the measurement, both
on biological specimens as well as on test devices. A further complication is that a single deflection
measurement is not generally representative of the complete thorax deformation behavior, unless the
nature and location of the impact is well understood beforehand and the transducer positioned accordingly.

Chest Acceleration—The practical difficulties of the deflection criterion have led many researchers to
conclude that acceleration measurements offer an attractive alternative. Stapp (Ref. 54) reports on
numerous tests where volunteers were subjected to decelerative restraint environments. For a series of
“rocket sled" tests where the volunteers were restrained by air force restraint harnesses, cardiovascular
shock (drastic drop in blood pressure immediately post test) was noted in several tests where the peak sled

deceleration ranged from 26-38.5 G with deceleration onsets of 896-1373 G/s.

ere not instrumented with chest accelerometers

Unfortunately, these

subjects

Mertz an
while imJ{
(Ref. 56)
m) into 4
sternal a
these me

FMVSS
except fd
a Severit]
the head
Both the
center of

Accelera
response

i Gadd (Ref. 55) report that an instrumented stunt man experienced chestagcel
acting a thick foam mattress with his back after diving 57 ft (17.4 m) froma to
measured the chest acceleration of a performer who routinely dove from a heig
shallow pool, impacting the water's surface with his belly. They.-measured th
ccelerations of 25 G and 224 G, respectively, for a 15 ft (4.6 m)ddive. The aut
asured results to 68 G and 380 G, respectively, for his normal performance heig

P08 currently specifies as acceptable any accelerationpulse which "... shall
r intervals whose cumulative duration is not more than'3’'ms". Previously, MVSS
y Index to the chest acceleration pulse. This indexiwas calculated in exactly the

60 G and the chest Severity Index limits are based on the resultant acceleration
gravity of the dummy thorax.

ions measured at a single point (as described above) cannot adequately repres
of the thorax. For this reason, Robbins, et al (Ref. 57) employed a sophistic

prations of 46 G's
ver. Viano, et al.
ht of 34.5 ft (10.5
oracic spine and
hors extrapolated
ht.

hot exceed 60 G
208 had applied
same manner as

Severity Index discussed previously, and the limit of 1000 was the same as that for the head.

measured at the

ent the complete
ated approach to

accelerometer usage for determining the overall response of the thorax. His group pgrformed tests on
animals rnd cadavers instrumented with ten accelerometers mounted at eight different |ocations on their
rib cageg and backbones. Test conditions included frontal and, subsequently, lateral impacts (Ref. 58).
The instjumentation, which was_later increased to twelve accelerometers, was chosen|to be consistent
with dunjmy instrumentation-usage. Their intent is to determine a predictive function which will enable
these accelerometer signals-to be combined in a manner that is related to the thorpacic injury. This
approach requires a large number of tests and the use of a computer to generate regresgion models.

Shouldern Belt Load—In an analysis of data from 108 frontal tests with seat belted cadayers conducted at
five rese[rch institutes, Eppinger (Ref. 59) formulated an equation which predicts the number of observed

thoracic fractures (this includes fracture of the ribs, sternum, and clavicles) based on thg maximum upper
torso bell force, the cadaver weight, and the cadaver age at death. As an example of the gpplication of this
method, Eppinger chose to use the age and weight distributions of the U.S. automotive fatality population
in a particular 30 mph (13.4 m/s) frontal crash with a particular belt restraint system. From this he
determined that the total number of rib fractures to the target population would be minimized if shoulder
belt forces could be limited to 1300-1500 Ib. Eppinger employed a 12 in (305 m) stroke limit on his belt
system which precluded a lower optimal force level.

Foret-Bruno, et al (Ref. 60), reported on the relationship between vehicle occupant thoracic injuries and
shoulder belt loads estimated from frontal accidents in which the occupant was restrained by a unique
energy absorbing lap/shoulder belt system which allowed the shoulder belt load to be approximated. No
chest injuries were received by occupants less than 30 years old for shoulder belt loads under 1650 Ibs.
(7.30 kN). Beyond age 50, fractures began to occur at about 950 Ibs. (4.20 kN) of belt load. The authors
compared these results to Eppinger's analysis and concluded that cadavers could be expected to sustain
three to five more rib fractures than the living crash victim under similar impact conditions.

-33-



https://saenorm.com/api/?name=97ae298671f3951549ea9a263fd11135

SAE J885 Revised JUL86

5.7.2.4

5.8

The disadvantage of employing shoulder belt load as an injury criterion lies in its sensitivity to shoulder belt
geometry. The force on the torso is not only a function of the belt loads, but also is dependent on the
angles of the belts relative to the torso. These belt angles can be expected to vary among belt restraint
systems since they are a function of such variables as anchorage locations, seat height, seat stiffness, and
webbing properties. Belt angles can also be expected to change with the occupant's movement during the

impact event.

Lateral Loading—Some recommended limits for side impact to the chest come from an animal and
cadaver study by Stalnaker (Ref. 61). Two impact surfaces were considered in this investigation. A flat
6-in (15.2 cm) diameter surface was employed for blunt impacts and a simulated armrest was employed for

concentrated impacts. Stalnaker concluded that a lateral chest deflection of 31 perce

nt of chest width

by the blunt surface would result in an AIS injury level of 3; the comparable non-fracture limit was

produce
found to pe 22 percent.

Tarriere, [et al. (Ref. 62), investigated the tolerance of the thorax to lateralyimpd
unembalmed cadavers, suspended horizontally, against a broad, flat load cellisurface. |
conditions were employed. The cadaver thorax instrumentation included triaxial acce
deflectiof rod installed transversely through the rib cage and viewed photographically.
traumfa was rib fractures with no visceral lesions being found. Mineralization tests were
samples,| post-test, to determine the suitability of the specimens (@mployed. Force,
deflectiop were all considered as possible injury criteria, but deflection was found to
correlatign to trauma severity. A thorax relative deflection of/30vpercent was found to e
level of AIS £ 3. This value compares reasonably well with-Stalnaker's recommendation.

An important consideration in conducting side impact véhicle tests is the placement of the
surrogat¢. The upper arm can be placed alongside the chest or raised, thereby expos
direct impact. To resolve this question, it would beinecessary to know the circumstances
in field a¢gcidents as well as the biomechanical effects of arm positioning on subsequent
the thorajk and arm.

Cesari, gt al. (Ref. 63), studied the laftér issue by conducting lateral impact tests to e
cadavery. In most of these tests,\.the arm was alongside the thorax so that the thor
through the arm. These resultswere compared to those of a similar series, conducted pr
the arm was raised and the thorax was struck directly. Their impactor was a spherical se
(60 cm) gpherical radius and'a 6.9 in (175 mm) sector radius and weighed 51 Ib (227 N).
ranged flom 6.2-16.8 mph (10-27.1 km/h). The arm was found to provide some prote
thorax when the arni received the blow. This protective effect was generally equivalen
change ip impactar velocity. The nature of the thoracic injuries (as distinct from their
appreciably changed by the presence of the arm. Rib fractures were the most prey
intrathoracic injufies also occurred. There was only one arm fracture, on a relatively seve

cts by dropping
Rigid and padded
erometers and a
The predominant
conducted on rib
acceleration and
provide the best
jluate to an injury

upper arm of the
ing the thorax to
Of arm placement
injury patterns to

ght unembalmed
AX was impacted
eviously, in which
ctor with a 23.6 in
Impact velocities
ctive value to the
t to a 10 percent
severity) was not
alent trauma but
re test.

Abdomen—The abdomen is the least understood region of the body from the load tolerance viewpoint. It

contains a variety of organs which can be exposed to impact forces. The organs most frequently injured as a
result of blunt abdominal trauma are the liver, kidneys, spleen, intestines, pancreas and the urinary bladder.
Only the liver and the spleen are partially protected by the lower aspects of the rib cage. Diagnosis and
localization of organ injury in the abdomen are difficult, and the serious threats of hemorrhage and infection
require prompt surgical intervention when these organ injuries are present.

58.1

TOLERANCE OF ABDOMINAL ORGANS (FRONTAL IMPACTS)—A large body of clinical literature has evolved over
the years to document the various forms of injuries produced by blunt abdominal trauma. In contrast, there
are only a few studies available on the loading condition, force levels, and impact velocities that characterize
typical accident situations. One of the earliest of these is a 1953 report by Windquist, Stumm, and Hansen
(Ref. 64). They employed upright seated, forward facing hogs to examine the effect of abdominal impacts
against restraining belts (improperly worn lap belts) as well as objects that might be struck in an aircraft
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cockpit. These objects were a control wheel, a stick-like protrusion6 and a large, flat surface similar to a radio
box. The animals received impacts in both their midriff and lower abdominal regions at velocities of 20 and
40 ft/s (6.1 and 12.2m/s). All of the high velocity exposures (with belt loop forces ranging from 2360—6660 Ib
(10.5-29.6 kN)) were fatal. A force of 1080 Ib (4.80 kN) against the 10 in (254 mm) square radio surface, a
force of 893 Ib (3.97 kN) against the projecting peg, and a 750 Ib (3.34 kN) loop force through the abdominal

belt were all considered survivable. Complete results are available in Table 11 which was given in a paper by
Mertz and Kroell (Ref. 65).

A later study by Stalnaker, et al, probably provides the most extensive test results yet published on

abdominal impact (Ref. 66). A series of 96 abdominal tests were carried out on four animal species-Rhesus

monkey, Squwrel monkey, baboon and plg Varlous sized impactors were employed to simulate common
i ab

) wer) which were
analyzed parately The voluminous data generated in this prOJect was subm|tted to cpmputer assisted
statistical gnalysis to obtain correlations between the various impact parameters and-.thg estimated injury
severity ratings which were obtained on autopsy. Their overall results are summarized in Flgure 3.
TOLERANCE| OF ABDOMINAL ORGANS (LATERAL IMPACTS)—One of the earliest studies on IaterII tolerance of the
abdomen was reported by Stalnaker, et al. (Ref. 31), in 1973. These researchiers impacted a variety of live,
anesthetize¢d primates in the right and left sides of their abdomens, emplgoying a scaled afmrest on a 22 Ib
(98 N) moying striker. The force levels required to produce injury vasied significantly with the site of the
impact. THe upper portion of the abdomen was found to be more.easily injured than the loyer portion of the
abdomen.

o LOWER ABDOMEN
i / (REGION 111)
s F Y s MID ABOOMEN
- J/ {‘ (REGION {I)
i . /% ESi*: ESTIMATED SEVERITY OF IMPACT
o L . Ve /° - UPPER ABDOMEN (RANGING FROM [I-MINOR TRAUMA
R . ® { °/° 8 (REGION 1) TO S5-MASSIVE TRAUMA)

L0E 4 Ao Soo,
- ’oy 8,7 F = FORCE OF IMPACT
b . / o o

0.5 f a / °
r 9, o 8§ g/ T = DURATION OF IMPACT
- a ° (-]

sl /

- oy § e M = MASS OF THE ANIMAL

ClE 8| £ A : CONTACT AREA |OF THE IMPACTOR
%

0.05 Pk
r *EQUIVALENT TO 1974 AIS SCALE
0.0l + - : -

2 3 4 S
ESTIMATED SEVERITY OF INJURY

FIGURE 3—EXPERIMENTAL SCALING FACTOR FOR ABDOMINAL INJURY SENSITIVITY

6.

struck end-on
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TABLE 11—MIDRIFF LOADING (WINDQUIST, ET AL.)

Hog Hog
Weight Weight
Type of Exposure b N
Control Wheel 95 422
Impingement Block
100 445
166.5 740

Ten Inch Square 104 463
Impingement Block
Ten Inch Square 95 422
Impingement Block

156.5 696

Projecting Peg 175 779
Impingement Block 149 663

Control Wheel 185 823
Impingement Block

187 832

Three Inch Wide 62.8 279
Abdominal Belt

69.8 310

1. Maximum force rise time.
2. Pulse duration.

Maximum Maximum

Approx. Body

Descrption of Injuries

and subendocardial hemorrhages;
wall of stomach.

s including bilat. fract

£t., ruptured diaphragmatic

, perforation of stomach

of spleen.

. bilaterally; destruction

dium, heart, right lung,

neum.

and subendocarial hemorrhages;
e colon.

s including multiple rib
erations of pericardial
stomach, and intestines.

s including multiple rib
ysema of lungs, multiple
n, multiple ruptures of

.

s including puncture into
fract. bilaterally,

fart, right lung, diaphragm,

f peritoneum.

Eubepicardial ecchymosis
entricular septum,

bcapsular hemorrhage of liver,
colon.

s including laceration of
ptured diaphragmatic hernia,
n, pericapsular hemorrhage
colon.

hemorrhage over septal portion

of feft ventricteamd-muttiptesubserosal hemorrhages of

Impacct Impact  Force Force MFRT®  Compression
Velocity Velocity Applied Applied PD@ % of Normal
ft/s (m/s) b kN ms/ms Thickness

2017 (6.3) 40 Survivable-Small subpleural
incomplete defect in anterior

40,7 (12.4) 80 Fatal-Massive intetnal injurig
disloc's at costachendral jun
hernia, large_inguinal hernia:
and intestines and laceratior]

391 (11.9) Fatal-Multiple comp. rib frac
of liver; lacerations of perical
diaphragm, colon, and peritg

2013 (6.2) 1080 (4.8) 48/95 30 Survivable-Small subpleural
subserosal hemorrhage of th

395 (12.0) 2360 (10.5) 22/85 Fatal-Massive internal injurig
fract, and disarticulartion, lag
sac, heart, pulmonary artery

4013 (12.3) 6660 (29.6) 38/72 Fatal-Massive internal injurig
fract., hemorrhage and emp
lacerations of liver and spleg
colon.

17 (5.2) 893 (4.0) 68/135 70 Survivable-Single rib fractuf

397 (12.1) 3085 (13.7) 27/95 90 Fatal-Massive internal injurig
right pleural cavity, comp. rib
laceration of pericardium, he
liver, intestines, stomach, an

236 (7.2) 2365 {10.5) 68/100 80 Fatal-Petechiae over lungs,
over anterior portion of inter
hemorrhage in diaphragm, s
multiple ruptures of wall and

396 (12.1)-5080 (22.6) 46/88 80 Fatal-Massive internal injurig
rectus abdominus muscle, ry
lacerations of liver and spleg
about left kidney, ruptures of]

193 (5.9) 750 (3.3) 28/52 Survivable-Subendocardial

{Toop Toad)

mid portion of jejenum.

44.2 (13.5) 4700 (20.9) 38/60 Fatal-Massive internal injuries including ruptured

(loop load)

diaphragmatic hernia, ruptures of stomach and colon,
fragmentation of spleen, lacerations of kidneys and liver.
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Walfisch, et al, (Ref. 67), conducted lateral impacts to eleven unembalmed cadavers to determine lateral
abdominal tolerance levels. Based on their previous accident study, they concluded that liver injuries were
the most common of the serious abdominal traumas. Accordingly they impacted only the right side of their
cadavers (which contains the bulk of the liver) in order to obtain results which they felt would be conservative.
The cadavers were suspended horizontally, right side downward, and allowed to free fall from a height of 3.3
ft (1 meter) or 6.6 ft (2 meters). The abdomen struck a simulated armrest which was mounted to a load cell.
The armrest was 2.8 in (7 cm) wide (corresponding to the s-i direction of the cadaver) and its depth and
stiffness in the I-r direction were varied by employing various types of supporting material under a wooden
form. Armrest depth ranged from 1.2 in (31 mm) — 2.2 in (55 mm). Abdominal penetration was obtained
photographically, but an ambiguity developed in this measurement due to sagging of the abdomen and
crushing of some of the armrests. In addition, the abnormal attitude of the cadaver relative to the seated
position may_affect the positioning of the abdominal organs and hence the damage results. Their force
measurements and abdominal (liver) injury ratings are provided in Table 12.

TABLE 12—CADAVER DROP TESTS ON THE ABDOMEN (LLATERAL)

Height Protrusion Supporting

Test  of of simulated Material F. Max%Abdominal
No. fall (m) armrest (mm) for armrest daN AIS
205 1 31 rigid 160 0
206 1 51 rigid 535 4
209 1 51 polystyrene 380 4
210 1 51 polystyrene 415 3
211 1 53 phénespan 170 0
212 1 55 polystyrene 150 (1)
219 1 41 rigid 195 1
213 2 55 polystyrene 490 3
215 2 3% rigid 510 5
216 2 51 rigid 420 1
217 2 41 rigid 500 5

1. diseasedivers - subjects eliminated from analysis

LOADING Of THE ABDOMEN'BY A LAP BELT—Walfisch, et al. (Ref. 68), subjected fourteen unembalmed
cadavers t¢ a series ofSled impacts in which the lap belt and cadaver were configured to prpmote over-riding
of the pelv|s by the lap belt. Belt loads and abdominal penetrations were measured durjng the tests and
resultant injuries/wére determined post test. The damage found on these cadavers was [considered to be
similar to thosesaf’accident victims. The nature of the cadaver damage and their frequerlcy of occurrence
were:

Fracture of the lumbar spine
Tearing of the mesentery
Damage to the liver
Fracture of the pelvis
Perforation of the colon

P P NN B

This work led the authors to recommend that a conservative tolerance level for the abdomen (lap belt above
pelvis) would be a lap belt load of 450 Ib (2.0 kN) per side accompanied by an a-p lap belt intrusion of 1.4 in
(35 mm) per side. In a later paper, Leung (Ref. 69), a member of the earlier research team, increased the
recommended abdominal tolerance level to an average lap belt tension of 790 Ib (3.5 kN), (average of
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59

Lower Extre
tibias, the snjaller fibulas, and the ankle-and foot bones. In addition, there are the patellas
which cover
pronounced ¢ffset of the head of the.femur where it articulates in a ball and socket type joint

inboard and outboard lap belt loads) accompanied by an average lap belt penetration of 1.5 in (39 mm)
(average of the a-p belt penetrations on the right and left side of the abdomen). It should be noted that their
load tolerance recommendation refers to the lap belt load and not to the force on the abdomen. This
recommendation should be applied cautiously to routine vehicle testing since lap belt geometries in some
vehicles and abdominal stiffnesses of most test devices can vary appreciably from the conditions obtained in
the referenced study. In addition, their recommendation may not be applicable to the situation in which lap
belt over-ride occurs on only one side of the pelvis since that condition was not investigated.

Research by Nusholtz, et al, (Ref. 70), indicated that extreme care is needed when determining abdominal
tolerance levels through the use of post-mortem specimens. This group compared the injuries to live and
post-mortem primate subjects produced under blunt impacts delivered laterally to the thoraco-abdominal
region. The live primates were injured more seriously than their corresponding post-mortem subjects. They
suggested that the disparity may have been due to the lack of pressurization in the post‘mprtem specimens
in this serigs.

vers and kidneys
an uniaxial load

EHAVIOR OF ABDOMINAL ORGANS—Melvin, et al., studied the loading behavior of |
surgically mobilized’ from anesthetized Rhesus monkeys and then placed or
ill being supplied with blood by the living animal (Ref. 71).

LOADING B
which were
cell while s

performed at ram speeds of 120, 6000, and 12,000 in/min((0.05, 2.5, and 5.1 m/s) and average
h8 curves were obtained. In addition, the resulting injury.severity was estimated jmmediately after
gan ESI® injury scale of 1 (minor) to 5 (massive).

Tests were
stress/strai
impact usiri

The authofls concluded that both organs were sensitive to-loading rate effects with the|liver being more
affected. JA liver trauma rated as an ESI of 3+ was(produced at a dynamic averagge stress level of
approximately 45 psi (310 kPa). The kidney, with its thick, tough capsule, displayed wide variations in injuries
at a given dynamic stress level. Its injury severity-appeared to be more properly related fo its strain level.
The organ |njuries in this study were noted to besimilar to those seen clinically.

the femurs, the
(bony kneecaps)
hoteworthy is the
at the pelvis.

mities—The structural elements of the lower extremities consist of the pelvis|

the knee joints in front and_serve as termini for ligaments and tendons. Also

5.9.1 TEeST TECHN
femur/pelvi
of a station
against ins
5.9.1.1 Impactor

loads rarj

IQUES—Two types of test procedures have been employed to study the streng
5 bone complex:, -One technique employs an instrumented moving impactor to |
ary, seated cadaver. The other procedure employs a moving test sled to propel t
rumented surfaces arranged to simulate a vehicle interior.

Test.Data—Powell, et al. (Ref. 72) tested the legs of nine cadavers and obtg
ging from 1600-2970 |b (avg. 2360 Ib) (7.12-13.20 kN) (avg. 10.50 kN). Eight

hs of the patella/
bad the upper leg
he entire cadaver

ined fractures at
y percent of their

legs suffered patellar fracture, 33 percent sustained condylar fractures (the portion of the

emur adjacent to

the patella), and only 6.7 percent were fractures to the shaft of the femur. They attributed the fracture
patterns to the rigid impactor which they used.

7. Surgically separated from its surrounding tissues but leaving connecting blood vessels intact.

8.average stress = |m actor force
iimpactor area
deflection

average strain= — - -
initial thickness of specimen

9. This scale is equivalent to the 1974 AIS scale.
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Melvin, et al. (Ref. 73), employed an impactor with 1 in (25 mm) of Ensolite padding to test the femurs of
fourteen stationary, seated cadavers. No fractures were obtained below 3000 Ib (13.30 kN) and it was
noted that a threshold impactor momentum of 40-50 Ib-s (180-220 N-s) appeared to be necessary to
cause fracture. Their relatively high fracture load levels (as compared to previous studies) were attributed
to their exclusive use of unembalmed cadavers. All of these fractures were in the patella or in the distal
third and supracondylar region of the femur.

Viano et al. (Ref. 74), conducted a series of axial knee impact tests on a total of six seated cadavers. A
22.3 Ib (10.1 kg) impactor was used in conjunction with varying degrees of padding. The skin was
removed from the impacted areas, but the structural integrity of the knee joint, including the ligaments, was
left intact. This procedure was used in an effort to measure the time of fracture initiation, based on
analysis ' i ing i

ctures, and also
13.4 t0 28.5 kN),
without padding,
bd after the load
.2 kN) compared
bd impactors both
J 15.4 kN). Only
ne femoral shaft)
es in "abnormal"
Ib (5.3, 13.8 and

All six of the tests with rigid impactors produced both patella and femoral shaft.frg
produced either a condylar or neck fracture. The peak force ranged from 3010 t0-6410 Ib
with an gverage of 4110 Ib (18.3 kN). Many of the specimens, especially thosé.impacted
had multiple fractures. The authors contend that most of these fractures, were initiat
peaks. The average load that the authors associated with shaft fractureswas 2300 lb (1(
to the average peak load of 3350 Ib (15.0 kN). The two tests conducted-with lightly padds
produced bilateral condylar fractures. The peak loads were 3600 and 3460 Ib (16.0 an
two of the five tests with thickly-padded impactors produced fractures (one condylar and d
and both| of these involved cadavers which were considered¢/y-the authors to have bo
condition. The three "normal” specimens produced peak loads of 1190, 3100 and 3150
14.0 kN)} and presented no fractures.

A shortcodming of some of these studies with moving.impactors has been the poor corre
location ¢f the femur fractures as compared to these found in the field. Melvin, et al. (R
the distribution of lower limb fractures that occuriin real world collisions. They found 142
occupants who suffered lower limb fractures in frontal collisions. Of these, thirty-nine
patellar jor distal femur (adjacent to(knieecap) fractures. The impactor studies
proportiopately more such fractures.

spondence in the
pf. 73), described
unbelted vehicle
27 percent) had
have produced

This dispiarity is felt to be due to.the non-representative ridigity and orientation of the labd
The rigid|or near-rigid impacters‘produced pulse durations of only 3 to 10 ms, as compar
ms duratjons which characterize actual instrument panel impacts. In addition, the impac
with the femur, maximizing its compressive load carrying capacity. In accidents, it is m
knee impact force véctor and the femoral axis will not be aligned, thereby resulting in

ratory impactors.
bd to the 30 to 50
tors were aligned
bre likely that the
greater bending

5 reduce the load
with non-aligned
b results from the

stresses [and uneven force distribution between the patella and condyles. These factor
carrying capacity.of the legs. For these reasons, impact tests of 30-50 ms duration,
femurs, are prabably more relevant to the automotive collision environment than are thd
various impactor studies.
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TABLE 13A—DYNAMIC FRACTURE FORCES FOR FEMUR, PATELLA, AND PELVIS (REF. 74A)
(RIGHT THIGH/LEFT THIGH)

Right Thigh  Right Thigh Left Thigh Left Thigh
Right Max Max Max Max
Thigh Force Force Force Force
Cadaver Applied Applied Applied Applied
No. Ib kN Result b kN Result

1 950 4.23 Supracondylar 1400 6.23 intertrochanteric fracture
racture (fractured through bone screw)
bone defect
suspected)

2 1500 6.68 Mid-shaft fracture 1600 7.12 No fractures

3 1500 6.68 No fractures 1600 7.12 No fractures

4 1650 7.34 Supracondylar 1650 7.34 Supracondylar fracture
racture

5 2150 9.57 No fractures 2100 9.35 No fractures

6 2250 10.00 No fractures 2250 10.00 Superacondylar fracture

7 1900 8.46 No fractures 1850 8.23 Superacondylar, fracture

8 2800 12.46 No fractures 1750 7.79 No fractures

9 3850 17.13 No fractures 2650 11.79 Dislocated intertochanteric

fracture
10 2400 10.68 Comminuted fracture 1800 8.01 _Naofractures FEMUR

pf distal third of shaft
pnd intercondylar
hotch
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TABLE 13B—DYNAMIC FRACTURE FORCES FOR FEMUR, PATELLA, AND PELVIS (REF. 74A)
(RIGHT KNEE/LEFT KNEE)

Max Max Max Max
Force Force Force force
Cadaver Applied Applied Applied Applied
No. b kN Result Ib kN Result
1 950 423 No fractures 1400 6.23 No fractures
2 1500 6/68 No fractures 1600 7.12 No fractures
3 1200 5134 No fractures 1600 7.12 Abnormality-but not
adequately
identified
as fracture
4 1650 7134 No fractures 1650 7.34 No fractures
5 2050 9112 No fractures 1550 6.90 No fractures
(padded) Sy
T h
1550 6190 Heavy abrasion 1500 6.68 Complete fracture t)
1800 8j01 and 1800 8.01 ofipatella, damage to
1950 868 fracture of patella 2000 8.90 articular cartliage
2150 9157 (unpadded) 2100 9.35 (unpadded) PATELLA
6 1700 7157 No fractures 1950 8.60 No fractures
2050 9112 Comminuted fracture 2Q00, 8.90 ominuted fracture)
2250 10.00  of patella of patella
7 1900 8146 No fractures 1850 8.23 No fractures
8 2550 101.35 Commintted fracture 1750 7.79 No fractures
of patella
9 3850 17.13 Linear fracture 2650 11.79 No fractures
of patella

10 2400 10.68 No fractures 1800 8.01 No fractures
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TABLE 13C—DYNAMIC FRACTURE FORCES FOR FEMUR, PATELLA, AND PELVIS (REF. 74A)
(RIGHT HIP/LEFT HIP)

Right Hip Right Hip

Left Hip Left Hip

Max Max Max Max
Right Hip  Force Force Force Force
Cadaver Applied Applied Applied Applied
No. b kN Result Ib kN Result
1 950 4p3 No fractures 1400 6.23 No fractures
2 1500 6.68 No fractures 1600 7.12 No fractures
3 1200 534 No fractures 1600 7.12 Fractures of superior and
inferior rami of pubis
4 1650 734 No fractures 1650 7.34 No fractures
5 2150 9.p7 No fractures 2100 9.35 No fractures
6 2250 1¢.00 No fractures 2250 10.00 No fractures
7 1900 8.46 Severe multiple fractures 1850 8.23 No fractures
8 1400 6.p3 Possible mid fracture 1750 7.79 No fractures
of ischium
2250 6.p0 Severe multiple fractures
9 2750 12.24 No fractures 1950  8.68 Possible mild fracture of PELVIS
transverse ramus
3850 17.13 Severe multiple fractures 26.50  11.79_\ Severe multiple fractures
10 2400 1¢.68 No fractures 1800 8.0L No fractures

9871NC[ Pasiney G88( IVS



https://saenorm.com/api/?name=97ae298671f3951549ea9a263fd11135

SAE J885 Revised JUL86

59.1.2

59.1.21

59.1.2.2

59.13

59.2

Sled Test Data

Loading Through the Knee Joint—The earliest lower limb studies of automotive interest were conducted

by Patrick, Kroell, and Mertz (Ref. 74a). Their objective was to determine the strength of the patella/
femur/pelvis complex in impacts simulating knees striking instrument panels. Ten embalmed cadavers
were tested in full-scale impact sled experiments. The seated cadavers translated forward during sled
deceleration to impact against four padded load cells. The head, chest, and each knee struck a separate
load cell. These cells were geometrically arranged to simulate the forward surfaces of an automobile
passenger compartment. These researchers concluded that the femur was slightly more vulnerable to
fracture than the patella or the pelvis, but that distinction was too small to allow confident prediction as to
which bone structure would fail first. Their complete results are available in Table 13. A later study by

the san

e investigators obtained loads of 1470, 1710, 1950, and 1970 Ib (6.54, 7.61

.68 and 8.76 kN)

on two

cadavers without fractures (Ref. 75).

Viano and Culver (Ref. 76) conducted sled tests with cadavers restrained by a‘shoulds

bolster
knees
Ib (5.3

Loadin
primari
fracturg
fracturg
anterio
to 155(
tibia-fil
1290 If
knee jg
an avej
ligame

Sled te
belts) i
at peal

Static Te
five isol

configuration (i.e., no lap belt). For six of these subjects the bolsterwas posit
mpacted it squarely. No injuries were produced for bolster loads which ranged fi
to 8.0 kN) per leg with an average of 1420 Ib (6.3 kN).

j Below and Across the Knee Joint—In the preceding studies, the loading o

ps. If the loading is applied below or across the kneg)joint, damage to the knee
bs of the tibia and fibula may result. Viano, et alx(Ref. 77), impacted seated
I portion of the tibia, just below the knee joint. They found that impactor forces
Ib (3.28 to 6.89 kN) with an average of 1140(b (5.09 kN) produced knee ligam¢
ula fractures. In two tests, no damage was observed for peak loads of 1090
(5.74 kN). For eight impacts which spanned the knee joint (involving both the
int damage was produced for impactorforces ranging from 1330 to 1880 Ib (5.9
rage of 1580 Ib (7.02 kN). The predominant injury mode was avulsion of the

nt from the tibial plateau.

mpacted knee bolsters;, The two below-the-knee leg impacts produced significg
bolster loads of 790.16*(3.5 kN) and 940 Ib (4.2 kN) per leg.

5ts of Knee Joifts—Viano, et al. (Ref. 77), also performed low-speed ligament t
ed knee joints*mounted in a universal testing machine. In these tests, the kne

maintaing¢d at ninety)degrees while the tibia was displaced rearward relative to the fem
joint failure ocecurred. Loads corresponding to the initiation of joint failure ranged from 3
575 Ib (2)56 kNYwith an average of 455 Ib (2.02 kN). The corresponding displacement o
to the femun at the initiation of joint failure ranged from 0.37 in (9.5 mm) to 1.18 in (3

pr-belt-plus-knee-
ioned so that the
om 1190 to 1800

the femur was

y through the patella and/or femoral condyles and-t€sulted in patella, femur and/or pelvis

ligaments and/or
cadavers on the
ranging from 740
bnt tearing and/or
Ib (4.87 kN) and
patella and tibia),
| to 8.36 kN) with
posterior cruciate

sts were conducted by Viano and Culver (Ref. 76) in which shoulder belted cadavers (without lap

nt ligament tears

blerance tests on
e joint angle was
ur until complete
PO Ib (1.43 kN) to
f the tibia relative
0.0 mm) with an

average of 0.57 in (14.4 mm). The load corresponding to complete joint failure ranged

kN) to 67

5 Ib (3.0 kN) with an average of 560 Ib (2.48 kN).

rom 375 Ib (1.67

THEORETICAL ANALYSES AND PROPOSED INJURY CRITERIA—Viano and Khalil (Ref. 78) have analyzed the
stress distribution in the axially-loaded femur. They concluded that the location and magnitude of peak femur
stresses can be significantly affected by small shifts in the location of the applied load, such as moving its
point of application from one condyle to the other.

Time dependent, compressive force femur injury criteria have been proposed by King, et al. (Ref. 79), and

Viano (Ref.

80).
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The criterion proposed by King, et al., is:
F = A-Blog,,T (Eqg. 3)
where

F = permissible peak compressive femur force
A =1370 Ib (6.09 kN)

B =2151b (960 N)

T = pulse duration in seconds

Viano's proposed criterion is:

for T less tILan 20 ms
F=A-BT (Ea. 4)
and for T greater than 20 ms
F= C (Eq. 5)
where

F = permjssible peak compressive femur force
A =52001b (23.1 kN)

B =1601Ip (710 N)

C =2004 Ib (8.9 kN)

T = pulsq duration in milliseconds

The femur |imit currently specified in MVSS 208 is a compressive load of 2250 Ib (10 kN) forjeach femur (Ref.
81). Previgus MVSS 208 specifications were 1400 Ib (6.23 kN) and 1700 Ib (7.55 kN).

CONCENTRATED LOADING OF THE PATELEA—It was mentioned previously (see 4.3.1) that the unique
construction of the patella makesit. vulnerable to concentrated loadings. This phenomengn was studied by
Melvin, et gl. (Ref. 82), employing'three different impactor sizes, all unpadded. Two of the impactors were flat
surfaced, grcular areas with.diameters of 0.61 in (15.5 mm) and 0.43 in (10.9 mm), while the third impactor
was ring shaped with an-Quter diameter of 0.50 in (12.7 mm) and an inner diameter of (.25 in (6.4 mm).
Ninety embalmed patellas were tested with the results shown in Table 14.

TABLE 14{-PATELLA LOCALIZED LOADING (RESULTS AVERAGED OVER ALL TEST SPEEDS)

Impactor Size Area Area Average Average Minimum Minimum
2 om2 Failure Failure Failure failure
Load Load Load Load

in

Ib kN Ib kN
0.43 in (10.9 mm) dia Circular Impactor 0.15 (0.97) 1030 (4.58) 560 (2.49)
0.61 in (15.5 mm) dia Circular Impactor 0.29 (1.87) 1260 (5.60) 700 (3.11)
0.50 in (12.7 mm) dia Ring Impactor 0.15 (0.97) 1320 (5.87) 650 (2.89)

These tests were carried out at three different test conditions to determine the effect of velocity: -static,
10 mph (4 1/2 m/s) and 20 mph (9 m/s). The patella damage pattern varied dramatically with speed. The
impactors caused a clean punch-through of the patella during the static tests but multiple fractures or near
total destruction of the patella during the 10 and 20 mph impacts (4 1/2 and 9 m/s). The change in fracture
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