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FOREWORD

This report was prepared by Carl C. Clark, Carl Blechschmidt and
Fay Gordon of the Life Sciences and Structures Departments, Space
Systems Division of the Martin Company. It presents'the testing and
analytical results of the Pilot Compartment Airbag Restraint System.

- This program was conducted in partial fulfillment of the National
Aeronautics and Space Administration Contract Number NASw-877 and
under the technical direction of Mr, John M. Fuscoe, Biotechnology

/ Branch (Code RBB) of the Office of Advanced Research and Technology,
NASA Headquarters.

- A report covering the work under Amendments Nos. 1 and 2 will be
- presented at a later date.
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SUMMARY

[l

| Manned impact tests of airbag restraint systems in a preliminary ex-

perimentation box, a spacecraft simulator, and a passenger airplane
simulator have been carried out to show the feasibility of such active
elastic restraint systems, in which restoring forces can be varied by
varying bag pressures to ensure the prevention of ''bottoming.' | These

systems can isolate from high frequency (above 5 cps) vibration and im-
pact loads, transm1tt1ng less than 50%, and often less than 25%, of the
loads on the ''vehicle.'" Rebound effects occur at a low enough frequency
(near 3 cps) that they are physiologically acceptable, without any bag
pressure dumping or valving. |

A total of 57 experimental impact tests were carried out in the space-
craft simulator with manned impact tests up to impact velocities of 9. 8
m/sec (32 ft/se¢). The impact vehicle was a container about 1.8 m
(6 ft) in diameter and 3.7 m (12 ft) long. The subject lies in the vehicle
parallel to its longitudinal axis and is sandwiched between 2 airbags 203
cm (80 in. ) long with alrbags above his head and below his feet 60 cm
(24 in.) and 80 cm (32 in.) long, respectively. For a vertical or level
attitude drop from 4.9 m (16 ft), maximum vehicle loads of 69 G, were

measured while the head load peaked at 21. 8 Gx’ chest load at 14. 6 Gx
and hip load at 18.0 G,. For the 45° feet-down attitude drop from 4.9 m
(16 ft) with a load of +72 G and +27 G, on the vehicle (77 G resultant),
the load on the man's head was less than 16 GX and 9 Gz, and on the chest
and hip less than g G, and 11 Gz' Maximum vehicle loads of 68 G per-

pendicular to the impact plane were measured for the 45° left-side attitude =

drop from 3.1 m (10 ft) with maximum loads of 18.7 G, head, 10.5 G,
chest, and 9.3 Gx hip measured on the subject. The maximum calculated

deflection for any of the above drops did not exceed 24 in. Impact tests
were also conducted using the restrained anthropomorphic dummy at the
maximum drop height capability of the overhead crane, 8.6 m (28 ft).

The measured acceleratlons were high but physmloglcally acceptable in

an emergency. Techniéal film report No. 823 summarizes the entire
test program.

| Analog simulation of the airbag restraint systern duplicated the ex-
perimental vertical drops and allowed predictions beyond the experimental
effort. The experimental system as represented on the analog has a -
resonant frequency of 2.05 cps with a transmissibility of 4.8 at resonance.
- This system will attenuate all frequencies above 3 cps. The ana.log S
- model permitted solution of typical launch and re-entry as well as 1m- :
~pact loads, 4 , R o S |
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«l Indications from both the experimental program and the analog pro-
gram are that the airbag-type restraint system would provide excellent
isolation from spacecraft landing impacts and launch and re-entry vibra-
tions with the astronaut in any attitude. This spacecraft restraint study
also led to the development of an active elastic airbag restraint system
for aircraft passenger protection. Information on this testing program
will be presented in a later report covering the effort under addendum

to NASA contract NASw 8717. | . MVZ%/V
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CONCLUSIONS

(1) A single-subject ""pilot compartment airbag restraint system'' has

. been built and tested to demonstrate the excellent vibration and impact

load isolation characteristics of such a restraint. Indeed, the isolation
is so good that the airbag design is viewed as representing a significant
new approach in restraint development, predicted by others (as docu-
mented in the report) but, here, experimentally demonstrated by dum-
my, manned and analog computer tests, It is recommended that this
restraint be further developed for use in spacecraft, aircraft and auto-
mobiles, both for its load isolation aspects and for its potentially light
weight and ease of stowage when not in use. :

(2) The previous view that rebound in the elastic restraint must be
eliminated, by a pressure-dumping blow-out valve for example, has
been shown to be wrong, With good restraint during rebound, motion
at a physiologically well-accepted frequency of two or three cycles per
-second, and amplitudes well within tolerance levels because of the re-
straint load isolation properties, the very brief rebound events are
physiologically and subjectively well accepted. The crash is experi-
enced as a slight ripple loading rather than a single event. Leaving
the restraint inflated allows it to protect against subsequent impacts,
from whatever direction, retaining its isolation capabilities. Note that
deformable solids, such as honeycomb, lose much of their load isola-
tion capabilities after an initial impact,

(3) With resonance frequencies near two or three cycles per second,
airbag restraint systems provide good vibration isolation for vehicle
frequencies above five cycles per second, (Figure 64 of this report
shows no five cycles per second load isolation, but further analysis
shows that +3 G at 10 cps of the vehicle would be reduced to £0. 15 G
-at the crew by the restraint.). It is noted that rocket vehicle structural
and aerodynamic vibration frequencies are generally above five cycles
per second, '

(4) "Bottoming' of restraints onto less yielding structures must be
prevented to avoid potential load amplification rather than isolation.
Whereas rigid restraints cannot provide load isolation, they also avoid

this potential bottoming load amplification hazard. At a certain increas-

ing impact load level, passive elastic restraint systems, such as cush-
ions, will bottom, and if these large loads are possible (as in aircraft

“ejection seats) use of a rigid restraint (seat) is advised over the use of :

the passive elastic restraint (cushion), at the expense of losing-the -
comfort of the load isolation of the passive elastic restraint for all
loads in which it does not bottom.

On the other hand, with airbag restraint systems, which we call ac-
tive elastic restraint systems because of the ease of changing their
- properties, bag pressure can be adjusted to ensure that bottoming will

'ER 13551
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not occur for the anticipated impact load (or measured approach ve-
locity). Indeed, by inserting restraining straps through the bags, the
pressure can be increased without volume expansion to make the airbag
system essentially rigid, if an extreme load is to be experienced, Hence,
dirbag restraint systems provide the advantage of load isolation of elas-

- tic systems for moderate loads yet with adjusted pressure can avoid the

hazard of bottoming and potential load amplification for extreme loads.
In this program of 57 impacts, '"bottoming'' loads did not occur with hu-
man subjects but occurred five times with the dummy, twice when the
dummy slid to the side between the bags prior to a side impact (Runs
48 and 51) and three times when pressure was too low for the severe
impact (Runs 54, 55 and 57), the last two of which were at the impact
velocity of 42 feet per second. Note, however, that in all five of the
"bottoming' cases, the loads on the dummy were less than those on the
vehicle,

(5) Airbag restraints provide load isolation by an allowed motion of the
subject with respect to the vehicle, This amplitude of motion depends
on the applied impact velocity (t), the mass of the subject or subjects
(1), the subject surface area (), the bag absolute pressure (}), bag
wall stretchability (1), and bag volume (). Some of these functions,
trending up or down as indicated by the arrows, have only briefly been
analyzed in this report; a more complete analysis will appear in the
final report on the addendum to this contract, particularly concerning
the airline passenger airstop restraint, Experimentally, it is possible
to decelerate a subject at less than 20 G for an impact velocity of 32 feet
per second by a simple anterior and posterior latex bag restraint pres-
surized to just a few inches of water pressure above atmospheric pres-
sure with a stopping distance of less than two feet., From theoretical
analysis, the motion of the subject with respect to the vehicle is max-
imum for an instantaneous stopping of the vehicle, and is decreased as
the vehicle stopping distance is increased., Under conditions in which a
reduced ''stopping disiance" is available of allowed motion of the subject
with respect to the vehicle before he "bottoms'" on more rigid structure,
increased bag pressure would be required for this simple restraint de-
8ign to produce the required increased deceleration to stop the subject
in the shorter distance.

(6) In the addendum part of the contract, to be reported shortly, rub-

- berized nylon, vinyl chloride, and mylar bags have been examined in

addition to latex bags of differing wall thicknesses, Materials studies

can significantly affect the weight of a finally selected operational re-

straint system, but it is felt that the general acceleration isolation capa-

‘bilities of airbag restraints can be shown with these few materials. We

feel that it is important first to demonstrate these general capabilities

~for the particular conditions of number of crew members, vehicle vol-

ume and geometry, allowable crew motions, vehicle deceleration, etc.
Then, after a decision to perfect an airbag system for a particular op-

~ erational gituation, a materials selection study would be highly desirable.
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I, INTRODUCTION

In designing and testing human restraint systems, the claSsica_.l jap-
1, Eli Beedingz, Ellis Taylor'3

Neville Clarke5, Martin Webb6, Flanagan Gray6, Carter Collins6, and
others has been to determine the human tolerance limits in the particular
restraint, with attempts to modify the restraint to allow the human to
tolerate higher and higher acceleration, particularly by limiting 'body

proach of John Paul Stapp , John Swearingen4,

distortion’." For low frequency or steady accelerations, this is the
necessary approach, for the human must either accept the acceleration
of the vehicle or be left behind by it. But for accelerations approaching
1 cps or above, we are exploring an alternative approach of designing the
human restraint system to isolate the human from these high frequency
accelerations of the vehicle, by allowing the human to move in a control-
led way with respect to the vehicle. In previous work, passive elastic
or loose restraints have been mistrusted in restraint systems because
of the ""acceleration overshoot" or '""bottoming effect' experienced by the
human when reaching elastic or displacement limits of the component,
and because of concern for rebound or "backlash' effects. Recent work
has emphasized increasingly rigid restraint systems with, at best, a
passive mechanical load limiter external to the man-rigid couch re-
straint.system. Our work is exploring the concept based on the use of
pressurized airbags about the human to form an active elastic restraint

- system having elastic properties that can be varied to ensure that bot-
toming will not occur for the acceleration event of concern, and to pro-
vide high frequency acceleration isolation. - We wish to be isolated from

rather than simply tolerate vibration and impact loads.

Airbags have been used previously to limit vehicle impact loads, includ-

ing: ‘those to recover Mace missiles fired for training8 (Fig. 1); the mat
landing system used with an arresting wire and airplane hook for minimum

length 1anding9 (Fig. 2); the bags used under the Mercury vehicleslo,
~ filled by lowering the heat shield from the capsule prior to landing; those

under the B-58 escape capsulell; and those of theoretical studieslz’ 13.
Inflated components in tested human restraint systems include the Goodyear

airmat restraintl4 (Fig. 3), which used a high enough pressure to be
essentially rigid during operation, and the low pressure fit-adjustment
bags used in the Vykukal-Ames (Fig. 4) restraint system1 5, Proposed
human restraints involving airbags include the ''freedom-restraint con-
cept (Fig. 5) of Douglasla, with bags inflated around ai_lap shelf which

Al Mayo says17 he did try in a crash,s»imuklat‘ion test, and the "caterpillar

,':r"'estraint’f (Fig. 6) ydesign-of :Ling-Témco*Voughtlg; ‘involving a series




of inflatable fabric bags supported by semi-circular metal formers,
which was considered and rejected for development. Since doing most
of the work described in this report, we have heard of airbag designs
for airplane passenger restraint by Assen Jordanoff* (Figs. 7 and 8)

and for an automobile passenger restraint by General Motorslg, but
have not located written reports. Apparently the development work on
these systems did not include manned crash simulation tests,

A number of paL’cents20 (Fig. 9) involving airbag restraints have been
located, but these also apparently did not involve human crash tests.

[

*Jordanoff, Assen: From personal communications, Mr. Jordanoff's
airbag conception and first model was in 1953 (Fig. 7). A demonstra-
tion and paper, ''"Passenger Crash Protection Device, "' was presented
at the 8th Annual International Air Safety Seminar of the Flight Safety

. Foundation, Palm Beach, Florida, December 1956, An improved pro-
tection device was made with the U.S. Rubber Company in February,
1957 (Fig. 8). This was demonstrated by running on foot into walls,
but not tested in crash simulation, ' | . S |

' 4_ ,, .",. ;L,;,‘,,J;;L ‘_E,;R 1,35}5,1, FA— A ;;' o | DI - A S y



II., PILOT COMPARTMENT AIRBAG RESTRAINT PROGRAM

A, IMPACT TESTS

1. Physical Setup

The impact vehicle, shown diagramatically in Fig, 11, was fabri-
cated from a surplus Mace warhead section shipping container about
1.8 m (6 ft) in diameter and 3.7 m (12 ft) long (Figs. 12 and 13). Mod-
ification consisted of: reinforcements in the areas of high stress load-
ings; addition of 45° feet-down (Fig. 14) and 45° left-side (Fig, 15) im-
pact skids; addition of lifting lugs and adJustable three point sling for
pickup and attitude control (Fig. 13); provision for ingress-egress by
two doors [one located near the head of the subject on the subject's
right side, the other near the feet on the subject's left side (Fig. 16)];
and providing ports for pressurizing and evacuating the airbags. The
subject lies in the vehicle parallel to its longitudinal axis (Fig. 16),
supported on a semi-cylindrical lower latex airbag (Fig. 17), 203 cm
(80 in,) long and covered by a semi-cylindrical upper bag. Above his
head and below his feet are head and foot cylindrical bags 60 cm (24 in.,)
and 80 cm (32 in.) long, respectively. This provides for dlsplacements
of 76 cm (30 in,) in any test direction before '"bottoming.' Emergency
"bottoming'' protection was provided by an additional 12.7 cm (5 in.) of
polyurethane foam and felt secured to the inside bottom and foot end of
the container. Lacing ties were provided around the internal periphery
for attachmg the airbags, Provisions were made for two types of ''body
stiffening, "' one a plywood board 71 x 175 cm (28 x 69 in,) laced to the
lower bags, and the other a '"body bag' (Fig. 18) in which the subject
zippers himself and which is inflatable to a higher pressure than the
surrounding bags. This body bag is a multiple walled inflatable gtruc-
ture allowing the outer wall to be pressurized to a pressure higher than
the surrounding bags, while the inner walled low pressure bag allows
comfort and universal fit. In a spacecraft utilization, the body bag
functions would be provided by a pressure suit. - Hoisting and dropping
was accomplished with a 25, 000-1b rated, servo actuated quick release
hook attached to a 54on manned overhead cab crane. The impacting
surface for all conditions was an 18-in. bed of bank grade sand with a
high concentration of clay and gravel except for the 45° feet-down atti-
tude test where a 2, 54-cm (1-in.) thick steel plate was placed 12. 7 cm
(5 in, ) -below the surface (for increased vehicle loadmg)

‘2. Instrumentation

Vehicle and airbag. The mstrumentatmn schematm of Fig. 19 shows
the basic setup used. Vehicle accelerations were measured using two

~ types of transducers, Endevco Model 2235 and Statham Model A5A,

These accelerometers were oriented for measurement in the G,, G y and
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Gz (Fig. 20) axes, depending on the impact attitude of concern, and were

located on the base structure of the vehicle near the point of impact

(Fig. 21). The output from these accelerometers was amplified by Dyna-
Monitor Model 2702B for the Endevco accelerometers and ''Bridge

Balance Units' for the Statham accelerometers. The amplified accelerom-
eter output was recorded on a CEC direct writing oscillograph (Fig. 13).
All airbags were instrumented with CEC Model 4-312-5 psid pressure
pickups shock mounted in the pressurizing ports of the vehicle, The

output from these transducers was conditioned by '"Bridge Balance Units"
and recorded on a CEC direct writing oscillograph. '

Subject or anthropomorphic dummy accelerations., Subject instru-
mentation consisted of Statham F-50-300 accelerometers mounted
generally on the head, chest and hip for measurement of Gx’ Gy and Gz

accelerations (Fig., 22). Dummy instrumentation consisted of Statham
AbBA accelerometers mounted in the head, chest and pelvic cavities, for
measurement of Gx," Gy and GZ accelerations. The output from these

accelerometers was amplified through a "Systems D" carrier amplifier
and recorded on a CEC direct writing oscillograph. A manual marker
was employed to synchronize the two oscillographs.

Physiological parameters. Physiological monitoring, in addition to
communications, consisted of the electrocardiograph using standard
limb electrodes taped to the right and left sides of the chest (Fig. 22)
and body temperature recordings with the temperature sensor affixed
- to the axillary region where temperature approximates that of the core,
The ECG was recorded both by hardware (Sanborn Model 150-1600 ECG
preamplifier and recorder) and telemetry (Telemedics RKG100) techniques.
The body temperature was monitored with a telethermometer (Yellow
Springs Instrument) and also recorded on the Sanborn Model 150 re-
corder using a Model 760-50 temperature bridge with a Model 150-1100
carrier preamplifier. .

| Tape recordings were made of all subject-test monitor conversations
and subjective remarks.

3. EXperimental Procedure

Before placing the test subject in the container, all physiological

- sensors were affixed (ECG and body temperature) (Fig. 22) and ac-
celerometers secured to the head, chest (Fig. 22) and hip. Communica-
tions and recording were checked out as well as the ventilation-breathing
‘air supply. A vacuum pump was attached to the upper airbag to evacuate
the bag against the upper wall of the container to provide an open access
area. The lower airbag was partially filled with air to support the sub-
‘ject, The subject was then positioned on the lower airbag, either on
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the support board (Fig. 16), in the body bag (Fig. 18), or without any
support depending on the condition to be tested. Instrumentation leads
from the subject were then connected to the recording equipment. The
upper airbag was then partially pressurized and final checks made on

the status of the subject and airbag installation. The two doors were
then locked in place and the airbags were pressurized to the testing pres-
sure. The automatic release mechanism was secured to the overhead
crane hook and then attached to the test vehicle pickup sling. The test
vehicle was then raised to the test drop height (Figs. 23, 24 and 25),
instrumentation was checked and recording started, f1na1 subjective
check was made, and release effected (Figs. 26, 27 and 28). Immediately
after impact, subjective comments were sohc:.ted and recorded.

4, Discussion and Results

The magnitude of the elastic restraint problem can be discerned by
using two equations. For sinusoidal vibrations of frequency, f, in
cycles per second and peak acceleration, a, in g units, the double amplitude
of displacement, d, in centimeters is given by

d=2ag/4n2t% =50 a/f?. ()

The goal of the elastic restraint is to allow the body to stay still
(i. e. , move along the mean vehicle flight path) while the vehicle vibrates
.about it. This ""decoupling'' from the vehicle vibration will require an
allowable distance of body motion with respect to the vehicle of rather -
more than d, since it is difficult to attain perfect decoupling, and "bot-
toming'" at the end of the elastic restraint stroke must be avoided.

For impacts of velocity, v, imposing a tolerable load, a, on the body,
the stopping distance, d, of the body is given by

d=v?/2 ag. . (@

To the extent that the vehicle stops other than instantaneously, the
body motion with respect to the vehicle would be decreased. A practical
system does not provide a square wave restoring load, a circumstance
reducing concern for onset rates of change of acceleration. For a haversine
restoring load of the same peak acceleration and period as the square
Wave, a stopping_ dlstance twice as great as that for the square wave load
case is requlred : :

Consider a vehlcle with a pos31b'1e vibration during launch or re-
entry of +5 g at 10 cps and a parachute 1and1ng 1mpact onto rock at
1000 cm/sec (400 in. /sec) From Eq (1) |

_,50(5)/10 = 2. 5cm(1m) | i | ‘,(3)
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From Eq (2), for a 20-g landing,
d = 10002/2 (20)(980) = 26 cm (10 in.) . (4)

For the more typical haversine deceleration, 2d = 52 cm (20 in, ), It
can be seen that for this vehicle, the landing sets the more severe re-
quirement for body motion with respect to the vehicle.

Preliminary work on the alrbag restraint system was carried out
as a Martin-funded program, using a 56- x 86- x 214-cm (22- x 34- x
84-in. ) wooden box containing two full length latex bags between which
the subject lay (Fig. 10), with a clearance from the "vehicle" bottom
of about 18 cm (7 in.). Respiration was maintained through an opening
in the upper bag and box cover. Vibrations were applied in the range
from 5 to 2000 cps using a C-25H electrodynamic shaker. At all fre-
quencies studied, the acceleration on the man was less than that on the
vehicle; for example, with 8.9 cm (3. 5 in.) of water pressure in the
lower bag, a vehicle acceleration of 1 +3 G at 11 cps became 1 0. 4 G

at the subject's hip. The resonance frequency of the man-airbag system
" should be lower than any significant amplitude vehicle vibration fre-
quency in order to provide vibration isolation., Low bag pressures pro-
vided such isolatmn. In the fl1ght situation, a lower bag pressure in-
creased through a "G-valve' in proportion to the ""steady state" accelera-
tion of launch or re-entry mlght be required to maintain body position
with respect to instruments; it is not necessarily low pressure but a
fairly flat force versus displacement curve for oscillations about the
steady-state force that is required for vibration isolation.

The box ''vehicle' was impacted into sand from heights up to 1.5 m
(5 ft). With the limited stroke available in this system, it was considered
.safer to eliminate body bending by having the subject on a 3-cm thick
sand mattress (for contouring) on a 2-cm thick 640~ x 1400-cm (25- x 55-in;)
area plywood ''back-board" on top of the lower airbag. At the start of
this work, it was considered important to eliminate rebound, by abruptly
dropping the pressure of the lower bag at its maximum stroke. In the
developed system, a 30-cm (12-in.) diameter port was opened into the
lower bag when a shear pin yielded at a lower bag overpressure of 38 cm
(15 in.) of water. With this system, with initial lower bag pressure of |
25 cm (10 in, ) of water and upper bag pressure of 15 cm (6 in.) of water,
a 1. 5-m (5-ft) drop, giving an impact velocity of 5. 5 m/sec (17.9 ft/sec)
and an impact load of 440 G on the structure, gave a load on the man's

, head of 16 7 G ‘and a load on his hip of 13. 2 G Subjectively, this im-
| pact Wa,s quite acceptable, without any headache or other sequela.,

b The procedure of dropplng bag pressure to reduce rebound, of course,
a releases the restralnt--an undes1rab1e procedure in the Operatmnal




situation in which multiple impact loads and tumbling may occur. Hence,
several impacts were made without releasing pressure. Rebounds oc-
curred, but with successive cycle peaks attenuated about 50% and at a
frequency below 5 cps; subjectively, these impacts were also quite accep-
table; however, the concern for ""bottoming'' or acceleration overshoot

at stroke limits of the elastic system must remain, The desirable sys-
tem was therefore identified as an airbag restraint supporting the subject
in all directions and remaining inflated throughout impact. Bottoming
would be prevented either by using a high enough bag pressure required
for the measured velocity prior to impact or preferably by having avail-
able a long enough stroke at the lower bag pressure. For bag pressures
above 25 cm (10 in.) of water, the body, for comfort, would have to be iso-
lated within a limited compression shell such as an inflated pressure suit.

Table 1 (pg 71) summarizes the 57 experimental impact tests conducted
on the Pilot Compartment Airbag Restraint System under NASA Contract
NASw-877. Fourteen of these tests were manned, the remaining being
conducted with a 95th percentile anthropomorphic dummy. Figures 29
through 40 present the time-history accelerations for the primary manned
impact test and a portion of the anthropomorphic dummy impact tests for
comparison purposes. Figures 47 through 53 present a graphical sum-
mary of the body accelerations versus impact velocity for the three types
of drops (level, 45° feet down, and 45° left side). Figures 54 through
56 present a graphical summary of body accelerations versus initial bag
pressures at various impact velocities for the anthropomorphic dummy
impact tests.

For the vertical or level attitude drop (with the subject on the back-
board) from 4.9 m (16 ft) giving an impact velocity of 9. 8 m/sec (32
ft/sec) (Fig. 32), maximum vehicle loads of 69 G, were measured with

the vehicle sinking into the stony sand about 15 cm (6 in.) (Fig. 21).
With an average pressure in the bags of 7.6 cm (3 in. ) of water before
drop, the head load peaked at 21. 8 Gx’ chest load at 14. 6 Gx’ and hip

load at 18.0 G, with rapidly' damping (approximately 50% attenuation

per cycle) rebounds at about 3 cps. Double integration of the hip acceler-
ation curve gives a computed displacement of 50 cm (19.7 in, ) (x direc-
tion). o e '

- For the 45° feet-down attitude drop from 4.9 m (16 ft), the subject was |
inside the body bag, pressurized to 25 cm (10 in. ) of water. This gave
an impact velocity of 9. 8 m/sec (32 ft/sec) (Fig. 35). Maximum vehicle

loads of 72 G, were measured at initial impact at a 45° angle (Fig. 27)

ﬁ an;d 17 G at secondary head-end slap-down (Fig. 35). With an average

prfes_sure in the bags of 7.6 cm (3 in.) of water before the drop, the head
load peaked at 16. 5 Gx’ chest load at 9. 4 GX and hip load at 7. 4 Gx‘

Double integration of the hip acceleration curve gives a computed diS.f '
placement of 58 cm (22. 8 in.) (x direction) and 43 cm (16.9 in.) (z |

~direction),




For the 45° left-side attitude drop from 3.1 m (10 ft), the subject
was inside the body bag, pressurized to 25 cm (10 in,) of water. This
drop gave an impact velocity of 7.6 m/sec (25 ft/sec) (Fig, 36). Maxi-
mum vehicle loads of 68 G perpendicular to the impact plane were
measured (Fig. 28). With an average pressure in the bags of 15 cm
(6 in,) of water before the drop, the head load peaked at 18,7 G, chest

load at 10.5 G_, and hip load at 9. 3 G,. Double integration of the chest

acceleration gives a computed displacement of 37 cm (14, 6 in.) (x di-
rection) and 61 cm (24.0 in.) (y direction).

The 45° left-side drop from 4.9 m (16 ft) was conducted only with
the anthropomorphic dummy since door failure and increasing vehicle
strain (Figs. 41, 42, 43, 44, 45) made satety of manned drops from
this height less certain in the damaged vehicle. Moreover, body posi-
tion within the bags must be determined with care; in runs 48 and 51
the dummy was found on post-run examination to have slid far to the
left, and bottoming did occur. A manned drop was carried off from
3.1 m (10 ft) giving an impact velocity of 7.6 m/sec (25 ft/sec). Before
drop, care was taken to ensure a central position within the bag by hav-
ing the subject observe marks on the upper airbag centerline,

It is emphasized that frequency components higher than the 3 cps
resonant frequency are observed on the acceleration traces (Figs, 32
and 34) particularly with the backboard system, suggesting some body
slap against the backboard, Three impact tests were conducted with-
out any form of body stiffening at impact velocities up to 5.5 m/sec
(17.9 ft/sec) with accelerometers on the chest, hip and knee of the sub-
ject. Table 1, runs 33, 34 and 35 and Fig. 30 show that very little body
buckling was present so that further improvements of the restraint to
remove the higher frequency components might reduce the body loads
to about half these peak values without significantly increasing body
displacement.. : ‘

For control during the ‘period of restraint, it was found that the zip-

per closure of the body bag is such that there is a mid-line gap several
inches wide from the head down, allowing some arm motion and com~-
plete wrist motion as in operating controls, In an operational system
used with a pressure suit, such lacunae for controllers could be easily
provided (see Figs. 66 and 67). Preliminary work has been done with
a transparent plastic upper airbag, to allow an astronaut full view of
his displays while restrained, Switch operation on the panel is pre-
cluded while restrained, but such operations could be provided by a

stepping switch at the hand which is indexed on the panel,

| Figures 42, 43, 44 and 45 reflect some of the damage inéurred

- during impact testing., Damage to the structure and in particular to

the ingress-egress doors was determined to be serious enough to pre-

clude the pressurization and water filling tasks as originally planned,
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In no case was bag pressure dumped on impact as in previous Martin

experimental work'21 and 22 (Fig. 10), so that the system would provide
essentially full protection for successive impacts as was demonstrated
in the 45° feet-down drops where initial impact occurred at 45°, at which
point the vehicle pitched head down for the secondary impact. In all
cases, drops with an instrumented anthropomorphic dummy preceded
drops with an instrumented man, for the same conditions, using a build-
up drop series of 1,5, 3.0, and 4.9 m (5, 10, and 16 ft) for each vehicle
attitude,

Three impact tests were conducted at the maximum drop height capa-
bility of the overhead crane, 8.6 m (28 ft), These tests were conducted
using the anthropomorphic dummy in the vertical impact orientation and,
even though the measured accelerations are high (Table 1, test Nos, 55,
56 and 57) they are physiologically acceptable in an emergency situation,
Figure 40 presents the acceleration-time history of the final 8.6 m (28
ft) drop. Two tests (Nos. 55 and 57) were conducted at lower initial bag
pressures that permitted acceleration overshoot. For this drop the sub-
ject was inside the body bag but unpressurized (used only to prevent any
sliding tendencies). This gave an impact velocity of 12,8 m/sec (42 ft/
sec), Maximum vehicle loads of 101 G, were measured (Fig. 40) with

an average pressure in the bags of 64 cm (25 in.) of water before the
drop. The head load peaked at 29 Gx’ the chest load at 26. 3 "Gx’ and

the hip load at 32 Gx'

Biomedical monitoring was conducted during several of the manned
impact tests. A physician was present for all manned test operations,
The electrocardiogram obtained by telemetry (Telemedics RKG100)
during test No. 53 are shown in Fig. 46. Heart rates are tabulated in
Table 2. Note that the heart rate was maximum at the time of impact
but returned toward normal in several minutes. Body tempersztures,
monitored during all manned tests showed very little variation through-
out restraint periods exceeding 1-1/2 hr,

TABLE 2
' Heart Rate
Pilot Compartment Airbag Restraint System

Date:  6/18/64 e
Drop: No. 53--45° left side from 10 ft
Subject: C.C.C. Ay .

Time | Heart Rate

(min) o ~ (beats/min)
-35 - 90

=30 - 100
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TABLE 2 (continued)

Time Heart Rate
(min)_ (beats /min)
-8 90
-3 100
-2 100
-1 105
-0.95 105
-0.1 110
0 (impact) 115
+0.5 115
+1 95
+2 90

+2,5 e - 90

Martin-Baltimore Life Sciences Technical Film Report No. 8’23 pre-

sents the key tests of the astronaut version airbag restraint experiment-
al program. :

5. Conclusions

The impact testing results show sa’usfactory attenuation properties
at impact velocities up t6 9.8 m/sec (32 ft/sec) in vehicle attitudes of
45° feet-down and 45° roll left and in the level or 0° attitude up to 12.8
m/sec (42 ft/sec) that result in vehicle accelerations as high as 100 G.
The impacts from a height of 8.6 m (28 ft) resulting in impact velocities
of 12,8 m/sec (42 ft/sec) show the need for adjusting the bag pressure
for the accelerat1on event of concern (The anthropomorphic dummy
this occurrence.) Acceleratlon 1oads on the subject were less than 22 G
in all cases except the 8.6 m (28 ft) drop. This case demonstrated the
need for higher initial bag pressures to prevent bottoming (i.e., adjust-

~ able for the acceleration event), thereby accepting higher but physiologic-

ally acceptable accelerations on the subJect

The. rap1d1y damping rebounds at 3 cps with about 50% attenuatwn
per cycle were subjectively quite acceptable, with the most noticeable
feature being the cheek slap on the upper bag

Ind1cat1ons from the testing program are that the airbag type re-
~ straint system would provide excellent isolation from spacecraft land-
- ing impacts and launch and re -entry v1brat10ns W1th the astronaut in
- any attltude ‘ ~ , : ~ :
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B. ANALOG PROGRAM
1. Mathematical Model

Analog 31mu1at1ons24 were made for both the Airbag Restraint Sys-
tem and for the Airstop-System. The Airbag Restraint System is dis-
cussed in this report and the Airstop System analog simulation will be
discussed in a later report. The analog schematic for both systems is
shown in Fig, 57,

The Airbag Restraint System with the subject sandwiched horizontally
between an upper and lower airbag with additional airbags at his feet and
head make the detailed mathematical model very complex. However,
with a few reasonable assumptions, the model of the complex system can
be reduced to a much simpler model which gives results that compare
favorably with experimental data and allows extrapolation. The follow- .
ing assumptions were made to simplify the model of the complex sys-
tem,

(1) Consider uncoupled inputs only. (In this analysis only verti-
cal inputs were considered.)

(2) For vertical inputs the head and foot bags do not contribute
to the system except to serve as immovable surfaces for the
upper and lower bags to push against,

(3) The subject was. considered as a rigid mass., (For most of
the vertical drops the subject was lying on a backboard,
Experimental results indicated that even without the back-

_board, body buckling did not seem to be a problem.)

The Airbag Restraint System can now be represented by the follow -
ing system:

K
28 4G,

| le
Kl’, = Cy
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The equation of motion for this system can be expressed as

MXr+(Cl+C2)Xr+(K1+KZ)Xr+Fp=F(t)

or

M

— =F(t)'F1(t, Xr)'Fz(Xr)"F

where

Xy

a2 x

dt P

= X2 - Xl motion of the body mass relative to the vehicle

F (t) = the forcing function

Fy

-

M =

(t, }.(r) = the damping force
'(Xr)‘ = the spring force

mass of '"s%ubject and support board.

2. Parameters

‘a, The "forcing’ 'f'u“ﬁeﬁon--F )

‘During the study there were five separate types of inputs. These
‘were classified as:

(1)
(2)
(3)

(4)

()

Initial velocity.;

Sine wave,

Steady force plus sine wave.
Step. - |

Haversine,

(1) Initial velocity

The 1mpact loads were supplied by assigning an initial velocity to
the mass and allowing the systems oscillations to damp out. The initial
velocity supplied an impact load analogous to dropping the system from -

a specified height. These results then can be compared to the expen-r o
_ miental drops. , ’ -
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(2) Sine wave

This input was used to obtain a transmissibility curve for the non-
linear system. This input represents vibration of the system.

(3) Steady force plus sine wave

This input is shown in Fig., 58 and is an envelope of sinusoidal force
superimposed on an increasing linear force. This input represents a
simultaneous vibration and steady acceleration, such as in a spacecraft
launch or re-entry.

(4) Step

A step input was used in the process of obtaining damping of a given
value. :

(5) Haversine

This function is shown in Fig, 58 and is a 240 sec, 10-g max pulse
used to simulate re-entry,

b, Static pressure force--Fp

This is the pressure force required to balance the gravity force when
the system is at rest, The pressure force at any time, for the S1mp1e

'model is taken as PA where A is the backboard area of 1.02 m? (11 £t2 ).
c Dd*‘npmg--—F (t, X ) |

‘Damping as determined from expemmental data was 11% of critical
dampmg (That is, successive cycle amplitudes were about half of the
previous cycle amplitudes.) The time dependent portion of the damping

fungtion is a low pass filter with a small time constant F (i, X )
c X
T¥7s where 7 = 0.03 sec, This was intended to simulate a time

delay correspondmg to zero damping at the instant of impact followed
by rapid increase as the subject started initial displacement into the
restraint system. In the analog computer studies, it was found that
~a zero delay of damping (7 = 0) also prov1ded good rslmulatlon of ex-

| 'per1menta1 data. L B >

e
i

d. Spring force--F, (X )--"Load Deflectlon Curves"

'~ The load deflectlon curve used on the analog, to simulate the experi-
" mental restraint system, was obtained by double integration of the ac-
~ ce1erat1ons (X ) from exper1menta1 runs 13 (1 5 m drop height) (5 ft),
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16 (3.1 m) (10 ), 25 (4.9 m) (16 ft) to get displacements (X ). The
corresponding time values of X . and Xr were read from the analog

traces and a single best fit total load versus deflection of the three
curves was drawn. This load deflection curve was adequately repre-

3 2

sented by a cubic equation of the form L = Ax" + Bx" + Cx + D and is

shown in Fig. 59.

The bag pressures were recorded during the experimental impact
tests; and when plotted (after multiplication by backboard area) as load
versus deflection, they account for about one-third of the total experi-
mental load deflection curve., This suggests that pressure forces ac-
cording to this simple model are not the total supporting forces as the
subject moves into the bag. Both backboard side entrainment effects
and perhaps stretch or some other undetermined force contribute the
remaining part of the load deflection curve, This aspect will need ad-
ditional consideration in future studies. o

, In addition to the cubic load deflection curve, analog models were
examined with several other load deflection curves. The load deflec-
tion curves used were: cubic, cubic limited load, constant slope, constant
slope limited load, and adiabatic. These load deflection curves are
shown in Fig., 59. The use of these curves allows extrapolation of the
experimental results and also gives results for a much stiffer (adiabatic,
i.e., PV™? = C) system, a linear (constant slope) system, and a limited
load system. The limited load represents a system that vents at a

given load, The experimental system is much softer than the simple
adiabatic model which assumes that the subject moves into the restraint
 like a piston and displaces a volume equal to the contact area times the
displacement. The experimental system is also stiffer than the model
obtained using the experimental pressure times the backboard area as
the only restoring force.,

3.’ Discussion and Results

.~ There were a total of 239 separate analog runs in the study of the
_Airbag Restraint and the Airstop Restraint Systems. Only the Airbag
Restraint System will be discussed here; a separate report will be
written on the Airstop System. The results will be discussed under
 the headings of the various inputs. ' " ~

~a, Initial velocity

g The analog simulation of the experimental 4, 9-m (16-ft) drop is

shown in Fig, 60. This figure shows the good correlation between ex-
perimental tests and the analog simulation. Figure 61 gives the maxi- |
mum displacement into the different restraint systems at various im-
pact velocities up to 30.5 m/sec (100 ft/sec). Figure 62 shows the
‘maximum Gx forces on the body mass for the different restraint sys-

tems at the same displacements found in Fig., 61.
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The maximum possible vertical deflection before "bottoming' in
the experimental system was 0,76 m (2.5 ft). Using the constant slope
(Fig. 59) as the experimental system (cubic) extrapolated, it is seen
that impact velocities up to 13 m/sec (43 ft/sec) would be possible
without bottoming, This was borne out in the experimental testing
with run 56 when the subject did not bottom when subjected to an initial
impact velocity of 12,8 m/sec,

From Figs, 61 and 62 it is observed that the analog models which
result in small deflections (e. g., adiabatic) also result in higher forces
on the body. The desired system is one that allows maximum travel
for the expected load input without bottoming. Figures 61 and 62 then
give a feel for the type of restraint necessary to meet the displacement
and acceleration requirements that might be imposed on the experimental
system of this report. For example, if it were required to drop the ex-

perimental system from a higher height than 8.6 m (28 ft) (impact velocity

exceeding 12.8 m/sec) (42 ft/sec) without bottoming of the subject, then
the restraint of the experimental system would have to be stiffer., This
increased stiffness would result in less deflection into the restraint sys-
tem but higher G forces on the subject, The analog study does, however,
- reflect that the present experimental system is very adequate for impact
velocities in the order of magnitude of parachute drop velocities,

‘b, Sine wave

A vibration survey was conducted on the analog to obtain the response
of the experimental system to vibration. The resonant frequency of the
cubic experimental system on the analog was found to be 2.05 cps with
transmissibility of 4. 8 at resonance. (This frequency agrees with the

experimental data,) The plot of Xout /Xi n for this system is given in

- Fig., 63. This cubic experimental system will attenuate input of fre-
quencies above 3 cps. o

The adiabatic model is stiffer than the cubic system and has a reso-
nant frequency of 3.5 cps with a 1 G input, The adiabatic model attenuates
frequencies above 5 cps. ' '

c; Steady force plus sine wave

The top part of Fig. 64 shows an input of steady acceleration and
simultaneous vibration to the vehicle system guch as might occur in a
spacecraft launch or re-entry, The solid diamond part of the input be-
tween 90 and 150 sec is a 5 cps vibration and only appears solid because
of the time scale shown. This sinusoidal +3 G-<force superimposed on a
constantly increasing steady G-force results in only a 3. 5 G-force on
the subject. Since the resonance of the system is below 5 cps and has
‘about a 1/1 transmissibility at 5 cps, the restraint will attenuate vibra-
‘tion above 5 cps with a transmissibility similar to that shown in Fig. 63.

o R e
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The constantly increasing steady G-force causes the subject to increase
his displacement into the restraint system, and, for the force input shown
in Fig, 64,the maximum displacement is only 0.2 m (8 in.).

d. Haversine

The re-entry simulation input to the vehicle and the subject's response
to this input are shown in Fig. 65. Because this type input is spread over
such a long time interval (240 sec), the subject receives negligible accel-
eration (or deceleration) relative to the vehicle but just displaces into the
restraint system with the increasing G force. The maximum displacement
for the 10 G maximum haversine is 0.44 m (17 in.) which is well within
the maximum possible vertical deflection of the experimental system,

4, Conclusions

(1) The analog mocdel represented the experimental system ade-
quately and allowed predictions beyond the exper1menta1 sys-
tem,

(2) The expemmental system as represented by the analog has a
resonant frequency of 2,05 cps with a transmissibility of 4.8 at
resonance., This system attenuates all frequencies above 5
cps. s EER ;

(3) The analog simulation demonstrated the acceptable use of the
experimental airbag restraint system not only for impacts up
to 13 m/sec (43 ft/sec) but also demonstrated its use for a
complete mission with launch and re-entry simulation.

C. MISCELLANEOUS TESTS

1. Twenty~-Four Hour Habitation

A test subject was placed in the vehicle positioned on the back sup-
port board with the lower, foot, and head bags inflated at the start of
tl‘}e confinement, After approximately 1 hr the pressure in the lower
bag was relieved, allowmg the subject to rest on the bottom of the tank.
The subject remained in a prone or sitting position throughout the 24-hr
stay with electrocardiogram and body temperature being monitored at
the beginning, at the 12-hr point and again at the conclusion of the test,

The last hour of the test was spent under full restraint and with utiliza-

~ tion of the inflated bags as an exermser. ~ The restraint was good yet
not uncomfortable ;

:., ST —",,t,j, ,i,,.v,l', " . B ” e.ER. 1V35,5~ 1,, ,.> , oI e “ B A . " - " - , |
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2. Universal Fi1;

Three individuals of various percentile groups were restrained in
the system at various times throughout the testing program, and two
individuals were in partial restraint a number of times during the test
program, The size of the bags is such that 1 or 99 percentile people
would be well restrained.

3. Pressurization and Water Filling

Two unmanned tests were planned: one to pressurize to 5 psi to
briefly examine the emergency pressurization feature of the system
and another to fill the airbags with water to examine the radiation
shielding protection feature of the system. Damage to the vehicle
after the completion of the impact test program was considered to be
severe enough to preclude these tests because of the hazards involved,
It is noted, however, that emergency pressurization and radiation shield-
ing (on water filling) along with the exercise function could be useful
secondary functions of airbag restraints,

1
|
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III. APPLICATIONS OF AIRBAG RESTRAINTS

The test program conducted under NASA Contract NASw-877 and
reported in this report clearly indicates the potential use of Airbag Re-
straint Systems. The program has shown by manned tests that the system
does, in fact, isolate and protect from the expected impact loads of
current capsule recovery systems; and unmanned tests have demonstrated
the capability of isolating and protecting from emergency impact situ-
ations that may arise such as partial failure of the retro-thrust or para-
chute recovery system.

A. MULTIMANNED-TYPE VEHICLES

Figures 66 and 67 show the concept of an airbag-type restraint in
two types of vehicles: a multimanned parachute landing vehicle and a
multimanned retro-thrust-type landing vehicle, respectively. In the
operational system, multiple airbags would be stored in spacecraft wall
compartments. They would be inflated prior to launch with stored gases
from the life support system (such as oxygen) to provide support in any
direction from the astronauts to the spacecraft wall. The use of the
airbags in multiple layers would allow rapid inflation of a backup layer
if the primary layer bag should fail. The astronauts would attach their
pressure suit restraint clamps to the top of the lower or back-side air-
bag to reduce sliding between the bags during the impact or vibration
event. The upper bags in front of the astronaut would be partially or
totally transparent to allow panel visibility. Technical Film Report No,
g?3 ,» Life Sciences, Martin Company, entitled 'Impact Tests of a Proto-
type Astronaut Airbag Restraint System, "' summarizes the entire test
program and shows a configuration utilizing a transparent airbag, Free

" volumes would be provided within the bags for hand or foot control uses.

If the few centimeters displacement into the lower bag is objectionable
because of reduced visibility, a "G-valve'' can be used to increase lower

bag pressure in proportion to the launch or re-entry acceleration to

prevent this displacement. Following launch, the airbags would be de-
flated and folded back into the wall compartments, freeing the entire
central volume of the spacecraft. Restraint to hold the astronauts at
the instrument panel during coasting flight could be provided by small
attachments, Prior to re-entry the bags would be checked for pressure
integrity and inflated during re -entry and landing.

 B. EXTRAVEHICULAR IMPACT PROTECTION

Orbital maneuvers by a free-floating astronaut will be a reality in
the not-too-distant future. The docking or rendezvous speed of the astro-

naut Should be commensurate with that of walkingz‘s so that impact forces

SV TS S
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will be small. At these recommended low speeds (approximately 3 mph)
the impact force could readily be dissipated by landing feet first and
using knee action as the absorber. However, for docking in attitudes .
other than ideal, such as would be encountered with an unstabilized
propulsion unit, or having the stabilization system fail, the astronaut
requires some form of impact protection. Figure 68 shows a concept
of an inflatable extravehicular protective suit for astronauts. This suit
when integrated with the pressure suit provides low pressure impact
isolation as well as an outer garment to prevent direct tearing of the
pressure suit should the astronaut encounter sharp cornered structures.
In addition, this outer garment could be filled with spacecraft supply
module liquids to provide emergency near-body shielding from solar
storm radiation should it prove necessary to leave the spacecraft dur-
ing such a period.

C. "AIRSTOP" PASSENGER CRASH PROTECTION

As a development from the spacecraft astronaut airbag restraint
concepts, even prior to the initial contract, a commercial airline re-
straint called "Airstop' had been designed. Figure 69 shows the oper-
ational concept of this system. In the operational system, it is thought
that the airbags could either be inflated for every takeoff and landing if
they can be automatically rolled up on deflation, or inflated by the pilot
if he suspects an emergency, or by some other emergency cue that
proves feasible. The chest bags would come out from the seat backs,
and the foot bags from below the seats. Landing impact would actuate
a time delay switch of perhaps 10 sec, in case there are multiple im-
pacts, to be followed by automatic deflation of the bags, aiding cabin
ventilation. The low pressure in the bags (8 cm of water) allows head
rotation and even arm escape, so that breathing is easily maintained in
air pockets, even for children covered by the bags for the 1- or 2-min
period of bag inflation. Babies and floor luggage are supported by this
system. With improved plastics handling, transparent airbags appear
feasible, allowing mothers to see babies, stewardesses to see passen-
gers, etc. : o

. The initial testing of this syst'éﬁi}was conducted under amendment

‘to'the contract work reported in this report. Technigal Film Report

No. 726, Life Sciences, Martin Company, entitled, '"The Martin Airstop
Commercial Airline Passenger Airbag Restraint System' summarizes
the testing program to date. Results of this testing and further improve-
ments will be reported in a later report. :
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D. AIRLITTER RESTRAINT SYSTEM

The transport of sick or injured persons and the impact protection
of these persons continue to be a major problem., The application of
restraint loads to the patient over the entire body, with an inflated sleep-
ing bag type of airbag restraint appears more suitable than the a'Pplica-
tion of these loads with restraint straps., A prototype ''Airlitter" has
been built with an outer nonelastic high pressure layer and an inner
elastic low pressure layer, both meeting at a common front zipper for
easy ingress. An opening is provided for the face; in future applications
of tight packing, this also would be covered by the high pressure bag,
perhaps with a transparent insert, with breathing and cooling air, and
communications (including relaxation music) being provided by appro-
priate plug-ins. The high pressure outer bag supports the system
against local loads, including those of external tie-down straps or local
hand-carrying forces, so that the system can be put into trucks, heli-
copters or aircraft without special support racks. Indeed, Airlitters
with plug-in ventilation could be piled on top of each other. The Airlitter
system can also be deflated for logistics distribution.

‘This system is being further developed.under an addendum to Con-
tract NASw-877 and will be reported on at a later date.

E. AUTOMOBILE PASSENGER RESTRAINT SYSTEM

All of us in safety work are concerned with the 40,000 deaths a year

in automobile accidents in the United States alone. Inflated airbags
surrounding the passengers indeed could save many of these lives, but
a problem is to safely inflate the bags in anticipation of a crash. The
warning time is so short and the driver so involved in other things that,
for manual initiation of the inflation,the bags would have to fill in a

fraction of a second to be useful. This filling rate could,by itself,throw
about the passengers not properly seated. Automatic initiation of filling,

perhaps by any abrupt driver control, or,in a later period,by separation
distance radar or malfunction of the automatic drive control expected
on superhighways, could allow safe inflation rates. Abrupt restraint of
the driver may also contributeé to the accident; lap belt and shoulder
straps for the drivers are probably preferable to airbags, at least until
driver controls are put in handgrips, replacing large steering wheels.

The applications of airbag restraint systems to passenger protection,
both aircraft and automobile, and in injured patient handling were out-

growths of the original astronaut space concept that was experimentally

evaluated under this contract. It is emphasized that there remain many
engineering details to solve before airbags are feasible and reliable for

spacecraft or other applications that have been }i}iscussed here.

_ ER13551
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Fig. 1. The Martin Matador Airba

Recovery System

Fig. 2. The Martin "Zelmal" Airbag

Airplane Landing System

Fig. 3. The Goodyear "Airmat" Restraint System
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The Vykukal-Ames Restraint Sysiem
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Head curtain inflated, showing vision opening.
Slides down over head.

Shoulder holddown bladders,

Torso curtain--slides down over head and shoulders
to meet lap curtain,

Lap curtain.

Forearm curtain.

Lower leg curtain,

Fig. 6.

Pilot unencumbered
in normal flight

Pilot completely
encased during crash

Fig. 5. The Douglas "Freedom-Restraint" System

The Ling-Tempco-Vought "Caterpiller" Restraint System
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Fig.
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8.

Airbag Passenger Restraint Design by Assen Jordanoff

Airbag Passenger

Restraint Design by Assen Jordanoff
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May 13, 1958 H. A. BERTRAND 2,834,606
SAFETY DEVICE FOR PASSENGERS
Filed Oct. 5, 1955 2 Sheets-Sheet 1

s INVENTOR.
=8 HP—B:"M”' j'v:g % e 49 Harryﬂ.Bertrand
| 46 45—
= lrllli—Jj 7 ; u. ? &
45 51 48 ATTORNEY

Fig. 9. Airbag Restraint Safety Device for Passengers by H. A. Bertrand
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The Martin Preliminary Experimentation Airbag
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Diegramatic Sketch of Test Vehicle--Pilot Compartment Airbag

Restraint System

ll.

Fig.
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Fig.

Fig.

13.

Test Vehicle--Pilot Compartment Airbag Restraint System

Test Set-Up--Pilot Compartment Airbag Restraint System
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Fig. 1k,

g b

Test Vehicle ASO Feed-Down Modification and Impact Pattern--Pilot
Compartment Airbag Restraint System

Test Vehicle 45° Left-Side Modification--Pilot Compartment Airbag
Restraint System
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Pig. 16.

-

Fig. 1T,

Subject Positioned on "Backboard" on Lower Airbag--Vertical Impact
Configuration--Pilot Compartment Airbag Restraint System

Lower Airbag During Fabrication Process--Pilot Compartment Airbag
Restrain System
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Subject or
anthropomorphic
dummy

Subject Positioned Inside
and 4°

System

CEC
System '"'D"
carrier
amplifier

"Bodybag"
Left-Side Configuration--Pilot Compartment

n Lower Airbag--45% Feet

Down
1in

Airbag Restraint

CEC recording

Statham ASA acceleration

on dummy

Statham "F'" type acceleration

on subject

Airbags
CEC 4-312
pressure
transducers

Vehicle
accelerometers
Endevco 2235
or
Statham ASA

Bridge
balance unit

oscillograph 5-119
CEC 7-315 galvo
CEC 7-339 galvo

et RN S

Dynamonitor
Model 2702B

(for press. meas)

CEC 7-315 freq response
flat (£ 5%) 0 to 60 cps

CEC 7-339 freq response
flat (£ 5%) 0 to 30 cps

CEC recording
oscillograph 5-119
CEC 7-326 galvo with

[ (used with |
| Endevco accels) |
| |
l |
| e - I
= Bridge ! ;
| | balance unit | !
L~ (used with -

|  Statham A5A |

| accels) |

B J
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Endevco system
CEC 7-346 galvo with
bridge balance unit

CEC 7-326 freq response
flat (+ 5%) 0 to 3000 cps

CEC 7-346 freq response
flat (£ 5%) 0 to 190 cps

Instrumentation System--Pilot Compartment Airbag Restraint System
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Displacement (action or external reference) system

— — — — Physiological (reaction or internal reference) system

gy (sway right) /

Fig. 20.

GV (eyeballs left)

i 4

}{y (eyeballs rotate down)

\gx (surge front)

p (roll right)

q (pitch up)

r (yaw right)

g, (heave down)

R, (eyeballs rotate right)

' GZ (eyeballs down)

Linear and Angular Acceleration Axis Systems According to the
Body "Action" and Physiological "Reaction" Terminologies
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Fig.

Fig. 22.

2l. Test Vehicle After Vertical Impact Showing Impact Pattern--Note
Accelerometers Near Skid on Right Side--Pilot Compartment Airbag
Restraint System

Subject Instrumentation--ECG Electrodes, ECG Transmitter (Telemedics
RKG-lOO) in Left Hand, and Chest Accelerometer (G shown partially
secured for photo clarity)--Pilot Compartment Airﬁag Restraint Oystem
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Fig. 2

Fig. 2.

%

Test Vehicle Shown Positioned for Impact in the Vertical Attitude
Configuration--Pilot Compartment Airbag Restraint System

Test Vehicle Shown Positioned for Impact in the 45° Feet-Down
Attitude Configuration--Pilot Compartment Airbag Restraint System
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Fig. 26.

N N ~ . . . (@) ) .
Test Vehicle Shown Positioned for Impact in the L45° Left-Side
Attitude Configuration--Pilot Compartment Airbag Restraint System

Test Vehicle Shown just Prior to Impact--in Vertical Attitude Con-
figuration--Pilot Compartment Airbag Restraint System
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¥ie ob.

Test Vehicle Shown just After Initial Contact in 45° Feet-Down
Attitude Configuration--Note Head-Down Pitch Occurring--Pilot
Compartment Airbag Restraint System

Test Vehicle Shown just After Impact in the 45° Left-Side Attitude
Configuration--Pilot Compartment Airbag Restraint System
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TFig. 32.
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Fig. 35.
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Fig. 41.

Test Vehicle Shown After 45° Feet-Down Impact--Pilot Compartment
Airbag Restraint System
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Fig. k42

¥ig. 83

Test Vehicle--Structural Damage After Impact Test Program--
Pilot Compartment Airbag Restraint System

Test Vehicle--Structural Damage After Impact Test Program--Note
Door Failure--Pilot Compartment Airbag Restraint System
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Fig. Lk,

Fig. u45.

Test Vehicle--Structural Damage After Impsct Test Program--
Pilot Compartment Airbag Restraint System

Test Vehicle and Test Subject at the Completion of the Human
Impact Tests--Pilot Compartment Airbag Restraint System
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from 3.1 m (10 ft)--Pilot Compartment Airbag Restraint System

Electrocardiograms--Test Number 53, Vehicle 45° Left-Side Drop
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~Acceleration {(G)

20

10

53

r | :
Vertical plane
Vertical drop
Subject: anthropomorphic dummy
Runs: 11, 12, 13, 16 and 19
Bag pressure: 7.6 cm HZO
Gx head = 0O
Gx chest = 0O
Gx hip = A
‘ 1 1 , J
0 5 10 15

Impact Velocity (m/sec)

Fig. 47. Body Accelerations Versus Impact Velocity--Anthropomorphic Dummy

Ac.cé leration '(G)

20

10

_ o
Verticel plane
Vertical drop (chest accelerations) ;
Subject: C.C.C, compared to anthropomorphm dummy
Runs: 11, 12, 13, 16, 19, 22, 23 and 24
Bag pressure 7.6 cm H, o
‘ -]
Dummy = 0O
'C Cc.C.= o
5y ; |
0 L B ‘ coi 10 15

Impac:t Ve10c1ty (m/ sec)

-~ Fig. h8 3 Body Acceleratlons Versus Impact Veloc 1ty L Anthropomorphic Dunmy

,Compa.red “bo Huma.n SubJect
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Acceleration (G)

20 B
Vertical plane
45° feet-down drop on steel (chest accelerations)
Subject: C.C.C, compared to anthropomorphic dummy
Runs: 39, 40, 41, 43, 44 and 45
Bag pressure: 7.6 cm H,O
10
= O
C.C.C.= 0O
— L 2 ! ]
OO : 5 10 15

Impact Velocity (m/sec)

Fig. L49. Body Accelerations Versus Impact Velocity -- Anthropomorphic Dummy
Compared to Human Subject

Acce leration (Q)

201

Longitudinal plane

45° feet-down drop on steel (chest acceleratmns)

Subject: C.C,C. compared to anthropomorphic dummy

Runs: 39, 40, 41, 43, 44 and 45 -

Bag pressure: 7.6 cm H,0
10

o R R "D"ummyzer

07‘ o il'ﬂ“ ' i - .
0T 5. ‘ T — ]

Impact VelOcity >(r’ri‘/s‘ec)

- Fig. 50. Body Acceleratlons Versus Impact Veloc:.ty o Anthropomorphic Du:mny
e Compa.red to Huma.n Subject : = o '
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Acceleration (G)—

55

Vertical plane Lateral plane
45° left-side drop 45° left-side drop
Subject: anthropomorphic dummy Subject: anthropomorphic dummy
Runs: 50, 52 and 54 Runs: 50, 52 and 54
Bag pressure: 15 cm H20 Bag pressure: 15 cm HZO
401 401
30 30
S
g !
2
. +
20 ! ] g 20
’ 3
Q
9]
o
<
. ' L
10F 10}
T R
Gy chest = O G, chest = O
- | GX hip = - ! Gy hip = :
: ;00’ vV b 10 LR 0()_4" 5 ' 10 |
e Impact Velocity (m/sec) T : Impact Velocity (m/sec)
. Fig '51. ‘ dey Accelerations Versus Impact Fig 524 Body Accelerations Versus Impact

- Velocity -- Anthropomorphic Dummy Velocity -- Anthropomorphic Dummy
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40
Vertical plane
Vertical drop
Subject: anthropomorphic dummy
Runs: 27, 28, 29 and 57
Bag pressure: 25 cm HZO
30 Data from Run 56
(Bag pressure:
62 cm H,0)
g
(=
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8 20}
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<
10 o
| Gy head = ©
Gx chest =
Gx hip = A
o ! : I ‘ 1
0 5 10 " 15

- Impact Velocity (m/sec)

o Figg 53. Body’Accelera;tibns Versus Impact V‘eloc’ity - Anthropomorphic Dummy



Vertical Acceleration (G)

20r Vertical drop
Subject: anthropomorphic dummy
Impact at: 2.5 m/sec = O
3.4m/sec= O
5.5m/sec = A
7.6 m/sec= @
9.8 m/sec = O
15F
10
5 o-
0 } 1 ) : : } ' [ bl :7 v }
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' Bag Pressure (cm of H O) ‘
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20
Vertical drop
Subject: anthropomorphic dummy
Impact at: 2.5 m/sec = O
3.4m/sec = DO
5.5 m/sec = A
7.6 m/sec = @
9.8 m/sec = ¢
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Fig. 55.
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Vertical Acceleration (G)
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20 Vertical drop
Subject: anthropomorphic dummy
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Fig. 56. Hip (Gx) Accelerati¢ns Versus 'A.irba.giszéssure,-‘-’ Anthropomorphic
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- Fig. 57. Analog Schematic--Pilot Compartment Airbag Restraint System




Acceleration (G)

Acceleration (G)

Steady force pulse sine wave input

8._
0 to £3G sine wave
6k at 2 or 5 cps
4.—
2.—
L
0 ' | , ! 1 | I
0 50 100 150 200 240
Time (sec)
Haversine input
10
I SRR A ,
0 50; 10 .. 180 7200 240
| | ' | Tim‘e (sec) |
Analog Airbag Restra.lnt Study Inputs——Stea.dy State Plus Sine Wa.ve

Fig. 58.

“and Haver51ne--Pllot Compa.rtment Airbag Restraint System
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Adiabatic

Constant slope

Load (kg x 10°)

Limited load

L L :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Deflection {(m)

Fig. 59. Analog Airbag Restraint Study-Load Deflection Inputs-Pilot
Compartment Airbag Restraint System
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Fig. 61.

Maximum Acceleration (G)
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Maximum Deflection Versus Impact Velocity for Various Restraint Systems--
Analog Program--Pilot Compartment Airbag Restraint System
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Fig. 62. Maximum Accelera.tions Versus Maximum Displacements for Various Restraint

Systems--Analog Program—-Pllot Compartment Airbag Restraint System
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Program—-Pllot Compartment Alrbag Restralnt System
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Fig. 66. Airbag Restraint System for a Multimanned Parachute Landing-
Type Vehicle :
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Fig. 67.

Airbag Restraint System for a Multimanned Retrothrust Landing-
Type Vehicle
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Fig. 68. Airbag Impact Protection System for the Extravehicular Maneuvering
Astronaut
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Fig. 69. "Airstop" Airbag Restraint System for Aircraft Crash Protection
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TABLE 1
Impact Test Data--Pilot Compartment Air

]
Drop Impact Initial Max Acc, Vehicle#
Test | Date Orientation Subject Impact | Height | Velocity | Press. (G)
No. i N[edlum (m) (m/sec) (Cm HZO) G
b'd
Gx Gy Gz Head | Chest
1 4-27-64 | Vertical Anthro. D. ‘ Sand 0.3 2.5 15.0 19.0 - --= 5.0 6.0
2 A 4 0.6 3.4 15.0 20.0 -- -- 7.0 7.8
3 1.5 5.5 15.0 27.0 -- - 10. 4 9.6
4 0.3 2.5 25.0 13.0 -- e 6.6 6.8 |
5 0.6 3.4 25.0 27.0 - -- 8.6 8.4
6 Anthro. D. , 1.5 5.5 25.0 27.0 - - 12,6 10.8
7 C. C, Clark 0.3 2,5 5.1 22.0 - -- ~- --
8 C. C, Clark 0.6 3.4 5.1 28.0 -= -~ == -=
9 4-27-64 C. C. Clark 1.5 5.5 5.1 40.0 -- - - -
10 4-28-64 Anthro. D. 1.5 5.5 5.1 39.0 -~ -— 12.0 7.8
11 0.3 2.5 7.6 16.0 - - 5.0 5.8
12 0.6 3.4 7.6 27.0 - -- 7.8 6.6
13 1.5 5.5 7.6 40.0 -~ - 10. 6 9.2
14 4-28-64 3.1 7.6 15.0 45.0 -- == 11.0 11.6
15 | 4-29-64 3.1 7.6 25.0 40. 0 -- -- 10.0 | 9.0
16 3.1 7.6 7.6 44,0 -- == 13.2 10,2
17 4,9 9.8 15,0 49,0 -- == 12.0 11.0
18 4.9 9.8 25,0 52.0 -- - 12.2 4 9.0
19 | 4-29-64 4,9 9.8 7.6 62.0 -- - 16.8 | 11.4
20 4-30-64 Anthro. D. “1.5 5.5 7.6 29,0 -- - - 8.4 9.0
21 5-4-64 C, W. Blechschmidt 0.3 2.5 7.6 13;0 ! -- -- -- -
22 C. C. Clark 1.5 5.5 7.6 35.0 -- -- ‘ 8.0 8.4
23 ; C. C. Clark 3.1 7.6 7.6 40.0 -~ - 14.8 13.8
24 | 5-4-64 C. C. Clark § 4.9 9.8 7.6 69.0 -- - |21.8]| 14.6
25 5-5-64. Anthro. D, 4,9 9.8 7.6 65.0 = ~-- 17.5 12,1
26 - 4.9 9.8 7.6 52.0 - -= 20.2 12.5 J
27 1.5 5.5 25.0 40.0 - -— 11,0 12.3
28 3.1 7.6 25.0 40.0 - -- 15.0 14.2
29 5-5-64 4,9 9.8 25.0 60.0 -- -- 16.2 | 15.7
30 5-6-64 1.5 5.5 51.0 28.0 T - 11.6 11.5
31 / 1.5 5.5 64,0 29.0.! -- -~ 11.8 11.9
32 Anthro. D. 3.1 7.6 64.0 40,0 - -—— 15.4 15.1
33 C. W, Blechschmidt 0.3 2.5 7.6 :13.0 -= -- -= 4.4
34 v C. W. Blechschinidt 0.6 3.4 7.6 21,0 -s -- -- 7.0
35 5-6-64 Vertical C. W. Blechschmidt 1.5 5.5 7.6 1360 ' Lo Foem s - 10.0°
36 5-20-64 | 45° feet:down| Anthro. D, 1.5 5.5 7.6 117.0 & 12,0 = 6.0 & 4.0 3.9 4.7
37 5-20-64 . A v 3.1 7.6 7.6 133.0& 7.0 == 13.0 & 8.0 4.7 6.5
38 5-20-64 ' ‘ ) Sand 4.9 9.8 7.6 25,0 & 16,0 Ce- 12,0 & 11, 0] 6.9 7.3
39 5-21-64 : : : Steel - 1.5 5.5 7.6 33.0& 7.0 fe- 12,0 & 5.0 4.7 5,5
40 5-21-64 i A s 3.1 7.6 7.6 66.0 & 9.0 ;== | 80.0 & 17.0] 6.1 '8.3
41 | 5-25-64 Anthro. D. 4.9 | 9.8 7.6 | 69.0&13.0 | -- | 34.0& 15.0(11.7°| 10.7
42% | 5-26-64 None 49 1, 9.8 - B Rl B B TR B -
43 : ) C. C. Clark 1.5 5.5 7.'6 31.0 & 10.0 b 11.0 & 5.0 8.0 4,7
44 | , o : C. C. Clark . 3.1 | 7.6 7.6 41.0& 16.0° [ -- | 15,0 & 7.0 |14.9 | 7.4
45 : v o C. C. Clark o 4.9 ' 9.8 - 1.6 2 72.0°& 17.0 L s 27.0 & 12.0)] 16.5 9.4
46 8-26-64 | 45° feet down| None . Ly ‘Bteel 4.9 9.8 e 50.0 &18.0 | : ~- 23.0 &.7.0 - -
: , ‘ . : : ' e g ' Ato impact plane ' )
4T 6-11-64 | 45° left side Anthro: D “ ] -Sand 1.5 5.5 7.6 i 34.0 e 18, 15.5
48 | 6-11-64 | o bl 3.1 7.6 7.6 1 64.0 ©139.9 | 20.3
49 6-11-64 | 3.1 7.6 25,0 | 62.0 e 14,0 9.1
50 | 6-17-64 ; 7 1.5 5.5 15.0 35..0 IS 9.9 6.3
51 | 6-17-64 - ‘ 3.1 7.6 15..0 69.0 sl 18,1 14.3
52 | 6-18-64 . ; - Anth¥ro: D. 3.1 T.6 15.0 66.0 12,3 8.9
b3 6-18-64 L : ] -C. . C,. - Clark g . 2 3.1 7.6 15,0 68.0 ol 18.7 10.5
54 | 6-19-64 | 45° left side | Anthro. D. Sand 4.9 9.8 15.0 89.0 , 24,9 | 32.3
e R B S| : ) 1 ' , Gx ”Gy G, :
55 6-19-64 | Vertical . = «|> Anthro. D, 1 Sand 8.6 12.8 43.0 —- -= -= 47.6 32.8 'y
56 6~-23-64 } Vertical .= -~ Anthro. D. i Sand 8.6 12.8 64.0 - 101.0 - = e 29,0 26.3 |
57 6-23-64.| Vertical ' :_} Anthro. D, Sand - 8.6 12,8 ] 25,0 - 85.0 A== L= 37.7°1733.0

" *This test made for demonstration purposes only.’
#**Second impact occurred only on 45° feet- -down drops,.

' ;—r**Vehlcle acceleratlons for 45° feet-down drops are in order o“_ e T PR
‘ f1rst and second 1mpacts, reSpectwely" T ST T
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| TABLE 1 PRECEDING PAGE BLANK NOT FILMED
t Compartment Airbag Restraint System =

Max Acc, Subject
(G)
icledick First Impact Second Impact**
Remarks
. C‘x C"'y Gz Gx G'z
G:z Head | Chest Hip Head | Chest Hip Head | Chest Hip Head | Chest Hip Head Chest Hip
== 5.0 6.0 7.6 -- -- -- -- -- --
ol 7.0 7.8 9.0 -- -- -- - -- -- K
10.4 9.6 | 12.4 -- -- -- -- -- -- g
- 6.6 6.8 8.4 -- -- -- - -- -
== 8.6 8.4 9.6 -- -- -- -~ - --
4= 12.6 | 10.8 12.6 - -- -- - -- -
4= -- -- - <= -- - - -- -- No HD door
o - == - -= - == == - e No #D door
-- -- -~ -- -- -1 -- -- - No HD door
12.0 7.8 | 10.0 -- -- - - -- --
+- 5.0 5.8 6.4 -- - -~ -- -- --
- 7.8 6.6 8.6 -~ -~ -- -- -- --
== 10.6 9.2 10.6 -- - -~ -- -- --
4= 11,0 | 11.6 15,2 -- -- - ~- -- --
1- 10.0 9.0 | 13.0 | 11.8 - - -- -- --
- 13.2 | 10.2 12.4 -- -- -~ -~ -- --
“- 12,0 ] 11.0 14,0 -- 12,0 -- -- -~ -
- 12.2 9.0 [ 12.2 - 18.0 - -- -~ -~
9= 16.8 | 11.4 | 14.2 -- .- -- - == -- ; ,
- 8.4 9.0 | 12.4 -~ -- = -- - -- A :
okt -- -- -- -- -- == .- - ~- ) ; ' No:HD. door
<= 8.0 8.4 | 10.2 - -- -- -- - - 3 G, ankle = 12. 6
4= 14.8 1 13.8 | 16.4 -- -~ -- .- -= - , G, ankle = 21.0
4= 21,8 14.6 18.0 -= -~ -- - == -- i G, ankle = 28.8
17.5 | 12,1 15. 4 -- -- - -- - -
4= 20,2 | 12.5 | 16.6 -- - -- - -- --
i 11.0 ] 12.3 16.0 -- == -- - == --
4= 15,0 | 14.2 17.0 -- -~ -- == - -
-- 16.2 | 15.7 | 18.6 =- -- -- == -- --
<= 11,6 | 11.5 | 14.6 -- - -- - - -~ :
4= 11.8 | 11.9 14.6 -~ - -- - -= -~ ‘
15,4 | 15.1 18.86 - -- -~ -- - o : 4 '
<= -- 4.4 5.8 == -- -~ -- -- r- : G, knee = 5,4
-- -- 7.0 7.0 1 - - - == - == : G, knee = 7.4
= -~ | 10.0 10.2 - -~ -- -- - ) == : G, knee = 11.8
6.0 & 4,0 3.9 4.7 5.9 - == -~ 5.7 4,1 4,3 9,4 6.2 5.6| 11.8 -5.6 | -4.6
13.0&8.0 | 4.7 | 6.5 9.7 -- -- - 7.5 6.3 5.7 11.6 8.0 8,0 |-14.2 -6,8 | -6.0
12.0& 11,0} 6.9 7.3 | 11.1 - -- - 9.7 1 1.9 7.5 ] 13.8 7.2 8.6| 19,0 | -10.8 | -8.8
12.0 & 5.0 4.1 5.5 5.1 - -- -~ 5.7 1 4.1 4.3 6.2 5.0.. 7.4 1.8 )] -4.8 | -4.4
50.0&17.01 6,1 | 8.3 12,1 -- -- -- 9.5 7.5 | 6.5| 12.4 8.6 | 11.0| ~19.0 -7.6 | -7.2
34.0& 15,0 11.7 | 10.7 | 11.9 - -- -- 12.3;] 6.3 6.9 [-11.8 5.0 6.8 i-22.8 | ~11.0 | -9.0
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