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shields and other protective gear to dissipate incident energy both in space and in
time—an approach with many parallels among contemporary devices designed to
prevent injury.*

THE HISTORICAL DEVELOPMENT
OF THE CRASH-IMPACT ENGINEERING
POINT OF VIEW

—A. Howard Hasbrook

This paper presents an excellent introduction to the remarkably diverse and com-
plex research that has stemmed largely from De Haven’s work. Although this paper
appeared in 1956, the present state of this field is very similar and progress has contin-
ued along the lines discussed. The situation is not, however, as happy as Hasbrook
indicates. For example, persons continue to be killed in what he appropriately refers
to as “‘survivable” aircraft crashes, because their seats tear loose from their insuf-
ficiently strong anchorages and because footrests and seat backs are not adequately
designed to absorb energy and thus cushion the impact of the bodies of the passengers
seated behind them.4f Many are being killed and injured in late-model domestic and
foreign automobiles lacking both pertinent safety features which are optionally rather
than routinely installed and others not yet available. Motor vehicles are not being
constructed to crash safely under the operating conditions for which they are designed
despite the foreknowledge that substantial percentages of those produced will at some
time be involved in such accidents.6 And progress “in the design of objects in the
factory, the office, and the home” leaves much to be desired.

* There is a general principle that as the amount of incident energy—and, hence, the amount to be
dissipated—increases, devices for protection must act at loci farther and farther from the body. This
is illustrated, for example, by the progression from body armor to armored tanks to anti-missile
missiles. This also holds for the energy released in accidents, and the papers in this chapter provide
several illustrations of this. Further, where protection is not feasible at the necessary distance, the
only alternative is to prevent the initiating events, inadvertent or otherwise, from taking place, Tt is
curious that this principle and its implications appear not to have been previously recognized,

1 The conclusions of the report in reference 4 include the statements that:

1. The predominant cause of fatal injuries in this accident was chest impingement against non-
yielding structure of seat back and/or seat frame.

2. The high percentage of leg fractures can be directly attributed to the aft lateral beam of the
seat frame. Although not considered a dangerous-to-life injury, it may prevent timely evacua-
tion of the wreckage.

3. The relatively low occurrence of serious head injury indicates that considerable progress has
been made in the protective design of service trays and seat-back webbing.

4, Full protection [by] adequate seat belt restraint in forward facing configurations can be real-
ized only when all environmental structure, with which the ocoupant invariably will come into
contact, is designed to fake bodily impact without inflicting serious injury. [This also holds
for automobile and truck design. Eds, ]

A report by Pearson is also of interest in this context. It concludes that “crucial injuries . . . stem
from flailing of the body against injury producing structure within the occupant’s environment.”5

A general distinction is sometimes made between such, “energy-storing” materials as foam rubber,

which tend to produce a substantial rebound effect, and “energy-absorbing” materials, such as
some of the urethane foams, for example, which do not. Energy-absorbing materials are preferred
for crash protection.
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ProT1ecrioN FroM the injurious effects of
“crash impact” originated when man, during
the dawn of history, first fashioned a raw-
hide shield to protect himself from the clubs,
the spears and the arrows of his cnemies.
From that time until only recently, engi-
neering consideration for designed protec-
tion from accidental injury or death was
confined almost exclusively to the field of
warfare.

The Vikings, for example, used protective
head gear and shields; shields, which, when
not carried individually, were placed on the
sides of their boats for protection during
shore attacks. Again, in later history, metal
helmets, chain mail and shields were used
... for protection against injury in combat.
Later, during the invasion and the conquest
of Mexico, metal breastplates and helmets
were worn by the Spanish conquistadors for
protection from ‘“‘crash impacts” of sword
points, bullets, spears and arrows.

However, during periods of the Revolu-
tionary War and the Civil War the need for
individual personal protection was largely
lost sight of, probably due to the need for
operational freedom and mobility of the foot
soldiers. However, the relatively low power
and inaccuracy of the rifles and the pistols
used at that time kept the casualty rate at a
“reasonable” figure,

Moreover, up to and including the Civil
War, the majority of deaths were due to
disease. Tn relation to the catastrophic effects
of the plagues and the epidemics that raged
throughout the continents of the world,
serious injury or loss of life resulting from
the use of transportation media available
during these years was of minor extent and
importance.

However, many injuries and deaths were
caused by persons being thrown from
horses, chariots, wagons, carriages and even
early steam trains. But most of these
incidents were looked upon by a supersti-
tious populace as being the result of
“bad luck” or acts of God. This reliance
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on “luck” apparently stifled any develop.
ment of safety engineering or design for the
protection of human life in accidents.

In addition, transportation media, and iy
particular the horse, did not lend themselveg
too well to designing for protection from ip-
jury in accidents. It is doubtful, for example,
that anyone would have seriously considereq
tying himself to a saddle on a horse for
protection against being thrown off, for jt
was essential, safetywise, to be able tg
throw one’s self clear if the horse should
fall accidentally.

Development and use of the gasoline
engine in motor cars provided transport
at higher speeds and thus created both g
greater exposure to accidents. .. and also
a greater exposure to severe and fatal
injury, due to the velocity of impact.

#* * *

Later, aircraft increased the exposure to
injury in accidents by virtue of their higher
speeds; the force of gravity acting on an
airplane falling from a great height also
tended to increase the force of impact,

Exposure to serious injury and death was
also intensified in early aircraft because the
occupants, in most cases, were located in
the forward and most vulnerable end of the
vehicle. Since these early aircraft were
fragile and extremely liable to accidents,
due to inadequate control and aerodynamic
design, injury and death rates were high.
Despite the obvious need for “tying in”’ the
occupant, it was not until just prior to
World War I that safety belts were first
installed in aircraft, and soon became
standard equipment in military aircraft.
The need for tying the occupant to his
vehicle was demonstrated vividly when
Lieutenant Towers, who later became an
admiral in the Navy, lost control of his
aircraft and was thrown out of his seat in
mid-air. Fortunately, he was able to grasp
a portion of the airplane and thus was able
to hang on until it crashed: he was seriously

[Reprinted, with permission, from Clinical Orthopaedics, 8:268-274, 1956. A smaﬂ
portion of the text has been omitted.
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injured. The other occupant was reported
to have been fatally injured.

However, installation and use of safety
pelts was based only on the need for
restraining the occupants from falling out
of the aircraft in turbulent air or during
acrobatic maneuvers. Little or no consid-
eration was given, up to that time, to the
p()ssibility that the safety belt might protect
occupants from injury or death in a crash,
In fact, many pilots would unfasten their
safety belts if they knew they were going to
crash because they feared that the safety
belt might cut them in half, Many pilots
felt that they had a better chance of sur-
viving if they were thrown clear of the
aircraft. Since postcrash fires were quite
prevalent, it is possible that some did
survive by being thrown clear.

A paradoxical point in the study of the
development of crash-injury concepts was
that the human body had been erroneously
considered as a rather fragile object, and
that protection from injury or death could
be obtained only by preventing injury-pro-
ducing accidents. Thus, accident prevention
became the prime consideration in safety
thinking and action.

However, the idea that the opposite was
the case evolved in the mind of a young
flying cadet who was involved in a mid-air
collision in Canada during the latter part of
World War 1. In the resulting crash of two
aircraft, this cadet, an American named
Hugh De Haven, was the only survivor.
During the following months in the hospital,
De Haven kept asking himself “Why did [
survive when all the rest were killed?”
Later on he inspected the wreckage of the
two aircraft and found that, of the 4 cock-
pits, his alone had remained relatively intact.
Although most of his friends attributed his
being alive to luck, De Haven felt that the
intactness of the cockpit structure was the
answer; thus was born the first concept
of “‘crashworthiness.”

It is worthy of note that although hun-
dreds of combat pilots and observers died
as a result of injuries sustained in crashing
their disabled aircraft — not from gunfire

wounds—there is no record of anyone,
other than De Haven, having given any
consideration to the direct causes of injury
and death in aircraft accidents from an
engineering point of view.

After the war, during the 20s, De Haven’s
interest in impact injuries was heightened by
newspaper accounts of so-called ““miracu-
lous” escapes from death of persons who
had attempted suicide or had fallen from
great heights. As more and more infor-
mation was gathered on these cases, the
fact gradually emerged that free-falling
humans often escaped serious injury or
death if their velocity was partly checked
by their striking some light, frangible
structure, such as a strong clothesline.
Also effective for survival was their final
impact in a supifie’ or prone position on
an object sufficiently “soft” to bring them
to a stop through a relatively long distance,
such as would occur when falling into a
fire net, onto a light sheet metal duct or
soft rubble.

De Haven’s insistence that these miracu-
lous escapes were not miracles at all but
were due to known physical laws relating
to force per unit area (psi) received little
consideration. In some quarters, De Haven
was even looked upon as a “crackpot.” But
he continued his studies on the phenomena
associated with survival in free falls and,
in addition, his attention was directed to
injuries sustained in light-plane accidents.

The results of these studies of small-
plane accidents indicated that much could
be learned about the direct causes of injury
and, even more important, the reasons for
survival under extremely severe conditions
of crash force. Thus was born a new
concept, and a new profession—crash-
injury research and crash-survival design
engineering.

Impetus was given to crash-injury studies
of small-plane accidents when De Haven
became associated with Dr. Eugene D. Du-
Bois at the Cornell University Medical
College in New York-in 1942; with the
moral support of the Civil Aeronautics
Administration and a small fund from the
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National Research Council, a statistical
study of injuries and their causes in aircraft
accidents was initiated.

During World War 11, De Haven, in
cooperation with Dr. Willian Geohegan
of the Cornell University Medical College,
began experimenting with 4 device, later
known as the inertia reel, which, used in
combination with two vertical chest straps,
would automatically restrain the torso and
the head from flailing forward and striking
rigid equipment in the cockpit. The devel-
opment of this device had been due to the
results of rescarch studies which showed
that most of the serious injuries sustained
in aircraft accidents were confined to the
head and the upper torso. Puncture wounds
of the heart and the lungs, induced by
penctration of fractured ribs, and brain
damage associated with and without shull

Jracture were prominent results of accidents.

Of particular interest was the fact that
these types of injuries not only were
sustained in completely disintegrated air-
craft but also had occurred numerous
times in cockpits and aircraft cabins which
had sustained little damage. Studies of these
latter type accidents, later to be termed
“survivable’ accidents, also proved that the
so-called “dangerous™ safety belt did not
cut people in half. The studies showed
further that, when decapitating wounds of
the lower torso had occurred, they had
been sustained in accidents in which the
entire aircraft structure had been completely
demolished: decapitation, it was shown,
had been due to striking lethal objects such
as jagged metal skin and fragmented, rigid
wing and fuselage wreckage.

In the meantime, some Farsighted indi-
viduals in the Bureau of Medicine and
Surgery of the U. S. Navy and in the
Surgeon General's Office of the U. S. Air
Force became interested in crash-injury
research as a possible means of reducing
the casualty rate in the military services,
Accordingly, a small contract through the
Office of Naval Research was made with
Cornell University Medical College to carry
on De Haven’s studies of injuries in
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accidents. During the next 5§ years, the
Cornell group, consisting of a medieg|
analyst, a stenographer, and De Haven,
studied small-plane accident injuries.

To obtain information relating to (he
accidents concerning impact speeds, angleg
of impact, damage to the aircraft structures,
and the medical histories of the occupants,
special accident and injury forms were
devised; since the Civil Aeronautics Admin-
istration was unable to provide anything
more than token support (because the Civil
Acronautics Act did not provide for investi-
gation into the causes of injuries—only the
causes of the accidents), assistance of a few
highly motivated state police and state
aviation groups was obtained (o conduct
the - investigations, complete the report
forms and send them to Crash Injury
Research for study.

Concurrent with these studies, the Cornell
group developed a special punch card
system and code for the coding of accident
and injury data; a special injury scale, by
which injuries could be assessed in relation
lo their seriousness from an engineering
point of view, was also devised. This injury
scale, which rates injury seriousness in
relation to its danger to life under conditions
of prompt and adequate medical care,
proved to be of greal value, providing
much more information than the “loose™
terms commonly used, such as “serious”
and “fatal” [see end of reading for Av-CIR
Injury Code]. The scale is divided into
10 parts, the last 4 of which are fatal.
From an engineering point of view, with
respect to design for survival, it is necessary
to know the degree of death, i.e., whether
1, 2, 3 or more areas of fatal lesion had
been sustained in combination with other
nonfatal injuries.

During this phase of Cornell’s crash-
injury research studies, other groups and
individuals became interested in impact
injuries, particularly in relation to accidents
involving military aircraft. ’

The work of Lieat, Col. John P. Stapp
(USAF) in developing and operating a
high-speed sled for studying high decelera-
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tion effects on human subjects is well known.
stapp’s work, involving much personal
courage, has added immensely not only
in arousing world-wide interest in impact
injuries but also in producing invaluable
data for design engineers.

Two other military groups—the USAF’s
Directorate of Flight Safety at San Bernar-
dino, Calif.,, and the U. S. Navy’s Aero
Medical Equipment Laboratory at the Naval
Air Materiel Center in Philadelphia, Pa.,
began to investigate the human-factors
phase of aircraft accidents and produced
information which showed that the human
body could withstand, without serious
injury, crash force of extremely high
magnitudes, provided that crash-survival
design concepts were utilized in the design
of cockpits and restraining gear.

Other individuals and groups who began
to sense the importance of studying the
phenomena of crash-impacts and resulting
injuries were William Stieglitz of Republic
Aviation Corporation, A. M. Mayo, John
R. Poppen and Stanley Lippert of Douglas
Aircraft Company, Herman P. Roth and
Charles F. Lombard of Protection, Inc., the
USAF’s Air Research and Development
Command, the Aero Medical Laboratory,
and the Cornell Aeronautical Laboratory,
to name only a few,

By 1950, as a result of this progressive
interest of an increasing number of engi-
neers and safety people in the aviation field,
a number of aircraft contained numerous
features originally advocated by De Haven’s
group. Forty G cockpits in fighter aircraft,
lightweight, frangible (delethalized) instru-
ment panels, control wheels and tilting
seatbacks—the last to protect the heads
of persons in passenger cabins—were be-
coming standard equipment. Shoulder har-
ness, which had proved itself of value
during the latter part of World War 1I,
also was being considered for light planes.
Such terms and phrases as “‘crashworthi-
ness,” ‘“‘survivable” and ‘“‘nonsurvivable”
accidents and the word ‘“deceleration”
became routine jargon of the industry.

Aside from military aircraft, increased

crashworthiness also was being designed
into some light planes by strengthening
of the cockpit and the cabin structures,
providing keel-like Jower structures in the
bellies of light twin-engine planes, and
moving the occupants further back in the
airplane.

As the beneficial effects of crash-survival
design in aircraft were becoming apparent,
safety people in the automotive industry
began to wonder whether this same design
principle might not help to reduce the
extent and the dangerousness of injuries
sustained in automobile accidents.

Cornell’s Crash Injury Research project
turned part of its attention to the automobile
accident-injury problem and initiated a re-
search program in co-operation with the In-
diana State Police. Following Cornell’s lead,
other groups and individuals soon turned
their attention to this phase of highway
safety. This program resulted in the growth
of an almost nation-wide study of auto-
mobile accidents by many state police groups
in co-operation with state medical associa-
tions, public health organizations and other
safety groups.

The Traffic Institute of Northwestern Uni-
versity, the Institute of Transportation and
Traffic Engineering at the University of Cal-
ifornia, The National Safety Council, Dr.
Ross MacFarland of the Harvard School of
Public Health, Motor Vehicle Research at
Boston, Mass., the U. S. Army’s Human
Engineering Laboratory, and insurance com-
panies were but a few who saw promise in
designing for crash-survival.

Researchers in various parts of the coun-
try also began thinking about the use of
safety belts and shoulder harnesses in auto-
mobiles; others were discussing the need
for the crash testing of automobiles with
dummies. Doctors in the medical research
field, such as E. S. Gurdjian, J. E. Webster,
H. R. Lissner and Jacob Kulowski began
studying skull and skeletal fractures and
brain injury. Scientists working under Ed-
ward Dye at the Cornell Aeronautical Lab-
oratory began studying the kinematics of
dummies subjected to decelerative forces
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and the forces necessary to fracture simu-
lated skulls when propelled against various
structures.

At the same time, De Haven and the au-
thor, who had joined the Cornell project in
1950, were endeavoring to interest the Na-
tional Advisory Committee for Aeronautics
in crash testing some small aircraft in order
that decelerative loads imposed on the air-
craft and their occupants under survivable
crash conditions could be measured.

The NACA conducted these tests in 1953,
and the results astounded safety people
throughout the aviation industry. Loads of
30 G had been measured in these survivable
test crashes of small, lightweight planes. Of
even greater importance was the fact that
crash-injury records showed that many per-
sons had survived such crash loads with lit-
tle or no serious injury. These data, plus
that derived from many free-fall cases, also
served to bolster De Haven’s contention
that the human body could survive impact
decelerations as high as 200 G without dan-
gerous injury if adequate restraint and de-
lethalization could be provided.

NACA’s small-plane crashes also paved
the way for later crash test programs of mili-
tary fighter, bomber and civil transport air-
craft. From these tests data have become
available which will permit engineers to pro-
tect people more fully—by design—against
the effects of impact loads imposed in sur-
vivable type accidents.

Early in 1950, Cornell’s Aviation Crash
Injury Research project centered its primary
investigative attention on civil transport
crashes. The resulting crash-survival studies
on the Northeast Airlines’ Convair 240 ac-
cident at La Guardia Airport, New York,
and National Airlines’ DC-6 crash at Eliza-
beth, N. J., interested safety engineering
groups in the United States and abroad.

Both of these survivable crashes provided
proof of the advantages of the crash-sur-
vival design features which had been built
into these 2 transports and their seats—
features which had resulted from crash-
injury data obtained from small-plane ac-
cidents.
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Under the author’s directorship, the Cor.
nell Aviation Crash Injury Research project,
while continuing to study crashes of civj]
transports, now co-operates with safety
groups of the U.S. Navy, the Air Force and
the Army, the Civil Aeronautics Board, the
Civil Aeronautics Administration, and varj.
ous other national and international groups,
airlines and manufacturers. Each year seeg
a widening interest and understanding of the
benefits that can be derived from crash-
survival design.

An indication of the increasing awareness
of the importance of this subject is shown
by the fact that the Civil Aeronautics Ad-
ministration revised its manual of procedure
in 1955, wherein CAA safety agents now
conduct crash-injury investigations on all
survivable crashes involving aircraft in the
nonairline category. These data are for-
warded by the CAA to Cornell’s Av-CIR
for study.

Also, the National Advisory Committee
for Aeronautics, for the first time in its his-
tory, organized a subcommittee devoted
solely to flight safety. A large portion of this
committee’s work is involved with the prob-
lems of survival in relation to crash-impact.

The Airline Pilots Association—as a mat-
ter of policy—endorsed the need for, and
the use of, shoulder harness for all airline
cockpit crew members.

Seat manufacturers, both in the United
States and abroad, are giving extensive con-
sideration to providing greater safety through
improved delethalization and better “tie-
down” of the seats. Airframe manufacturers
are endeavoring to integrate the seats with
better hull and floor structures.

Consequently, the jet liners of tomorrow
will contain a degree of crash safety un-
thought of 15 years ago.

In the automotive field, automobile manu-
facturers also are giving attention to design-
ing for impact protection. Many items, such
as safety belts, improved door latches,
padded dashboards and visors, and energy-
absorbing steering wheels, now offered in
most cases as optional equipment, undoubt-
edly will become standard equipment on
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new model automobiles. This advancement
in safety design in future automobiles will re-
duce drastically the high incidence of serious
and fatal injury on our highways.

In effect, in the 14 years between 1942
and 1956 a new engineering field has been
created, namely that of crash-survival design
engineering. Undoubtedly, this subject will
increase in importance as its value becomes
more widely recognized. Thus, it is only a
question of a short time before it will be
taken up by universities and integrated into
their design engineering courses. Once at
this point, it can be expected that crash-
survival design will increase rapidly in its
application; perhaps it will show its effect
in the design of objects in the factory, the
office and the home which cause serious
and fatal injury to people in accidental
falls.

Only a brief glance at the number of seri-
ous and fatal injuries sustained by persons
falling in showers and bathtubs points to
the need of designing certain portions of our
natural environment to protect the human
body from injurious impact during “routine”’
accidents.

DEGREES OF INJURY*
Terminology Used in Crash Tnjury Research

-
1 1 Trivial or None
4 2 Minor

“Minor” contusions, lacerations,
abrasions in any area(s) of the body.
Sprains, fractures, dislocations of
fingers, toes, or nose. Dazed or
slightly stunned. Mild concussion
evidenced by mild headache, with no
loss of consciousness.

15 3 Moderate—but not dangerous.
“Moderate” contusions, lacerations,
abrasions in any area(s) of the body.
Sprains of the shoulders or principal
articulations of the extremities, Un-
complicated, simple or green-stick

* Based on observations during first 48 hours after
injury and previously normal life expectancy.

1 Weighted value for degrees of total injury.

+ Degrees of total injury.

28

45

66

4

5

fractures of the extremities and jaw,
Concussion as evidenced by loss of
consciousness not exceeding 5 min-
utes, without evidence of other intra-
cranial injury,

Severe—but not dangerous. Survival
normally assured.

Extensive lacerations without dan-
gerous hemorrhage. Compound or
comminuted fractures, or simple
fractures with displacements. Dis-
locations of arms, legs, shoulders
or pelvisacral processes. Fractures
of facial bones. Fracture of trans-
verse and/or spinous processes of
the spine, without evidence of spinal
cord damage. Simple fractures of
vertebral bodies of the dorsal
and/or the-lumbar spines, without
evidence of spinal cord damage.
Compression fractures of [-3-4-5,
Skull fracture without evidence of
concussion or other intracranial
injury. Concussion as evidenced by
loss of consciousness from 5 to
30 minutes, without evidence of
other intracranial injury.
Serious—dangerous, but survival
probable.

Lacerations with dangerous hemor-
rhage. Simple fractures of vertebral
bodies of the cervical spine, without
evidence of spinal cord damage.
Compression fractures of vertebral
bodies of dorsal spine and/or of
L-1 and L-2, without evidence of
spinal cord damage. Crushing of
extremities, or multiple fractures.
Indication of moderate intrathoracic
or intra-abdominal injury. Skull
fracture with concussion as evi-
denced by loss of consciousness
from 5 to 30 minutes. Concussion
as evidenced by loss of conscious-
ness from 30 minutes to 2 hours,
without evidence of other intra-
cranial injury.

Critical—dangerous, survival un-
certain or doubtful.

(Includes fatal terminations beyond
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24 hours). Evidence of dangerous
intrathoracic  or intra-abdominal
injury. Fractures or dislocations of
vertebral bodies of cervical spine
with evidence of cord damage.
Compression fractures of vertebral
bodies of dorsal spine, andjor L-1,
L-2, with evidence of spinal cord
damage. Skull fracture, with con-
cussion as evidenced by loss of
consciousness from 30 minutes (o
2 hours. Concussion as evidenced
by Joss of consciousness beyond
2 hours. Evidence of critical intra-
cranial injury.
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91 7 Fatal—within 24 hours of accident,
Fatal lesions in single region of the
body, with or without other injuricg
to the 4th degree.

Fatal—within 24 hours of accident,

Fatal lesions in single region of (e
body, with other injurics (o Sth o
6th degree.

Fatal

Fatal lesions in 2 regions of {he
body. with or without other injurjes
elsewhere.

Faral

Fatal lesions in 3 or more regions—
up to demolition of body.

120 8

153 9

190 10

HUMAN TOLERANCE TO DECELERATION

—John P. Stapp

Retrospective studies of the forces which result in accidental injuries are neces-

sarily lacking in precision since it is usually impossible to reconstruct accurately all
the pertinent force configurations. For this reason and because of the need for such
information for crash design and other purposes, a series of animal and human
experiments was undertaken by Stapp and his colleagues, often at considerable per-
sonal risk. These confirmed “the high tolerance to abrupt deceleration™ documented
by De Haven and provided considerable quantitative information as to the injury
thresholds of the types of subjects studied. The resultant data have provided much
of the basis for such preventive measures as crash padding and safety belts and
harnesses. In addition, they have given designers of spacecraft essential information
relative to the maximum rates of velocity change tolerable by human and other
passengers.*

salvage problem considers the relationship
between force characteristics and  their
biologic cffects, a field of research which
has been designated as biodynamics. Motion

IN MILITARY AVIATION the loss of lifc,
incidence of tolal disability, and time loss
justify research on the safety and salvage
aspects of accidents. Safety relates to all

factors preventing or reducing the occur-
rence of accidents; salvage is concerned
with preventing or reducing the conse-
quences of accidents. One aspect of the

at high speed involves a risk of accelerative
or decclerative forces of rapid onset, great
magnitude and comparatively brief dura-
tion, capable of injurious or lethal effects

E(eprinted, with permission, from the American Journal of Surgery, 93:4:734-740, 19572’
One figure has been omitted.

* An increasing literature is concerned with experiments designed to determine human injury
thresholds. A recent report of Gurdjian et al.,7 for example, describes experimental impacts of
instrumented cadavers with automobile glass, and gives entry to a portion of this literature. The
last selection in this chapter and other work® provide additional information.




the
les

2S-
all
ch
an
-
ed
tl'y
ch
nd
on
er

1ip
eir
ch
on
ive
at
ra-
cts

ry
of
he

HUMAN TOLERANCE TO DECELERATION

to living organisms. By applying known
increments of mechanical force to experi-
mental subjects, a dynamic stress analysis
can be accomplished to limits of tolerance,
defined by signs of reversible incapacitation,
or of survivable injury or up to lethal effect.
Two main lines of application for this
research have existed to date: protection
from forces incurred in aircraft crashes,
and tolerance to conditions of escape from
aircraft during in-flight emergencies.

In order to accomplish precisely con-
trolled exposures of living organisms to pre-
determined configurations of mechanical
force with reasonable safety, the chosen
instrument has evolved as a rocket or
catapult-powered sled, slipper mounted on
rails, carrying the subject, recording and
transmitting instrumentation and braking
devices, which can be accelerated to the
required velocity and then decelerated
according to plan.

The factors which can be permutated are
(1) orientation of the body with respect to
the direction of linear decelerative force,
(2) rate of application of the force, (3) mag-
nitude of deceleration, and (4) duration of
application.

AIRCRAFT CRASH FORCES

This investigation was begun in 1946 by
the Aero Medical Laboratory of Wright
Air Development Center using a linear
decelerator, consisting essentially of a
rocket-propelled sled which could be de-
celerated or stopped by mechanical brakes
in a predetermined manner. Northrop
Aircraft, Inc., of Hawthorne, California,
designed, fabricated, maintained and oper-
ated the device between April, 1946, and
June, 1951. Edwards Flight Test Center,
Edwards Air Force Base, California, was
chosen as a base of operations because of
the availability of a precision built, 2,000
feet long, standard gage, railroad track.
The equipment is -described in detail in
Air Force Technical Report No. 5993,
dated February, 1950.

It consisted essentially of a 1,500-pound
sled of chromium-molybdenum steel tubing
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and was approximately 15 feet in length,
stressed to more than 100 g with a safety
factor of 1.5 and designed to carry a seat
or litter and instrumentation. Propulsion
of the slipper-mounted sled along the rails
was by one to four solid fuel Jato-type
rocket motors, providing a thrust of 1,000
pounds each for five seconds. Two braking
keels were mounted parallel lengthwise
beneath the sled.

The braking action was by forty-five
independently pressurized and actuated
units in a 50-foot area between the rails,
each unit consisting of two parallel pairs of
brake shoes 5 by 11 inches in area, closed
by pneumatic-hydraulic actuated levers
compressing the shoes together and clasping
the moving keels attached to the sled,
with an action resembling a knife blade
being pulled through a vise.

The rate of onset, magnitude, and dura-
tion of decelerative force was determined by
the velocity of the sled, the number and
sequence of brakes used, and the braking
pressure.

Four telemetering channels permitted
recording of data from accelerometers and
strain gage tensiometers. High speed motion
picture cameras were mounted both on the
sled and along the track in overlapping
profile at the braking area to record motion
studies of sled and occupant. Velocity was
accurately determined by surges induced in
series-connected coils along the track when
a magnet attached to the sled passed over
them, recorded simultaneously with a time
signal from a 1,000-cycle crystal oscillator.
Velocity was also determined from ribbon
frame camera timed exposures at 120 frames
per second at the braking area. Table I
lists the program of tests and experiments
performed with the decelerator through
June, 1951.

TABLE .—EDWARDS AIR FORCE BASE, CALIFORNIA,
2,000-F1. TRACK (1947 TO 1951)

Type of test No.
Performance 29
Acceptance 3
Chimpanzee . 88
Dummy 61
Human 73

Total 254
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The volunteer human subjects included
three flight surgeons, one pilot, two para-
chutists, two harness makers, a medical
technician, an aerial photographer, an aerial
gunner, and an ordnance specialist. One of
the flight surgeons was also a pilot. Ages
ranged from twenty-five to forty-one years,
weights from 142 to 206 pounds, heights
from 66.5 to 72 inches. The range of body
sizes and somatotypes usually encountered
in the Air Force was well represented,
considering that only twelve subjects were
used in the seventy-three experiments. The
maximum number of exposures to de-
celerative forces sustained by any one
subject was twenty-six, including the most
severe tests of the series. No sedation or
medication of any sort was used with human
subjects either before or after tests.

Eighty-eight experiments were accom-
plished with chimpanzee subjects to explore
the performance range of the decelerator
and to establish safe parameters for human
experimentation with the same equipment.
The use of animals of the size and ferocity
of chimpanzees was justified by the close
approximation to human masses, dimen-
sions, and reactions. Subjects were presented
to linear decelerations while seated facing
forward, seated facing backward, seated
sidewise, lying supine feet first, lying supine
head first, and lying transversely across
the sled while facing to the rear with the
back against the bulkhead.

Human subjects were exposed in the
forward-facing and backward-facing seated
positions only. Concurrently with the
evaluation of tolerance limits, development
of harness configurations was accomplished.
Optimum restraint configuration for the
forward facing, seated position was proved
to be the shoulder straps, lap belt in 3-inch
width nylon webbing, with a pair of tie
downstraps known as the “inverted V” to
hold the belt and shoulder straps down
against the bottom of the seat.

It was established conclusively that very
high decelerative force can be sustained by
primates, provided there is adequate protec-
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tion from collision with solid objects. The
maximum deceleration sustained by a chim-
panzee in this series was from 174 miles
per hour to a stop in 27.5 feet in the supine,
head first position. This could have been
survived with some temporary disability
by a human being. It is many times what
would be encountered in any automobile
collision or plane crash short of complete
demolition of the vehicle.

In order to evaluate the effects of impacts
of high rate of onset and short duration,
capable of lethal effects, a device known as
a monorail decelerator was developed. The
monorail decelerator consists of a welded
steel carriage, sliding on and suspended
from a lubricated horizontal rail. Propulsion
is derived from an aircraft “seat ejection
catapult. Velocities varying from 15 feet
per second to 47 feet per second were
provided in these experiments by varying
the powder charge in the catapult cartridges.

The carriage was decelerated by striking
a lead cone attached to a frame welded to
the rail. The coeflicient of restitution of lead
is sufficiently low to result in almost
complete absorption of the energy of the
carriage, thus minimizing rebound. Varia-
tions in the deceleration pattern were
obtained by using different sizes of cones.

Electronic chronographs recorded velocity
at time of impact. Motion studies were
made by high speed cameras. Accelero-
meters and strain gages on the seat and
subject recorded directly through trailing
wires to an oscillograph during the 30-foot
displacement of the carriage from catapult
to impact point.

Experiments were performed with anes-
thetized hogs as subjects. One series
determined the effect of impinging the
subject against simulated sections of instru-
ment panel, simulated control wheel surface
and control stick. A second series evaluated
the protection afforded by lap belt alone,
lap belt plus shoulder straps, and lap belt
combined with shoulder straps and inverted
V tie downstraps.

Uninjured survival of anesthetized hogs
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occurred in all experiments up to 80 g in the
backward-facing seated position and to
125 g in the forward-facing seated position.

The comparative vulnerability of chest,
midriff and abdomen to impingement by
the simulated instrument panel section,
control wheel and stick were determined in
lethal experiments. Forces that could easily
be sustained without injury while the subject
was restrained with webbing caused death
when the subject was impinged against the
solid test objects. A total of fifty-two
experiments have been performed with
this device.

A more elaborate short track impact type
decelerator having the same performance
range has been activated at Holloman Air
Force Base. 1t consists of a track 120 feet
long with two rails 5 feet apart on concrete
piers 3 feet high. A chrome-molybdenum
steel sled is slipper mounted between the
cylindrical rails, and can carry up to
350 pounds of payload at a maximum
deceleration of 200 g. Maximum velocity is
150 feet per second. Deceleration can be
either with the lead cone method of the
previously described monorail decelerator
or with a braking piston carried by the front
of the sled entering a water-filled cylinder
by rupturing a frangible stopper and dis-
placing water through orifices in the walls
of the cylinder. The orifices can be changed
in size or completely closed according to
the desired deceleration-time pattern. A
trailing cable permits direct recording of a
large variety of sensing devices. In other
respects, the instrumentation is similar to
that used in the monorail decelerator. To
date a total of ninety-eight tests have been
performed with this device. (Table 11.)

Two types of experiments have been
carried out at Holloman Air Development
Center with a pendulum-type decelerator,
consisting of a weighted seat suspended like
a garden swing, so that it can be elevated
and allowed to drop against a test object
or to swing until arrested by a snubbing
cable. Anesthetized hogs were used in lethal
experiments to determine impact damage
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to the chest and abdomen on collision with
a variety of steering wheels, and a series
of human experiments were begun to deter-
mine tolerance to deceleration in the forward
facing seated position, restrained by a lap
belt. The latter series is still in progress and
results are incomplete.

TaBLE I.—HOLLOMAN AIR FORCE BASE,
NEw MEx1co, 120-r1. TRACK (1953 TO 1956)

Type of test No.
Acceptance and Performance 25
Instrumentation 7
Dummy 14
Chimpanzee 26
Human 25
Instrumentation run 1
Total 98

SUPERSONIC WIND DRAG DECELERATION

The human body in~free fall, following
seat ejection and separation from the seat,
is an unstable mass whose flexibility dis-
places the center of gravity at random so
that erratic tumbling and spinning occurs.
Wind ram pressure against the drag area
presented by the seat and its occupant
emerging from the aircraft produces abrupt
linear deceleration at the instant of sepa-
ration. The wind blast can buffet and flail
head and extremities and abruptly compress
or buffet body walls. The statically measured
magnitude of the imposed wind drag de-
celeration does not express the individual
and combined effects of its component
factors.

The investigation of decelerations lasting
ten to twenty times as long as crash forces,
such as would be encountered during wind
drag deceleration following exit from air-
craft in supersonic flight, has been accom-
plished at Holloman Air Development
Center from April, 1953, to the present.
A much higher capacity rocket sled was
used, with prolonged deceleration obtained
by using water brakes.

This device consists of a test sled weighing
2,000 pounds on which the subject and
instrumentation are carried and a propul-
sion sled on which the rockets are mounted.
Both sleds are equipped with fixed scoop
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water brakes. Water entering the scoops
on the test sled is turned 90 degrees through
conduits and ejected to the sides. A retarding
force of | pound for each pound of water
passing through the conduit is applied to
the sled. The propulsion sled also has fixed
scoops but of lower clearance, so that
braking begins at a shallower depth of
water. The conduits on this sled are |80
degrees, throwing water forward during
deceleration. Two pounds of retarding force
result from each pound of waler passing
through the conduits. The total braking
force is a function of the pounds of water
per second passing through the conduits.

Instrumentation for this device was ba-
sically similar to that used in the 2,000-foot
track decelerator, with the addition of Pitot
tubes and wind pressure gages to measure
the impinging wind ram pressures. The high
velocities, obtained from as many as twelve
propuision rockets of 4,500 pounds’ thrust
and five seconds’ duration prior to the
separate deceleration of propulsion sled
and test sled after rocket burn-out. permit
prolonged water brake deceleration in the
section of track prepared for this purpose.
The 3,500-foot track has rails 7 feet apart
between which lies a concrete ditch § feet
wide and 18 inches deep, sloping very
slightly for drainage. At the end of the
acceleration phase of a run, during which
the scoops under the sled go through the
dry ditch, a section of the track is reached
where frangible masonite dams have been
inserted in slots provided in the walls of
the concrete ditch, Dam height is adjusted
to provide water depth required for the
caleulated braking pattern. The only limit-
ation on braking distance is the remaining
track length. In this way, durations of
more than .1 second at 100 g peak, of more
than .4 second at 50 g, and of more than
1 second at 25 g plateau are possible.

A lightweight, high velocity rocket sled
designed for attaining maximum tolerable
wind ram pressures, identical in instrument-
ation and braking with the sled described,
but propelled by up to nine rockets of
1.8 seconds’ duration and 7,800 pounds’
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thrust has been built and used for wing
blast tests at Holloman Air Force Base,
A maximum velocity of 1,446 (et per
second or 996 miles per hour equivalent tq
Mach 1.3 at ground level has been allaineq
with this device. Chimpanzee and dummy
subjects only have been used with it,
Table IIT lists the tests and experiments
performed to date with these two sleds,

TABLE 111.—LONG TrACK (3,500-FT.)

Type of test No.
Dummy 3
Chimpanzee 50
Human 3

Total 56

RESULTS

Findings in all experiments with human
subjects have been reported in detail in Air
Force Technical Report 5915 and in The
Journal of Aviation Medicine,

Human tolerance to linear decelerative
force in the forward-facing seated position
for exposures of less than .2 second s
primarily determined by the rate of appli-
cation of force (the third derivative of
motion, or rate of change of deceleration)
and, secondarily, by the magnitude of force,
provided that the force is applied to the
solid quarters of the body through webbing
restraints. The points of reversible in-
capacitation were reached at 38.7 2 when
rate of application was more than 1,350 g
per second, and at 50 g when the rate
of application was 500 g per second or less.
(Fig. 2.)

Experiments with chimpanzees indicate
that for the same orientation injuries begin
at 65 g with 6,000 g per second rate of
onset, and at more than 100 g with 1.500 g
per second or less rate of onset, with dura-
tion of exposure between .1 and .2 second.

Lethal experiments with anesthetized hogs
indicate that at rates of onset between 5,000
and 15,000 g per second, for durations be-
tween .04 and .08 second, up to 125 £ could
be sustained with reversible injuries, ranging
up to 220 g with serious to fatal injuries.

With respect to orientation, the human
body is almost equally tolerant to decelera-
tion in the backward-facing position, pro-
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FiG. 2. Human tolerance to linear deceleration limit for reversible in-
capacitation to: 4, rate of onset; B, magnitude; C, duration of decelerative
force in the forward-facing seated position.

vided an even, firm backing of energy-
absorbing material such as a half inch of
felt against sheet steel is used. Experiments
did not exceed 35 g in this orientation
because no higher exposure was required to
provide criteria for backward-facing pas-
senger seats. The human body structure
having the lowest failing limit is the verle-
bral column when force is applied along
its length, particularly from buttocks to
head in the seated position. With optimum
alignment, up to 35 g can be tolerated
at less than 500 g per second rate of onset,
but with hyperflexion (back bent forward
to the limit of motion) this diminished to
less than 15 g in one aircraft accident case
that was instrumented with accelerometers.
The difference is due to diminishing
contiguous impinging surfaces between
vertebrae in the lumbar spine.

In hogs with vertebral column in optimal
alignment, more than 75 g at higher than
5000 g per second rate ol onsct was
required to produce vertebral fractures.
Chimpanzees have been similarly exposed
to 65 g without fractures.

In chimpanzees, impact loads against
harness of more than 75 pounds per square
inch attained in less than fifteen milliseconds
can produce fatal damage to the lungs,

consisting of hemorrhagic areas of ruptured
air sacs.

Prolonged decelerations, in which dura-
tions range from .2 to .3 second, demon-
strate that hydrostatic pressure effects due
to displacement of body fluids have a
latent period of .2 second before they are
appreciable, and that {hey are definitely
evident at .4 to .6 second of exposure to
as low as 10 g at 500 g per second rafe
of application. The range of the duration
versus g spectrum of the decelerator overlaps
that of the human centrifuge for exposures
of more than two seconds, (Fig. 3.)

The high performance Holloman de-
celerator has demonstrated that man can
tolerate 1,107 pounds per square foot of
wind blast in a total time of less than
6.4 seconds, provided it is excluded from
the head and that head and extremities
are protected from flailing. Chimpanzces
have tolerated up to 1,800 pounds per
square foot while similarly exposed, With
bare head free to flail, a chimpanzee subject
died of brain injuries after exposure to
1,200 pounds per square foot of wind
blast in a sled ride.

Crash experiments with surplus Air Force
and Navy aircraft conducted by Eiband,
Black, Preston, Pinkel and other workers
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at the National Advisory Committee for
Aeronautics’ Lewis Propulsion Laboratories,
by propelling instrumented aircraft occupied
by dummies into a runway barrier, confirm
the magnitude, duration, rate of application
of decelerations and the force measurements
accomplished on the rocket sled exposure
of human, chimpanzee, and dummy-type
experiments. The high human tolerance to
abrupt deceleration confirms the observa-
tions of De Haven and DuBois on accidental
high falls and survivals of high impact
aircraft accidents.
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Hydraulic forces can rise to the point of
failure in blood vessels if a latent period of .2
second required to overcome elasticity of
tissues and viscosity of body fluids is ex-
ceeded.

Another latent period of 2 to 5 seconds or
more is required for accelerations in the long
axis from head to foot to offset the pumping
force of the heart and deprive the brain of
oxygen long enough to affect vision and
consciousness.

Tumbling in the head over heels direction
has been investigated to limits of human
tolerance and lethal effect on animals by
Weiss and associates in a report published in
The Journal of Avigtion Medicine. Subjects
were spun on a turntable while lying on one
side, With the heart at the axis of rotation,
human beings lost consciousness in twelve
seconds at 160 revolutions per minute, and
results were fatal for anesthetized animals at
200 revolutions per minute for two minutes,
Sperry, Nielsen and associates in free-fall
bail-out experiments, with the highest at
45,200 feet, found disorientation, vertigo,
nausea and loss of consciousness among the
effects encountered. The less dense atmo-
sphere at the greater heights permitted
faster tumbling, In the same experiments,
the impingement of wind blast at ram
pressures higher than 650 pounds per square
foot at the instant of ejection caused flailing
of the inadequately secured arms of the
subjects, overriding all muscular efforts to
resist. In two cases, fractures and disloca-
tions resulted at less than 500 knots and
30,000 feet.

With respect to transverse decelerative
forces, accident data on human beings com-
pared with experiments on both hogs and
chimpanzees indicate that structural failure
points on the chest and abdomen impinged
against a solid hard surface are practically
identical, Aortas can be ruptured by a 2,000
foot-pound impingement of a hog's chest
against a conventional stcering  wheel.
Transverse deceleration against a webhing
harness that distributes the load on the four

561

quarters of the body indicates very little
variation in tolerance, probably less than 10
per cent. It would be a conservative estimate
to say that human survival of serious injury
begins at two and one-half times the trans-
verse reversible incapacitation point for
either forward or backward deceleration.
The rate of onset is a potent factor in deter-
mining tolerance limit for transverse de-
celeration. At 6,000 g per second and 70 g
peak in a .13 of a second duration one
chimpanzee sustained lung injuries similar
to those found in explosion blast. The cal-
culated rate of onset and maximum force of
impingement against the harness was fifteen
milliseconds to reach 75 pounds per square
inch. With rates of onset of less than 1,000
g per second up to 150 g peaks have been
suslained without injury by chimpanzees, In
the longitudinal axis, the vertebral column
of the chimpanzee is at least twice as strong
as that of a human being because of jts lack
of lumbar and cervical curves and rigidly
supported architecture. The next most vul-
nerable structure is the central nervous
system which reacts with reversible physio-
logic responses in man, beginning at 30 g,
1,000 g per second rate of onset with vaso-
motor shock and retinal spasms ranging to
concussion signs and retinal hemorrhage at
more than 45 g. The rate of onset again is
the controlling factor from 30 g up of magni-
tude. With forces prolonged beyond .6
second, Purcher’s syndrome of the cyes was
observed in both chimpanzees and humans,
Repeated exposures in both humans and
chimpanzees do not. produce observable
accumulative effects.

It can be concluded from all of the fore-
going that the structural strength of the
human body, its energy absorbing charac-
teristics with respect to brief applications of
high dynamic loads, its tolerance to abrupt
wind blasts of nearly explosive violence
facilitate salvaging the victims of high speed
transportation accidents. The application of
this knowledge can lead to a great saving of
lives and prevention of disabilities.

In reading Stapp’s paper, those not familiar with this area should realize that the
decelerations indicated by the abscissa of Figure 2 represent the number of times the
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human subject’s effective weight was actually increased. Thus, for example, a 160-Ib,
man under a deceleration of 35 g has an effective weight of 5600 lb.! Nonetheless, the
forces to which this corresponds are daily encountered transiently in motor vehicle
and other accidents, in some cases, as shown by De Haven and Stapp, with only rela-
tively minor injury. It is this remarkable tolerance that has convinced many that
crash injuries can be substantially reduced—by appropriate modification of the
environment—even if it is not possible completely to eliminate such crashes per se.

ACCIDENT SURVIVAL—AIRPLANE
AND PASSENGER AUTOMOBILE
—Hugh De Haven

As a result of the findings discussed above, accident research workers have come
to regard the problem of transporting people safely in aircraft and other vehicles as
substantially one of “‘packaging.” Granting that at least some accidents will occur to
packages of any type, they seek to understand the means by which the contents are
injured. Since understanding of much of current accident research requires familiarity
with the few simple principles which this entails, we are including this early but still

excellent introduction to the subject.

* & *

In order to judge the potential value of
engineering efforts to cut causes of injury in
the automotive field, we should consider
some figures on what packaging engineers
probably would call “the spoilage and
damage of people in transit.” Despite every-
thing that has been done to prevent acci-
dents, a total of 35,000 people were Kkilled in
motor vehicle accidents in 1950; this figure
includes pedestrians as well as people killed
in buses, taxis, trucks, etc. Of the 35,000
killed, the National Safety Council estimates
that 17,600 were killed in passenger cars
alone. In addition to the 17,600 persons
killed, approximately 685,000 persons sus-
tained crash-injuries in passenger automo-
biles. The National Safety Council estimates
that the total cost of crash injuries in all
motor vchicles last year was $1,850,000,000;
thus the proportional loss for medical pay-
ments, insurance costs and value of services
lost to the nation for persons killed and in-

jured in passenger cars last year was nearly
one billion, one hundred million dollars.
Of course, some of the 17,600 persons
killed and some of the persons injured sus-
tained their injuries in passenger car acci-
dents which were so severe that no reason-
able alteration of automobile structures
would have modified the seriousness of their
injuries. Preliminary studies by the Crash
Injury Research Division of the Indiana
State Police indicate, however, that only
16 % of fatal passenger car accidents in rural
districts of Indiana were so hopelessly severe
as to justify classification as “non-surviv-
able”; an additional 18% were sufficiently
severe to make such classification debatable.
The remaining 66%, of fatal Indiana acci-
dents in rural districts (where traffic speeds
usually are high) were classed by experienced
accident investigators as survivable. In many
of the 669 of fatal cases, other people in
the same car either escaped uninjured or
sustained injuries which normally would not

[:A paper presented at the Annual Meeting of the Society of Automotive Engineers]
January 1952,




