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ABSTRACT

To develcp new concents for personnel restraint, the
following studiss were conducted, Characteristic accelerations
were defined for advanced manned flight systems. Accelerations
of € tc 12 & which ars associaded with tallistic reentry, produce
the Tost severe nhvsiclogical stress. Tending impact, senerating
lov-total-enersy accelerations of 60 to 10C G's teak on the
cansule, proinced the most severe structurel leading., Human
toleranee to aceoleration was studied by a survey of the avsiluble
test datz and a structural snalysis of the human body. Teat Aata
for nish-peak-macnitude low-totel-energy acceleration exposures
were not renorted in the litesrature on controlled experimentation,
Case historics of sccidentzl fells and suicides were studied to
gain insi:ht into human tolerance to this type of acceleration,
Several bzsic crew restrsint concepts were evolved and evelusted,
A concent emploving rigid contoured support was selected to limit
body-clement displacement and distortion and to minimize rebound,
A test svstem was desirned and fabricated, Mechanisms were de-
sicned to preposition 2ni pretension the crewman mechanieally
pricr to impact. PFurther research should include thorouch test-
ing of the test system to determine the protection achieved by
rizid contoured restraint. If hirh level protection is demonstra-
ted, an operastional prototype should be developed,
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ACCELERATION STRESS TERMINOLOGY

Several competing terminologies are currently in use for
defining acceleration stresses. These differ in the phraseology
by which they describe direction, in the specification of accel-
eration direction or the resulting reaction, and in the base or
zero plene of reference. Descripiive phraseology varies from the
obvious physical correlation expressed in the vernacular "Eyeballs
Out, In, Up, etc.,” to symbols understood only by specialists in
fields such as structures, flight control or human tolerance. Ac-
celeration direction is the primary interest of flight-mechanics
engineers and the resulting reaction is important to restraint and
structural designers. Accelerations which tend to change a ve-
hicle's attitude or trajectory are frequently used in flight dynam-
ies. The restraint designer must lmow the total or physiological
accelerations incident on the crewmen. This multiplicity of terms
presents a language barrier that must be surmounted to report effec-
tively on programs inveolving accelerations.

The Aerospace Medical Panel of AGARD has sssembled and rec-
cmpended a table of acceleration equivalents (Ref. 99). The
"Physiologlcal Computer Standard (Sys. 4)" listed in this table is
used to define acceleration in this report. Symbols that will be
used are listed below and referenced to other commonly used de-
seriptive and vernacular terms. These symbols represent total ac-
celerations.

Symbol for This Report Qther Commonly Used Equivalent Terms

AGx , or +0y Forward, Transverse A-P, Sternumward,
Eyeballs In, Supine, Chest to Back

-Gy Backward, Transverse P-A, Spineward,
Prone, Back to Chest, Eyeballs Out

7Gy 5 Or +Gy, Headward, Positive, Eyeballs Down

-Gy, Footward, Negative, Eyeballs Up

#Cy , or +Gy Right Lateral Acceleration, Left

Iateral G, Eyeballs Left

-Gy Left Lateral Acceleration, Right
Iateral G, Eyeballs Right

viii



SECTION I

INTRODUCTION

Crew restraint and support in advanced flight systems will re-
quire higher level protection than is provided by current restraint
and support systems. Extending the basic concepts currently in use
results in a complex system and does not fully utilize man's inherent
tolerance to acceleration stress. New basic concepis are required to
develop significantly improved crew protective devices. An under-
standing of the accelersation enviromment and the physiological and
structural characteristics of man is required to generate these con-
cepts.

This program was undertaken to develop a restraint system for
protection against impact accelerations. Impact is defined (Ref.
61) as an acceleration pulse occurring so rapldly that the force in=-
put ls over before the mass reacts to the force. Acceleration magni-
tudes were specified as 60 G in the ZGx directions, 60 G in the Gy
directions, 30 G in the 4Gz, and 20 G In the =Gz directions. These
peak magnitudes are representative of capsule recovery lmpacts where
the total veloeity change is approximately 30 ft/sec and the acceler-
ation profile i1s & sharp splke., This stress area has only recently
been investigsted by controlled testing and subjected to design

analysis.

The program emphaslzed the fundamental approach to crew protec=-
tion. Envirommental stresses, operational requirements, and human
capabilities were thoroughly investigasted and correlated into design
criteria before the conceptual hardware study was initiated. Current
restraint and support systems were examined for possible solutions
to portions of the problem; however, these wexre not considered to be
necessarlily adequate or representative of future systems. Unusual
and unorthodox concepts as well as rigorously tested and service=-
proven strep systems were evaluabed on an equal basls.

In establishing design criterla, quantitative data were used
wherever they were available. When quantitative data were not avail-
able, assumptions had to be made. Many of the human characteristics
data are based on assumption. However, they were derived from a
thorough study of man's structure and the location and composition
of his intermal organs. They are, nevertheless, speculative in
nature and must be treated as qualitative data.



SECTION II
MANNED SYSTEMS ACCELERATION ENVIRONMENT

Current and proposed manned flight systems were studied to
determine the acceleration enviromment in which the flight crews
would work. Data from a previous restraint requirements study
(Ref. 96) were combined with flight dynamics studies of supersonic
alreraft and space vehicles of both the ballistic and gliding re-
entry types. Ummenned space vehicles were investigsted as a base
line or control group to determine probable design G levels when
crew safety was not a consideration. From the above studies and
from discussions with flight dynamics specialists, it was apparent
that manned flight systems are designed to limit accelerations to
currently accepted human tolerance levels. None of the mechanical
components and subsystems are considered to bave an inherent G tol-
erance as low as man's currently demonstirated tolerance. Any in-
crease in demonstrated human tolerance which can be accomplished by
improved restraint-support techniques will therefore be immediately
reflected in Improved vehicle system performance.

Peak G level is only one of several factors that define ae-
celeration stress. Rate of onset, duration at peak G, rate of decay,
recovery time since last exposure, zero G preceding exposure, G
direction, simultaneous application in two or more directions, and
contributing stress producers (such as low oxygen partial pressure,
vibration, heat and noise), all affect the severity of the exposure.
These characteristics of advanced manned systems were studied to
provide a better definition of anticipated stressesa, particularly
those stresses which would be new to the crewman's experience.
Vibration, heat, and noise will be experienced more frequently and
at higher levels than in previous flight systems. Low oxygen par-
tial pressure mey be experienced in emergencies. 'These contributing
factors must be recognlized and included to evaluate tolerance. Pro-
tection measures involving these stresses are not, however, within
the scope of this program except in providing restraint-support de-
vices that do not magnify vibrations.

Multidirectional accelerations and consecutive applications
of acceleration stress will be more frequently experienced in ad-
vanced flight systems, particularly space systems. The many orien-
tatlons & spececraft must assume during a mission--buffeting and
wind shear effects associated with hypersonic flight, high amplitude
vibration of large boosters, parachute recovery in severe weather,
and other operational characteristics of space flight--will produce
&8 more random acceleration environment than aireraft crash loads.
Iarge velocity changes, such as boost and reentry, will group these
stresses into a serles of multidirecticnal exposures coccurring
over a few minutes' time. These environmental hazards generate a
personne) restraint requirement for substantial protection against
many acceleration directions, including such heretofore rigorously



avolded directions as /G, and -G, . Furthermore, the protection re-
gquired is substantially bzfond that of a single pulse exposure.

Two highly significant stress areas were predicted by the
study. One of these is the moderate-to-severe long-duratim accel-
eration involved in large velocity changes. The cumuletive G-time
is fixed and cannot be changed. The G profile is related to the
state -of wthe -art in propulsion and reentry systems, and mission pen-
alty 1s accepted to reduce G loads. Under the current technology,

G levels of 6 to 9 G's for minutes and 20 G's for seconds are re-
quired for practical space gystems. Much higher G levels are desir-
able from a vehicle design standpoint. The 6- to 9-G level boost
profile stress area has been thoroughly investigated and found to be
well within human limits for a trained test subject. The 20-G level,
produced by escape from the pad beyond the atmospheric layer or by
skipping reentry, is less thoroughly understood but is under in-
vestigation for current space-flight systems. Needless to say, both
stress areas require extensive crew orientation and training. With
the possible exception of liquid immersion, restraint-support devices
protect a crewman against this stress area by supporting him in opti-
mized orientation.

The second highly significant stress area is impact, with a
high peak magnitude, high rate of onset, short duration, and rapid
decay. This environmental hezard can be generated by explosion of
the high energy fuels carried by spacecraft and thelr boosters. It
is routinely produced by the landing impact of parachute-recovered
capsule systems. Current recovery systems are small and structurally
rigid to satisfy operational requirements. Impacting at vertical
velocities of approximately 30 £t/sec, & low total energy accelera-
tion is produced. Their stiff structure and angle of impact will,
however, produce ¢ spikes of 60 to 100 G's at rates of onset and
decay of 3,000 to 20,000 G/éec. Current parachute recovery concepts
may not be at all sultable for future primary recovery systems;
however, sophisticated gliding, retro-powered, etec., recovery systems
will probably depend on parachute-recovered escape capsules.. Demon-
strated humen tolerance must be increased to this level, or impact
attenuation devices will be required for future escape capsules.

Low total energy impact has only recently been Investigated.
Researchers' conclusions vary widely on human tolerance to such
stresses. Some current theories postulate that the total energy,
ag defined by the delia velocity, is the predominant factor in im-
mect. Such theories assume adequate support to preclude stress con-
centrations on vital areas such as the head. Tests with small ani-
mals and correlations of the limited human data available provide
substantial support for the totel energy theory. A recent correla-
tion of test data, reported in Appendix II, indicetes that unit
pressure on the hody predcminates and that tolerable total impact
energy decreases in the high G range. No comprehensjve manned test
data are available to verify these theories and only limited design



effort has been expended to increase protection agalnst such accel-
erations. We concluded that this stress area is the least under-
stood and least researched of the two significant stress areas.

The predictability and probable warning times for severe ac-
celerations in advanced flight systems were investigated to establish
not only the level of protection that would be regulred continuously,
but also the requirements for applying maximum restraint. Most of
the severe accelerations can be predicted seconds to minutes before
they occcur. Boost, reentry, and landing are programmed into the
mission. The highest probability of accelerations induced by mal-
functions ocecurs in those regions where a crewman would already be
restrained (i.e., boost, reentry and landing). Very light restraint
will be required for the greater portion of the mission.

For the situwation in which e malfumetion, collision, or un-
expected maneuver requires the application of restraint, suitable
warning or automatic initiation devices must be provided. Possible
parameters were investigated which could be sensed to provide such
warning or initiation. The first parameter investigated was incident
acceleration. Acceleration 1s the direct cause of danger and is
easily sensed by human, electronic or mechanical methods. Both the
magnitude and rate of onset can be sensed and the significance
analyzed by computer techniques. The acceleration that must be
applied by a positioning system to position the crewman by the time
peak G has been reached was plotied against the rate of onset to
determine if this method of sensing provided sufficient time to
position and restrain the crewman {Figure 1). A uniform accelera-
tion and deceleration was assumed for the positioning system. From
Figure 1 it 1is apparent that for most anticipated rates of onset
the positioning forces exceed the incident acceleration. It was
concluded that causative factors will have to be sensed. Examples
of causative factors are: unusual pressure buildup or rate of build
up in tanksge or combustion chambers, unfavorable delta pressures
on booster bulkheads, diverging flight path or instability, ap-
proaching collision, over-temperature, ete. This sensing problem
ig identical to the problem in developing warning devices and auto-
matic Initiators for escape systems. A sensing system of this type
for the Atlas missile is described in References 53 and 90. A com-
prehensive study of detection and escape initiation devices has
recently been completed (Ref. 28). It was beyond the scope of this
program to engage in further study of sensing and initiation. The con-
clusion was that crew support and restraint devices should be initia-
ted by an cutput signal from the vehicle escape detection and
initiation systenm.

The foregoing study clearly indicated a requirement for the
develomment of improved techniques to protect flight crewmen from
multidirectional impact stresses. It further indicated that light,
unrestrictive restraint would be sufficient for most of the flight
profile if adequate warning, positioning, and restraining devices
were provided. Protection against impact, prepositioning, and pre-
tensioning were established as the primary design goals of this
program. Major elements of the acceleration environment anticipated
for future manned flight systems are illustrated in Figure 2.

L
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SECTION III
RESTRAINT SYSTEM OPERATICNAL REQUIREMENTS

Crew tasks and habitation requirements were analyzed to de-
termine opersational requirements for personnel restraint-support
devices. Mobility requirements for low stress portions of the mis-
sion are similar to present-day high-performance aircraft or to any
system in which & human operator is responsible for controlling a
complex system. The crewman should have full freedom of his hands
and arms as well as the capability of leaning forward from the waist
to increase reach. He should have full freedom of the head for
visual coverage of his displays and external vision. Foot and leg
mobility requirements are less ¢learly established; however, the
minimm requirement demends freedom of movement of all parts of the
feet and legs to promote ecirculastion and muscle tone. A new type
of mobility requirement was established for high-stress portions of
the mizsion. During boost, reentry, etec., the crewmen will be re-
quired to exercise precise control of the flight system while pro-
tected at a level above current ejection-seat requirements. The
restraint-support device must permit movements of the hands, wrists,
and feet at the highest level of restraint. 1In addition, it must
position the eyes for scanning critical displays and support the
arms and legs to prevent inertial loads from actuating controls.

Comfort requirements are severe, particularly in space sys-
tems. Estimates on the fime a crewman will remain seated or re-
clined in a restraint-support system vary from 8-hour shifts to
several days. Either situation exceeds current duration require-
ments by & substantial margin. Under these conditions, comfort
tranglates from a desirable goal to a vital consideration in terms
of crew efficiency. This problem will be more apparent as space
flight becomes more routine.

Ingress and egress requirements for supersonic aircraft and
one-man orbital flights are similar to those for previous aireraft.
Rapid ingress is desirable; however, if complex and time-consuming
attachments and adjustments are required the preflight period can
be used for the purpose and outside help is avallable. Egress
provisions must permit rapld and reliable exit from the vehicle
without outside help. For the multiplace long-duration flight
systems now under development, entry requirements will likewise be
more severe. Crew rotation and relief pericds will require that
the crewman perform the necessary attachments and adjustments in
flight without help. If the restraint system cannot be easily and
rapidly adjusted it will not be properly used.

Welghtlessness will generate unique operational requirements.
Although space stations may have artificially induced gravity flelds,
space-flight vehicles will operate moat of the mission in & welght-
less state until contimmous thrust propulsion replaces the current



boost-coast systems. Initlal orbital flights indicate that weight-
lessness is not, in itself, & significant physiological hazard.
Tests utilizing the technique of immersing a subject in water for
several hours and then exposing him to acceleration (Ref. 3)
indicate that extended periocds of weightlessness may decrease ac-
celeration tolerance on subsequent exposure. Operationally, the
absence of a gravity field presents many detall problems. The
crewman must be supported in all directions to enable him to push
and pull and to apply torque to the controls. He must also be re-
strained from floating into controls or structure. Comfort require-
ments under a weightless condition are difficult to define until
more test data are avallable. Traditional comfort problems are:
pressure points contacting the restraint-support system, and intermal
strains associated with poor posture. With all the loads removed,
neilther consideration is valid. The only comfort regquirements
clearly established for welghtlessness were to provide freedom to
move body elements and to avoid compressing or binding restraint
devices. For long flights, special exercise equipment will probably
be required.

Weight and bulk are critical factors in any high-performance
flight system. It is axiomatic that the restraint-support system
must have minimum weight and bulk in both concept and detail design.
Weight and bulk of "worn" restraint components are factors in crew
efficiency. Weight is not a direct factor within the weightless
envirconment, but inertia and bulk remain unchanged. Power require-
ments for adjusting, positioning, restraining and tensioning the
system contribute to the welght and bulk of the over-all system.

Equipment designed to be airborne for days, weeks, or months
must be durable and easily meintained. Crew protective equipment
is contained in the envirommentally controlled crew cabin and is one
of the less complex systems. These advantages are somewhat offset
by lack of dualization and the necessity for a functloning system on
return. This equipment must be capable of completing at least one
mission with little or no chance of failure and with no maintenance.

One of the most significant operational characteristics of
high-performance flight systems is the heavy work load placed on the
crewman during the most hazardous periods of the mission. During
boost, reentry, orbit insertion, rendezvous, lunar landing, and mid-
course veloclty corrections, precise control of the vehicle and close
monitoring of subsystems will be required. To avoid adding to the
crew work load and to assure crew safety, protective devices should
be mechanically powered and preferably initlated automatically as a
function of impending hazard.



SECTION IV

HUMAN STRUCTURAL, PHYSIOLOGICAL AND
PSYCHOLOGICAL CONSIDERATIONS

The obJective of this study was to bring forth by means of a
physiological and anatomical review and analysis the strong points
and vulnerable areas which must be identified in developing methods
for protecting crews of advanced aircraft and space vehicles against
acceleration stresses. Based on the results of the aerodynamic and
space-mechanics analysis of the acceleration envelopes anticipated
for advanced-flight vehicles, this study has been primarily directed
toward protection against abrupt acceleration.

A. Literature Survey

Literature dealing with human acceleration tolerances or
protection requirements and means was reviewed to secure background
and to identify specific tolerance and protection data. Since the
acceleration-protection design goals are above present tolerance
limits, particular emphasis was placed on a review of the order and
types of injuries incurred by subjects used in aeceleration experi-
ments and by victims of accidents involving eabrupt acceleration and
deceleration loads which could be guantitatively defined. Of great
importance was the detalled human-anatomy study which was conducted
to determine the vulnerable areas of the body, the mechanisms of
natural protection, and the structursl strong points whiech could be
used to provide a means of applying artificilal protection. Infor-
mation gained in these studies was then used in formulating some
general recommendations to help guide the design of restraint con-
cepts and to define areas in which further investigation or experi-
mentation was necessary for thelr verification and extension.

In spite of the relatively large amcunt of published
literature describing man's tolerance to acceleration stresses,
resulting both from experimental exposures and accident analyses,
few fully usable quantitative values were found which could be
applied in this design study.

This dearth of' test data is not uncommon in areas of
biological investigation in which man is the object of study, first,
because of the inherent risks involved in such tests, and second, -
because of the natural differences in subject tolerance and experi-
menter technique. Such an area of testing involves an especially
high risk as well as the element of humanitarianism which would be
impossible as well as undesirable to remove. Results obtained from
different investigators frequently do not correlate with any degree
of confidence, especially when "pain threshold" is employed as a
eriterion or parameter in the experimental design. PFor exanmple,
in human-impact testing at Hollomean AFB, the cheat strap on which



the accelerometer is mounted is adjusted in tension according to the
pain threshold of the subject. As a result, the accelerometer read-
ings and physiological functions (such as respiration rate and depth)
are inflgenced by the pain threshold of the individual (Refs.S, 6,

T and 29).

Two recently published surveys of the literature are
available in which general definition of human acceleration toler-
ance is provided (Refs.29 and 96). These data have been used ex-
tensively during this study with other published data not included
in the surveys. In the case of one significant series of tests, an
effort was made to obtain more definitive data regarding the subject's
anthropometry and the restraint harness design used (which was only
generally described im the literature). Specifically, information
was sought concerning the height, weight and build of the test sub-
Jjects, with more detailed information on accelerometer location,
harness adjustment, accelerocmeter calibratlon and the methods used
in interpreting the recorded values. Unfortunately, information in
this area had not been recorded.

A number of test facllities were visited to gather detailed
data on human and animel tolerance +tests. Acceleration traces from
B-70 capsule drop tests were obtained from the Aercspace Medical Re-
search Laboratory (AMRL) (Ref. 46). Movies of manned sled runs,
X-ray pictures of animal runs,and some detalled records of human and
animal runs were obtained at Hollcman AFB. Navy ejection-seat data,
including Martin-Baker seat-test traces, were supplied by AMAL and
ACEL. These data were generally more definitive than could be ob-
tained from the published literature, particularly when they were
amplified by discussions with the experimenters and test subjects.
Sti1ll lacking, however, was sufficient detall for a comprehensive
quantitative analysis of human tolerance to acceleration.

The physiologlcal significance of values recorded on
accelerometers during tests of human tolerance to impact show fairly
wide differences and has been = subject of considerable controversy.
The primary reasons for these differences are variation in the loca-
tion of the transducers on subjects and/or sleds, the rigidity of
thelir mounting, the accuracy of calibration, and the techniques
employed in reading peaks on the recordings obtained (Ref. 40Q). For
example, many tests which employ chest-mounted accelerometers fail
to measure the tension applied to the chest strap to which the
transducer is attached. The necessity for obtaining accurate, stand-
ardized applied stress and human response recordings is now widely
recognized. In 1960, AMRL began a series of government and aerospace
industry seminars to define the problems in tolerance testing and
establish uniform test procedures.

Although lacking the desired detail, many valuable accel-
eration tolerance data have been obtained and published. The degree
to which we can use these data in predicting what might happen at
higher exposure levels is limited only by the ingenuity employed in
their application.
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Usling existing acceleration tOlerance data to predict
the effect on man of exceeding present limits, a unique approach
was used. A calculation was made of the body surface area under
a typical restraint harness as used in tests to establish existing
limits. The force applied to this area was then computed, based
con the mass of the various body segments supported by the restraint
harness for the particular acceleration to which the man was sub-
jected. Since measurements were not available for actual test sub-
Jects, statistically determined body segment weights and areas under
the harness (Refs.2 and 5) were employed in the calculations. This
procedure indicated that the area of the hody under the standard
restraint-harness supports pressureson the order of k0 to 50 psi
without injury. The harness consisted of 3-inch-wide shoulder straps
and lap belt with 1-1/2-inch-wide inverted "V'.crotch straps. This
harness took advantage of the stronger portions of the torsc and the
pressures tolerated do not necessarily represent average tolerance
values. If, however, pressures approaching these values can be tol-
erated over most of the torso, much higher accelerations might be
tolerable with broader restraint.

As previously mentioned, in order to investigate human
tolerance at higher acceleration levels, data from accidental falls
were studied. DeHaven's analysis {Refs. 18, 19 and 20) of the acceler-
ation stresses to which humans were exposed in several free-fall im-
pacts indicates thet man can tolerate impact stresses of astonishing
proportions. Although not so dramatic, this inherent impact tolerance
has also been demonstrated in acceleration tests, for the most part
conducted with animals in vwhich only minor injury was sustained.

Even these injuries, when carefully studied, can often be traced to
rather simple and widely recognized deficiencies in the respective
restraint systems employed in the test. A survey of some of these
injuries accompanied by anatomicel support recommendations which may
reduce the probability of their recurrence is included in Appendix
I. This survey of injuries also partially served as a basis for
estimating the vulnersbility of parts of the body to injury.

Injuries deseribed in the histories of accidental falls,
experimentally induced animal injuries in severe acceleration tests
and the limited history of injuries in manned testing were corre-
lated to establish the most eritical structural and physiclogical
problems associated with impact protection. In almost all instances
where high rates of onset and high peak G were experienced, some
form of shock phenomenon was recorded. When the head impacted on a
hard surfece or sharp object, brain damage occurred. In fG, expos-
ures, such as ejection-seat tests or nose-gear failures, vertebral
injuries were encountered. Injuries to the internal organs or to
their attaching membranes were encountered in some of the severe
falls. Humans have survived accelerations conservatively calculated
at over 100 G's without significant injury, indicating internsal toler-
ance well in excess of currently accepted values. Thelr survival
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indicates that with proper restraint and support, demonstrated toler-
ance to impact can he increased. In this progrem, the apparent
mechanism of protection in both controlled tests and accidental
exposures was evaluated against human structural characteristics

to determine logical protection methods. The human structural and
vhysiological vulnerability analysis used for this purpose is out-
lined in Appendix I. In the following paragraphs, the vulnerability
and basic protection requirements for each major segment of the
anatomy are dilscussed:

B. DRestraint Considerations for the Head and Neck
1. Structural Characteristics

The slmll is a rigld bony structure possessing great
strength (Refs, 56 and 57). Its strongest area lies in a plane from
the vieinity of the eyebrows to the protrusion or bump on the lower
medial occipital bone in back (see Appendix I). Primary positioning
and restraining losds should be reacted in this region. A rigld,
contoured head-restreint device bearing on this area would provide
the highest level of protection by distributing the load on the skull
structure. Below the plane of maximm strength, the bones of the
head are not strong individually and unless several structures can
be simultaneously employed in restraint they are useful only as
locating and stabilizing points for the head restraint.

The braln, encased in the skull, is well protected
against deformation. It is surrounded inside the head by the cerebro-
spinal fluid with a density similar to the density of the brain. This
system establishes an inertial balance under acceleration loading -
that retards movement of the brain. The brain may receive impact
damage by deformation of the skull, rotetion ¢f the hrain relative
to the skull, and uniform reaction of the brain's inertia on the
interior surface of the skull. The latter mechanism of injury occurs
at the highest acceleration level. Meximum protection againet strue-
tural brain damage 1s therefore achieved by minimizing locally applied
stresses and angular acceleration of the head.

2. Bydrodynamic Aspects of the Head and Neck

In addition to the cerebro-spinal fluid, the head and
neck have a copious supply of blood and lymph flowing through several
large vessels and a very dense capillary system. If the shape of the
skull is maintained, injury to the brain end sensory organs from
impact results primarily from shock waves traveling through the
cerebro-spinal fluid, brain tissues, blood, lymph and sensory tissues,
and in long-duration accelerations, from hydrostatic pressure rise in
these fluids due to their inertia. Retrograde flow is seen to occur
under impact in the Jjugular vein and arterial pressure is greatly
increased (Refs. 54 and 55). These shock - waves and pressures,
transmitted throigh the eirculatory network, may he sufficient to
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produce rupture of the small blood vessels throughout the brain and

in the eyes. Retinal hemorrhage and black eyes suffered by Col.

Stapp during his forward-facing sled runs at Edwards AFB and post-

run headaches reported in -G, tests are postulated to be the result
of this mechanism of injury. It was not possible, however, %o deter-
mire to what extent Col. Stapp's injuries were aggravated by accelera-
tions, over and above the basic test level, produced by whipping of
the unrestrained head. Also, no test data are available on what move-
ment, if any, is experlenced between the eyeball and its socket.

It should be pointed out, however, that the flow of
blood through ruptured caplillary walls of the eye is so slow that
Immediate visual difficulties probably would not interfere with an
intelligent escape attempt (Ref. 77). At the same time, it is
entirely possible that rapid hemodynemic changes and trans-location
of fluids is an important factor in neurological shock freguently
noted to cceur after impect deceleration experiments (Ref. 5, 6, 7,
8, 76 and 77). The increase in blood pressure in the carotid sinus
regions brings about stimulation which, in turn, results in a reduc-
tion of heart rate and blood pressure (Ref. 9). This induced
brachycardia and drop in blood pressure may be a factor in the de-
velopment of a shock-1like state, as best described in the report on
Capt. Eli L. Beeding's 83 G deceleration run with a 3800 G/sec rate
of onset (Ref. 8). Total delta velocity was not specified in the
reference; however, the AFMDC Daisy track was used, indicating a
velocity change of approximately 45 ft/sec.

An additional factor which must be considered in the
interpretation of cardiac rate in deceleration experiments is the
paychosomatic response to anxiety (Ref. 85). ECG findings of Nodal
rhythm (Ref. 5,6, 7, 76 and 77) following experimental deceleration
could have been partially induced by anxiety.

The exget mechanism of injuries in the head produced
by hydrodynamic and hemodynamic changes associated with impact
acceleration is not conclusively established (Ref. 56 and 57), but
the fact remains that protection is required. The more classical
and clearly defined hazards include the following:

8. Point~impact of the head on an cbject, causing
deformation of the skull and related internal structures, is a
hazard which has long been recognized.

b. Vertebral fracture and/or muscular damage result-
ing from impact acceleration force, particularly in /G, acceleration,
or from extension of the neck when the head is restrained rigidly
and not permitted to follow the torso.
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3. Demonstrated Tolerance of the Head and Neck

Most of the test data relative to acceleration tolerance
of the head and neck were taken with a minimm of head support and re-
straint. The subject's head was free to whip forward and down, rotate,
rebound from the head rest, and experience elastic response due to the
flexibility and elasticity of the head-neck-spine structure. Accelera-
tion readings were frequently taken at the seat (input) structure or on
some element of the body that was more rigidly restrained than the head.
It was therefore probable that due to attenuation or amplification of
the input force in transversing the elastic human body very different
accelerations were experienced on the head.

£G, Acceleration

Much of the date on /G accelerations have been accumu-
lated in the testing and operational usage of ejection seats for air-
craft. Ejection peak G's of 13 to 20 sz have been demonstrated re-
peatedly although not always without injury. Early German experiments
(Refs. 35, 83, and 84) indicated tolerance to 23 /G, without armrests
and 28 #G with armrests. It was not clear if these reported values
were faired plateaus or short-duration peak values. In a more recent
test (Ref. L8) a 4G, value of 33 G was recorded on the head with &

16 %G ejection-seat input. Such amplification of the acceleration
experienced at the seat might be postulated to ocecur frequently during
operational ejections.

Two significant observations are apparent from the
recorded test and operational data. First, virtually no damage to
the head and neck has been reported except by wind blast. Damage was
primarily concentrated in the spinal column, with the inertial lmd
of the head, neck, and helmet postulated to be a significant factor.
Secondly, attenuation or amplification of the input force was probable,
as the body was permitted to respond freely to the input acceleration.

From the sbove data and observations it was concluded
that the head could withstand 30 /G or more, experienced on the head
as a short-duration peak acceleration. This conclusion does not imply
that the whole man can withstand this stress level as a safe value. If
the crewman's restraint provides poor spinal alignment and/or support,
if a heavy helmet is worn, or if the head C.G. 1s not aligned with his
spine, 30 4Gz is probably not safe for the unsupported head.

=Gg Acceleration

Limited testing has established -10 G, at rates of onset
of 60-80 G/sec with a total energy representative of ejection as safe
for man (Ref. 29). Iittle difficulty was encountered at this level and
no injuries occurred. It must be concluded that voluntary tolerance
lies above -10 G, and the threshold of injury may be well above -10 Gy.
One experiment in -Gy acceleration (Ref. 79) caused the subject's head
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to rotate forward and down, subjecting his head to -13 Gz for 0.6
geconds. A slight congested feeling was the only problem encountered.
This congestion 1s the result of hemodynamic pressure increase in the
head due to acceleration acting on the vascular fluid. In this case
the column of fluid was much lower than in downward ejection, con-
sisting only of the head and neck instead of the entire body. 1In all
of the -G, tests time was an ilmportant variable, with: -10 G, tolerable
for 0.004 seconds, -7 G, tolerable for 0.1 seconds, and -4 G, not
tolersble for longer periods (Ref. 29).

4G, Acceleration

Input #Gy acceleration of 30 to 38G have been tolerated
many times in the development and evalustion of aireraft crash harness.
The highest recorded -Gy exposure (Ref. 77) was & 45 -Gy input. In
this test, as in most -Gy tests, the subject's head whipped forward and
down. Approximately 40 G's were recorded on the subject's head, indicat-
ing an attenuating effect. The rate of onset was approximately 500
G/sec and the total velocity change was approximately 180 ft/sec. Shock
was not induced; however, the subject suffered retinal hemorrhage and
frontal headaches after the run.

The highest recorded JG; exposure in the literature is
Capt. Beeding's 82.6 G for 0.04 sec at a rate of onset of 3800 G/sec
(Ref. 8). These values were recorded on the chest during & sled run
in which %0.4 /G, at 2139 G/sec rate of onset were recorded on the
test seat. Acceleration was not recorded at the head which was
supported by a half inch of felt over a steel plate and was free to
rebound. No irreversible injury occurred:; however, shock appeared to
be present and the subject was not capable of perfeorming duties for
several minutes after the runm.

Most of the Gy tolerance data were recorded in sled
runs. Total velocity change was usually between 45 and 200 ft/sec.
At these total energy levels an upper safe limit of 38 Gy applied at
1300 G/sec as indicated (Ref. 29). These indicated values result
from faired curves taken from the recorded data. With lower total
epergy and sbrupt spike-type acceleration exposures, high peak G
might he tolerable. Unfortunately, little test data have been re-
corded in this stress szrea.

fGy Acceleration

Limited data exist regarding experimentel exposure to
lateral accelerations. Colonel Stapp exposed a chimpanzee to 30 G
at a rate of onset of 930 G/sec without head restraint. The head
was observed %o rotate to the shoulder during impact without Injury
or apparent soreness being produced. Obviously, research on human
tolerance to lateral acceleration is a virgin fileld with much work
required.

15



L, Recommendations for Head Restraint

Positioning of the Head

Bead positioning and orientation is first of all re-
lated to torso positioning and orientation. The head-neck mass cen-
ter of gravity should lie on or close to a line through the center of
the vertebra. This orientation utilizes the maximm column strength
of the spine and provides the optimum bearing area for spinal disks
(see Appendix I). Head orientation, relative to the applied acceler-
ation, is an important consideration in reducing the magnitude of
hydrostatic and hydrodynamic effects in the head fluids and pliable
tissues. Holding the vertical axis of the head normal to the higher
magnitude exposures will produce the minimum hydrodynamic effects on
impact and the minimum hydrostatic effects under sustained accelerations.

Head Restraint and Covering

Head restraint should be applied to the maximum extent
possible along the plane defined by the eyebrows and the cceipital
bone. For the hlghest level of protection or for protection from
wind- blast and foreign-object impingement, a rigid form-fitting pro-
tective covering should be used. It should be noted that the inertial
load of the head restraint should not be permitted to add materially
10 the head inertis as the cervical vertebra is already critically
loaded at the specified accelerations. The bones of the face and
around the ears may be used for stabilizing the head but should not
carry primary restraint loads. For -0x loads, the lower Jaw is the
best single stebilizing load path and can be reinforced by the upper
jaw with the help of & teeth protector. Iateral head stabilization
can be provided with broad support around the ears. To establish
load paths, the center of graviiy of the head and neck can be con-
sldered to be st the intersection of a line drawn from the bridge of
the nose to the externsl occipital protuberance with a line drawn
from the orifice of one ear to the other. Note that the C.G. Is
slightly below the plane of maximm strength in the skull.,

Thus far, the site of injJury occurring in the eye in-
dicates that eye protection, other than against wind blast, would not
be feasible since the injuries occur at the back of the eye bulb.

As previously described, these Injuries probably result from abrupt
increases in blood pressure behind the eye. There is no indication
to date thet the bulb of the eye protrudes from the socket a suffi-
cient distance to cause Injury. Photographic coverage of eye re-
sponse to acceleration tests would be of great assistance in deter-
mining the need for and methods of providing any necessary protection.
Protection recommended at this time consists of preventing whipping
of the head, minimizing shock loads such as occur in loose restraint,
and orienting the head to minimize the fluld head. If fubure restrasint
conslsting of actual retention of the eyeballs is used, 1t will have.
to be approached cautiously. Exbternsl pressure applied to the eye
produces a resgponse similar to that of pressure on the carotid
sinuses--that 1s, reduced cardiac rate and blood pressure.
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Restraint of the Head and Neck Relstive to the Torso

The neck 1s compatible with support of the head relative
to the torso. Neck structure is not satisfactory for supporting the
torso or any significant part of the forso from a8 fixed head. Head
restraint provisions must provide flexibility that permits head
excursions at least as large as excursicns the torso will experience
without imposing significant shear or bending stresses on the neck.
For reasons previously stated, this flexibility should not permit the
head to become loose 1n its restraint device or to impact on a hard
or elastic surface.

C. Restraint Considerations for the Torso
l. Structursl Characteristics of the Torso

The torsc has the spinal column as its major struc-
tural member and may best be divided for the purpose of this study
into the thorax and abdomen. The ribs branching off the spinal
column provide a cage-like support for the thorax and part of the
abdomen in the back. At the bottom of the torso, the pelvis forms
support for the orgens and viscera of the abdomen. The thorax con-
tains the heart, lungs, and major blood vessels. Because of relative
rigidity of the rib cage, compression is not appropriate in the re-
straint of organs contained therein. In fact, because of its strength,
the rib cage can be utilized as a structural area for support, extend-
ing down over the abdomen if the force is broadly distributed. The
strongest areas on the torsc consist of the shoulder and rib cage and
the crests on the superior anterior portion of the pelvic girdle. To
utilize these points, the seat belt must be accurately positioned on
the crests and the shoulder straps must be tightly tensioned to pre-
vent rotation of the flexibly mounted shoulder structure. Also, the
rib cage will distort under loading and the pelvic girdle will roll
out from under the lap belt if the lower portion of the girdle is
not retained.

2. Hydrodynamic Characteristics of the Abdomen

The abdcomen, for the most part, is not supported by
elther bene or cartilage, but must be restrained externally. Under
significant acceleration forces, the organs and viscera are seen to
move as a semi-fluid mass (Figures 3 and 4). These figures show X-ray
pictures of a dog taken durlng +G; acceleration. The abdomen of the
dog, supported by the straps, can be seen to move through the space
between the straps and form a protrusion. The most frequent injuries
sustained in impact testing within the torso are those caused by
rupture or tearing of the viscera. These injuries result from ex-
cursions of the organs beyond the limits of their attaching membranes,
and from being stretched over and compressed against the restraint
- harnesses.

Protection of the viscera can be achieved by pre-

venting distention of the sbdominal cavity. Such support is satis-
factory for borizontal accelerations, but its effectiveness in vertical
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FIGURE 3 INITIATION OF ABDOMINAL DISTENTION
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FIGURE 4 ABDOMINAL DISTENTION
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restraint is doubtful. 1In +Gz and -Gz acceleration, the fluid flow

of the viscera will be downward into the pelvic cavity or upward into
the thorax, respeciively. The more serious problem is in downward
displacement. Thils is of particular concern because the natural pro-
tective tendency of the body is to slump forward, bringing the attach-
ment points of the organs down to the nature support or limit imposed
by the legs and pelvis. Such natural ccmpensatory body movement may
not be compatible with high-magnitude impact-scceleration body-posi-
tioning requirements, because vertebral alignment may be lost and the
head moving free from its restraint would be subject to dynamic re-
sponse. Three possible compromises are lmmediately apparent. These
are: (1) using the "semi-fetal" position, i.e., to rotate the thighs
and pelvis upward toward the organ attachment points; or (2) providing
an artificial support for these organs; or (3) retaining the sbdominal
walls and depending on the semi-fluid viscera to support the upper
organs on & fluid column. In addition to operational problems result-
ing from the semi-fetal position, the resulting spinal alignment is
not normal for an adult male. Artificisl support for the organs
attached to the lower side of the diaphragm might be provided by con-
stricting the soft abdomen at about the belt line. This mechanism
would require testing, particularly in the application of & constrict-
ing device, because of the possibility of shock being produced by the
force and movement applied to the viscera. Contaimment of the abdom-
inal wall should be the initisl mechenism of restraint and should sig-
nificantly reduce the problem for both impact and sustained accelerations.

During maximum restraint application, the subject msay
be deprived of some of his breathing capacity because of the body com-
pression applied to maintaln optimum body alignment. This presents
little difficulty for periods up to one minute. Pail-safe provisions,
however, must be Incorporated in the design to prevent this exposure
period from belng greatly exceeded.

Under very high +Gz or +Gx &ccelerations the areas
over the inguinal canals in the groin may require local support to
prevent hernia. This support may be cobtained by the use of special
appliances in a heavy-duty foundation garment. Some of the new de-
vices used by athletes show promise for this purpose. No quantita-
tive data are available, because of wide variability in individusl
susceptibility. Even 1f the injury occurred, it would not be debili-
tating, especially if good thigh support and & properly contoured
seat are employed.

3. Demonstrated Tolerance

. A postulated susceptibility to injury to the aorta
has been described in Reference 96 (report by Goodyear). This injury
is defined as a severance of the descending sorta adjacent to the
cervical artery which occurs in abrupt -Gy accelerations. Increased
susceptibility would result when this vessel is caused to fill with
blood by resirictlon of circulation. Such an injury would impose an
important limitation to flight operations, since no means of support-
ing tissues in the thorax seems practical at this time. The conditlons
under which thils injury occurs seem to be limited, judging by its



infrequent appearance in aircraft operational accidents. An analysis
of an accident in which a workman fell from a scaffold and impacted
on his left side is reported in the literature (Ref. 43). Peak G
was determined to be at least 162 G with a rate of onset of 22,000
G/sec. This man suffered no severence of the descending aorta; how-
ever, there was no occluded circulation on impact. Further study
should be conducted on this possible problem to determine under what
circumstances it occurs.

Captain Beeding's 4Gy run, in which the measured out-
put acceleration on his sternum was in excess of 82 G for 0.04 sec
at & rate of onset of 3,800 G/sec, 1s the highest tclerance demon-
strated in controlled testing. It should be noted that the acceler-
ation applied to the sled was 40.4 G. No permanent injury to the
torso was experienced. Col. Stapp's exposures (Refs.5, 6, 7, 78
and 79) irdicate tolerance to -Gx accelerations of 45 G using modi-
fications of the Alir Force harness.

4. Restraint Recommendations for the Torso

Vertebral Sggpprt

The veriebrae should be maintained in an aligrmment
that will produce the broadest bearing contact between disks. Lat-
eral and longitudinal support should be provided for the spine; how-
ever, the support must f£it the natural spinal contour and be suffi-
ciently flexible to accommodate spinal compression without forcing
the spine into an unnatural posture.

In this regard, a valid recommendation for crew
selection purposes is made in Reference 96 (restraint devices report,
by Goodyear), namely, that individuals with a lumbosacral angle of
greater than 35 Qegrees 1n the semi-fetal position should be elimi-
nated from duty involving high-impact acceleration. The semi-fetal
position is defined as one in which the hips are flexed to 60°,
knees flexed to 45°, ankles at 110°, elbows at 90° on armrest at
side, back in straight relaxed position.

. Much of the weight of the upper torso may be sup-
ported through the arms to an armrest. This support is important
in relieving vertical loads on the vertebrae.

The sbove recommendaticns are valid for both impact
and sustained accelerations.

Abdominal Support

No quantitative data on permissible displacement
of viscera exist. Prom Pigures 3 and 4, from film data on impact-
ing rabbits, and from human +G; &nd -G, accelerations endured with-
out evidence of internal organ damage, & wide structursl latitude
i8 indicated. Other effects (i.e., shock, nausea and dizziness)



may, however, be the result of viscera displacement. It is there-
fore recommended that the abdominal walls be reinforced in the front,
back, and laterally from the termination of the cheat cavity down to
the pubic arch to minimirze distention of the viscera. Such reinforce-
ment provides the highest level of protection 1f it is produced by
rigid contoured support which maintains the normal arrangement of the
viscera. In the ares of the lower asbdomen and iguinal canals vhere
rigid support 1s not recommended or feasible, firm contalnment of the
level afforded by a heavy-duty foundation garment should provide the
required protection,

The seating surface should be at least mildly con
toured and tilted slightly upward from the line-of-action of the
most severe -Gy, accelerations. Seat contour will reinforce the
pelvic-femur sockets and minimize the possibillity of prolapse of
the rectum. Tilting the seat to the moet severe -Gy loads will
direct part of the thigh and buttock loads into the seat. To
reduce the loads on the ischiel tubercsities inferior to the
pelvic girdle, support should be provided under the greater
trochanter (a bony projection on the femur opposite the pelvic
Joint). The pelvic girdle should be supported by bearing on the
crest of the 1lium. If & strap or other soft restraint element
iz used for this purpose it should be directed into the seating
structure at approximately 45° to the x axis. Finally, for the
G, accelerations specifled in this program, the buttocks and
thighs should be firmly supported laterally.

The coccygeal vertebrae will provide little support
if they touch the seating surface, and a painful injury can result.
These vertebrae are best protected by providing en angle of lesas
than 90° between the torso and thighs. An angle of 75 to 80° be-
tween the seat pan and seat bsck should prevent the coccygeal
vertebrae from contacting the seet pan.

Thorax Support

The restraint device for the thoracic ares mst
either be sufficiently rigid or otherwise designed 4o prevent
deformation of the rib cege. If rigid structure is used to cap-
sulate the torso, body structural points in this area may not be
of importance; however, the area to vhich the standard USAF
shoulder harness 1s applied remains the strongest structural area
to support the upper torso. If a non-rigid restraint system is
used, the area to which force is applied must be broad (or about
three times the width of the existing restraint straps used in
the standard USAF restraint harness ).

Torso Orientstion

Orientation of the torso &t approximate right
angles to the major long-duration accelerations will provide the



highest physioclogical tolerance level for long-duration accelera-
tions. This orientation slso provides the largest bearing surface
on vhich to react inertlal loads genersted by both impact and long-
duration accelerations to minimire struectural damage.

D. Recommendstions for Restraint of the Limbs
l. Structural Characteristics

Elements of the arms and legs are not particularly
vilnerable to accelerstion-induced stresses unless they impact on
a sharp object or the Jjolnts are bent in a direction in which they
have limited flexibility. No major orgens are contalned in the
limbs snd the arteries are generally protected by heavy layers of
muscles. Tight restraint can bhe applied over the limbe for approxi-
mately 15 minutes to the near exclusion of blood flow. The most
slgnificant loads lmposed on the limbs will result from using the
upper arm to assist in supporting the torso to relieve the spine
in +Gy accelerations and antisubmarining loads carried through the
fermur. No major problems are anticipated in these two areas if the
elbow is not bearing on a hsrd surface and the antisubmerinling
lcads are reacted at the patella and thence directly into the femur.
The elbow and knee structures are Illustrated ln Appendix I.

2., Demonstrated Tolerance of the Arms and Iegs

Quantitative data on limb tolerance have not been
generated by manned tests; limb restraint was generally not em-
ployed. Even without restraint, virtually no damage has occurred.
In aircraft and automoblle crashes and in ejectlons, meny 1imb
injuries have occurred. These Injuries can be grouped in three
categories: Torso loads were frequently imposed on the limbs at
impact. Flailing arms impacted on sharp objects. During ejection,
powerful aerodynamic forces have forced 1limbs in the directicn of
least flexibility. (A frequent occurrence was forcing the arm beck
and rupturing the shoulder structure.) Most of these injuries could
have been avolded with a hare minimum of limb restraint.

3. Operational Support of the Arms and Legs

, Ayms and legs provide the control inputs %o the
flight system and must be permitted sufficient mobility to accom-
plish flight control. In addition, they must be supported to permit
control under acceleration loading. For +Gy accelerations in ex-
cess of 10 G, the arm must be supported longitudinally to permit
control, while support ls desirable for much lower values if the
acceleration is sustained. The lower legs can be moved at +Gy
values to 25 G; but, if control is to be effected by the legs or
feet, support should be provided at mich lower levels.,
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k., Recommendatlions for Restraint of the Limbs

Arm restraint should provide support for the lower
arm to react the inertial load of the upper arm and part of the
shoulders in 4G, loading. This support should not impose loads on
the nerve centers at the elbow. The upper arm should be supported
against +Gy sccelerations to position and support the arm for
flight control. Iateral support will be required st the G, loads
specified. Some form of restraint must be provided to prevent the
arm from rising under -G, loads or flying forward during -Gy loads.
High protection levels will be possible with broad restraint; how-
ever, some compromises to this principle could be Jjustified on the
arms in the interest of operational efficiency. Any manipulsting
devices designed for arm positioning should avold bending back on
the shoulder and elbow joints end should not impinge the arms on
sharp obJjects.

leg restraints should lnclude provisions for re-
taining the knees during -Gy accelerations to support the inertial
load of the thighs and lower pelvis. The restraining device should
bear directly on the patella to provide a direct compression load
path into and through the femr and thence to the pelvic socket.
The same obJective has been accomplished at low -Gy levels with
a strap helow the patella which required transmitting the loads
through the knee Joint In shear. This approach ls not recommended
at the 60 G level. lateral support of the thighs 1s recommended to
react the thigh inertial load end reinforce the pelvic socket for
antisubmarining loads. The calves should be supported to permit
them to remaln in contact with control devices. Broad restraint
should be used over the area of the shin. The feet should be _
restrained relative to the calf; however, a high-top shoe might be
sufficient and would provide ample mcbility for the operation of
toe controls. Restraint should be applied over the knee or the
forward portion of the thighs and the calves under -G, loads to
support the load and to stabilize the antisubmarining load path.
Iateral restraint of the calves 1s recommended to prevent twisting
of the knee jJoints end to position the feet.

Idmb Orientation

For maximim tolersnce to long-duration accelera-
tions the limbs should be as close as possible to a plsne through
the hesrt and normal to the acceleration. Thils orientation also
provides the maximum bearing area, thereby minimizing the danger
of structurasl demage to the limbs.

E. Prepositioning Considerations
The tolerance of the torsc and limbs to the application

of restraint devices is a function of the area of body surface té
vhich it ie applied, the direction of application, and the inertial

2Lk



forces acting at the time of initiation. Movement characteristics
of the joints are provided in Appendix I and in References 25 and 49.
Restralnt devices should incorporate movement restriction as re-
quired in limb positioning to avold exceeding natural directional
movement limitations. The rate at which the restralnt devices can
be spplied depends largely on the details of thelr mechanization.
Although these devices should be made safe for an unconscious crew-
msn, a higher order of safety for the conscious crewman can be ac-
hieved by warning him in edvance.

F. PFuture Test Recommendatlons

This section of the report has frequently cited the
limitations which exist in quantitative values and the need for
verification of various approaches o restraints recommended or
suggested. In establishing requirements for future acceleration
testing it 1s strongly recommended that these areas of the unknown
be gilven consideration.
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SECTION V

ENGINEERING ANALYSIS TO ESTABLISH DESIGN CRITERIA

Structural characteristics of the human body were analyzed
to establish logical design criteria for restraint system deslgn.
Among the objectives of the medical literature search were the
determination of stress limlts in hbone, pressure limits on human
flesh, and tensile limits on ligements, muscles, and tissues support-
ing the skeletal members and Internal orgens. Data on permissible
sustained skin pressures were cbtained from Reference 96. ILimited
data on spinal compression fractureswere obtained from Reference 67.
No quantitative dats on organ attachment structure were located and
the skin and bone dats were not sufficlent for a comprehensive stress
analysis of the human body.

It was concluded that the engineers responsible for re-
straint design will have to understand the human body in a quall-
tative sense in order to develop and evaluate optimm restraint.
support concepts. Manned testing will be required to verify that
human structural 1limits have not been exceeded. Much of the data
required for this training process are avallable in current medical
literature. Life Sciences specialists located applicable litera-
ture and selected the required descriptions and illustrations for
the engineers. A human skeleton, preserved human specimens, and
anatomical models from Southwest Medical School were used to study
load paths and vulnersble areas of the body. Worklng from these
background data, logical load paths and body-restraint-asnd-sup-
port contact areas were determined. The results of this phase
of the progrem are summarized In the following paragraphs.

A, Head Support

Head restraint has not been & firm requlrement on
previous flight systems. The neck structure has been sufficiently
strong to restraln the head in most of the accelerations experi-
enced. In addition, restraining the head relative to structure
can cause the neck to tranemit the inertial load of the torsoc or
to be deflected into an unnatural and damaging shape. As 8 re-
sult of the above, little or no quantitative test data and very
limited qualitative data ere availsble on head restraint. Design
eriteria for the head were established by studying the skull struc-
ture and the relative movement that could be tolerated between the
head and torso.

Preferred losd-carrying areas on the skull were
specified in Section IV as the plane from the eyebrows to the rear
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occipital bone for primary restraint loads, the lower jaw for longi-
tudinal stgbilization, and around the ears for lateral stabilization.
The head-neck C.G. was specified as lying on a line between the cen-
ters of the ears. The head-neck mass was analyzed as s free body

to determine a load path for the primary restraint loads that could
be stabllized with a minimum force applied to the chin. It is the-
oretically posslble to direct a strap or other restraining device
over the forehead and back across the ears, reducing the stabiliz-
ing requirement t¢ zero. This arrangement is unstable, however;

and if the C.G. location 1s missed slightly, or the incident accelera-
tion is divergent from the X axis, the head would rotate out of the
restraint and impose bending on the neck. A maximum chin load of
200 to 250 pounds was postulated as safe, and the required angle for
the primary restraint loads was calculated to be 35° below the hori-
zontal plane. Loads appllied to the lower Jjaw also produced an un-
stable sltuation, tending to rotate the jaw about 1ts socket im-
mediastely behind the ear. This can be alleviated by directing the
loads slightly forward of the ear and reacting the resulting moment
into the fixed upper Jaw through the teeth. A mouthpiece should be
provided to avoid chipping of the teeth.

Relative motion between the head and torso is experi-
enced in current restraint systems where the head is restrained by
the neck. From movies of sled runs, a neck stretch of an inch or
more seems to occur. Also, compression of the spinal column of up
to an inch is experienced under + G, loading, including one-G loads
for extended pericds. Nelther observation guarantees that & man
can withstand relative motions of this magnitude, applied in milli-
seconds, and forced into a set path by rigid restraint of the head
and torso.

B. Torso Restraint

-The rib cage and shoulder structure is a framework of
pivoted and flexible bones and cartilage, held together with muscles
and tendons and surrounding the air-filled lung cavity. This ares
provides no satisfactory localized attachment points that will dis-
tribute the loads to adlacent structure. The clavicle may be used
for moderate loads 1f it is tightly gripped to prevent rotation;
however, the loads must be transmitted through the sternum and rib
cage to the upper spilne vwhich is itself a flexible object. It was
concluded that thorex restraint shounld distribute the loads over
the entire chest area and maintein normal chest contour to avoid
pinching the lungs and heart.

The abdominal area is completely filled with soft or-
gans attached by flexible membranes. These organs are similar to
flulds in the case of excursions that do not impose loads on thelir
attaching membranes. Although some gases will be present 1n the
stomach and integtinal tract, the abdomlinal organs predominantly
bekave llke a liquid. If distention of the abdominal wall can be
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limited so that the organs do not exceed their normal free movement
range, the organs adjacent to the abdominal walls will support the

deeper organs and the attaching membranes will not be stressed. Dis-
tension is readlly prevented at the front and sides and is not a
problem at the bottom and back. Upward excursions distend the dia-
phragm and are difficult to prevent. However, some of the most vul-
nerable and least flexibly attached orgesns, such as the llver, are
attached to the diaphragm and are therefore not moved relative to
theilr attachment when the organs move up and distend the diaphragm.
Containment of the abdominal wall is recommended to protect the
sbdominal organs.

The pelvic girdle is a ring of heavy bones honded to-
gether with slightly flexible Joints snd is the structural heart of
the skeleton. The heavy lower (lumbar) portion of the spine is at-
tached to the girdle st the upper rear portion, and the femurs are
retaiped in sockets at the lower portion. This part of the skeleton
is ideally sulted to the sppllication of restraint and should be
utilized to the maximum extent. Two bony protuberances on the bottom
of the girdle, the lschial tuberosities, are the normal load-car-
rying members of a seated subject and can carry much higher loads,
as evidenced in ejection.seat tests. Two bony protuberances on the
upper, forward portion of the girdle, the crests of the ilium, are
the primary load-carrying members that are supported by seat belts
in military aircraft. These crests can and should be used to hold
the pelvis down and back.

C. ILimb Restraint

Arms and legs are structurally well suited %o restraint.
Protection problems consist primarily of applying restraint with
the minimm sacrifice to mobllity. The heaviest limb segment, the
thigh, imposes an additional problem. If it is not firmly re-
strained longitudinally, its inertial load will be transmitted to
the lower portion of the pelvic girdle. Since the pelvic girdle
is normally restrained by bearing on the crest of the ilium on
the girdle's upper extremity, a rolling moment is introduced, gene-
rally referred to as "submarining.”

D. Body Fluids

Body flulds, such as the blood stream, are subjected to
hydrostatic and hydrodynamic effects on impact. Various shock phe-
nomens and retinal damage, believed to be caused by this action,
were deseribed in Sectlon IV. The deslgn requirement 1s to minImize
the intensity of the pressure. Hydrostatic pressure is minimized
by crew orientation relative to the applied acceleration and there-
by reducing the fluid head. Hydrodynamic effects are minimized by
avolding local sharp blows or Jolts in excess of the applied over-
all acceleration.
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E. Elastlc Response

Both the restraint-support system and the crewman exper-
lence elastic deformation on impact, and the energy absorbed 1s re-
turned in elastlc response. In addition, the elastic and plastic
properties of the man and system may prevent the crewman from fol-
lowing the acceleration-time profile of his impascting vehicle with
a resulting "catching up” in which he exceeds the vehicle rate of
onset and peak G. Readings of 1.5 to 2.0 times the acceleration
experienced by the vehlcle have been recorded on the test subject
(Ref. 8). Ome protection mechanism is to stiffen the restraint-
support system with higher modulus materials and stiffer types of
construction.

F. Body Alignment

Many of the lcads imposed on a crewman are carried
through the body by column loading of skeletal members. In some
instances, particularly in the case of the spine, a series of bone
segments are subject to column loading as an asssembly. Small de-
viations in optimum initial sllgmnment in the compressed member or
assembly will produce large lncreases in the resulting intermal
moments. Chipping or crushing of the edges of vertebrae is an ex-
ample of such loading. Restraint-support systems conduclve to
proper posture will reduce this effect. Iatersl support of the
compressed member along its length will substantially increase its
column-loading capsbilities.

G. Body-Element Load Analysis

Structural damage to the human bhody may be anticipated
1f any body element moves a considerable dlstance relative to its
edjacent element. Structural damage may also be caused by permit-
ting the inertial load of an element to be carried through a joint
to an adjacent element. Although some load transmittal between
body segments is inevitable--for Instance, the thorax and abdominal
area--in general, an optimum system would support each element in
space without relylng on adjacent elements. OCne of the important
parameters for designing a restraint.support system to a given ac-
celeration environment is therefore the inertial loads generated
by each body element at the specified G levels. These loads de-
fine the restraint component structural requirement and indicate
the magnitude of the loads to be imposed on the surface of the ele-
ment. The analysis was conducted by multiplying body-element
welghts from Reference 2 by the applicable G load in each of the
six directions. Resulting inertisl loads for a 95th percentile
man are illustrated in Flgure 5. Element weights for the 5th and
95th percentile man are also shown in the illustration.



SISATYNY Qv0T LNIw33 S 34n9ld

ﬁ 0m0_4/
omo_\q

30



H. Element Unit load Analysis

Restraining a body element without lecal Injury requires
careful selection of the contact area and sufficient surface con-
tact on the element to prevent local crushing. An important para-
meter in restraint-support design 1s, therefore, the minimum unit
pressure regquired to support a body element in equilibrium at the
specified G level. To define this parameter, the element inertial
loads were divided by element projected areas determined from-
Reference 41l. This process required making some reasonsble agsump-
tions on the probable load carry-over across jolnts that occupied
the element projected area in one or more directions. Also, in
determining external pressure, compensations had to be made for
large density differences, such as those vwhich occeur in the torso.

Head restraint under -G, loading illustrates the prob-
lem of assuming reascnable mechanles of restraint. GCbviously,the
eéyes, nose and mouth should not be utllized as bearing sreas, and
previous studies had indicated a much higher load capaclty for the
forehead than for the small bones of the face. In addition, pre-
vious studies had established a requirement for a restraining areas
other than the forehead to stabllize the head, indicating the chin
as hest suited for this purpose. The forehead is assumed to carry
T50 of the approximate 950 pounds inertial load of the head and
neck to limit the chin to 200 pounds total force.

Torso restraint under G, and iGy loads illustrates the
variation In logical unit pressures due to the relatively high den-
sity of the abdomen and pelvic girdle compared to the air-filled
thorax. Torso and thlgh restraint alsc illustrates the effect of
body segment jolnts wherein the large joint at the thigh makes it
impossible to balance the moments on the pelvis without carrying
loads through the thigh.

Figure 6 illustrates the results of this type of load
analysls in the G, and iGy directions. (Gy loads are symmetrical.)

I. TImmact Attenuation

Acceleratlon forces lncident on the crewman can be reduced
relative %o the vehicle accelerations by impact attenuation devices.
These devices can not reduce the total energy incident on the crew-
man, as the total energy is directly related to the velocity change.
They function by increaslng the distance in which the velocity change
occurs. If the attenuation device is installed between the crewman's
restraint-support system and the vehlcle structure, the system will
move relative to vehlecle structure on Impact. The area swept through
may be used ag free volume in a crew cabin but cannot be used for '
storage or installation of equipment. Note that if protection is
provided against multi-directional accelerations, a volume egual %o
the projected area times the stroke in each direction is compromised.
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FIGURE 6 UNIT LOAD ANALYSIS



Figure T 1llustrates the stroke required to limit peak G on the
crevman to varlous values, assuming the vehicle impacts &t 30 ft/sec
and experiences a peak of 100 G on structure. All exposures are
assumed to be mirror-image spikes.

J. Design Criteria

I'rom the foregoing analyses the following design criteris
were established:

l. Primary head restraint loads should be applied at
the forehead for -G, accelerations. Head stabiliza-
tion restraint shoufd be applied through the chin.

2. Head restraining devices should permit the head to
follow torso movements.

3. Thorax restraint should provide broad coverage and
meintain chest contour.

4, Abdominal restraint should contaln the semi-fluld
abdominal mass to minimize excursions of the sbdomi-
nal organs.

5. Lower torso support should hold down and back on the
pelvic girdle by retaining the crests of the ilium.

6. Submarining must be prevented by devices other than
pressure on the lower torso. Support through the
fermur and knee and conventional crotch straps should
be investigated.

T+ SubJect orlentation and posture should minimize
hydraulic head.

8. Sharp blows to any part of the body should be avolded.
Logse restraint can produce sharp blows.

9. The restraint-support system elastic response
characteristics should be rigild to avoid G overshoot.

10. Restraint-support components should maintain the
crewman in a natural posture.

11l. Skeletal assemblies subjected to compression should
be reinforced laterally.

12, Restraint components should be structurally compatible

with the loads established by the element load
apalysis.
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13.

lLL L]

Restraint concepts should be evaluated against
logical unit loading for the restrained member,
using the unit load analysis techaique.

This program shall be directed toward increasing
protection for a crevman who is subjected to the
specified G's. Energy attenuation, if used,
should be in addition to the specified G.
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SECTION V1
MATERTALS INVESTIGATION

Concept development was initiated by investigating any
meterials that might have application to restraint. Properties of
such conventional materials as nylon and dacron webbing, ensolite,
leather, fiberglass, rubber, and metals were studled for possible
new applications and to ascertain what characteristics provided
their desirable and undesireble properties.

A. Conventlonel Materials

¥ylon and dacron webbing are unusually versatile mater-
ials for securing lrregular objects in place. Thelr flexibility,
strength, and resistance to sbrasion and deterioration are excellent.
Disadvantages for application to persomnel restraint include in-
abllity to maintain contour under load and low modulus, particularly
in the case of nylon.

Ensolite has the hest damplng of any of the cooventional
materials and therefore the best rebound characteristics. It is
confortable for padding, light in weight and resists deterioration.
Demping is not, however, as high as would be desirable for restraint
padding applicatlons.

Ieather is useful for spreading out concentrated loads
(such as buckles) over a wide area of the skin, and is sufficiently
strong to meintain straps in position. It can be formed to irregu-
lar contours to provide a well.fitted, stromng, protective covering.
Despite its low rebound properties, leather is not considered suit-
able for primary load applications due to creep, variations in
quallty, and deterioration under some enviromnmental conditions.

Fiberglass is useful for fabricating irregular contours
with mechanical properties similar fo aluminum but with somevhat
greater quality-control problems.

Rubber has some damping properties but they are insuf-
ficlent to overcome the disadvantages of its low modulus and
elastlc response when applied to restraining and padding elements.

Metals heve a high modulus and, in the cases of alumi-
num &nd stainless steel, a high corrosion resistance. It must be
noted, however, that metals have little demping and are almost
perfectly elastic and that the effective modulus of the built-up
structure is the ultimate consideration. Light metal structures
in bending or metal sheets spubject to ollcaning will have a low
over-all modulus with an extremely high elastic response.
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B. TUnusual Materials

Unusual materials were Investigated in an attempt to
find materials, applications of materials, or combinations of
materials that embodied the characteristics desirable in restraint
hardware. Among the unusual materials investigated were: dilatant
materlals, paramagnetic particles in viscous solution, flulds, nyleon
Raschel net, wire screen, plastic foams, mlcroballoons, materials
that change state readily, foam-in-place materials, three-dimen-
sional fabries, and wire-reinforced nylon webbing.

Dilatant materlals, marketed as a curiosity as "silly
putty, have the unusual property of behaving as & viscous liquid
under slow deformaticn and as a solld under rapid deformation.
They were studled as a possible comfort padding with the rebound
characteristics of a solid. The material was sbandoned when It
became evident it acted as an extremely elastic solid with almost

no damping.

Paramagnetic particles in a viscous solution are used in
clutch mechanisms. In the presence of a magnetic field, the solu-
tion experiences a large change in viscosity. From the lnvestigatlon
it was determined that the maximum viscosity was not sufficlently
viscous to approximate a solid.

Fluid properties were of interest in that fluids might
be contained in varlous devices to provide soft comfort padding,
but if restrained from rapid flow would represent an approximate solid
on lmpact. Most flulds have sultable elastic properties and weight-
to-volume ratios are similar, with inherent welght as a major dis-
advantage. BSelection of a working fluld would be based on hazard
to the crew and compatlibllity with the environment.

Nylon Raschel net has been used in experimental support
and restraint systems primarily for its comfort on long habitation
and its ability to provide an automatic orientation change for long-
duration accelerations. Elastic response on impact 1s very un-
desirable, and the net would have to be backed up by a more rigid
material. A system using this principle is described in Reference 90.

Woven wire screen has been used on experimental crew
seats to test comfort and practicabillty but has not been tested
on Impact. Comfort characteristics are encouraging and elastic
response characteristics should be satisfactory. Attaching the
wire to a rigid frame has proven difficult, and current seats are
experiencing fatigue failures in the wire near the attachments.

Plastic foams, such as polyurethane, have lower re-
sponse characteristics than foam rubber but are still too elastic
and have too low a modulus for direct application. Open-celled
plastic foams can, however, serve as comfort padding and flow
damping on liquid-filled concepts.
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Microballoons are small plastlc spheres with a high
electrostatic affinity for each other. When poured in a flexible
contalner they flow like & viscous liquid and will readlly assume
any shape. If they are compacted within the container they become
rigid. Application would be to universal fit, comfort and, in an
emergency, to forming a rigid, contoured, support surface. They are
extremely light in weight. In laboratory tests, compacting 1s
accomplished by evacuating the container and using atmospherle
pressure., This technique 1is slow, would be difficult to use in a
cebin with low total pressure, and would be useless 1f the cabin
lost pressurization., If the container size was sharply limited
and microballoons could be pumped in, thils concept might have wide
application for in-flight use. To date, the problem of pumping
small charged particles has not been solved.

Changes of state from a liguid to a solid, and the re-
verse procedure, could provide a soft or rigld surface as desired.
A nunber of substances can be induced to change state by temperature
change. ILarge amounts of heat must be transferred at low delta
temperatures to produce the rigid condition. The time involved is
prohibitive for impact protection.

Foam-in-place rigid plastics could be injected into an
ennulus surrounding a crewman to provide a form-fitting rigid gar-
ment. For an in.flight process this technique is faster than freez-
ing, but 1s still slow for impact protection. In addition, substan-
t1al heat is released during the foaming process.

Three-dimensional woven fabrics were investigated as
liners for contoured surface, close-~-fitting restraint components.
Alr circulstion over the surface of the body will be desirable
for long duration flights. Closed-cell padding materials (such
as ensolite, or liquid-filled pads with impermesble surfaces) will
limit air circulation. Ventilation liners to provide the necessary
alr space should be as thin as possible and have low rebound
characteristics. A three-dimensional fabric, marketed as "Trilock,"
was Investigated for thils spplication. One of the many configura-
tions of the material is currently used in exposure suits. The materisl
looks promising for the application, with little tendency to respond
to low-frequency vibration and less response to impact than open-
celled foams. ILElassticity would, however, still be a problem.

Wire-reinforced nylon webbing was reported &s in use by
a Swedlsh automobile seat-belt manufacturer. The manufacturer
could not be located. This concept sounds promlsing. It should
be noted, however, that the nylon would be a protector and contribute
little to the webbing's load capacity,because of the difference in
modulus. Also, woven substances, whether metal or fabric, have
an over-all modulus lower than the basic material modulus; and this
would be especially true if the wire were woven into the nylon.
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SECTION VII

CONCEPT DEVELOPMENT AND SELECTION

Early conceptusal design wes concentrated on developing new
fundamental restreinte-support techniques for solving the detail problem
areas. No attempt was made to develop over=-all concepts or detail de-
signs. At this point in the program very little evaluation was attempt-
ed. The objective was 1o compile a library of basic ideas for use on
the subsequent design phases. Creative thinking methodology was used
to assure retentlon of all ideas and concepts generated until they
could be evaluated against each other.

A, Detall Concepts

A number of restraint-support problem areas are encounter-
ed in any conceptusl or design study on persomnel protection.

1. Operational effectiveness and comfort require & high
level of crew mobility. Crew protection requires the minimizing of re-
lative movement between body elements, broad support and restraint of the
body surfaces, and selective orientation of the crewman relative to the
applied acceleration. These important considerations generate a require-
ment for protective devices that do not restrict a crewman when protec-
tion is not required, with the capability of positioning, immobilizing
and supporting him when protection is required. Several concepts were
evolved to perform portions of this function. Several of these techni-
ques relied almost entirely on material properties and were described in
Section VI. Various types of pivoting seat back concepts were evolved
and studied to provide complete torsc protection while leaning forward in
the seat. Raschel net or wire cloth on pivoted steel frames, pivoted
fiberglass molded shells and conventional seats with pivoted backs were
included. Designs that were based on selective fit included disconnects
at the hips and shoulders with the torsc protector worn from crew station
to crew station., Back-scrubbing effects that plagued previous pivoted
hack seats were resolved in part by pivoting at the approximate hip
effective pivot or entirely by a floating hip pivot mechaniem that re-
tracted to a fixed pivot point for crew prepositioning.

Head restraint and retraction devices that permitted mo-
bility and protected against several acceleration directions were evolv-
ed. Some of these devices employed a hard helmet which was: retracted
into & socket, captured by a scissors device, gripped by retracting
arms or cables, or supported from the subject's shoulders by a trolley
device that permitted turning the head. Another concept moment balanced
the head-helmet mass with three-axis bobweights to permit the head to
follow the torso vwhile fully supported. All of the above devices were
based on the assumption that the head could be retained in a helmet at
the specified acceleration levels. This assumption was made to provide
a basis for helmet-type concepts and 1s not a statement of a demonstra-
ted or known fact. Scft head-positioning and restraint devices were
developed to be compatible with a shirt-sleeve environment, reduce the
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inertial load of the helmet on the subject's head and spine and provide
head mobility under load that would not force the neck Into & dangerous
orientation.

Arm mobility is required under most flight conditions and
should not be compromised by restrictive retracting devices. For effec-
tive use, the arms must be free to bend in any plane at the wrist, elbow,
and shoulder; and the crewvmen mugst be free to move his shoulders and up-
per torso to extend his reach and gain leverage. Various mechanical
linkeges, similar to human arm structure, were sketched out. Although
concept evaluation was to bhe avolded at this point in the program, the
"Mechanical Monster" properties inherent in this approach were too ob-
vious to ignore. Pre-ejection type arm retractors were investigated for
possible application to future restraint requirementis. A typical pre-
ejection system pulled a cable out of retalners on the sleeves and
pulled the hands into the lap. The system had merit for the problem
statement in ejection but was not sulted for the situation where crew
command of & flight system is required during and afier full restraint.
Multiple cable and strap systems were developed to provide the required
protection but always at the expense of unfettered arm movement. Two
methods were developed for "caming" or "wiping" the arm into the arm-~
rests by starting at the shoulder and working down. One of these
methods used a zipper that started at the shoulder and zipped down to
the wrist. In the other technique a strap was routed from the inside
of the armrest, under the arm, over the shoulder and to the outside of
the armrest. When the slack 1s taken out of the strap, it pinions the
elbow to the armrests. A handgrip is required to stabilize the hand
and lower forearm for -G, loads.

The requirements for leg mobility are not as clearly
defined as requirements for arm, trunk and head mobility. Anticipated
uses of the legs and feet range from thelr use as a power source
through rudder and toe pedals to no requirement other than maintaining
circulation. It was concluded that sufficilent mobility to permit
moving the thighs, calves and feet to maintain circulation and muscle
tone was a minimm requirement. Positioning of all three elements of
the legs can be accomplished approximately by cable or trolley retrac-
tion of the feet to a predetermined position. Several systems employ-
ing this principle were evolved. After retraction, folding leg covers
would be positioned or a strap system would be tensioned. Another ap-
proach uses a knee and calf cover pivoted at the hip and rotating for-
vard or carried on a linkage forward of the seat and moving back and
down to pinion the knees and calves.

2. Providing individually contoured support without creating
a major logistics problem is & problem areca. Microballoons, foam-in-
Place, change-of-state, and net or wire cloth concepts are materials
techniques to accomplish this objective. A system using nested
hexagonal bars retained in a low melting point campound or a mastic
was considered. Moblle restraint-support camponents that are personal
equipment and readily portable between crew stations were studied as
& partial sclution to the logistics problem.



3. Antisubmarining protection has become more significant
with mltidirectional accelerations, forward-facing reentry, and rela-
tively high decelerations of supersonic and hypersonic vehicles when
power is terminated at high dynamilec pressures. Current crotch strap
conflgurations and similar crotch support devices were mocked up and
thelr protection mechanism was checked by fitting them on humans. This
type of antisubmarining device is presumed to support the pelvic girdle
by bearing on the pubic arch. All configurations mocked up slid off
the puble arch and rested aguinst the inside of the thigh when a few
pounds tenslon was spplied. It was obvious that crotch straps rely
on the lateral strength of the hip socket in an outward direction. This
mechanism has obviously been adequate for -G, accelerations tested to
date, however, it employs a poor skeletal loading technique and 1s un-
comfortable when worn for extended periods. Working from the previous
study of the skeleton, both strap and rigld support systems were evolved
to support the thighs and lower pelvie girdle through the patella, femur
and hip socket.

4, Iow-rebound, comfort-padding materials were discussed in
Section VI. A build-up, low-rebound surface was Investigated during
this phase of the program. Open-celled polyurethane foam was encased
in a liquid-tight liner which was in turn encased in a structural
liner. The assembly was completely saturated with water. The soft
foam provided comfort padding snd viscous damping for the water during
Impact. A test sample was fabricated and proved to be quite comfortable.
This surface will be referred to as LIQUIFOAM hereafter in thls report.

5. Unborn mammals are carried in the mother's womb in a rolled-
up or fetal position. It was postulated that this is a natural pro-
tective mechanism and might be an advantageous posture for withstanding
1mpact. A crossed or basket weave strap system could pull the thighs
up agalnst the abdomen, calves against the thighs and the head down on
padded knees. Obviously this technique does not permit optimum vehicle
control or orient the spinal column of an adult human In the optimum
posture.

6. Controlled pretensioning of a crewman prior to impact has
been repeatedly demonstrated as beneficial during sled runs (Reference
77). A number of devices were investigated to accomplish this objective.
Among these were: pulling a loop off center (bucket-handle effect),
hydraulic and pneumatic bladders under straps or pads, and take up reels.
It was not proposed to pretension to the impact loads as such loading
for extended periods would be too severe. It should be noted that the
tension bulld up vs. the restraint component excursion is non~linear
and that most of the excursion occurs in compressing clothing and soft
flesh and in tightening the weave in fabrics before appreciasble forces
are built up.

T+ Broad restraint-support coverage of most of the body 1s
desirable, particularly for the torso. Various cloth, web and pad
devices were investigated. They included net vesis, basket weave
crossed straps, cloth tubes and rigid contoured pads. None of the net,
gtrap or cloth concepts will maintain body contour under load, although
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they can be designed to produce less distortion than current strap
systems,

8. Orthopedic devices to reinforce and align the spine,
position and contain the abdomen, and protect the inguinsl canals have
been in use for many years. These devices were studied to ascertaln
their design principles and for possible direct application. A concept
was generated which incorporated all three protection mechanisms in one
foundation garment. This foundation garment can be worn with soft
restraint systems where it can also provide optimum positioning of the
seat belt. It can also be worn under a rigid torso garment to protect
the area below the garment's lower trim line.

B. Detall Concepts Evaluation

A preliminary evaluation of the detail concepts was con~
ducted to eliminate techniques that could not accomplish the assigned
function or whieh were clearly overshadowed by competing techniques.
Raschel nei seating was eliminated as Incompatible with the primary
purpose of the program--impact protection. Head restraint devices that
do not permit the head to move and the neck to bend to accommodate torso
movement were eliminated. Articulated mechanical devices following the
arms were eliminated because of thelr weight, hulk, complexity and in-
terference with crew movement. Crotch straps were eliminated because
of the undesirable load path they employed. Use of the fetal position
wes eliminated because the protection gained was not considered suffi-
clext to justify the loss of mission command capabllity.

C. Over-all Concepts Development

Some of the detail concepis retained for the over-all
development phase appeared promising for the solution of major re-
straint-support problem areas, but were cbviously not compatible with
ell of the design objectivea. In addition, englneers and Life Sciences
specialists on the program had undoubtedly acquired preferences in
developing the detail concepts. It was evident that 1if over-all concept
development was allowed to proceed at the discretion of each designer,
some of the important design goals would not be thoroughly investigated.
It was equally evident that requiring each system to emphasize all
design objectives on the same basis would sharply limit the number of
concepts exploited and presented for final evaluation. The following
concept development procedure was used to assure broad coverage of
the subject,

Five primary design goals were established as major
system objectives and a designer was aseigned to each goal. His in-
structions were to optimize the specific goal in & complete system with
the minimum sacrifice to other important goals. This procedure assured
primary consideration of five of the most important objectives and at
least five secondary design efforts in support of each of the other
objectives. The five full systems and an integrated foundation germent
developed by this process are described in the following paragraphs:



1. Minimum Encumbrance "Caterpillar” Concept {Figure 8}

This concept was developed with the cbjective of
unburdening the crewmasn as much as possible when his restraints are not
in use. While the encumbrance of the restralnts have been minimized,
requlring probably only a lap strap or & version of the integrated
foundation garment (Figure 13) for positioning under weightless or
Gz conditions, the annoyance of limb retracting cables remains.

It may alsc be necessary to provide a light shoulder harness ard
gome form of head positioning device to locate the head and torso
prier to positioning of the restraint.

The system employs inflatable fabric bags or bladders
supported by semi«circular metal formers. The latter are attached at
the ends to slides operating on tracks, simllar to the sall slides on
the mast of a sallboat. In the stowed positlion, the bags ars collapsed
and positlioned out of the way. The bladders for the lower legs and for
the lap are stowed above and forward of the knees, The forearm bags
which travel on tracks along the armrests are stowed forward of the
hands, and might surround any hand control devices. The bag for re-
straint of the torsc and upper arms stows above the head, as does the
head restraint bladder. Closed cable systems extend or retract the
repiraint bladder formers along the guide tracks. After positioning,
the bladders are inflated {to provide restraint, pressing the body and
Hzxbs down and aft Into the seat and armrests.

Various segments of the system could be opersted In-
dependently to provide lap and torso restraint while leaving forearms
and lower legs free. Head restraint caen be Independent of torso
restraint.

Small spherical bladders mounted asbove the shoulders
assist in holding the torso down during negative accelerations and
provide added lateral support for the head. A kniee harness maey be
required for antisubmarining.

Upon actuation, tbe lower leg bladders move down over
the legs, and the lap bladder moves up over the thighs. The torse
restralnt moves downward over the body and upper arms where it joins
the forearm hladders which move up over the hands and forearms. The
head bladder moves down over the head, while an air bag over the head
is in position. Varying the infliation pressure of the system can be
utilized to provide different levels of restraint.

An opening in the front of the head restrailnt bladder
is provided for breathing and for wvislon.

This system may be suitable for application to many

types of seats, and could be used for the Mercury couch by mounting
tracks on the forward surfaces of the couch,
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2. Universal Fit-~Soft Harness--Seat Mounted (Figure 9)

This sytem is designed to provide broad, low unit
pressure restralnt in an adjustzble, seat-mounted harness system. The
crewman enters the vehlcle or rotates crew stations wearing nylon flight
coveralls with an Integrated knee antisubmarining strap system and a
sized head harness. All additional items required for his protection
are mounted on the seat. The seat is a universal model utilizing
microballoon cushions to provide seat and back contour. The seat back
plvots about a floating point on the seat pan to permit the crewman to
bend forward at the waist while still locked to the seat back. Lower
leg rests are adjustable fore and aft for fit.

Torso protection is provided by & nylon net garment
extending from the top of the thighs to the armplts. The garment has
a zipper front closure and a lacing system that tightens the net around
the torso when the four torso hold~back straps are retracted by the
automatic tightening system. A tiedown locks the torsc garment to the
seat back along the entire length of the hack. Four straps are attached
to the front of the garment and the torso hold~back straps. They are
adjusted to short out the body squeezing action when the desired
tightness of fit is attained and will carry the torso forward inertisl
loads. A seat belt i1s integrated with the torso garment to maintain
alignment over the crests of the ilium. Broad shoulder straps are
integral with the garment and are carried aft through adjustable height
fittings. Tiedown straps from each slde of the garment are fastened
to the seat pan. All of the aforementioned tledown straps are firmly
pretensioned by the automatic tightening system prior to impact.

Forward inertial lcads are carrled by the four torso
hold-back straps, the two shoulder straps, and the seat belt with the
tiedown straps preventing the garment from rising. The tendency of
the boedy to flatten will be reduced by the squeezing action and the
broad, tight abdominal covering will minimize abdominal distention.
lateral loads will be taken by the back tiedown and the torso hold-
back straps. WNegative loads wlll be supported by the shoulder straps,
tledown straps, and back tiedown. Positive loads will be taken by
the seat cushion while the shoulder and hold-back straps, the back tie-
down and the squeezing action meintain spinal alignment and retain the
viscera. An athletic supporter with inguinal hernis pads is worn under
the £light suit,

Head restraint is provided by a sized strap system,
a head back rest and hinged lateral support pads that fold back when
not required. The head harness uses dacron straps for load paths and
dacron net and small straps to position the load path straps. Dacron
straps attached at the intersection of the head load-path straps are
sutomatically tensioned by reels before the onset of acceleration. Two
or three Christmas Candy lcops in the hold-back straps are maintained
by elastic and permit limited head movement.
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Forward lnertial loads are resisted on the forehead
and chin. Lateral loads are resisted by the side flaps acting over a
broad surface on the side of the head. Under vertical loading, the head
is free to move up or down within limits set by the hold-back strap
attachwent points. Little or no vertical head restraint is provided
and very little welight 1s added to the head by the head harness.

Arm restraint is provided by laced upper and lower
arm cuffs with zipper closures. The lacing ends are gathered together
and attached to the repositioning and restralning cables. An elastic
band holds the lower positioning cable at the elbow to prevent it from
dragging across controls. A lever mechanism rotates the attaching
cables from a position near the shoulders to a position helow the arm=-
rests to reposition and tighten the restraint. The cables pull the
arms against the armrest and tighten the cuffs.

Forward inertial loads are resisted by the upper cuff
directly and by the lower cuff by friction. Aft inertial loads are
carrled into the upper armrest. ILateral loads are resisted by the
curved armrest and negative loads are restrained by the lower arm cuff
directly and the upper arm cuff by friction. Positive loads, including
part of the shoulder and upper torso loads are supported by the lower
armrest.,

Ieg restraint is provided by a knee-antisubmarining-
integrated-strap system and by a zipper closure fabric tube attached
to the seat. The zipper halvee are brought together after the crew-
wan enters the seat, When the system ls initiated, a cable or track
device pulls the zipper slide down, positioning and restralning the
legs.

The knee strap system, which is tightened at the rear
of the seat pan prior to impact, prevents submerining by holding the
femur into the pelvic socket. The pelvic socket is reinforced by the
form-fitting micreballoon seat cushion that also relieves the load on
the ischial spines and prevents prolapse of the rectum.

3. Integrated Soft Harmess Restraint System (Figure 10)

This sytem is designed to provide breoad, low unit
pressure restralnt In a universal, fixed back seat. The torso concept
described in System 2 is integrated into a sized gesrment to produce a
more optimum £it with fewer adjustments and less bulk. The crewman
enters the vehlcle or rotates crew stations wearing an integrated sult
and harness reinforced with dacron net and a form-fitted helmet. The
seat bas a flat seat pan, flat fixed back, and provides universal fit
by utilizing microballoon cushions or water-saturated polyurethane fosm.
Lower leg rests are adjustable.

Torso protecilon 1s provided by the nylon coveralls
reilnforced with straps and dacron net. Iacings on each side squeeze
the torso when the two torsoc hold-back straps are tightened. The
squeezing action is shorted out by talloring or preadjusting the
lacing lengtb., Long buckles on each side carry all lacings to a
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single strap to minimlze the number of straps that must be extended
to lean forward. The zipper on the coveralls is located on the side
to remove it from the 60 G load path. The shoulder straps and lap
belt are simllar to System 2. To permit forward torso movement, the
back tiedown rmust be disengaged from the seat. This is accomplished
by Integrating a segmented mechanical spine into the flight suit.
When the shoulder and torso hold-hack straps position the man in the
seat, an overcenter cem mechanism locks on the spine, rigidizing and
supporting it to the seat back. Protectlon is similar to that of
System 2 except for the greater protection of selective fit. An
athletic supporter with inguinel pads is worn under the suit.

Head restraint is provided by an individually fitted
hard helmet with firm interior padding. A chin strap prevents the head
from submarining out of the helmet. The helmet is pulled by cables into
a supporting yoke prior to the onset of accelerations. The yoke con-
tains counterweights and turning jointes to permit counterbvalancing in
three degrees of freedom for limited movements. With this system, the
head can be wholly or partially supported in all directions and still
be free to follow body movement. If partial support 1s used, a break-
out device will be employed to hold the head rigid for extended period
moderate accelerations.

- Arm restraint is not illustrated in Figure 10
except for the half-zipper shown. The principle employed is to posi-
tion the arm by zipping the half-zipper on the arm to a half-zipper on
the armrest. This technique leaves the arms unencumbered and provides
positioning by starting with the shoulder joint and camming the arm
into position. A special zipper or a closure device followed by a
standard zipper is required. After the arm is zipped to the armrest,
protection is similar to that of System 2.

leg restraint is provided by a strap system integrated
with the sult and s hard shell behind the calf. A strap type of cup
over the knee is pulled back to a point under the seat to “hold the knese
dowvm and back. The grounding point is close to the knee to minimize
strap stretch. Straps above and below the knee cup are sdjustable to
position the cup. Calf restraint is provided by two broad straps that
hold the calf to the hard shell and a cable that retracts the shell
against a rest. The calf retraction cable 1s normally stowed by going
vertically to the lknee joint and back to the retraction drum to remove
all restriction from the calf. A broad band under the upper thighs is
squeezed agalnst the thighs by the automatic lacing principle and strap-
ped down to the seat. This device provides verticel and lateral thigh
tiedown and reinforces the pelvic joint for knee antisubmarining. A
microballoon bag or water-saturated polyurethane-sponge LIQUIFQAM is
used for a contoured seat cushion.

4. Seat-mounted Clamshell Restraint System (Figure 11)

This system 1s designed to provide maximum protectlion
and mobllity for & man in a flight system not requiring crew rotation.
The seat is a Mercury couch molded to fit the posterior portions of
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the man except for the head. A thin polyurethane padding covers the
couch surface. The crewman enters the wvehicle wearing a nylon flight
sult, high=top shoes, 8 sacroilliac corset and seat belt, and a form=-
fitted helmet. He must disconnect the anterior shell at the pelvic
attach point and slide into the seat. He buckles his seat belt and
attaches positioning cables to his upper and lower arms with small
cuffs. The anterior thorsx shell is then comnected at the pelvic attach
point. The anterior shells consist of a thorax shell plvoted at the
pelvic joint and a thigh and leg shell attached to & slide mechanism

at the knee and to the thorax shell. In addition, two shells on each
arm clamp the arm after positioning. For normal flight, the anterior
thorax shell rotates forward permitting the man limited forward torso
movement, relieving him of pressure and providing ventilation. The

leg shells are raised, permitting free movement of the legs and thighs
within limits. When the automatic system is initiated, the thorax shell
rotates back, camming the torso into position and restraining it in a
hard shell. The leg shell cams the thighs and calves into posibtion and
restraing them, including knee antisubmarining.

Head positioning is accomplished by inflating formed
pads on the anterlor and nosterior shells. A moment balance device,
simiiar to the one in System 3, 1s directed Into sockets on the helmet
by a power system and automstlically locked Into place.

5. Hard-shell Restraint System (Figure 12)

The objective of this restraint system is to provide
the crevman with the maximum of physiological protection while preserv-
ing as much mobllity as possible and permlitting crew station rotation.
The concept is predicated on the premise that the crewman's lightweight,
rigid-torso shell alsoc forms a portable, pivoting seat back. This
device, which is fitted to the individual, has a structural frame inte=-
grated Into the posterior shell similar to a woocdsman's pack. The back
frame carries an integral headrest, as well as having structural attach-
ment points. This torso garment 1s worn by the crewman when transferring
from station to station, or may be easlly removed during rest periods.

Proper tooling of the siructural attachment points
allows each crewman to engage his seat back with the crew station seats
which are adjustable to accommodate all percentile sizes. A manual con-
trol handle enables the crewvman to engage and disengage himself from the
seat. Once seated, floating pivot points allow the crewman to bend for-
ward at the waist. Since his restralnt moves with him at all times, the
crevman never leaves a proper relastive position. Extendable shoulder
retraction cables, operating in conjunction with a locking device at the
seat pivot, Immobllize the seat back upon applilecation of restraints.

The rigid-torso shells provide maximum protection for
the thorax and abdomen by preserving the natural shape of the body under
loads and preventing distention of the soft tissues. When used in con-
Junction with the integrated foundation garment (Figure 13) excursion of
the Internsl organs is sharply reduced.
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A liner 1s integrated in this concept which provides com-
fort padding and permits limited variation of body sizes within a glven
shell. This liner, LIQUIFOAM, consisting of an open-celled foam sponge
within a flexible sheatb,is capable of being saturated with fluid. By
excluding the air from the liner, the padding becomes relatively incom-
pressible if the fluid is trapped and slightly pressurized upon actuation
of restraint. At the same time, pressurization causes the liner to ex-
pand inward around the body to form a self«contouring load-carrying pad.
While some redistribution of fluid occurs during applicastion of loads,
the cellular structure of the frame acts as a damper, restricting the
flow. Furthermore, the capillary action of the sponge prevents sloshing
or pooling of the fluid. Upon relaxation of the restraint, some fluid
1s releaged from the liner, allowing 1t to contract away from the body
and restoring its comfort padding characteristies. If a satisfactory
neans can be devised for injection of microballoons, these lightweight
spheres might be utilized in this application to achieve a saving of weight.

Semicircular shells, employing similar liners, are used on

the back of the arms and lower legs. Relnforced fabric around the front
of the limbs, which gives broad load distribution, can he integrated into
the flight suit. The hard shells on the limbs help reduce distortion of
the membere under acceleration,provide a single point attachment for
retraction, and protect the limbs from injury during rapid retraction
into the restraint cradies., An attempt will be made to integrate the
fluid connections with the cable attachments or with those of the torso-
shell liner in order to minimjize the number of connections.

Supplementing the hard-shell restraint of the legs is a
knee harness which restrains the knees downward and aft in the seat
to prevent submarining. This harness, in conjunction with the pelvic
belt in the integrated foundation garment, stabilizes the pelvis by
furnishing an axial reaction through the thigh. This harness may also
be integrated into the flight suit. The knee hold-down strap, which
runs under the heel, may also be utilized for foot restraint.

The seat employed with this concept has adjustable thigh
pads and a contoured support between the knees. The thigh pads, which
are articulated to accommodate all crewman sizes, are lined with fluid-
filled foam pads as is the seating surface. After the thigh belt is
adjueted to position these pads for the individual crewman, pressuriza-
tion of the pads tightens the restraint, thus supporting the hips and
compressing the buttocks.

The illustration shows an operational version of the seat,
articulated to allow optimum orientation for cruise or launch. For the
test program, this seat could be greatly simplified with bolted adjust-
ment provisions, since adjustment during the test would not be required.

The integral head restraint illustrated with this concept

employs two helmet straps which can be tightened to hold the head in a
deeply contoured headrest. Lateral and transverse restraint is thus
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achieved, while limited vertical head motion is allowed.

For added comfort, ventilation of the underwear may be
desirable.

6. Integrated Foundation Garment (Figure 13)

A multi-purpose, heavy-duty undergarment is proposed for
restraint of the abdomen and the genitals. This garment which resenmbles
8 medical abdominal girdle, Incorporates sacro-lumbar contour formers,
as well as a heavy-duty athletlc supporter. It also has provisions
for removable athletic-type pads to protect sgalnst inguinal herniation.
Integral with the garment is a pelvic belt, which distributes héld-down
and hold-back loads across the crests of the 1lium. These points fur-
nish two of the relatively few hard polnts of the body which can be
positively restrained. By restraint at these polnts, plus knee support
to provide stebllization of the rolling moment imposed upon the pelvis
during submarining, aligpment of the lunbar area of the spine can be
maintained.,

Light welght stays on the front of the garment assist in
preventing distention of the abdomen. Additional abdominal protection
may be obtalned by means of an inflatable bladder which provides local
constriction of the abdowen.

Provisions wey also be readlly made for a protective metal
cup. While the molded torso shells prcobably do not require this feature,
with systems which employ crotch straps or harness hold-down straps for
this areas, it may be necessary. If this be the case, provisions for
removal of the cup to facilltate relief of the hladder are easily pro-
vided. Use of such a cup should be avolded whenever possible due to the
discomfort, particularly when eesated for long period of time.

Zipper closures on the garment are provided on each leg for
donning.

This garment may be utilized In one of several possible
versions with all of the restraint concepts proposed. Its abllity
to stablilize the sacro-lumbar area of the spine, as well as to con=-
trol distention of the lower abdomen is well known by those who have
had to wear this type of orthopedic appliance. By virtue of its design,
distribution of the belt loads across the pelvic crests can be assured.
Its comfort for long periods of time may be questionable, although
means may possibly be devised (such as inflatable bladders) to tighten
or relax its restraint as needed.
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D. Concept Evaluation and Selection

A team of crew equipment designers, medical speclalists,

and experimental pllots evaluated the concepts. Some o the evaluators
had participated in the conceptusl portion of the program and some had
no previous program background. Evaluation was made by restraint-sup-
port element 4o assure that each detall concept would be evaluated on its
own merits. Votes were taken to systemize the procedure} however, the
numerical resulis are significant in a relative sense as they represent
a function of arbitrary weighting factors only. The welghting factors
used placed heavy emphasis on the protection potential of the concept.

Scores and comments resulting from the evaluation were
studied and an over-all system of compatible element systems was
assembled for presentation to AMRL. The recommended system concept
is illustrated in Figure 14k. This system was somewhat less conserva-
tive than wouldé have been selected by a simple tabulation of votes,
reflecting the customary conservatism of group opinion. Elements of the
system are described and the reasons for selection are given in the
following paragraphs:

1. Torso--The mobile hard-shell seatback developed in
System 5 wes recommended for optimum torso protection. The evaluation
team indicated an overwhelming preference for the two molded-body
shell systems, 4 and 5, on the basis of maximum protection. Rigid,
form-fitting encasement of the thorax and abdomen appears to offer far
greater protection for body structure and internal organs than any of
the soft body-restraint systems, The soft systems, due to thelr
flexibility, allow distortion of the thorax and distention of the
abdomen permitting greater excursions of the soft viscera. Rigia
torso shells alsc require fewer attachments as the loads can be distri-
buted within the rigid-shell structure. The primary disadvantage of the
rigid torso shell is the requirement for selective fit. This disadvan-
tage may be partly alleviated by using a range of finite sizes and
expandable liners. The liners might be used to tighten the torso in
the shell before impact. If the liner expansion is reversible, adding
water or microballoons for example, it would be possible to tighten
and relex restralnt in flight.

It should be noted that the protection afforded by the
clamshell and hard-shell is identlcal when under full restraint. The
hard-shell was chosen because it allowed more continucue protection and
was adsptable to multi-place flight systems.

2. BHead=--The soft head-restraint from System 2 was chosen
t0 permit larger hesd excursions then the rigidly encased torso to
allow following of the torso on impact. This concept was chosen over
moment balance of the helmeted head, as described in Systems 3 and 4,
on tle basis of simplicity and comfort in an environment that does
not require the foreign object protection of a hard helmet. Dacron
webbing, positioned and retained by a soft helmet, restrained most of
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the head's -Gy inertial loads by bearing on the forehead. Additional
straps stabllize the head through a padded chin cup. The +Gy loads sre
restrained by the headrest bearing on the occipital bone at the back
of the head.

The iGz loads are carried by the neck, as these loads are at
approximate right angles toc the retaining straps. Based on unpublished
eJection-seat test date, it was concluded that the head was marginally
able to withstand the +30G; impact if it was not burdened with a hard
helmet (i.e., three to five additional pounds weight). Virtually no
date exists on human -Gz tolerance in excess of 10G. It was postulated
on the basis of animal tests (Reference 29} that the head was marginally
able to withstand -20G; without vertical support (and without the addi-
tional weight of a hard helmet). If the environment should require a
hard helmet, full or partial moment balance similar to Systems 3 and b
will be required. Omne slgnificant anatomical fact was clearly brought
out in the skeletal study of the head and torso and is reflected in the
decleion to permit vertical head movement. The spine 1s virtually & con-
stant stress or graduated cross-section column deslgned for +Gz loads.
The inertial load of the torso cannot be supported by the upper extremities
of the spine for significant acceleration loads.

Lateral head support is provided by broed, rigidly mounted
pads surroundling the ears. These rigid pads would not have been recom-
mended if rigid torso restraint had not been chosen. All soft torso
restraint systems studied or developed on this program would permit
large lateral torso excursicns on impsact.

3. Limbs--Zipper arm positioning and restraint was recom-
manded because it provided a satisfactory level of restraint with mini-
mum encimbrance to the unrestricted arm. It was recognized that a zipper
would have to be preduced or developed that would pull the two halves
together with greater force and more rellability than current zippers.
The development was considered justified by the complete absence of
dragging cables or links on the arm and the completely safe, anatomically
compatible mechanism of arm positioning made possible by the concept.
Positioning and restraint is accomplished by zipping a flap on the
sleeve 40 e flap on the armrest. The zipper is started at the shoulder
and directs the arm into the armrest until it reaches the wrist. A
tensioning device can then tension the retaining flap.

Lege are positioned and prevented from flailing by a zip-
pered tube system, starting at the upper thigh and working down to the
ankles., Full mobility of the unrestrained legs is assured and toe-pedal
operation by the crewman 1s possible under full restraint. Antisub-
marining protection is provided by s knee strap system with sttachment
points at the seat back, thereby permitting full leg mobility. The
strap system supports the thighs and lower pelvic girdle during -Gx
accelerations by restraining the femur through the patella. Upward
loads in the knee restraint tiedown siraps under the arch of the shoe,
generated by tension in the tieback straps at the moment of impact,
are reacted into the zippered tube.
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4. Seating--The universal seat pan from System 5 was
recommended. A flat sitting-surface covered with LIQUIFOAM and
mltiple-hinged lateral-support pads lined with LIQUIFOAM and re-
talned and adjusted with a lap belt provide support for the buttocks
and thighs. The LIQUIFOAM sitting-surface is comfortable for normal
operation, but presents a hard contoured surface at impact to relieve
the load on the ischial tuberosities, Lateral pads support the thighs
and lower torso under Gy loads and reinforce the hip socket under
antisubmarining loads, Thigh inertia under -Gz loads is retained by
the lap belt and upper portion of the lateral support pads. Thigh
support under -Gy loading is a vital consideration in reducing the
loads on the spine as the torso loads up the shoulders and the small
end of the spine. The seat also serves as support for the torso
hard-shell pivot and as g means of changing crew orientation for
physiclogical protection from sustalned accelerations.

5. Foundation Garment--A foundation garment similar to
Figure 13, but without seat belt, was recommended for protection of
the torso area below the torso hard-shell trimline,

E. Philosophy of Selection

From the foregoing discussion and from Figure 14 it
is obvious that the system recommended is a conceptual research con-
figuration. It was not Intended to fit any specific vehicles, class of
vehicles or specific test equipment. It wes not the product of an
attempt to dogmatically expand a single basic concept into an over-all
system design. The recommended system reflects the purpose of the
initiel phase of this program: to develop new concepts in personnel
restraint that will increase personnel protection from impact accelera-
tions and to present the conceptual system to AMRL for selection of a
test configuration. Increased protection was the primary cobjective,
with operational feasibility as a constant consideration. The re-
comuended system is not an operational prototype; however, all conceptis
inherent in the system are compatible with operational requirements.
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SECTION VIII
TEST SYSTEM DESIGN AND FABRICATION

Results of the conceptual studies and recommendations for the
test system were presented Lo the project staff at AMRL. The project
staff was in genersl agreement with the recommended system concepts,
but with some reservations on the operatiocnel feasibllity of zipper
positioning and the midtiplicity of straps in the knee restraint har-
ness, Discussions centered primarily on the design of a test system
for manned testling of the basiec principles. It was mutually agreed
to delete zipper retraction on the test configuration, because of the
zipper development required. Manually operated arm and calf covers
were substituted. Integration of the torso hard-shell and seat back
in the recommended system was designed to save weight and facllitate
crew rotation. The universal, adjustable seat was also designed for
crew rotation. Crew rotation was not a major consideration in tests
with a small test panel. A tubular-steel seat frame, into which the
test panel's torso and seat shells could be socketed, was chosen for
the test configuration., Positioning and pretensioning systems were
not designed or fabricated for the initial tests; however, the system
hardware was designed to be compatible with future incorporation of
these systems,

After the initiel agreement, two changes were made to the
test concept to more nearly approximete the basic concepts and to
reduce encumbrance in the unrestrained condition. An arm retraction
system utllizing a strap replaced the manual arm cover. This con-
cept can be fully mechanized for the ultimate prepositioning and
pretensioning demonstrations. A rigld cover for calf and knee
restraint wvas substituted for both the knee restraint strap system
end the mspual calf covers. This system can be mechanized for future
demonstrations. Both changes were approved by AMRL. The system
gpproved for design and f{abrication to test-prove the concepts is
1llustrated in Figure 15.

Fabrication of the system and i1ts supporting test fixtures
was divided between the govermment and the contractor. The government
designed end fabricated the six-direction test fixture and fabricated
the contractor-designed seat; lald up the basic fiberglass hard-shells
to the test subjects' anatomies per contractor specifications, and per-
formed the system dynamjc proof tests. The contractor fabricated the
head restralnt system, headrest, armrests, legrest, leg cover, and
auto-just and built up the GFE shells with structural support members,
liners, and special hardware.

Detail design of the test system was Initiated on the hasis
of an unmechanized-bolted-together system. It became immediately
obvious that this approach was not safe for a manned test system be-
cause of the time required to extricate the test subject. Many of
the items described below, such as the linkage on the lateral head



FIGURE 15 SYSTEM SELECTED FOR DEVELOPMENT
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supports, leg cover mechanlsm, and auto-just were the resuli of
this test safely requirement. Elements of the test system are
described in the following paragraphs and illustrated In Flgures
16, 17, 18, 19, 20, 21 and 22,

A, Test Flxture

Impact tests were conducted by the free-drop technique.
Drop-test fixtures are normally heavy platforms on which the test
items are mounted. For this test program it was desirable to drop
in any of six directions. The multi-directional objective posed a
number of problems. There are over-all practical weight Iimits
for both the hoisting mechanism and the atitenuation medla used to
progran G-time exposures. Structural requirements are severe and
cannot be alleviated simply by adding additicnal siructural material
as all such material adds to the inertial loads. Finally, the re-
sponse characterigtics of the drop fixture must not be such as to
affect the actual acceleration incldent on the man and his protec-
tion system or to blank out accelercmeter readings.

A tubuwlar-steel frame was fabricated for structursl proof
tests of the system with a 95-percentile anthropomorphic dummy as the
test subject. This fixture has been successfully used to demonstrate
structural integrity of the restraint-support system to 120% of antici-
pated loads using precalculated accelerstion values based on drop
helght and attenuation stroke. Accelerometer readings are largely
obscured by fixture vibration, msking this fixture largely unsuitable
for high G manned testing. A cast-aluminum platform on which the test
system can be oriented, as required, is under study.

B. Test Seat

An articulated test seat with a tubular-steel frame, adjustable
to two positions, was designed and fabricated. A torso=-aft reclining
position provides the customary comfort position for long-duration
flight systems. A torso-forward position provides the generally
accepted crew orientation for large forward-velocity changes such as
hoost and rearward-facing reentry. During the transition from one
position to the other, the crewman rotates about a theoretical shoulder
pivot permitting fixed armrests and hand controls. Also, his thighs
rotate relative to his torso about a theoretical hip plvot which
prevents the back serubbing inherent in seats that pivot at the inter-
section of the seat back and seat pan. In addition to these opera=-
tional features, seat motlion is uped for actuating many of the res-
tralning devices described below and in Section IX. Full restraint
is imposed in the torso~forward position, automatically applying
full restraint during the parts of the mission most subject to stress.
The seat is shown in five of the system illustrations. Figure 18
showe the seat in the full-restraint position.
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FIGURE 17 TOP VIEW OF SYSTEM
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FIGURE 18 SIDE VIEW OF ANTHROPOMORPHIC DUMMY IN FULL-RESTRAINT POSITION
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C. Torso Hard-shell

Basic fiberglass hard-shells were laminated by AMRL over
plaster masters of the test sublecta. A sand-casting process was
developed to obtain the plaster masters. Both the contractor
specification of the subject's posture and shell trim-lines and the
casting process employed by the government proved to be major prob-
lem areas. Anthropometric variations in subjects percentile, variations
within & percentile, and the absence of sharply defined reference points
on the human body made specification of shells which were compatible
with system attachments very difficult. Sand-molding proved equally
difficult due to the flexibility of human flesh, posture characteris-
tics, long term spinal disc compression, and movements due to breath-
ing. Many of the casting prcblems were resolved when the technique
was perfected to permit cesting a subject in an hour or so total
time,

Torso hard-shell assemblies were bullt up by fabricating
8 channel-shaped metal reinforcing member and bonding it to the
fiverglass shells with foam~-in-place plastic foam. This process
provided an irregular sandwich constructior to stiffen the hard-shell,
A picture-frame type of shear member was built up from hat sections
and riveted to the reinforeing channel. This freme fits into the
tubuwlar-steel seat back., An operational hard-shell would employ an
integral ribbed fiberglass shell with a metel seat-back frame to
accomplish the same mission with substantially less weight,

The inside of the initial shells was lined with LIQUIFOAM.
This material was built up by coating the inside of the shells and one
side of a half-inch-thick open=-cell polyurethane-foam pattern wikh
LP-2 sealant, and bonding the foam to the shell with the sealant. Seal-
ant was applied to the exposed surfaces of the foam to completely
enclose it except for two fill-vports. Finally, several coats of ECT93
(a rubber-like structursl coating epplied as a liquid) were applied
over the sealant, The assembly was evacuated, submerged, completely
saturated with water, and the ports were sealed. The resulting padding
was comfortable and easily contoured under slow compression loading, but
hard and unyielding when struck a sharp blow, Later shells were lined
with ensolite when the initial IIQUIFOAM liners experienced failures
due to quality-control problems in the chemical processes. These prob-
lems could not be resolved within the scope of the program.

Special latches, locke, and shear fittings were developed
to transmit loads between the torso breastplate and back-shell. Spe-
cial retainers were huilt to retain the cables that hold the torso shell
into the seat. A}l of the special fittings, except the two latches,
had to be custom-fitted to the contour of each shell. These contours
varied widely, producing & major problem in fitting steel hardware.
The test torso hard-shell 1s shown on a subject as he would appear in
translt between crew stations on Figure 19.
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FIGURE 19 TORSO SHELL, SIDE VIEW
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D. BSeat Shell

Contoured fiberglass seat shells were laminated for the
test subjects in a manner similar to the torso shells. Channel
type reinforcing structure, foam formed in place, and picture frame
shear flttings were installed. The seat shell was not intended to
slip from the seat structure for mobility and was therefore retained
by- & hook at the back and & pin at the front. The pin is engaged
and disengaged by a cable assembly. Seat shells provide a sitting
surface and lsteral support for the thighs., The sides of the shells
Torward of the torso shell are above the midline of the thighs. A
raised center island supports the inside of the thighs. Initial
shells were lined with IIQUIFOAM and later shells were lined with
ensolite.

E. Head-Restraint

A dacron strap system supports the head under -Gy loeding.
The straps are positioned by a leather helmet to assure a predetermined
orientation. One strap passes over the forehead and terminates at the
approximate head-neck center of gravity on each side. A second strap
passes over the top of the head, through the CG, and is attached to
both sides of an ensolite-padded chin cup. A third and fourth strap
are sewed to the intersection of the first two straps and carry the
head-restraint loads to structure. These straps are slanted down-
ward to form a more direct loasd path with the forehead strap and route
most of the load inte the forehead. Annular enscolite pads around the
ears are bullt into the helmet and ensclite padding 1s used under the
forehead strap. Lateral head support is provided by pads thet will be
described in the next paragraph. A close-up of the head-restraint sys-
tem is shown in Figure 20.

F. Headrest

A vertically adjustable carriage, mounted on the seat back,
supports lateral head-support pads and harness reels for the shoulder
cables., The lateral heed-support pads are adjusted to fit over the ears
by vertical adjustment of the hemdrest and adjustments on the linkage
mechanism on which the pads are mounted. This linkage mechanism is an
overcenter device locked by a quick disconnect pin to provide rapid
egress. Proper vertical adjustment of the lateral head supports provides
near optimum vertical adjustment of the shoulder harness cable reels.
Note that the head is not supported by the headrest mechanism during
+Gx loads, but by the headrest Integral with the torso hard-shell.

G. Auto-Jdust

Harness cables are used at the hips to hold the hard-shell
back into the seat back sccket. Conceptually these cables would be
retained by spring«loaded harness reels. Harness reels wlth the required
load capacity were not available and test safety precluded using a simple
turnbuckle. A tensioning and locking device, using an interrupted screw,
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was designed to lock the cables at the desired length. The device,
called an suto-just, is spring loaded and is shown on Figure 18.

H. Arm Restraint

Contoured armrests, mounted from the test rig structure,
support the arms against Gy, 0x, and 4G, loads. Hand loads and &
broad strap over the elbow support the arms against -Gy and -Gz loads.
The armrests are adjustable vertically and the upper portion is adjust-
able angularly for crew size varlations. The armrests and arms remain
fixed while the seat changes orlentation. The strap system 1s anchored
on the back side of the upper armrests, carried inboard over the elbow
and attached to armrest structure. The armrests are lined with LIQUIFOAM,
The armrest-and-strap system is lllustrated in Figure 21.

I. Leg Resiraint

Leg restraint is accomplished by two assemblies. A con=-
toured leg backrest is plvoted on the seat frame and adjusted through
a sclssors assenbly at the upper portion of the rest to position the
upper edge against the back of the knees. A contact fit along the
entire calf 1s assured by this means at the expense of fixing the leg
rest angle for a given subJect. A contoured leg cover plvots from the
back rest and bears on the front of the calves and on the front and top
of the knee. Two turnbuckles on each side adjust height and angle of
the leg cover through a linkage and one turmbuckle on each side adJusts
for the subject's calf thickness. Quick-release pins retain the latter
turnbuckles to provide rapid egress. This leg cover Is the test con-
figuration of & concept in which linkages fold the cover down and back
to direct the crewman's legs in place by a wiping motion during pre-
positioning. Both the leg rest and cover are lined with LIQUIFOAM,.

A center divider is produced by laying up the LIQUIFOAM over contoured
ensolite. If the crewmen's legs should be in an unusual positlon when
tbe cover ls actusted back the ensolite divider will not injure his
legs.

J. Foundation CGarment

Torso articuletion requirements leave gaps in the rigid-shell
torso protection. One such gap occurs forward of the torso=-shell split
line as 1t woves back from the side of the seat shell when the crewman
is cycled to the full-restraint position. Another gap in the lower
abdominal and inguinal areas 1s caused by the difficulty in fitting a
rigid shell into such tight quarters. 5Still another gep 1s created by
the back sklrt of the torso shell lesving the seat as the subject
leans forward. These gaps are bridged by the foundation garment
illustrated In Figure 22. In addition to the customary hoop teuslion
effect at the lower sbdomen, the garment has a flap in front that
tightens the upper thighs and buttocks area when the subject site deown
and continues to tighten these aress as he leans forward. This garment
is adjusted with laces in the custowmary manner but can be entered or left
through zipper openings and hook fasteners. Note that a tight abdeminal
fit iz neither required nor desired as it would loosen the crewman in his
shell and permit him to gather relative wvelocity on impact.
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SECTION IX
PREPOSITICNING AND PRETENSIONING SYSTEM

Maximum crew protectlon from acceleration induced stress
requires orientation of the crewman, application of restraining
devices, and prelocading of these devices to minimize body excur-
sions relative to the restraint-support system. In subscnic aircraft
with & fixed seat, lap belt, and shoulder straps, all of the gbove could
be accomplished to the protection limits of the system by pulling four
adjusting straps. Ejection requirements on supersonic aircraft were met
with single-acting -~ ballistic and lanyard-operated systems that positioned
the crewman for ejection, followed by balllistic releases for separation
and parachute recovery. In spacecraft, the crewman will have a series
of acceleration exposures with command functions during and after ex-
posure. In addition, his required degree of protection will be higher,
resulting in more changes and adjustments being made to effect the
desired restraint-support. Mechanical systems that can be reversed
and cycled repeatedly will be required to perform these functions if
the crewman is to be free to control the mission. Mechanical, powered
operation is also required to integrate the crew restraint-support sys-
tem with the escape, sbort,and warning systems.

Both conceptual design and test bhardware for thls program were
directed toward providing restraint-support systems that were suited
to prepositioning the crewman and his protective equipment and to pre-
tensioning of restraint gear. A deslgn for adding this capability
to the test system was completed and submitted to AMRL for future fabri-
cation. The designs and their conceptual operational counterpart are
described in the following paragraphs. Note that the portions of the
test system that affect body motions and the restraining member that
contacts the body are in most cases identical for the test and conceptual
cperational systems.

A. Torso positioning regquires pulling the torso back into a
predetermined location and aligmment. In the conceptual system the
floating hip pivot would cycle to the closed position while the seat
pen translated to the aft position. This would establish and retaln
the seat-back hard-shell pivot at the correct point. The shoulder pull-
hack cables would then retract the lntegral seat back into sockets on
vehicle structure. By mechanically reversing the process, the crewman
would be glven mobility.

Torso positioning 1s accomplished in the test system by retract-
ing spring-driven harness reels at the shoulders and hips which pull the
torso-shell assembly into the seat bhack socket. When the hard-ghell is
firmly socketed, a sequencing switch 1s depressed and the seat cycles
to0 the torso-forward-leaning position. The spring load pulls the hard-
shell firmly against the segt and mechanical locks retain it. Test
system reels are adapted from ejection~seat hardwere and must be reset
after each cyecle. Forward positioning of the torso during seat cycling
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tightens the abdominal area in the hard-shell and foundation garment and
causes the head to fall back naturally in the headrest to maintain visual
contact with the instrument panel. Conversely, cycling back to the torso-
aft position causes the head to leave the headrest naturally, providing
free movement of the head. The torso pullback system for the test demon-
stration is illustrated in Figure 23.

B. Head Retraction

In the conceptual system the head would probably be re-
tracted into the hard-shell headrest by light-duty power reels mounted
on the hard-shell, Head retraction in the test system (Figure 2k) is
powered by the relative motion between the seat back and the upper
back truss during seat cycling. Straps from the head harness are
attached to cables which are routed down the back of the hard-shell to
a trolley arrangement. A strut is attached to the seat-support truss
end a trolley on the seat back. Cycling the seat from the torso-aft
to torso-forward position drives a hook on the seat trolley from full
up to full down. This hook contacts a bumper on the hard-shell
trolley and forces it down, retracting the head. When the seat is
cycled back to the torso-aft position, the hook leaves the bumper.

The subject can then move his head forward until the hard-shell trolley
is detented intc the full up position and the head straps will remain
slack,

On the conceptual system, the head lateral support pads would
he mounted to vehicle structure and closed by an independent actuator
as the last part of the prepositioning cycle. On the test system the
angular relationship change hetween the seat back and upper back truss
was used to power the pads. A parallelogram mechanism is utilized to
transmit angular change since it 1s eensitive to angular change only
and is therefore not affected by the 4-1/2 inches of headrest adjustment
required to position thé paeds for all percentiles. The locking mechan-
ism is similar toc the unmechanized system with the primary structural
links going over center to unload the parallelogram linkage. This link-
age is illustrated in Figure 25.

C. Arm Retraction

Arm retraction in the zipper conceptual system would be
actuated by a cable-driven trolley driving the zlipper slide. For
most environmental requirements, a strap system similar to the
restraint portion of the test system would be adequate. It would be
actuated by a harness reel pulling the slack out of the strap with a
light spring-return device holding the strap up out of the way when
restraint is not required. The crewman would have an override control
he could reach when fully restralned so that he could unlock the reels
and force his arms free if the system malfunctioned in full restraint.
The test system, illustrated in Figure 26, is based on this concept
except that the slack is taken out of the straps by a pulley«line shaft
system driven by seat motion. Existing harpness reels did not provide
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the required 24 inches of retraction. The spring-return device is

a modified manual harness reel which is much heavier than required,
An emergency egress control is mounted on the left-hand hold and can
be used to declutch the pulleys from the line shaft. In the un-
restrained condition, full arm mobility is afforded without extending
spring-loaded fasteners. If the shoulders are moved forward several
inches they will have to start extending the spring reels.

D. Leg Retraction

Leg retraction in the conceptual zipper system would be
accomplished by a cable-~driven trolley driving the zipper slide.
In a conceptual version of the deesign chosen for testing, a linkage
system would bring the leg cover back and down to position the legs.
The test system uses the same pivot position as the ummechanized
system and mechanically rotates the cover back over the knees and
calf to demomstrate the concept. PRotation and adjustment is accom-
plished through linkage to the test fixture employing seat motion for
rotation and a friction-lock variable-length link for adjustment. The
distance from the knees (where the antisubmarining loads are reacted)
to the pivot point generates a moment imposing high loads on the linkage
and adjustment. In addition, the reaction on the grounded 1ink would
add to the inertial load imposed by the crewman and his restraint in
computing loeds on the seat structure. To prevent this loading, the
leg cover is supported from the upper seat frame by locked harness reels
which are unlocked by the power system to e¢yecle to the unrestrained posi~
tion., A similar arrangement might be used on an operational system with
the cables carried to vehicle structure to permit a lighter seat. The
test system 1s illustrated in Figure 27.

E. Power Systems

Selection of a restraint-support power actuating system
for an operational restraint system would depend heavily on the flight
vehicle in which it was installed. Aircraft normally have large elec-
trical generating and hydraulic power control systems. Spacecraft may
have small capacity, continuous power systems, or large supplies of
stored energy which is normally dissipated at a low rate. This study has
therefore been primerily concerned with the power actuating requirements
and a breadboard test system.

Assuming a crewman with his personal equipment and restraint-
support devices weighs 250 pounds and has to be positioned through an
average of one foot at a 5 G stress level in a reasonable positlioning
time of one-half second, a minimum of 4-1/2 horsepower is required.

Add friction, acceleration and deceleration, and the energy required
for pretensioning, plus actuator efficiency, the result will prove
to be on the order of a 10 - 15 horsepower input. From the stand-
point of total energy, however, only sbout 5 HP sec or 0.002-kilo-
watt hours are required,
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Electrical actuation is virtually eliminated in all sys-
tems by the size of the actuators required and in most systems by
current flow requirements. Hydraulic or pneumatic actuators would be
of reasocnsble slze if operated at 3000 psil or above. However, the
routing of 3000 psi air or combustible and toxic hydraulic fluids
around a crew station should be avoided., This basic problem is currently
heing solved in ejection-seat hardware by ballistlic actuators operated
on a one-cycle basis. Currently avalleble ballistic systems are not
rechargeable and a new system would have to be develcoped. Stored high-
pressure gas or cryogenics injected into & small chamber and permitted
o build up pressure could be used for a power source to drive an inde-
pendent hydraulic system. This hydraulic system could be contained
entirely in the environmentelly controlled cablin and use water or some
other non-toxic substance for a working fluid,

The test system utilizes an air-powered, closed-hydrawlic system
for primary actuation. Low pressure air was chosen for its availability
at the test site and the availability of commercisl components. The hy-
draulic portion provides a smooth, controlled speed stroke for the seat
cycling cylinders and has the ablllity to instantly lock the seat by cut-
ting off o0il flow. Pilot-operated oll-check valves provide the locking
feature. Leg restraint reels are unlocked and torso reel seers are pulled
by small air cylinders. This system could not be designed to reposition
in the desired 0.5 seconds with reasonable size components at the low
pressures utilized, The system will stroke in 1.0 to 2.0 seconds, which
should adequately verify its characteristics. A schematic of the system
is illustrated in Figure 28,

F. Conceptual System

Figure 29 illustrates the conceptual versions of the pre-
viously described restraint-support-prepcsitioning systems as they might
appear in an ultimate, over-all system, Note the improvements in weight,
bulk, and detail hardware that might logically be provided by further
development and detail design for an operational system. Cables and
cable retainers are not required on the breastplate of the integral
hard-ghell seat back, The crewman can engage or disengage his hard-shell
by a control lever that actuates pin locks at the floating hip pivot
and behind the shoulders. Breastplate buckles are a low-profile type
and smoothly rounded. The ribbed shell, which is integral with a metal
frame, is much lighter than the research configuration. Lateral head~
support pads are mounted on the vehicle structure and independently
driven. Light-duty harness reels retract the head-and arm-resiraint
straps and light spring-returns hold the arm straps up out of the way.

A universal seat is used, permitting rapid crew rotation. The knee and
leg cover is articulated to fold back and drop down. This device might
profitably be integrated with vehilcle structure in a specific design.

It is difficult to describe or even to forecast the
full potential of a research system becawse of the unknown possibilities
for satisfying other mission requirements with the hardware of a parti-
cular system. Possible applications of portions of this system's hardware
include: use of the hard-ghells and water-filled liner for radistion protec-
tion; using the torsc shell as part of an extravehicular sult for protec-
tion from micrometecrites, and as a load path and mounting device for a space
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maneuvering unit; socketing the torsc shell attachments into fittings at
standing work stations for protection and leversge; using the liquid

in the liner as an emergency water supply; and using oxygen as a power
source and, at the same time, as a supplement to the breathing atmosphere.



SECTION X
CONCLUSIONS

Several conclusions can be drawn from the study and
fabrication accomplished in this program. These concluslons are
outlined 1n the following paragraphs.

A. Acceleration Environment

Future manned flight systems, particularly space
systems, will generate an acceleration environment different from
the environment for which the current restraint concepte were
developed. Significant new accelerations include long-duration
accelerations, multidirectional accelerations and accelerations
with a low total energy ahd a high peak magnitude.

B. Human Englineering

In the performance of this program, 1t was necessary
to have a working knowledge of anthropometry and the dynamics of
the human body and a background of human tolerance test data. In
addition, a thorough study of the structure, arrangement, and
physiology of man wes conducted early in the program. These back-
ground data were utilized throughout the concept development and
detall design phases of the program. Consideration of man's
internal configuration in developlng restralnt and support conceptis
was found to be partlcularly helpful in designing for previously
untested stress levels, It was sometimes found that current
restraint concepts that performed satisfactorily were not utilizing
optimum load paths in the body. From this study, it was concluded
that the detalls of human structure and arrangement should receive
the same attention from the designer as the mechanical details of
restraint and support mechanisms,

C. Loading Analysis

Inertial loads were calculated for each human body
element at the peak G specified and converted to the minimum unit
bearing pressures that would produce equilibrium. This procedure
established structural design criteria for each element of the
restraint and support system. It also provided perspective in
establishing bearing areas and surfaces for each body element. A
similar loading analysis would be helpful in any future restraint
system design, particularly if the technique was refined with
additional data on body element weights, areas, and weight
distributions within major body segments.
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D. Rigid Contoured Restraint

From the analysis conducted in this program, supporting
the human body with rigid contoured restraint elements appears to
provide a high level of body protection. These rigid restraint
devices may be required to move relative to structure to attenuate
peak impact levels; however, maintenance of natural body shape
requires rigid contoured support elements. This method of
protection should be studied in detall with particular attention
to the design problems of fit, comfort, and mobility that inherently
detract from the concept.

E. Prepositioning and Pretensioning

It has been recognized for some time that mechanized
devices to position a crewman and pretension his restraint would
be an asset. As restraint and support systems became more complex
these mechanized systems became more desirable. Some mechanized
devices have been incorporated in ejection seats for a one-time
operation and have proven satisfactory.

In this program an attempt was made to mechanize an
entire restraint system for repeated applications. Although the
system developed is a test configuration, it is compatible with
space-type hardware development. From this design study, it was
concluded that it was feasible to develop a prepositioning and
pretensioning system for advanced flight systems.



SECTION XI
RECOMMENDED FUTURE RESEARCH AND OFERATIORAL DEVELCPMENT

The next loglcal step in the program is a thorough manned
test evaluation of the research hardware developed in this program.
This testing is currently in progrees. When test results demonstraie
the protection potential of the various concepts, much research and
development must then be accomplished to produce operationally acceptable
configurations, In addition to any basic deficlencies discovered in
the concepts or designs--~and in any other avenues of further protection re-
search which may appear--as a result of the tests, the following
development items are recommended to be programmed.

A. Hard-Shell Operational Configuration

Torso hard-shells developed for this program were designed
to demonstrate the protection potential. Much of thelr weight and
bulk can be removed by designing a ribbed structure which is Integral
with steel frame seat back, and by a more exact and less conserva-
tive stress analysis backed up by structural testing. The operational
feasibility of the hard-shell can also be improved by an integral back
design and a floating hip pivot. A design optimization study with
fabrication and structural proof tests is recommended.

B, Lining Materials

The LIQUIFOAM lining materlal developed for this program
is based on sound dynamlic response and comfort reasoning. It has not yet
been adequately tested because the manufacturing quelity control of
the process was still inadequate and could not be perfected within the
scope of the program. Similar process problems have been resolved
in many current products, and other manufacturing techniques could
be advantageously employed., It is recommended that LIQUIFOAM devel-
opment e continued as a separate development item until it is
satisfactory for manned testing.

Microballoons also demonstrated a potential of considerable
promise for lining materials at a very attractive weight, Their
primary known disadvantage 1s the difficulty in pumping them to pro-
vide g compact impact liner. Microballoon response characteristics
should be investigated and, if proven setisfactory, methods should be
studied for injecting, relaxing, retalning and compartmenting,
followed by a febrication and test program.

C. Operationally Acceptable Power System
Both independent power systems and systems integrated with

the vehicle power supplles might be acceptable. Several eystems
might therefore be profitably researched. It would be extremely

87



expensive to accomplish this research by building a series of test
systems representative of operational hardware. A study program

is recommended in which specific requirements are established, power
system concepts are evolved, promising concepts are designed and

one or more systems is breadboarded for tests,

D. Prepositioning and Pretensioning Concepts

Poesitioning and tensioning systems can assume an infinite
variety of forms. Several of these forms were lnvestigated during
this program and one over-all test system was developed. With in-
creasing requirements being established for powered articulation of
crew restraint-support systems, more conceptual development and test
effort should be directed toward this area. This effort should be
concentrated on technigues for positloning, manipulating, restrain-
ing, and tensioning the man within his structural limitations and with
a minimmm of encumbrance. For this recommended program, power
actuation can be assumed to provide any pull, push, or rotation required.
When optimum restraint concepts have been evolved, the resulting
actuator requirements for operational hardware can be met with suffi-
clent straightforward design and development.

E. Restraint System Test Data

Current restraint configurations were evolved by gradually
increasing the protection of the time-proven strap system. Logical
improvements were developed by correcting deficlencies demonstrated in
service and by tests. These improvements were verified by further
testing. The development process has been highly refined (Ref. 77)
and has utilized the full potential of the strap concept.

In the program described in this report, new basic concepts
were 1o be developed. Manned test data were needed to establish
requirements. Most of the available data had been collected using
strap restraint and correlated on the premise that it would be used
to evaluate and refine strap systems. A requirement for more basic
data, independent of the restraint configuration, was apparent.
Degign information which was sought and generally not found in the
test literature includes: unlt pressures endured under the re-
straining device, shear and tension loads generated within the body
and its appendages, total excursions of one body element relative
to the adjacent element, actual accelerations applied to the
extremlties such as the head, etc.

A study program is recommended to establish and correlate
the test data which esngineers require to design a new type of restraint
system. The recommended study would produce a well-defined problem
statement or test goal for the guldance of manned test experimenters
and should reduce the t{otal number of human exposures required.
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APPENDIX I

AREAS OF VULNERABILITY TO IMPACT
STRESS IN THE HUMAN BODY

INTRODUCT ION

Human tolerance limits to impact and long-term acceleration
forces have been 1lnadequately dellneated in spite of the tremendous
amount of work done. DReported data, in many cases, are vague; and,
overall, the avallable information has a low percentage of reliability.
To a major degree, the fault lies in the method of measuring G forces.

G meters attached to various points on seats, restraint harnesses, and
the occupant have widely differing readings during the same test. The
dynamic response to acceleration forces of the seat-restraint harness
occupant unit muist be considered in measuring G loads imposed on various
varts of the occupant.

While quantitative data from numerous tests of questionable
validity are available for whole body aceceleration, little attempt has
been made to define rigidly the tolerance limits to structural loads of
the component organs and tissues of the human body (e.g., muscle,
mesentery, blood vessels, liver, heart, bones, intact arm, etc.). A
plethora of papers on alrplane and cutomobile accldents, football,
boxing and skiing injuries, ete., are, at best, semi-qualitative. DNo
compendium of information on the reslstance of organs and tissues to
mechanical forces exist. Yet the total strain (the change in linear
dimensions of an object as a result of the gpplication of a force-- for
example, the liver or the aorta, particularly in the region of the
ductus arteriosus) may well be the most important factor in determining
how to protect against incapacitating or fatal injuries.

Considerable study of bone structure and fractures has been
done on either dried specimens, or bomes In and from embalmed cadavers.
Much of this information may be misleading in that many authors have
not seen fit to specify the source and "freshness" of their experimental
material, thus meking their data meaningless. For example, 25 in. lb,.
is sufficient energy to fracture a dry skull, but an intact head must
be struck with a force of 400 - 900 in. 1b. in order to produce a
fracture.

Because of the apparent inadequacy of the literature on the
subject at hand, it is impossible to do more than point out the
relative susceptibllity to injury of organs, tissues, and structural
units.

A breskdown of the human body into specific areas of vulner-
ability may serve to point out the relative resistance to injury by
G forces of these body components. OCOne class of injuries which a
properly designed restraint system virtually eliminates from considera-
tlon are the fractures. (While fractures are listed as possible
injuries, the probability of occurrence is low under the conditions
circumseribed by this report.) The use of high-impact low-rebound
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foam padding as an absorber for impact G-forces 1s the major deterrent
to bone breskage; the restraint system, restricting mobility by main-
taining normal skeletal alignment and by directing the occupant into
the foam padding, regardless of direction of G force, serves to utilize
the energy sbsorbing characteristics of the padding.

Even though fractures are ruled out because of the high
inertisl lcadings of body parts, small movements will place large
stresses on supporting structures (such as the meninges of the brain);
and the resultant injury possible under these circumstances will
resemble those found secondarily in cases of fracture from blows.

The organ welghts used for the determination of inertial loads
of the internal organs were not from a 95th percentile man, as defined
by WADD-TR56-30. Data on organ weights from the WADD Handbook of
Biological Data and several standard anstomy texts all tend toward
organ welghts for the average man of the general population, namely, a
65 - TO kg man, whereas the 95th percentile man weilghs over 90 kg
(200.8 1bs ). Extrapolation of organ weights on the basis of a simple
arithmetic ratioc was not attempted due to the Inherent fallaclousness
of data thus derived; the weight of s specific organ is not & linear
funetion of body weight.

However, the inertial loads determined for €0 G transverse,

30 G positive, and 20 G negative are of interest in illustrating the
tremendous Torces to which internal organs are subjected and the forces
which they themselves generate; the latter forces act on supporting
mesenteries, connecting ducts and vessels, the diaphragm and body walils.
The malleabllity, flexibility, plasticity and flacecidity of the viscera
permits movement. While torso movement may be arrested, visceral
movement is restricted only by other internal structures which are also
subject to injury. This type of trauma can be incapacitating or fatal.

Following is a list of vulnerable areas, in a table of

approximate inertial loads for the positive, negative, and transverse
G limits of this restraint systenm.
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TABLE I

NORMAL WEIGHTS AND INERTIAL LOADING OF ORGANS
VULNERABLE TO IMPACT STRESS

Inertial Inertial Inertial
Wt. 8t 16 Ioad at 600G Ioad at 30G Load at 20G

Qrgan in pounds Transverse Positive Negative
Brain 3.3 198.0 99.0 66.0
Spinal Cord 0.066 3.96 1.98 1.32
Eyes (2) 0.066 3.96 1.98 1.32
Teeth (no fillings) 0.04h 2.64 1.32 0.88
Salivary Glands (6) 0.11 6.6 3.3 2.2
Thyroid Gland 0.0kl 2.64 1.32 0.88
Lungs (2) 2.2 132.0 £6.0 4.0
Heart 0.66 39.6 19.8 13.2
Blood 13.53 811.8 105.9 270.6
Liver 3.7h 224 4 112.2 ™.8
Spleen 0.33 19.8 9.9 6.6
Kidneys (2) 0.66 39.6 19.8 13.2
Pencreas 0.154 9.24 L,62 3.08
Adrenal Glands (2) 0.04l 2.64 1.32 0.88
Total Gastrointestinal Tract RN 264.0 132.0 88.0
Stomach «55 32.0 16.5 11.0
Small Intestine 2.42 145.2 72.6 4L8.4
Upper large Intestine 0.297 17.82 8.91 5.9%
Iower Large Intestine 0.33 19.8 9.9 6.8
Urinary Bladder 0.33 19.8 9.9 6.6
Prostate Gland 0.04k 2,64 1.32 0.88
Téstes (2) 0.088 5.28 2.64 1.76
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A, Head

1. Brain {Figure 31)

Movement of the skull on jmpact sets the brain into motion.
Deformation of the soft brain tissue occurs rapidly. The high inertial
load, or effective welght increases the possibility of injury. ©Shear-
ing forces acting on the meninges can cause extensive damage, particu-
larly in the case of disruption of the highly vascularized cranial pia
mater where any tearing would rupture blood vessels. Compression of
vital centers by edema resulting from hard contact with the skull or
squeezing by the processes of the inelastic fibrous dura master may
cause damage.

2. Face (Flgure 30)

a. Bone - Complete or depressed fracture of facial bones is
possible.

(1) Nasal " The bones are of light structure and
are easily fractured and/or disartic-
(2) Zygomatic ulated althouszh the possibility of

elther occurrence 1ls small.
(3) Maxilla - thin, weak, will fracture, easily perforated.

(4} Mandible - green-stick fracture and/or dislocation of
the jaw is possible; the latter 1s more probable. In order to take full
advantage of the inecreased structursl strength of the clenched law, the
use of an individually fitted mouthpiece of the type designed by dental
and medical authorities for participants in contact sports, as recom-
mended in this report, willl minimize injury to the jaw.

b. Eye - Well protected by bony socket except anteriorly (Ficure 32)

(1) Bulb of eye and associated muscles - Forty cps vibra-
tional frequency nay damage it by cavitation of the fluid media. Con- .
junctival petechiaeé and/or opthalmalgia often occur following impact.
At the inertial loads indicated the extrinsiec musculature may be
stretched or possibly ruptured (the muscles plus eyeball may be visual-
ized as a slingshot with the eyeball as the shot, the muscles as the
sling; sudden removal of G forces decreases the inertial load alloving
the muscles to snap back thus imposing secondary forces on the bulb of
the eye). In this particular ilnstance, a decrease in elasticity of the
musculature might be considered desirable.

(2} Retina ~ Retinal detachment may result from increased
intraoccular pressure and/or cchesive forces of the vitreous humor.
Venous spasm and hemorrhapge have been observed 1n the retina as delayed
effects.
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(3) Optic Nerve - Non-fracture injuries cause little or
no damage. ©Stretching and involvement in retinal detachment under high
G 1s a possibllity.

(h) Blood Vessels - Engorgement, rupture, and hematoma have
occurred. ‘

(5) Intra-ocular Pressure - Veriations interfere with
visicn. Ixcess pressure on the eyeball mey initiate the occular-cardiac
reflex arc which msy inhibit heart action, the degree of Inhibition
being subject to wide varlation.

B. Vertebral columm. With the head restreined, whiplash injury-
(hyperextension and/or hyperflexion) is held to a minimum., However,
vertical compression, which may cause Injury because of the very small
load area, is more dlfficult to avoid; proper arm support aids in con-
bating compression effects. Muscle and tendon tearing and interverte-
bral disk damage can result from hyperextension or compression (Figure 34).

Dynamic toleraunce of the body 1s directly related to the tolerance
of the spinal column. Ixperiments on live human subjects place this
tolerance at 26 G if the force acts for 0.0005 seconds. Resistance to
breaking loads has been reported for individual vertebrae because of
the variation in load-bearing srea, size, and shape among the vertebrae
and intervertebral disks; the over-gll resistance or tolerance to
compressive forces of the spinal colum is governed by the strength of
the weakest link In the chain. Although I.-l has & breaking load of
2200 1bs (in a person weighing T0-90 kg, a %0-kg load is the approxi-
mate weight horne by the vertehral colurm In the erect posture ) cal-
culations based on the strength and the percentage of the load carried
by the individual vertebrae indicate the L.l would collapse after the
absorption of approximately 72.3 £t. lbs. of ensrzy. If a force is
rapidly acting, great stress In the lumbar region is produced by the
smallest trauma. Protection of the back from the intensity and
frequency of changes occurring in the shape of the disc probably canncot
be derived from muscular reactilon.

Intervertebral dises are well adapted for withstanding normal
compressive forces, ©Since the structure of the discs is such that
they are almost completely compression resisting structures, the
compression attenuation by the armrest and over-all energy sbsorption
by the restraint system padding insures a high degree of safety for
the occupant.,

1. Neck (TMizure 31)

a. Carotid Sinus Reflex Arc - Properly fitted equipment
obviates any possibility of stirmulating this reflex arc.

b. Carotid Artery and Jugular Veln - According to some investi-
gators the brain seems curiously Immne to damage In traumatic cyanosis
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produced by relatively slow compression of the chest, although the
face, scalp, and neck show severe petechial hemorrhage. Engorgement of
the blood vessels of the neck may also occur.

¢. lLarymt - A hlow over the larynx can cause Interruption of
the free flow of alr to the lungs due to edema and swelling of the
assoclated mucous nerbranes and soft tissues.

. Trunk (Figures 33 and 34)
1. Thorax

It has been suggested that & wave of high venous pressure
transmitted from the compressed thoraciec cavity can cause injury
to structures of the head and neck.

a. Ribs - Compression of the rib cage and the subseguent re-
bound can both cause injury. Prolonged compression restricts breathing.
Sudden compression of short duration may fracture the ribs. The point
of greatest weakness is located at the are of the mid axillsry line or
at the posterior angle of the rib. Upon fracture, the broken ends tend
to be drilven inward, lacerating the pleura and even the lung itself.

The possibility of rib fracture in a properly designed restraint system
is remote.

b. Pleural Cavities (Figure 36)

(1} The chest and abdominal muscles are involved in
breathing. Any restriction by the restraint of abdominal distention
and chest expanslon for extended periods will impair breathing to the
point of suffocation. This restraint system does not interfere with
respiratory movements. The inertial loads noted for the lungs show the
need for sbsorption of G-force energy by the restraint system padding
in order to minimize movement of the lung and asny resultant stress on
the root and pleura. The highly elastic nature of the lungs offers a
measure of protection.

(2) Bronchi - Constriction as the result of mechanical
obstruction and/or reflex action caused by regurgitated stomach contents
entering the traches is a definite possibility. Motion sickness cannot
be prevented by a restralnt system. There is a distinet likelihood of
tumbling, piteh, yaw, and roll beyond calculated limits in experimental
vehicles; pharmacological means of prevention of regurgltation mey be
indicated (Figure 39).

c. Mediastinal Cavity

(1) Heart (Figure 39) - Compression anterio-posteriorly can
squeeze the heart between the sternum and thoracic vertebrae, extruding
it to one side of the chest cavity, and thus producing pain symptomatic
of a heart attack. Cardilac output may be reduced by diaphragmatic
hernietion. The inertisl loads shown for the heart are indicative of
the stress to which the attached vessels and supporting structures of
the heart will be subject.
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(2) Thoracic Descending Aorta - Laceration inferior to the
ductus arteriosis can occur, the probability increasing 1f there is an
occlusion of the large blood vessels of the lower part of the body when
impact forces are applied.

(3) Gas pressure or other factors in the GI tract may cause
regurgitation of svomach contents resulting in blockage of the trachea
and bronchi.

(%) Constriction of the trachea by reflex action or mechan-
ical interference may limit air flow to the lungs.

2, Abdomen (Figures 36, 37, 38, 39, and 40)

The solid viscera in the abdomen are relstively well protected;
however they incur contusion, laceration, and rupture more frequently
than hollow viscera. The explanation advanced ls that the sclid viscera
have more fixed attachments, thus permittling less movement of the organ.

The high mobllity of hollow orgens and the fact that their walls
are collapsible thus providing attenuation teo = blow, have lessened the
Trequency of contusions, lacerations, and ruptures even though these
orgens occupy the major portion of the peritoneal cavity.

Injuries to the diaphragm are Infrequent; but traums to the
abdominal wall alone, without internal injury, occurs qulte often. The
right rectus muscle is gquite susceptible to injury, but is hard to
diagnose due to the rectus rigidity resembling a symptom of appendicitis.

Blunt abdominal trauma carries a higher mortality rate than
penetrating injuries, i.e., 20% - 30%. Compilation from hospital
records Indicate that the frequency order of injury is as follows:
Spleen 26.2%, Kidneys 2h.2%, Intestines 16.2%, Liver 15.6%, Abdominal
wall 3.6%, and 7.7} comprised of retroperitoneal hematoma, mesentery,
pancreas, and diaphragm. The present theory on injury mechanisms is
based on the conclusion that the extent and type of injury are deter
mined by whether the force is applied slowly or suddenly. Because the
viscera have some degree of mobllity, a slowly applied force is less
apt to cause injury than a sudden, sharp, localized blow. Furthermore,
a sudden application of pressure is more likely to rupture solid than
hollow viscera. The elasticity of the viscera decrease with age; thus,
younger Individuals are better able to tolerate trauma. Internal injury
may be lessened or obviated by a well-muscled abdominal wall; a relaxed
abdominal well can pexrmit splenic or Liver rupture by a comparatively
light blow.

a. Gastrointestinal Tract (Figures 36 and 37)

(1) Stomach - Can shift, may be ruptured or forced up
through the dlaphragm st several points.
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{(2) Small Intestine Adhesions may occur
as the result of impact
(3) Large Intestine forces.

The possibliity also exists of tearing the mesenteries of
the abdominal cavity.

b. Solar Plexus ~ Located behind the stomach, it can receive
enough impact force 4o inhibit breathing, particularly in view of the
high inertial losds as listed above.

c. Spleen - Very friable, highly vascularized, extremely
susceptible to Injury, it is easily ruptured on abdominal impact.
Restricted movement of the orgen, coupled with low structural strength
mekes torso restraint of priwe importance., HMeximum absorption of
acceleration energy by restiraint system padding decreases the probabil-
ity of splenic movement and ensuing traume.

d. Pancreas - Compound, racemose gland; simllar in appearsance
to, but less compactly arranged than, the salivary glands. Displacement,
with subsequent tearing possible. Intimate apposition to abdominal
blood vessels, common bile duct, intestines and peritoneum makes injury
to these structures possible. '

é. Liver ~ Friable, easily lacerated, highly vascular, held in
place by the Iinferior vena cava, hepatic veins and the corcnary and tri-
angular ligaments, which attach to the dlaphragm. ILateral movement is
limited by the falciform ligament. The liver has the highest density
of the abdominal organs and the highest inertial load of any organ. Low
structural strength and restricted movement make the liver quite suscep-
tible to injury.

f. Fall Bladder - A muscular ménbraneous sac, thin walled but
strong, with small chance of trauma.

g. Xldneys - The position in the body and a degree of mobility,
in addition t¢ the protection afforded by the ribs, serve to minimize
the possibility of injury. Contusion end rupture may result from impact
forces of sufficient magnitude, but the fibrous renal fascis enable the
kidney to withstand most forces.

h. Descending Aoxrts - Aneurysm may develop in the aorts if
major blood vessels are occluded. (The only cbservations of violent
movenent impinging on the inner surface of the abdomen have been in
cases of fetal motion in utero. Not uncommon are kicks hard enough to
ceause the mother to double up as if from & hard body blow. G forces
developed are probably of the order of 5 ~ 10 G. With inertial loads
noted, organs have & large effective weight. Contact with the abdominal
wall can be painful and temporarily disebling.)
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3. Pelvie Cavity (Figure 40)

8. Urinary Bladder - When distended, the bladder, a musculo-
membrancus sac, is easily ruptured, but empty is well protecied by the
surrounding bone and muscle.

. Rectum - The buttocks must be held together by the contoured
seat to prevent prolapse of the rectum or the development of hemorrhoids.

¢+ Prostate - Has a Cfibrous capsule, highly muscularized stroma,
of great density and is not easily torn.

d. Ureters -~ They may collapse on impact or muscle spasm may
cauge constriction. Tearing or rupture of the tube is highly unlikely.

e. JInguinal Canal - Those with congenital disposition to
Inguinal hernia should be eliminated from consideration for space flight.
Herniation mey cause compression damage to the vas deferens. A corset
of the type included in the restraint system design will prevent such

injury.
f. Testes The corset menticned above or a Jjock strap

with cup offers good protection.
g. Scrotum

D. Upper Extremities (Figures 33, 34, and 35)

1. Shoulder Girdle

There is a great flexibility and tendency toward displacement
injury of the shoulder girdle. The main attachment point at the manu-
brium is easily disarticulated.

a. Clavicle - The clavicle is comparatively weak and easily
fractured.

b. Scapula - The scapula is easlly dislocated.
2. Humerus
May be dislocated and/or fractured as the result of direct
trauma to the bone. Pinching may cause injuries to the overlying nerves,
miscles and blood vessels.
3. Ulna
Fracture may occur as the result of overloading the area. The ex=-
posed nerve by the olecranon process (elbow) may be injured and incapaci-

tate the lower part of the arm. Injuries to nerves, blood vessels and
muscles occur due to displacement of bhone fragments.
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k., Radius
Fractures and dislocations are common.
5. Hand

The hand is incapaclitated if the ulnar nerve is pinched or
blood vessels of the arm are disrupted. Direct force may lead to
fractures, etc., as in other areas. '

E. Loweyr Extremities (Figures 33,34, and 35)
1. Pelvis

The weakest point of the pelvis is the sacroiliac jolnt joining
the pelvis to the vertebrae column. The pelvis may be fractured under
impact and separation of the two halves in front of the symphysis pubis
cccur.

2. Femur

If the ferur is not supported during impact, & dislocation or
fracture or both may occur. Fractures of the femoral neck occur and
lateral impact may drive the head of the femur through its pelvic socket
into the pelvis. Support of the greater trochanter will help bear the
welght of the upper part of the trunk and stabilize the body in lateral
accelerations up to the limits noted above.

3 « Patella
The patella protects the knee Joint but it can lock the joint
1f it is fractured or dislocated. Damage to knee jolnt ligaments can
oceur if the relationship of leg and knee is not kept within inherent
elastic limits., Fragments from fracture of these may also lock the
knee joint.
4, Tibia

The tibia may be fractured if 1t is not supported relative to
the thigh.

5« Fibula
The fibula cean be fractured and/or dislocated.
6. Foot
The foot should De restrained and may be ilncapacitated during

high G stress. Also dislocation of ankle joint occurs if feet are
not supported relative to legz.
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F. Joilnts

A blow in the region of a Joint may result in injury to the
synovial membrane and communicating bursa or more damaging injuries
such as stretching and tearing of joint ligaments and capsule may occur.
Even more serious 1is injury to the jolnt cartilage or fracture of the
bones feorming the Joint surface. This leads to the ceollection of fluid
and hemorrhage within the joint. Disability from ligamentous and joint
injuries is prolonged. .

1. Synarthrodial Joint (immoveble joints)

There is & remote possibllity of fracture and dislocation or
disarticulation in these Jjoints.

a. Skull Sutures - The articulations of the sutures in the
skull are strong and are not esasily injured. Separation is apt to occur
only in the very young.

b. False Sutures (e.g., maxillae) - A fracture to the false
sutures could ceuse Injury to eyes and sinuses.

2. Amphiarthrodisl Joints (slightly movable joilnts)
There may be separation of the slightly movable joints.

a. Symphysis (e.g., symphysis publis, sacroiliac, interverte-
bral cartilaginous disc) - These joints may be separated, sprained or
dislocated, but extreme forces are required.

b. Syndesmosis (e.g., tibia-fibular articulation) - This
Jolnt is weak and may be dislocated by poor support of the foot and calf.

3. Diarthrodial Joint (movable joint)

a. Gliding Joints (e.g., between carpal bones of the wrist and
between tarsal bones of the ankle, articular processes of the vertebrae)-
These Joints are easily sprained and/or dislocated by shearing forces.

b. Hinge Joints (e.g., between humerus and ulna, in the ankle
joint, articulations of the phalanges) - These joints are easily dis-
articulated or sprained by shear loading. The knee joint has no basic
stability in its bhony structure. Resistance to lateral motions derived
from the fact that the lower end of the femur 1ls & bipod and tends to
have one condyle in close appositlion to the corresponding articular
surface of the tibia.

c. Condyloid Joints (e.g., the wrist, or radiocarpal, joint) -
These Joints are of the type that sdmit an angular movement Iin two
directions. When an oval-gshaped head, or condyle, of bone 1s received
into an elliptical cavity, it is sald to form a condylold joint. This
type of Joint may be relatively easily dislocated or spralned by shear-
ing or tersion leading.
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d. Saddle Joints (e.g., metarcarpal bone of the thunb is artic-
ulated with the greater multangular bone of the cerpus) - These joints
are llke the condyleoid Jjoints in providing for angular movement in two
planes, but the structure is different. The articular surface of each
of the articular bones is concave In one direction and convex in another,
at right angles to the former. Dislocations and sprains freguently
cccur in these areas.

e. Pivot Joints (e.g., odontold process of the axis, proximal
articulation of the radius and ulna) - These joints have a rotary move-

ment In one axis and may be sprained or dislocated by shearing or
bending.

f. Ball and Socket Joints {e.g., head of the femur in the ace-
tabulum and the head of the humerus in the glenold cavity of the scapula)-
The shoulder Jjoint is the most freely movable Joint 1n the body and most
easily sprained and dislocated.

G. Embolism

1. Blood

In practically all injuries to the blood vessels, there is
thrombus formation. Emboli tend to become detached thus leading to
devitalized areas of vital organs by blood vessel occlusion.

2. Fat Embolism

Appears classically after fractures of the tibia and femur, with
massive soft tissue injury. Also occurs with non-fat containing bones,
concussion, or jarring of the skeleton.

Furthermore, a case for extreme caution is made by the fact
that even trivisl injuries result in fat embolism. One of the difficul-
ties in assoclating fat embolism with specific types of damage is the
time internal between the traumatic occurrence and the appearance of the
fat emboli, the occurrence in other than traumatic ceses, and the appear-
ance of the emboli in the greater circulastion.

H. Survey of Injuries

A list of injuries resulting from impact is given in Table IT.
This list is compiled primarily from case histories of accidental
falls and suicides, as very few injuries have been experienced in
controlled tolersnce testing. Rates of onset, peak G, and times at
peak G estimated for these exposures must be fLreated as approximate.
Total energy was calculated quite accurately. These case historles
serve primerily to indicate the high forces to which human crgans
have been exposed without serious Injury. Case histories wherein
the subJjects impacted on surfaces that provided broad body-support
are particularly significant. A high tolerance is indicated by the
data. The restraint designer, having complete control of the body-
support devices, should be able toc utilize this inherent tolerance.

In the analysis of impact case histories and the determination of
restraint system unit loading it is necessary to determine the surface
area of the human body. A nomogreph for determining whole body sur-
face area 1s shown In Figure 41. This graph provides a first-order
approximation only, as the projected area of specific body elements
in a specific direction is usually required.
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1. CEREBELLUM 17. PITUITARY BODY

2. STRAIGHT SINUS 18. TURBINATES

3. QUADRIGEMINAL BODY 19. HARD PALATE

4. PINEAL BODY 20. SOFT PALATE

5. MAMMILLARY BODY 21. TONGUE

6. CORPUS CALLOSUM : 22, TONSIL

7. SUPERIOR SAGITTAL SINUS 23. TONGUE

8. CEREBRAL PEDUNCLE 24. HYOID BONE

9, PONS 25. EPIGLOTTIS

10. MEDULLA OBLONGATA 26, OESOPHAGUS

11. MENINGES 27. INTERYERTEBRAL DISC
12, OPTIC CHIASMA 28. THYROID CARTILAGE
13. FRONTAL LOBE OF BRAIN 29. TRACHEA

14. FRONTAL SINUS 30. CEREBRAL ARTERIES
15. SPHENOIDAL SINUS 31. SPINAL CORD

16. OLFACTORY BULB 32, SUBARACHNOID SPACE

FIGURE 31 MEDIAN HEAD SECTION

REPRINTED FROM TURTOX KEY CARD BY PERMISSION OF GENERAL BIQLODGICAL SUPPLY HOUSE INC, COPYRIGHT 1947
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. SECTION OF EYEBALL
. MUSCLES JF _YE
. CRYSTALLINE LENS
. IRIS
. CORNEA
. ANTERIOR CHAMBER
(CONTAINS AQUECUS HUMOR)
. POSTERIOR CHAMBER
(CONTAINS AQUEOUS HUMOR)
. CONJUNCTIVA
. VITREOUS HUMOR
. CILIARY MUSCLE
. SUSPENSORY LIGAMENT OF THE
LENS
10. SCLERA
11. CHOROGID
12. RETINA
13. M. RECTUS MEDIALIS
14. M. RECTUS LATERALIS
14a. UPPER HEAD OF RECTUS
LATERALIS
14b. LOWER HEAD OF RECTUS
LATERALIS
15. VORTEX VEIN
16. CENTER LINE OF VISION
17. OPTIC AXIS
18. CENTRAL FOVEA (MACULA LUTEA,
THE YELLOW SPOT OF MAXIMUM
VISION)
19. OPTIC NERVE
20. EXCAVATION OF OPTIC NERVE -
THE BLIND SPOT
21. M. RECTUS INFERIOR
22. M. OBLIQUUS INFERIOR
23. PULLEY
24. SUPERIOR TARSUS
25. M. LEVATOR PALPEBRAE SUPERIOR
26. M. OBLIQUUS SUPERIOR
27. M. RECTUS SUPERIOR

DN n AW

FIGURE 32 THE HUMAN EYE

REPRINTED FROM TURTOX KEY CARD 8Y PERMISSION OF GENERAL BIOLOGICAL SUPPLY HOUSE INC. COPYRIGHT 1947
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(.; ) . FRONTAL

s - . PARIETAL
. ETHMOID
. LACRIMAL
. NASAL
. ZYGOMATIC, OR MALAR
VOMER
. MAXILLA
. MANDIBLE
10. CERVICAL VERTEBRAE (7)
11. THORACIC VERTEBRAE (12)
12. LUMBAR VERTEBRAE (5)
13. SACRUM (5 VERTEBRAE)
14, COCCYX (4VERTEBRAE)
15. PELVIS
16. MANUBRIUM OR PRESTERNUM
17. MESOSTERNUM, OR BODY OF STERNUM
18. XIPHOID PROCESS
19. COSTAL CARTILAGES
20. RIBS, 12 PAIRS
21. CLAVICLE
22. SCAPULA
23. HUMERUS
24. RADIUS
25. ULNA
26. CARPALS
27. METACARPALS
28. PHALANGES
29. DIGITS
30. FEMUR
31. PATELLA
32, TIBIA
33. FIBULA
34, TARSALS
35. METATARSALS
36. PHALANGES

37. DIGITS

OO
i

w
OO0 O n B R

FIGURE 33 HUMAN SKELETON ENTIRE

REPRINTED FROM TURTOX KEY CARD BY PERMISSION OF GENERAL BIGLOGICAL SUPPLY HOUSE INC. COPYRIGHT 1947
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2ND CERVICAL CERVICAL VERTEBRAE

CURVE

2ND THORACIC

®

CURYE THORACIC VERTEBRAE

12TH THORACIC

LUMBAR VERTEBKAE

CURVE
SACROVERTEBRAL JOINT —= SACRUM
PELVIC
CURVE
. COCCYX

A, RIGHT LATERAL VIEW SHOWING

Qo Ts; THE VERTEBRAL COLUMN. B+ DORSAL VIEW

= STERNUM <~

RIBS
VERTEBRAE
| Az
g Wl \
T
]
A. FRONT VIEW THORAX B. SIDE VIEW

FIGURE 34 SKELETAL DETAILS
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1. ROTATING JOINT OF FOREARM AND WRIST,
IN THIS JOINT TWO TYPES CF MOTION ARE
FOUND: THE MOVEMENT OF THE TWO LONG
BOMES OF THE ARM, ULNA {A) AND RADIUS
(B). THE ULNA (A) WHICH ARTICULATES
WITH THE HUMERUS HAS AN UP AND DOWN
MOYEMENT IN A FIXED POSITION , WHILE
THE RADIUS (B} ROTATES ON THE ULNA
(A). THE WRIST BONES MOVE ON THE
EXTREMITY OF THE RADIUS IN EITHER QF
THE TWO PLANES.

2. DIAGRAM OF THE LINES OF $TRESS 3. %ELBQEE ggfgsg #%IEDT glf 1'1‘;‘5 gll?P. 4. HINGE JOINT OF THE KNEE, THIS
IN THE HEAD OF THE FEMUR, THE - MUR TYPE OF JO{NT MOYES BACKWARD
ARROW INDICATES THE POINT AT ROTATES IN THE CUP-SHAPED SOCKET AND FORWARD IN ONE PLANE.
WHICH THE FORCE CENTERS. IN THE PELVIS. THE PATELLA, A BONE FORMED

IN THE LIGAMENT, PROTECTS
THIS JOINT

5. GLIDING JOINT, FOUND BETWEEN THE BONES
OF WRIST AND OF THE ANKLE, AND BETWEEN
THE YERTEBRAE. THE BONES SLIDE OVER
EACH OTHER THROUGH A NARROW RANGE,
AND SUCH JOINTS ARE YERY STRONG.

f, >’;,_

A
T s
M PPy T L]

S

6. THE ARCH OF THE FOOT, MADE UP OF
BONES WITH GLIDING JOINTS, SUPPORTS
WEIGHT OF THE BODY.

FIGURE 35 JOINT ARTICULATION

REPRINTED FROM TURTOX KEY CARD BY PERMISSION OF GENERAL BIOLOGICAL SUPPLY HOUSE INC, COPYRIGHT 1947
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. INTERNAL JUGULAR VEIN
. SUBCLAVYIAN VEIN

. THYRQID GLAND

. COMMON CAROTID ARTERY
. THYMIC REMNANT

. LEFT LUNG

. RIGHT LUNG

. PERICARDIUM

. DIAPHRAGM

. LEFT LOBE OF LIVER

. RIGHT LOBF. OF LIVER

. GALL BLADDER

. STOMACH

. APPENDIX

. CECUM

. ASCENDING COLON

. TRANSYERSE COLON

. DESCENDING COLON

. COILS OF SMALL INTESTINE
. URINARY BLADDER

FIGURE 36 VISCERA OF CHEST AND ABDOMEN (FIRST LAYER)
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1. INTERNAL JUGLILAR VEIN
2 : 2. SUBCLAVIAN YEIN
3. THYROID GLAND
7 ‘ 4. COMMON CAROTID ARTERY
5. THYROID CARTILAGE
6. TRACHEA
7. SUPERIOR VENA CAVA
8, ASCENDING AORTA
9. PULMONARY ARTERY
10, RIGHT YENTRICLE
11, RIGHT AURICLE
12. RIGHT LUNG
13, LEFT LUNG
14, DIAPHRAGM
15. STOMACH
16. PYLORUS
17. DUODENUM
18. LIVER
19, GALL BLADDER
20. TRANSYERSE COLON
21. ASCEMDING COLON
22. CECUM
23. DESCENDING COLON
24. AORTA
25, INFERIOR MESENTERIC ARTERIES
21 AND VEINS
26, LEFT COMMON ILIAC ARTERY AND VEIN
27. INFERIOR VENA CAVA
26 - 28. RIGHT COMMON ILIAC ARTERY AND VEIN
22 i ] A3 X 29. URINARY BLADDER
30. ILEOCECAL VALVE
- 31. APPENDIX
A . 32. SPLEEN
33. PANCREAS

1
12

18

19
20

27

30
31

FIGURE 37 VISCERA OF CHEST AND ABDOMEN (SECOND LAYER)
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: 1. COMMON CAROTID ARTERY
2. TRACHEA
N - 3, SUBCLAVIAN ARTERY
4. AORTIC ARCH

4 5. LEFT BRONCHUS

6. RIGHT MINOR BRONCHI

7. INTERCOSTAL BLOOD VESSELS

m 5 8. DESCENDING AORTA
| 9, HEPATIC VEINS
i 10. INFERIOR VENA CAVA
_ ! 7 11, SUPERIOR MESENTERIC ARTERY
12, COELIAC ARTERY

\ My 8 13. RIGHT ADRENAL GLAND

12 16. URETER

10

15

|
> by }4. RENAL BLOOD VESSELS
9 // ’)A 15, RIGHT KIDNEY

17. LEFT KIDNEY D{$SECTED

- 18, CALICES
7 A = 19, PYRAMID
2 18 20, PELVIS
14 g 19 21. INFERIOR MESENTERIC ARTERY
\ ‘ S 90 22, LEFT COMMON ILIAC
15 N 23. MIDDLE SACRAL ARTERY AND VEIN
/ s 24, RIGHT COMMON ILIAC
Hii ; 25, COLON
]6_ / /’ . 11 26. BLADDER
L / /"’t'j.’}f / )
W \ 16
23 h ; ..“ ‘ l. \\: g \-“\\ ?\

24

FIGURE 38 VISCERA OF CHEST AND ABDOMEN (THIRD LAYER)
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1. RIGHT VENTRICLE i 10. RIGHT SUBCLAVIAN ARTERY

2. LEFT VENTRICLE 11, SUPERIOR YENA CAYA

3. LEFT AURICLE 12. BRONCHUS

4. PULMONARY ARTERY 13. LEFT COMMON CAROTID ARTERY
5. ARCH OF AORTA 14, LEFT SUBCLAVIAN ARTERY

6. RIGHT AURICLE AND ATRIUM 15, LEFT INNOMINATE VEIN

7. RIGHT LUNG 16, PULMONARY ARTERIES

8. LEFT LUNG 17. PULMONARY YEINS

9. TRACHEA 18. INFERIOR VENA CAVA

FIGURE 39 HEART AND LUNGS

REPRINTED FROM TURTOX KEY CARD BY PERMISSION OF GENERAL BIOLOGICAL SUPPLY HOUSE INC. COPYRIGHT 1947
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B

A. BLADDER, YASA DEFERENTIA,
SEMINAL VESICLES AND PROSTATE
VIEWED FROM BEHIND

B. LEFT LATERAL DISSECTION WITH
LEFT TESTIS AND LEFT VAS
DEFEREMS SUPERIMPOSED : AND
PARTS OF BLADDER, SEMINAL
VESICLE AND YAS5 DEFERENS CUT,
PROSTATE SHOWN TRANSPARENT.

1. PERITONEUM

2, RIGHT URETER

3. RIGHT VAS DEFERENS

4, RIGHT SEMINAL YESICLE
5. URINARY BLADDER

6, PROSTATE GLAND
7. MEMBRANOUS URETHRA
8. BULBO-URETHRAL GLAND
(COWPER'S GLAND)
9-RECTUS ABDOMINIS MUSCLE
10. RIGHT SPERMATIC VEINS AND ARTERY
11. LEFT SPERMATIC YEINS AND ARTERY
12, LEFT YAS DEFERENS
13. PUBIS (CUT AWAY)
14, CORPORA CAYERNOSA OF PENIS
15, SEPTUM OF PENIS
16, CORPUS CAVERNOSUM OF URETHRA
17. URETHRA
18. PREPUCE

FIGURE 40 REPRODUCTIVE ORGANS

19, GLANS PENIS

20. SACRAL VERTEBRAE

21. PELYIC COLON

22, LEFT URETER

23, LEFT SEMINAL VESICLE
24, RECTUM (CUT OPEN)

25, EJACULATORY DUCT

26, SPHINCTER OF URETHRA
27. BULB OF PENIS

28, BULBO-CAVERNOSUS MUSCLE
29. EPIDIDYMIS

30, TESTIS

31, TURICA VAGINALIS

32, SCROTUM

REPRINTED FROM TURTOX KEY CARD BY PERMISSION OF GENERAL B(OL.OGICAL SUPPLY HOUSE INC. COPYRIGHT 1947
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TABLE

I

SURVEY OF INJURIES

]

Velocity on beach, 65

sph

RESTRAINT
BODY oirecTion | PEAK |DURATION RATE OF ONSET APPLIED TO
HSEGH!H T <] SEC 6/8EC SEGMENT
[Ref. &0 Opefational Ejection Std, USAF
(510 knols) Harness and
positioning
_ -
Ref, 60 Opefational Ejection
(550 kndts)
Whole Man Semi- Unknown | Unknown | From likth floor. Fell No restraint;
supine 146' onto top and rear free fall
Age 27 of deck of a coupe.
Ht. 5'7" Velocity at contact was
Wt. 14O# 861 [sec
Ref. 19
Whole Steamer- | 100 avgd Unknown| From 17th floor. Fell | No restraint;
Womsn: | chair 144! onto metal venti- free fall
| position lator box
Ref. 19
Whole Marn Tumbled 191 Unkn Fell 320" onto beach No restreaint
(160" fall to ledge free fall
Ref. 19 160' f£all to beach)




INJURY OR COMMENT

PROVISIONS RECOMMENDED TO EXTEND MAN'S
TOLERANCE OR REASONING EMPLOYED IN
RECOGNITION OF INHERENT TOLERANCE

Separation of symphysis pubis.
Open shock of chute

Lateral support around pelvis and broad
support over lower torso.

Dislocation of atlanto-cccipital
Joint with compression of spinal
cord, retroperitoneal hemorrhage
and other trauma. Probsble extreme
opening shock at extremely high
speed while still In sesat.

Compound comminuted of the left
elbow. Impact fracture of head
and neck of left humerus., Com-
minuted fracture through spine of
left scapula., Compression fracture
of Tth and 8th dorsal vertebrae.
Fracture of base of greater tu~
berosity of ischium. Moderate sho
but conscious. No chest or head
injuries. During lst week abdomen
was distended, patient vomited,
internal injuries; 2nd week, jaun-
dice developed. Recovery was un-
eventful. Retwrned to work 2 monthg
later when arm was healed.

Head restraint to prevent dynamic re-
spone of head. Proper sutomatic body
and head positioning.

Not Applicable

She remenmbers falling and landing.
No marks on head or loss of con-
sclousness, Sat up and asked to be
taken to her roow. Fractures of
both bones of both forearms, left
humerus and extensive injuries to
left foot. No evidence of abdomina.]}
or intrathoracic injury.

Not Applicsble.

Skin tear on right knee., Scalp
lacerations. No fracture of long
bones. No intrathoracic or abdom-
inal injury. Fissured fracture of
skull. Unconscious for 3 days.

Not Applicable.




TABLE IY (Cont'd)

SURVEY OF INJURIES

124

BODY PEAK DURATION RATE OF ONSET RESTRS"‘:‘;
APPLIE
MENT DIREGTION (<] S8EC 6/8EC SEGMENT
[Whole Face down=- | Unknown | Unknown { From 9th floor. Fell No restraint;
Woman: | ward, prone T4' onto an iron bar, free fall
metal screens, & skye-
Age 30 light of wired glass,
Ht, 56" metal lath ceiling
Wt. 122¢ 66" [sec
Ref. 19
Whole Face down~ | Unknown | Unknown { Fell 100* onto a screen [No restraint;
Body: ward with iron supports over free fall
a skylight
Ref. 19
Whole Supine, 166 Unknown | From 10th floor. jNo restraint;
Woman: | right side 1 Decelerative distance free fall
and back max. &". Velocity at
Age 21 contact 73'/sec. Flower
Et. 5'7" bed. Freshly turned
Wt. 115# earth,
Ref. 19
Whole Mad Face down- | 100-200 | Unknown| From 10th floor. Fell [No restraint;
ward 108' onto hood and free fall
Age L2 fenders of auto. De-
Ref. 19 celerative distance
varied from 6" to 12",
79* /sec
Whole Face down- | Unknown | Unknown| Fell 134' onto hood and [No restraint;
Body: ward fenders of demollshed free fall
cayr, Bounced from car
Ref. 19 to 3'; landed head
down on pavement after
5¢' fall




INJURY OR COMMENT

PROVISIONS RECOMMENDED TO EXTEND MAN'S
TOLERANCE OR REASONING EMPLOYED IN
RECOGNITION OF INHERENT TOLERANCE

Minor patterned contusions. "H'-
shaped laceration on forehead from
screen wires. All other injuries
were minor except in thoraclc area-
marked tenderness of the upper ribs
on right side near anterior axillary
line, wlth slight crepitus.
Fractures of the 4th, 5th, and 6th
rib on right side. No loss of
consclousness. Moderate shock.

oy

Not Applicable

Fracture of Tth, 8th, and 9th rib
on right side. Right pneumothorax
and subcutanecus emphysema. Moder-
ate shock., No head injurles. Re-
covery was uneventiul.

Not Applicsable

Fractured a rib on right side.
Fractured right wrist. No loss of
consclousness. No concussion.

Not Applicable

Frontal fracture of skull (he
bounced from car to pavement). No
loss of consciousness.

Not Appliceble

No material facial injuries. Only
brief loss of censclousness. Front
al scelp lacerations, severe shear-
ing stress in upper portion of ab=-
domen., No intrathoracic Injury.
Died 24 hours after accident as a
result of shock. No rupture of
major internal organs was revealed
at autopsy.

Not Applicable

125




TABLE TI (Cont'd)

SURVEY OF INJURIES

. ‘ RESTRAINT
BODY DIRECTION PEAK |DURATION RATE OF ONSET APPLIED TO
[SEGMENT aQ SEC e/8€EC SEGMENT
Leg: G, 50 0.045 1300 [Effectively
none
Ref. TT
Flef. 60 | Tumbled tional Ejection ositioning
only
Ref. 60 | Tumbled Oerational EjJection Positioning
only
Arm: Tunibled Opdrational Ejection Armrest
Ref . 60
Ref. 60 | Tumbled Opqrational Ejection Armrest
*Live Five Deg- orn=fitting
Pig: ree, nose old secured
Whole up. Invert- ith straps
Body) {ed prone
posture.

Subj. 3: | 5° Nose up;| 63 9600 orm=fitting
Thorax supine old secured
* ith straps
Abdomen | 5° Nose up;| 5200 orm=fitting

* supine old secured
ith straps
Subj. 4: | 5° Nose up;] Lk 5300 orm-fitting
Thorax supine old secured
* ith straps
Abdomen | 5° Nose up;| Sk 4600 orm-fitting
* supine [ old secured
o . ith straps
*Brock, F. J., Acceleration Shock Protection Experiments Using ILive

Pigs, McDonnell Aircraft Corp., St. Louls, Missouri.
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INJURY OR COMMENT

PROVISIONS RECOMMENDEDG TO EXTEND MAN'S
TOLERANCE OR REASONING EMPLOYED iN

RECOGNITION OF INHERENT TOLERANCE

Dislocation or strain of hip joint.

Laterel restraint of thighs incorpo-
rating additional structural support
by partially encompassing greater
tronchanter.

Internal derangement, left knee.

Fixing leg and foot to seat,

Traumatic amputation lower left
leg. Expired 7 days after accident
due to pulmonary embolism.

Fixing leg and foot to seat.

Amputation of left lower arm.

Fix arm to armrest.

Iaceration both elbows.

Pix arm to ermrest.

Hemorrbagic phenomena involving
thoracic organs, primarily lungs,
apparently attributable to trauma
induced by impact against bony
prominence of thorax. Rendered
senseless on lupact.,

Broad torso restraint which prevents
deformation of the thorax and disten-
tion of the abdomen. Mechanical de~
vice to prevent upward displacement
of viscera by application sgainst ab=-
domen at walst.

Note: May be involved with inherent
physlology of pig. Some sources state
that plg cannot tolerate the supine
position with hemorrhage involving

the thorax.

e m e R e e —

Not rendered senseless.




TABIE II (Cont'd)

SURVEY OF INJURIES

BODY PEAK ODURATION RATE OF ONSET RESTRA":;
APPLIED
SEGMENT DIREGTION L: ] 8EC 8/8EC SEGMENT
Black G, 27.7 045 Full harness
Bear Noj with inverted
3, Males V leg straps
Age 2
Wt. 127#
Ref. 17
Whole Left side | Average | Unknown| From 6th floor. Fell No restraint;
_Woman: | and back 140 55¢ onto firmly packed free fall
earth. Deceleration
Age L2 distance 4. Velocity at
Ht, 5'2" contact was 541 /sec
Wte 1254
Whole Head=first;] Unknown | Unknown| From 7th floor. Fell No restraint;
Woman: | contact 66' onto a wooden roof. free fall
shoulder Velocity at contact
Age 27 | and back €01 /sec
Ht. 5'3"
Wt. 120#
Ref. 19
Whole May Supine Excess | Unknown|From lith floor. Fell |[No restraint;
position of 121' onto roof. Right free fall
Ref. 19 200 arn struck beam and
stopped abruptly. Torso
continued in movement.
T—
Whole Face down~ | Unkmown | Unknown|From 8th floor. Fell No restraint;
Woman: |[ward T2' onto fence face free fall
downward; velocity at
Age 36 contact 65'/sec
Ht. S5t4"
Wt. 115#
Ref. 19




INJURY OR COMMENT

PROVISIONS RECOMMENDED TO EXTEND MAN'S
TOLERANCE OR REASONING EMPLOYED IN
RECOGNITION OF INHERENT TOLERANCE

Hemorrhage and edema in the gluteus
medius and surrounding muscles
assoclated with the trochanter
major of the left femur.

Contour seat, tight application of
restraint.

No evidence of material injurles or
shock. No blood in cerebrospinal
fluid. No red cells in the urine.
No loss of consclousness or abdomi=-
nal tendermess.

o e ——

Not Applicable

Scalp lacerated (oceiput) no evi-
dence of other head Injuries.
Abrasions over dorssel portion of
spine. Oblique Intra-articular
fracture of the 6th cervical
vertebra, Some gpasticity of the
abdominal muscles on right side.
Urinalysis ylelded normal results.
Evidence of mild shock.

Not Applicable

Walked away from spot where he land-
ed. Tearing actlon In the shoulder
area, Other Injuries, Death attri-
buted to severanhce of brachial
arteries, hemorrhage eand shock. No
head injury or loss of comsciousness

Not Applicable

Neo evidence of material injury.

Not Applicable




PABLE IT (Cont'd)

SURVEY (F INJURIES

130

. RESTRAINT
BOOY olREcTION | PEAK [OURATION RATE OF ONSET APPLIED TO
SEGMENT 8 8EC a/8EC SEGMENT
cPM‘
Ref. 79 1Gy 30 0.118 1,000 Triangular
shape nylon-
Whnle Run 185 tting
Body: &8
Whole Ky 47 0.140 1,168 Triangular
Body: shape nylon-
Fun 186 tting
88
Whole Gy ko 1,000
Body:
Run 83
Whole Gy 35 2,000 Chest belt
Body: land lap belt
Run 170
Whole 4Gy, 30 1,000 3" webbing
Body: ed like
chute '
B8
Black 'Gy 25 0.2h Std. USAF
Bear Neo. estraint
1, Male: 88 with
- inverted V
Age 2 leg straps
Wt. 143#
Ref, 17




INJURY OR COMMENT

PROVISIONS RECOMMENOED TO EXTEND MAN'S
TOLERANCE OR REASCNING EMPLOYED IN
RECOGNITION OF INHERENT YOLERANCE

No injuries.
No muscle soreness.

Pale, trembling, helpless and in
shock. Two lacerstions into the
skin of shoulders. He remained
lethargic and prostrated for an
hour.

Tight application of torso restraint
device to prevent dynamlc response
within restraint harness and alsc te
prevent rebound. Restralnt of head to
prevent dynamic response of the head
and possible whip-lash injury to neck
and shock, The latter by reducticn of
hemodynamic pressure.

e

Stunned. No evidence of injuries
other than the disoriented comsatose
immediately after deceleration.

Broad distribution of force over hesad
and shock adsorption.

No Injuries.

Hemorrhage in and about tunica
adventitia of both phrenic arteries
and veins, Displacement of the
diaphragm upward by abdominal
viscera. Tearing of soft tissues
about and involving the vessel
walls with resulting hemorrhage.
Minimal and entirely reversible
lesions.

Broad torsion restraint which prevents
deformation of abdomen and thorax.
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TABLE II (Cont'd)

SURVEY OF INJURIES

132

RESTRAINT
Bo00Y DIRECTION PEAK |DURATION RATE OF ONSET APPLIED TO
SEGMENT L) BEG 8/8EC SEGMENT
Bear No. with inverted
2, Male: V leg straps
Age 2
Wt. 137#
Ref. 17
Head: Gy 83+ | 0.04 3,800 Flat rigid
plate covered
by L/2" ¢
Ref, 8 Y / o1t
Ref., 48 |Tumbled 64~35 | 0.120 700 None
Ref. T7 Gy 45+ | 0.0LL 500 Lap belt,
shoulder
harness with
chest strap.
Helmet (Std.
USAF Lis).
Ref. 60 |Tumbled Opgrational Ejection Helmet and
positioning
Ref. 60 |Tumbled Opgrational Ejection [Helmet and
positioning
Torsos 16 83 0,045 3,800 Rigid steel
pPlate covered
Ref. 8 1/2" felt
Ref, 48 G, 50 0.045 1,300 ﬁﬂone




INJURY OR COMMENT

PROVISIONS RECOMMENOED TO EXTEND MAN'S
TOLERANGE OR REASONING EMPLOYED IN
RECOGNITION OF INMERENT TOLERANCE

Capsular tears and hemorrhages
dorsal portion, and small multiple
subcapsular hemorrhages ventral
portion right lobe, liver,
Heworrhages, psoas muscles, bl-
lateral second and third lumbar
vertebrae levels. Fracture, over-
riding second caudal vertebra.
Hemorrhage and edemwa, bilateral
subcutis and skeletal wmuscles at
lunbar vertebrae 1, and 2 level,

Visceral restraint by interruption
at the walst and full encapsulation.

Trensitory unconsciocusness. Neck
pain.

Distribution of force over whole skull
surface. (Beeding-Daisy decelerator,)

Subconjuntival hemorrhages, face
swollen, blue; deep circulator
shock; blood behind tympanic mem-
branes. Concussion (mild). (Head
covered by helmet.)

Head restrained over broad surface
area, restrained in all directions.

Broad application of restraining
Fixed restraint to prevent head whip.

Retinal hemorrhage. Mild shock.

Head restraint to prevent, head-whip
and resulting increase in blood pressure
in the head. Broad application of
restraint support.

Surface wounds, head.

Head support device should follow head
movement .,

Bilateral subscleral hemorrhage
and hemorrhage, purpura.

Face shleld or escape capsule.

Postulate minor hemorrhage in
abdomen based on RBC in urine,

Encapsulation of torso to maintain
normal shape and reduce visceral and
organ displacements.

Bruiges under arm and groin.
Stomach dlstended Indicated high
force application, probably by lap
belt. Intra-abdominal and retro-
peritoneal hemorrhages. Liver
devage Indicated by Jaundice,
Intestinal tearing.

Same as above. Reorientation of re=-
stralnt forces over wide areas with
low specific load, Attachment achieved
wilthout concentration of force.
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TABLE II {Cont'd)
SURVEY OF INJURIES

RESTRAINTY

BODY pirecTion | PEAK |DURATION RATE OF ONSET APPLIED TO
SEOMENT 6 SEC 8/8EC SEGMENT
Whole Uperational Ejection 5td. USAF

Body: (50Q = 580 knots I.S.A.) harness and
positioni

Ref. 60 e
Ref. 60 (perational. Ejection Std. USAF

(500 knots I.S.A.) barness and

positioning
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PROVISIONS RECOMMENDED TO EXTEND MAN'S
INJURY OR COMMENT TOLERANCE OR REASONING EMPLOYED IN
RECOGNITION OF INHERENT TOLERANCE

Compression fractures, lower Automatic positioning of body in
thoracic (1 vert.) and upper lumbar | proper vertebral alignment.
vertebree (2 vert.), caused by
ejection force when body improperly

posltioned.

Sub-conjunctivel and intra-ocular Wind screen or capsule, sutomatic body
hemorrhage. Hepatic laceration. positioning, broad support. Head
Cerebral concussion caused by de- restraint.

celeration due to resistance of

air.
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Place a ruler over the proper height and weight. Read off the surface area at the
point the ruler erosses the middle line.

FIGURE 41 ESTIMATION OF SURFACE AREA OF THE BODY
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APPENDIX II
A CONCEPT FOR
ESTIMATING LIMIT HUMAN TOLERANCE
TO IMPACT ACCELERATION

A, B. Thompseon

Acceleration, being a critical parameter in aircraft long before
these deys of menned space flight, 1s probably one of the most researched
and yet one of the least exactly defined stresses on men with which design
engineers must contend. Confuslon has existed among mwany crew station de-
signers even as to the terminology for acceleration and its resulting in-
ertial effect, G. A signlificant step toward alleviating this commmnica~-
tion problem between the medical and engineering doctrines was the accept-
ance by the Acceleration Committee, Panel of Aerospace Medicine, AGARD,
NATO, and the Life Sciences Committee of the Aerospace Medical Assoclation
of & common Table of Equivalent Acceleration Terminologies (Al). Recently
mathematical technigues and specialized electronic anslog computers have
been developed by Payne (A2, A3) and others whereby restraint system dynamic
performance, including man's mechanicel response to impact acceleration,
cen be predicted prier to actual system fabrication. Lacking, however, is
a relisble method to predict an individual's physiologicel tolerence limit
to the impact force.

The results of acceleration acting on the human have been expressed
in terms of such varied paremeters as the megnitude of the acceleratiom,
its duration, its direction relative to the axes of the body, the delta
change of veloclty of the body mess, the rate of onset of the acceleration,
the onset time, etc. Which variables are dependent and which are independ-
ent, and have all independent variables been consldered? There has been a
relatively large amount of literature published concerning man's tolerance
to rapldly applied accelerative stresses, but few useful quantitative values
bave been esteblished. This is a common fault in many areas of biologlcal
experimentation when the human is the object of study. The recorded data
bave many discrepancies because of inherent individual differences in the
subjects used. Thus, when the basic individual differences are combined
with the variations in the experimental techniques, the results become
rather dilfficult to interpret and/or correlate with any degree of confi-
dence.

Most authorities agree that if the duration of the acceleration is
sufficlently short, the human body should be considered purely from its
structural strength aspect because virtuaslly no relative fluid shift takes
place. The tissues of the body yleld largely to structural. damege or fail-
ure as & result of the application of mechanical forece, reacting like inert
materials under conditions of wechanical stress. The location of internal
injuries does not necessarily bear a direct relationship to the location of
application of the force. Some of the injuries may result from the "plastic"
internal ergans and particular fluid elements. It is known,too,that when the
whole body is subjected to rapidly applied accelerations the internal organs
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relative to the fixed bony structure become mobile and cause shearing
stresses (Ahk). The viscoelastic properties of tissues also play a part in
determining the total effect. When reversible limits of these properties
have been exceeded, structural fallure occurs and injury or death may re-
sult,

Most experimental work in the field of acceleration has been record-
ed as peak G tolerated versus time. Figure 42 is a plot of major experiment-
al findings for the transverse anterior=posterior and posterior-anterior
orientation of G force over a large time spectrum (source references A5
through Al19). The date above 2.0 seconds in time is from centrifuge studies,
from .1 second to 1.0 second 1s from high-speed sleds, .03 second to .1
second is from short-track impact facllities, and below .03 seconds from
drop towers and falls. Of interest in the impact region is a change of
slope of the maximum tolerance limit occurring at .07 seconds. Below this
time 1limit, it is presumed the body reacts as & rigid unit mess and struc-
tural damage and fallure 1s independent of displacement effects Iin respect
to gradients of fluid dlsplacement or deformation of tissue. By definition
then, impact acceleratlons wlll be those accelerations lasting less than
07 seconds in time,

M. Kornbauser has adapted a form of presentation (A20), used by the

U, S. Naval Ordnance Laboratory to describe inertis mechanism response, to
describe buman impact tolerance, viz., a plot of the parameter of velocity
change versus G. The hypothesis is that below a certain p\\/ no damage for
any G application will result. As decelerations in this short time of im-
pact are very nearly trlangular or sine-type pulses, the AV versus G re-
lationship =~ in order to be consistent with the data of Figure 42 =-- should
be:

2 AV versus Gpea.k

Data from tests and falls are plotted in this relationship in Figure 43.

Of interest le the change of tolerance assoclated with the .07 seconds

impact time consistent with Figure 42. Also, the 2 AV tolerance value is at
approximately 100 or a AV of 50 feet/second for & trisngular impulse. Un-
answered is the question of how high a G man can tolerate at AV's of 50
ft/sec. and below. It is known that various structural failures can occur
in wan if he impacts an unylelding surface in a fall from as low ag 5 or 6
feet. National Safely Council release on urban automoblle accidents indi-
cates that 0% of fatalitles were assoclated with speeds of less than 20 mph,
or 29.5 ft/sec, and 70% of fatalities were at speeds below 30 mph, or ik
ft/sec (A21), Tests by White, et al. (A22),on animels and extrapolated to
man give a AV impact on unylelding surface for 50% mortality of 27 ft/ sec.,
Apparently there 1le an upper limit tolerance loed even at low delta velocitiles.
From a rational analysis 1t appears that force per unit area may be the in-
dependent verlable which will define this end of the spectrum at which struce-
tural failures occur.
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White, et al. (A22), in "sharp" -rising overpressure blast tests on
animals and extrapolated to & 165-1b man, give a 50% mortality at 4555
psl. Analysis of sled tests indicates that cnset of shock occurs at
approximately 30 psi unit pressure on man; and Beeding's 82.6 G sled run gave
a value of 44.6 psi unit pressure, which was approaching irreversible damage.
Several sled tests, drop tests, and fall analyses (shown in Figure hi) are
plotted as body pressure versus time. Thus, for any given restraint system,
body=-supported area projected in the impact plane, and body welght when
subjected to the constraints of maximum unit pressure, delta velocity, and
time define a unigue humen tolerence envelope for that restraint system.
For example, the Vought high G restraint system has & theoretlical maximum
transverse peak G capability of 110 G at & AV of 50 ft/sec, 45 psi unit
pressure, and .028 second time. If the AY/ 1s held constant and the time
lengthened, the unit pressure (or G) decreases. If the unit pressure (or G)
is held constent and the impact time decreased, the AV/ is forced to de-
crease, DBased on this analysls a normal operatlng lwpact load 1n the
supine G direction (where the force per unit area is limited to 30 psl) for
the Vought system is 73.1 G at & 50 ft/sec AV . This results in an im-
pact time of .OL2 seconds. The same analytical procedure should preduce
envelopes for various restralnt systems and impact orientations. Further
tests In which these parameters are recorded are urged for validation of
this analysis.
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