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An analytical representation, based on a haversine acceleration 
function, is presented for: (a) the passenger compartment in 
automobile-barrier crashes; (b) car-to-car, both moving head
on; (c) car-to-car one-stationary side and (d) car-to-car one
stationary rear crashes. Characteristics of the airstop re
straint (to be used initially for passengers but not the driver), 
consisting of a chest airbag automatically inflated just before a 
crash to 0.1 to 0.3 psig, an inflated airseat, and in some appli
cations a lap belt and inflated foot airbag, are presented on the 
basis of data for swing and drop tests, and experimental air
plane crash tests. In this early period of restraint improve
ment without modifying car controls, we suggest that the driver 
wear a more rigid restraint-lap belt and shoulder straps-per
manently in place. A preliminary damped elastic model of the 
airstop system, having 1820 lb/ft spring constant, 3-cps res
onance frequency, and 22 percent of critical damping, is uti
lized. For the most severe crash case, the barrier impact, it 
is shown on the basis of these models that the airstop restraint 
would convert a 30-mph "probably fatal" impact with present 
structures and lap belt (but without upper body support) into a 
crash without injury if two feet of motion into the airbag sys
tem without bottoming were available. If cars cannot have this 
distance for controlled load isolation, it is suggested that a lap 
belt be used with a less deformable airseat, so that the system 
becomes essentially an upper body restraint addition to present 
lap belt restraints. 

•FOR THE past three years we have been experimenting with the use of inflated air
bag restraint systems (1), partly under NASA contract, for crash and vibration load 
isolation, in space and aircraft applications. We have shown the possibilities for sig
nificant protection from these loads by tests in four vertical drop devices, three vi
bration devices, a swing impact device, a DC-7 experimentally crashed for the FAA 
by the Aviation Safety Engineering and Research (AvSER) group, Flight Safety Founda
tion, and two C-45's and a CH-21 helicopter experimentally crashed for the Army by 
AvSER. 

We have not been able to get support for automobile airbag restraint work, in part 
perhaps because government support for car safety research for the 150 million or so 
Americans who use cars is only a small percentage of the support for airplane safety 
research, or, indeed, for research on the safety of the few dozen astronauts. Yet 
clearly, the deaths in car accidents of some 50,000 Americans a year, the significant 
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injury of perhaps 40 times this number, and the statistics that cars kill far more 
people than disease in the age span from about five to twenty-nine, and that one-fourth 
of all cars will be bloodied in an accident-all these facts make it the responsibility 
of all those doing crash research to look for applications of their work to automobiles. 
We are therefore developing an analytical method for estimating what airbag restraints, 
and the airseat restraint included in the full "airstop" system, might do for passenger 
protection in automobile crashes. In this preliminary period, we recommend ·that the 
driver wear more rigid restraints (lap belt and shoulder straps at present) so that in
flation of the bags will not jeopardize his efforts to avoid the crash. This early sys
tem is to "grab the wife and kids" (the passengers) with full body protection, instead 
of counting on the crumpling dash and instrument panel, pop-out windshield, etc. , to 
turn death into injury decelerating these people even supported by lap belts. Airbags 
provide upper body support. 

We understand that both Ford and General Motors have considered airbag restraint 
systems or inflated dashboards, etc., and have rejected them, due in part to the 
hazard to a child of being thrown into the back seat if leaning on the dash when it is 
explosively inflated following bumper contact in the crash. This work apparently has 
not been published. We expect to utilize signals from abrupt braking or turning, wheel 
slipping off the road, or the car position information of the highways of the future to 
anticipate a potential crash situation and inflate the bags more slowly, with switch
actuated automatic roll-up if the crash is avoided. A theoretical analysis by the Road 
Research Laboratory of Great Britain (2), using what we call the rigid piston adiabatic 
compression model of airbag performance, led to their airbag system rejection. Our 
bags are not rigid. We find a little experimentation highly salutary to preliminary and 
too often pompous theory. We hence warn that what follows on automobiles is a work 
of the head and not of the field-reader beware. 

LOAD ISOLATION BY AN ELASTIC SYSTEM 

Figure 1 shows the load on a mass mounted by a spring and damper· to a support 
displaced by varying periodic motions. For the resonance period, the load on the mass 
is several times that on the support. For periods more than two or three times the 
resonance period, the mass and support will have the same peak loads. It is for 
periods of impact less than one-half or one-third of the resonance period, or for fre
ouencies two or three times the resonance freouencv, that load isolation occurs. with 
the load on the mass being less than the load on the support due to its greater distance 
of travel. 

For passenger compartment impact periods of automobiles of 0. 1 to 0. 2 sec we 
need, for passenger load isolation, an elastic restraint resonance period longer than 
0. 3 to 0. 6 sec or a resonance frequency lower than 3 to 1. 8 cps. 

This isolation is attained only by motion into the restraint system, and the motion 
must not "bottom" on support structures. If it appears that the applied load is such 
that bottoming will occur, then the elastic restraint must be stiffened, shortening the 
resonance period. If this shortening is such that the resonance period approaches the 
duration of the impact period, then we must abruptly stiffen the restraint so that T res 
is about one-third of Timpact, so that the man is essentially in a rigid restraint and 
receives no more load than the vehicle. We would like the restraint to be totally out 
of the way when not needed, yet automatically, rapidly, and safely applied when a 
crash is imminent. 

The elastic system will also rebound. In our early work, we experimentally com
pared crash sensations when using a large valve system that dumped bag pressure 
near peak displacement, reducing rebound, and sensations when leaving the bags in
flated. Because of the low resonance frequencies of these bag systems (below 3 cps 
and hence below internal body resonance frequencies) and the observation that damping 
even with unobstructed bag interior design was such that only two or three cycles of 
rebound occurred, the crash is experienced not as the slam of the external structural 
but a slight multiple pat by the restraint, of very short duration. Hence, it is quite 
acceptable to leave the restraint inflated, giving us the major advantage of being pro-
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Figure 1. Acee leration ratio vs resonant frequency ratio for continuous sine wave vi brotion input, 

tected for multiple impacts. The automatic bag deflation system would have a time 
delay for several seconds to ensure that the motion is stopped before deflation. 
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Rebound sensations during crashes have been instructive for us. In an early swing 
crash at 11 mph into a barrier, with the swing receiving -40Gx, one of us experienced 
a chest load of -lOGx but then on rebound, a load again of +lOGx, with a higher head 
load due to bottoming on the rigid frame of the airpla ne seat. This made us annoyed 
at r igid structures in the seats, which also gave poor down load (+Gz) protection, which 
protection is of increasing importance in aircraft crashes, and we proceeded to develop 
the inflated airseat, which in goal looks and feels like an ordinary seat at lG, yet in 
crashes provides controlled yielding load isolation for the passenger. We propose that 
this airseat, with a transparent plastic section above the shoulders to maintain visi
bility, also be used in automobiles to provide controlled deformation load isolation, 
particularly for rear-end collisions. 

Inflated airbag restraints, evidently first systematically conceived early in 1952 
and constructed by Assen Jordanoff, and experimentally verified as to usefulness by 
our work, are the only devices we know that offer the required versatility for a pas
senger restraint system for the general public. Airbags can be 

1. Stowed out of the way when not in use. 
2. Rapidly and automatically brought into position by inflation when an automatic 

signal is provided in anticipation of a crash. (This is a separate but also solvable 
engineering problem.) 
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3. Capable of load isolation by controlled motion of the passenger with respect to 
the vehicle if the crash load will not produce bottoming. 

4. Utilized as broad surface support of the man during the crash loading. 
5. Capable of resonance frequency adjustment by inflation pressure change-if the 

crash load (anticipated from vehicle velocity) might be such that bottoming could occur, 
the inflation pressure could be increased to prevent bottoming. 

6. Capable of rapid automatic deflation removal or roll-up, after the crash event 
or if the crash event does not develop. 

ANALYTICAL REPRESENTATION OF AUTOMOBILE CRASHES 

Not having an operating proving ground at hand, we have attempted to mathematically 
model crash results (~, .!, ~) of Haynes, Stonex, Fredericks, and others, particularly 
Severy et al of the University of California Institute of Transportation and Traffic En
gineering. This has proven to be a long job, in pa rt because of the changing char
acteristics of cars. Earlier barrier crashes gave impact periods near 0. 12 sec, as 
one example, whereas some more recent cars give barrier crash periods near 0. 07 
sec, and much higher acceleration, for the same impact velocity. 

Crash acceleration wave forms, of course, are also not uniform, though they must 
all start and stop at 0 Gx and rise to some peak or peaks during the event. (We are 
utilizing the aerospace acceleration terminology (6) ; if the passenger 1s thrown for
ward by the crash he experiences -Gx; thrown left, + G ; and thrown clown, + Gz. ) We 
might use a triangular rarnp up-and-down function fo r t~e accelerations on U1e floor by 
the seat in the passenger compartment, but the haversine is more easily handled. For 
the decelerating car, we use 
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For crash conditions in which all of the initial velocity is not lost during the primary 
impact period, we replace v0 by 6.v, the part of the crash velocity lost by the rear 
car, or gained by the front car. Adding dimensional constants, we then have 
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We have not seen similar modeling representations of automobile crashes, although 
Kulowski (4, p. 75) quotes "Midgette's equation," developed for Cornell Injury Research 
in 1944, as 

Mean acceleration 
2 

G = (mph) ( 0 ) 
stopping distance in feet O, 333 (8) 

Since the peak acceleration, amax, of a haversine is twice the mean acceleration, this 
is the same as Eq. 7. We emphasize, however, that the passenger compartment 
stopping distance is, in general, not directly measurable after an accident, since it 
includes some anterior car structure crumpling and, for car-to-car crashes, some 
travel of the impact interface. 

Table 1 presents the constants for our preliminary Automobile Haversine Accelera
tion Collision Model for various crash conditions. This model includes many approxi
mations to the "real world." We use impact periods independent of velocity, and ac
celerations varying in proportion to velocity. Barrier crashes particularly have ac
celerations increasing more rapidly than velocities. It can be seen that the aligned 
car-to-car crash, with one stationary, has the longest period and lowest acceleration, 
and the barrier crashes the shortest period and highest acceleration. Note that the 
head-on, both-cars-moving collision has a lower acceleration than the barrier crash
apparently because parts of the cars interpenetrate, with some of each passing beyond 
the initial impact surface. 

We have also marked off on Table 1 a boundary of crash conditions "marginal or 
uns ur vivable with present structures and lap belts only. " Note that the 30-mph barrier 
(tree or bridge abutment) crash is considered marginal . Indeed, almost half of all 
car deaths occur with impact speeds below 40 mph-although most of these do not in
volve collision with a rigid object. At 30 mph, with a passenger compartment ac
celeration of -30Gx, a 165-lb passenger (fiftieth percentile) would develop a load of 
30 x 165 lb or 49501b even in a rigid restraint which decelerates him perfectly with 
the vehicle. A rule of thumb is that seat belt deceleration will be 1 ½ to 2 times the 
passenger compartment deceleration, due particularly to slack in the belt. Clearly 
some of the belts, designed to take up to 5000 lb, will fail. Seat latchings and attach
ments may also fail. In all twelve automobiles crashed head on at speeds of 21 to 52 
mph by the Institute for Transportation and Traffic Engineering (4, 7), all front seats 
and some rear seats tore loose from their anchorages, contributing -to the injury
producing loads. Chayne (8) notes that "The seat track latching mechanisms must with
stand a shock load in their test of 20 g's." He also says about barrier crashes, "Sup
pose the collision occurred at 40 mph. . . . The amount of kinetic energy to be dis
sipated amounts to ... 216,000 ft-lb. Faced with these tremendously high values, any 
spectacular accomplishments could be achieved only by repealing the natural physical 
laws pertaining to motion and ener gy." 

Stonex (9) also tends to feel that these are hopeless conditions. Speaking of a 33-
mph barrier impact giving a peak power dissipation of 3800 hp, he states, "While the 
occupant doesn't actually participate in this inferno, he is in the immediate vicinity, 
somewhat like sitting in the boiler room while the boiler is exploding. We can't ap
praise these conditions realistically, but we can conclude that this environment is not 
conducive to serene comfort or long life." He goes on, "While continued design im
provements of the vehicle will raise the injury threshold and reduce the severity of 
injuries, it is clear that there is a positive limit-a low ceiling-and there is no possi
bility of a total solution by vehicle design or superpackaging. The only total solution 
is to avoid these impacts where tremendous amounts of energy must be absorbed in a 
few milliseconds. The obvious solution is to eliminate the obstacles against which the 
car may impact." His preliminary study suggests that "80 percent of the fatal, public 
highway, single car, off-the-road accidents would be eliminated if the roadside were 
traversable for a distance of 30 feet from the edge of the pavement." He, disparing 
of dr iver education, selection, or supervision, opts for eliminating barriers (rigid 
sign posts, bridge abutments, etc.) at least to this distance, and making all roads 
one way, as "the only approach apparent which has the potential of turning the total
fatality-trend curve down materially." 
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TABLE l 

PEAK ACCELERAT!Ot'-~S, PER!ODS At'JD P/\SSE!'~GER 
COMPARTMENT ACCELERATION DISTANCES FOR 
VARIOUS SPEEDS AND COLLISION CONDITIONS 
(Automobile Haversine Acceleration Collision Model) 

Barrier1 

Head-On, 
Both-

M . 1 ov1ng 

Car speed 15 mi/hr (v) 

Accel. -15G -14G 
X X 

Period 0. 091 sec 0. 098 sec 

Distance 4 1. 0 ft 1. 0 ft 

Car speed 30 mi/hr 

Marginal or unsurvivable with 
present structures & lap belt onl 

Accel. 

Period 

-30G -28G 
X X 

0. 091 sec 0. 098 sec 

Distance 2. 0 ft 2. 1 ft 

Car speed 45 mi/hr 

Accel. -45G -42G 
X X 

Period 0.091 sec 0. 098 sec 

Distance 3. 0 ft 3. 1 ft 

Car speed 60 mi/hr 
A - - _, -e ~c -:ea .cJ.'-''-'"'"'· 

X X 

Period 0. 091 sec 0. 098 sec 

Distance 4. 0 ft 4.2 ft 

Front Car Stationary 

Left Side Collision2 
Rear car Front car 

Av=0. 9v Av=0. 7v 

-llG 
X 

0. 11 sec 

1. 1 ft 

-22G 
X 

0. 11 sec 

2. 2 ft 

-33G 
X 

0. 11 sec 

3.3 ft 

_ A Ar! ---x 
0. 11 sec 

4.4 ft 

+9Gy 

0. 11 sec 

0.8 ft 

+18G y 
0. 11 sec 

1. 6 ft 

+27Gy 

0. 11 sec 

2. 4 ft 

.1.'l,::("! 
·---y 
0. 11 sec 

3. 2 ft 

Front Car Stationary 
(Front or) Rear 

Collision3 
Rear car Front car 
Av=0. 7v Av=0.6v 

-6G 
X 

0. 16 sec 

1. 2 ft 

-12G 
X 

0. 16 sec 

2. 4 ft 

-18G 
X 

0. 16 sec 

3. 6 ft 

-?.d.f"! - --x 
0. 16 sec 

4. 8 ft 

+5G 
X 

0. 16 sec 

1. 1 ft 

+l0G 
X 

0. 16 sec 

2. 2 ft 

+15G 
X 

0. 16 sec 

3. 3 ft 

+?.01'} 
X 

0. 16 sec 

4.4 ft 

1. For barrier and head - on, both - moving, collisions. this preliminary 
model includes no rebound velocity. A l 0o/o rebound velocity might 
be a better model. but this complicates the equations and so is not 
used here, 

2. After the initial acceleration period, due to inelastic interaction with 
crumpling, in this model the rear car following a side collision still has 
l0o/o of the initial velocity and the front car has attained only 70% of the 
initial velocity (to the aide). The rear car has a greater residual 
velocity and the front car less, and both cars 1·otate, if the initial 
velocity vector is not aligned through the centers of gravity of the two 
cars. 

3. After the initial acceleration period, due to inelastic interaction with 
crumpling, for this model the rear car still has 30% of the initial 
velocity and the front car has attained only 60% of the initial velocity. 

4. The passenger compartment or seat-base acceleration distance given 
here may include travel due to car deformation (impact surface 
stationary) and travel of the car (impact surface moving) during the 
collision acceleration period. For the rear or side collision, the 
front car seat acceleration distance repres~nts seat travel which may 
in various cases be more or lesJI than the front or rear car deforma
tions involved in producing..!_his acceleration. 
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We come from the aerospace business, fresh from designs to protect astronauts 
through malfunction explosions of their super-boilers, the space rockets, and reentry 
kinetic energy dissipation even in this early "sling shot" space era of 70 billion ft-lb, 
which in a 25-G abort reentry for which the astronaut is still protected may involve a 
peak power dissipation of a million horsepower. If the government would mobilize for 
automobile safety a more detectable fraction of what is spent on astronaut safety (a 
spending which has paid off in our astronaut safety record), we feel that automobile 
crash survival could be notably improved by cleaning up the roadways, by trying to 
clean up driver behavior, and by cleaning up the cars. We are dismayed to see the 
child's face torn on a door handle when the mother stops from five miles per hour. 
Instead of the 40-mph-barrier-collision survival being a "spectacular accomplishment," 
we feel it should be a routine requirement of proper car and restraint design. We 
recognize that this is a difficult task, and that putting airbags alone in present cars 
is not a sufficient solution. We do not aspire to repeal natural law, but we can appeal 
to laws other than those now operating in the automobile field. Indeed, lawsuit against 
the automobile manufacturers by people injured due to unsafe car design features, and 
i nsurance premiums modulated for par ticular cars by their safety ratings, can sig
nificantly speed our getting safer cars (10). 

AIR.STOP RESTRAINT PERFORMANCE 

We regretfully emphasize again that we have not yet carried out automobile tests 
with these restraints. Figure 2 shows a swing-barrier impact test, stopping from 11 
mph. With only lap belt supporting the dummy, the head was thrown forward onto the 
seat in front. With the addition of chest and foot airbags (Fig. 3) the upper body and 
legs were suppol'ted, but the rebound into the seat was unnecessarily severe, and 
down-load isolation was not provided (Fig. 4). With the addition of the airseat (Fig. 5) 
the rebound load was largely eliminated (Fig. 6) and down-load protection was also 
provided. Figure 7 shows a 13. 4-mph impact with a dummy. Note that the resonance 
frequency of the airstop system is near 3 cps, for the early part of the motion. 

For the swing impact of Figure 5, the chest bag was below chin level at impact, that 
is, forward head support was not initially provided. These bags bulge laterally and 

Figure 2. Swing impact with lap belt restraint (impact velocity 16 ft/sec; dummy subject). 



54 

Figure 3. Swing impact of airstop restraint, without airseat (impact ve locity 16 ft/ sec; dummy 
subject). 
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Figure 5. Swing impact of complete airstop system with airseat (impact velocity 16 ft/sec; human 
subject). 
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also stretch, which is why the rigid piston adiabatic compression model of airbags is 
inadequate. Subsequent motions are at a sufficiently low frequency that there is no 
whiplash effect, even without the initial head support. 

For the airstop system, a lap belt is worn, but one which passes through the seat 
back and then down, to allow a controlled deformation and load isolation rather than 
to provide a rigid support. Hence, in collisions the body is thrown forward (-Gx) then 
pivoted downward (+Gz), so mat compression oi me seat wiii take up some oi i:.ne energy. 
In many automobile collisions, the impact point is belmv the center of gravity of the 
vehicle, so that the rear wheels lift off the ground, also subjecting the body to down 
loads. 

Our only laboratory experience with higher impact velocities is with the spacecraft 
simulator (Fig. 8) in which the subject lies horizontally with 2. 5 ft of available motion 
into airbags in any direction. An impact at 22 mph with the vehicle tipped at a 45° 
angle gave the accelerations of Figure 9. Note the very minor consequences of the 
second impact, when the vehicle toppled down horizontally. A dummy impact at 29 
mph (Fig. 10) still shows protection and load isolation, although the dummy stopping 
distance was less than would be available in a car, with 2 ft of car crumpling in addi
tion to motion into the airbags. 

Our field experience is with airbag and airseat restraints in a DC-7 (!., 11) and two 
C-45 (1) aircraft crashes, involving decelerations from about 160 mph, 100 mph, and 
90 mph, respectively. In the DC-7 crash (Fig. 11) in which accelerations at our sta
tion were lost, it appears from motion pictures of dummy displacement into the chest 
airbags in comparison with displacement when we have measured accelerations, that 
the dummy supported by the latex airbags received less than -lOGx, while adjacent 
unsupported dummies were breaking seat belts, failing seat structures and losing a 
head on impact with the seat in front. Note that the controlled displacement into the 
airbags eliminates the snap loading when the unsupported dummy takes up the slack 
in the seat belt. Hence, with airbags not only is the load less on the passenger but 
also less on the seat, reducing seat failure and tear-up. For the fully designed system, 



Figure 8. Test vehicle, pilot compartment airbag restroint system. 
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after the crash and a few seconds time delay in case there are multiple impacts, the 
airbags and the airseats would be automatically deflated, opening up the entire vehicle 
for rapid egress following the crash. 

In the C-45 crashes, the acceleration recordings were again inadequate. In the 
first crash, the aircraft hit a short 18-deg hill at 100 mph, bounced over it, and still 
came to rest in twice its length from the initial impact. Regular seats and dummies 
in back of our experiment were totally torn from the floor and ended up on top of the 
airseat dummies. During the hill impact the airseat dummies moved forward into their 
chest airbags, which failed, allowing them to contact the yielding airseat in front, yet 
after this impact they returned to the initial position, having lap belts on the airseats. 
After the final impact, the airseat was found torn in back and deflated, perhaps partially 
due to the additional load of the torn-out rear seat and dummies, yet the right-hand 
airseat dummy was in its initial position. If all seats in this crashing aircraft had 
been of regular design, they and their dummies after the crash would have been up 
against the forward bulkhead. With better materials than the canvas and latex rubber 
used by us, we feel that the airseats can have the leak and impact failure resistance 
and reliability of the automobile tire. In the second C-45 crash, with a dummy in a 
rearward facing airseat, without the chest or foot airbags, the plane turned over in 
bouncing over the hill at 90 mph, yet the dummy was still in the intact airseat after 
the crash. These initial field results have not given us much quantitative data, but a 
strong feeling that the airstop restraint in automobiles could allow barrier crashes, 
and other crashes, with survival at above 30 mph. Figures 12 through 14 show the 
first C-45 crash. 

Preliminary force-displacement curves have also been measured in the laboratory 
(Fig. 15). These bags are not linear elastic systems, but because of the stretching 
and lateral bulging, a linear model, df = -kdx, is better than the rigid position adiabatic 
model, approximated by df = -kdx1 "3 • With a 165-lb man and using a resonance fre
quency of the airstop system of 3 cps, for the linear model 

(9) 

we can solve 

1820 lb/ft, (10) 

Figure 12. First C-45 ofter 100-mph crash (oirseot is ot torn fuselage position). 
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Figure 13. C-45 right airseat dummy, seen through torn fuselage, after 100-mph crash. 

Figure 14. C-45 pilot and co-pilot dummies, restrained with lap bell's and shoulder straps after 100-
mph C-45 crash. 

or about 11 G/ft of motion into this low pressure chest bag. By differences in bag 
volume, wall material, and pressure, this approximate "spring constant" can be in
creased or decreased. 

An approximate model of airbag performance can be obtained by using a sine wave 
passenger acceleration function, but with an empirically lowered initial velocity repre
senting the passenger velocity change which would be provided by an unforced cosine 
velocity wave response rather than the full velocity change which includes the initial 
forced displacement during the car deceleration (Fig. 16). The unforced response is 
adjusted in initial velocity ~v1 to give the same velocity and displacement as the forced 
airstop system when the passenger compartment comes to rest. 
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*8 x 12 x 10 inch airbag loaded statically 
with an 8 x 12 inch loading area. 

Deflection (ft) 

Figure 15. Load deflection characteristics. 

By equations similar to Eqs. 1 to 7, it can be shown that for the sine acceleration 
function 

and 

Passenger acceleration distance (motion into the airbag) 

2 
7 sec 2 

a G (32. 2 ft/sec -G) 
~ max, 

t:,.v 2 Av T 
mph (0. 0667 G-ft/mph2) 

amax, G 
mehtr sec ~ (1. 465 ft/mph-sec) 

( 11) 
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Figure 16. Acceleration, velocity and position of the passenger compartment and passenger for a 30-
mph barrier collision. 
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'T se·c 
(12) 

It has been determined for a haversine barrier deceleration function of period 0. 091 
sec acting on a sine wave passenger restraint of period 0. 333 sec that approximately 
90 percent of the initial velocity would represent the equivalent load acting on the un
forced restraint. Then for a model 30-mpb-barrier collis ion, in which the passenger 
compartment moves 2 ft (front end crumpling of the a utomobile) and experiences a 
haversine loading of 0. 091 sec period and -30Gx peak (Table 1), the additional motion 
into the airbag by the passenger would be 
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xl = (O . 9)(~ ~~~· 333) (1. 465) 2. 1 ft (13) 

Either by using the spring constant of 11 G/ft or by Eq. 12, this airbag displacement 
gives a passenger acceleration of -23Gx, which is less severe than the passenger com -
partment's -30Gx, particularly when the latter is often accompanied by failure of pres
ent seat and seat belt supports. But this full-body load isolation is attained at the 
price of moving 2. 1 ft in the compartment. To the extent that the passenger com
partment cannot be opened up to allow such large full-body controlled displacements 
without bottoming, a more rigid restraint at the hips must be used, with the chest air
bag essentially as upper body support, providing partial upper body and head load iso
lation only. 

Table 2 shows the conditions for other collisions . It is clear that in terms of this 
simple modeling of airstop restraint performance, excessive displacements would be 
required to partially isolate from the higher velocity barrier crashes. To prevent 
bottoming on surrounding structures, we suggest controlling a bag pressure valve by 
the car speed, so that if the bag inflation is triggered, the bag will attain a pressure 
appropriate to the car speed at the time and sufficient to prevent bottoming. But be
fore introducing such complexitities, direct experimentation of actual airbag systems 
in cars would be appropriate. The simple models are too simple. They do not show 
the down load consequences of the deformable lap belt on the airseat, for example. 
In addition, we have not yet modeled the "rigid" lap belt with deformable upper body 
support (airbag) case. If the bag "spring constant" were adjusted to upper body weight 
such that head motion remained at the airbag displacement values of Table 2, head load 
isolation would be as shown. 

A mathematical description of the passenger and car as a coupled system has been 
attempted. If the deceleration of the car is a haversine independent of the motion of a 
passenger of mass M, X1 and x are the distances of motion of the passenger and car 
from their positions at initial impact, and k is the spring constant of the linear airbag 
restraint model, 

(14) 

Substituting from Eq. 9 yields 

.. kam a x (t2 
M x l + kx l - --2- 2 ( 15) 

This equation has the solution of the form 

x 1 = A sinw1 t + B cosw1t +Ct+ Dt 2 + E + F cosw2 t (1 6 ) 

TABLE 2 

BARRIER COLLISION (Preliminary Modeling) 

Passenger Compartment Passenger Passenger Speed 
Accel. Stopping Dist. Accel. Airstop Displacement 

15 mph -15Gx 1 ft -12Gx 1. 1 ft 
30 mph -30Gx 2 ft -23Gx 2. 1 ft 
45 mph -45Gx 3 ft -35Gx 3. 2 ft 
60 mph -60Gx 4 ft -46Gx 4. 2 ft 
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Hence 

(1 7) 

and 

5.\ = -w1 
2 A sin w1 t - w/ B cos w1 t + 2D - w2 2 F cos w2t (18) 

The constants of these equations for the conditions of passenger motion into a "linear 
spring" undamped airbag model and passenger compartment deceleration from velocity 
v0 with a peak haversine acceleration amax are 

'"1 {K 
w2 2rr/T 

A 0 
w 2 'T VQ 'I' a 

B + m a x l VO 

4rr 2 :--z- (W2 2 - Wl 2) 4,r2 2w 1 

C VQ 
(19) 

D 
+amax 
--4-

VQ 7" a 
E max 

4rr2 -:-z-
2w1 

2 
VQ'I' 

F 
"'1 

2 2 4ir2 (w2 - "'1 ) 
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airbag at t = ,,., the end of the passenger compartment deceleration, to provide the 
initia l condi tions of the fur the r free response of the unfor ced a ir bag system. However, 
at this point we can also easily introduce airbag damping. (~:fore complex models, 
with damping time O, could of course be handled by computer; we have not yet done 
this.) Our preliminary experience is that airbag damping, even without special internal 
baffles, etc. , is about 11 percent of critical damping for the bag alone, and 22 percent 
for the bag with airseat and seat belts; this latter value is used for the model presented 
here. The response of the passenger-airbag system at time t after the car stops is 
thus given by 

x 1 = e - ,Bt (A sin et+ B cos et) 

~ = e _ /3t(A ecos et - Be sin et ) 
1 

- ,Bt - /3e (A sin et + B cos et) 

x 1 = e -/3t (-A8 2 sin et - B e 2 cos et)-2 /3e - /3t (A8 c os et 

-Be sin et) 

+ /3 2e - /3\A sin e t+ B cos et ) 

(20) 

(21) 

(2 2) 
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For our case, with time now measured from the end of the car stopping period r which 
gives the initial conditions for Eqs. 20 through 22, the constants are 

A 
Xl T + __fL {x 1 - x\ (2 3) 0 0 

B {x1 - x\ 

0 = ~~ - 0 2 

f3 C/ 2M 

C {o/o of critical damping) 2 [M.k 

The accelerations, velocities, and positions of the car and passenger for a 30-mph
barrier crash by this simple model are plotted in Figure 16, to which is added the ex
pected front-seat passenger hip and head loads if supported by a lap belt that does not 
break, but with the head hitting surrounding structures, as it probably would for this 
crash condition. Severy and Mathewson (12) estimated a head mean deceleration in 
excess of 200G for a 26-mph barrier crash, with the passenger without lap belt. With 
lap belt, the head also impacted, and they consider the case probably fatal (at 29 mph) 
but do not give the head acceleration. We use a peak value of 200G to emphasize the 
magnitude of the upper body buckling problem, without upper body support. 

Note that with the airstop restraint, the rate of change of acceleration is reduced 
over the "jolt" effect of the lap belt. For a haversine function of amax acceleration 
peak and period r 

X : 
max 

Lap Belt 30 MPH- 0--Probably Fatal 

7r a 
max 

T 
{in G/sec) 

Airstop 30 MPH-+ 0--Uninjured 

Figure 17. Barrier collision. 

(24) 
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For a 50G peak of 0. 055 sec period with the lap belt alone 

• ' • (3 14)(50) 
x = • = 2850 G/sec 0,055 (2 5) 

a value which can contribute to the injury due to internal resonances (13). The airbags 
smooth out the load applied to the passenger, and distribute it over theentire body 
surface, so that with airbags (not bottoming) the load would be more tolerable even if 
of the same amplitude as the lap belt load. Our problem then is to prevent passenger 
bottoming through the airbags or airseat onto rigid or sharp surrounding structures. 
If bottoming can be prevented, the airstop restraint appears in this simple thoretical 
analysis to be very effective in reducing passenger injury and death in automobile 
crashes. 

Figure 17 shows diagrams of the lap belt and airstop restraint conditions during im
pact, in the manner of Severy, et al (7). If cars can be modified to allow controlled 
displacement of the passenger during deceleration, without bottoming, load isolation 
by the airstop restraint can be utilized to prevent injury for crash conditions which 
now are fatal. If the cars cannot be modified, or bottoming might occur, we suggest 
using chest airbags at higher pressure, or preferably, since bag pressures above 10 
in. of water are uncomfortable prior to deceleration, using a wide belt (3 in. or more) 
on a more rigid lower seat structure (high pressure airseat base), with the airseat 
back and chest airbag as the controlled deformation members for upper body support. 

DISCUSSION 

The foregoing analysis suggests that the airstop restraint offers some promise for 
the reduction of injury and death to passengers in automobile crashes-if indeed the 
restraint is in position at the time of the crash. If lap belts are not used, for example 
when "sweeping up" children playing on the floor of a station wagon by bag inflation 
when a potential crash situation develops, the restraint is most successful if "bottom
ing" does not occur. If bottoming might occur, for example when doing high speed 
driving with a heavy adult, the restraint should be used with a lap belt, with the chest 
bag essentially as an upper body support. We recommend 10, 000-lb loop strength 
belts of 3-in. width, with seat support (or airseat) and floor strengthening to take 
-50Gx loads without failure. 

Cars would be safer if one were less likely to hit protruding structures in a crash. 
-· • • .. • .. ' - ...... • .. ....,.. , ... , •• , \ -· .. 

ui:scu::;:siug a1rv1aue acc1ue11Li:s, uenaveu i:sa1u over ~u year::; ago \1<±/; ·\a/ i.ne 1orce 
of many accidents now fatal is well within physiological limits of survival. (b) Needless 
injuries-both serious and fatal-are caused by the unfortunate placement and design 
of cedain objecls and sl!·uclures." Later he notes, "A mor e practical answer to the 
severe injuries caused by the instrument panel would be to space the panel slightly 
beyond range of the head." This plea has been repeated many times for automobiles. 

DeHaven continues, "There is no intention of indicting this one type of plane, for 
many makes of planes have braces in this or other dangerous positions. In accident 
results of this kind it seems reasonable, however, to ask the question 'was this fatality 
caused by pilot error-or by an error in design?' " The "accident" may have many 
causes, but we emphasize that accident effects are not accidental-once the crash is 
under way, the variability of outcome is sharply reduced. It is interesting to note that 
the primary collision of the car with outside structures may be almost over before the 
secondary collision of the passengers with the inside of the car has occurred. With so 
many cars destined to be in accidents, more of the design should consider the crash 
consequences. Look around at your car (and at your highways and fellow drivers) and 
ask, "Am I ready for a crash in this environment?" If the average driver otherwise 
lives a normal life span, his chance of being killed in an automobile crash within this 
life span is something like one in forty with present structures and restraints, and with 
present mileage death rates, which show more tendency to increase than decrease. 

DeHaven (and many since) continues (14), "A large expansion in use of aircraft by 
civilians will require more than mere concessions toward safety. It will require 
deliberate planning of safety with acknowledgement that this one factor-more than 
speed, efficiency, or cost-will govern the extent of future developments. Heavy and 
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unnecessary penalties will be paid by the public-and the aircraft industry-until safety 
is considered foremost among design factors in aircraft for broad public use." For 
automobiles, heavy penalties are indeed being paid, with our emphasis on "tigers," 
not safety. With very little regulation as to automobile design, and the public not yet 
demanding safety advances, the manufacturers find little economic incentive in spend
ing for safety. The automobile manufacturers are not now required, as are the pill 
manufacturers-and airplane manufacturers-to prove to a government agency the 
safety of their product before it is introduced to the public. 

In this atmosphere, it is perhaps fruitless to consider the internal modifications of 
a car required for crash load isolation by controlled displacement within the car of 
perhaps 4 ft, to reduce the severity of the 60-mph barrier crash. Yet using present 
information, such a crash could be survivable. One might follow Ryan's lead (15) in 
putting the controlled displacement on the bumpers, with hydraulic shock absorbers, 
decelerating at 20 or 30G, not the 0. 9G used by Chayne (8) in ruling out such designs. 
This indeed should be explored with far more support than has thus far been given to 
it, with of course the recognition of the interactions of hydraulic bumper compression 
and car body crumpling. Alternately, one might extend the car crumpling, or plan its 
characteristics as has been done for example in putting an intentional crinkle in the 
Mercedes frame. 

Alternately again, might technology not be ready for considering emergency car 
deceleration by retro-rockets of perhaps -5Gx, since it is difficult with wheel brakes 
under the best friction conditions to exceed -0. 9Gx? A car velocity of 44 mph is only 
2G-sec, or 5G acting for 0. 4 sec, provided for a 4000-lb car by a 36-lb retro-rocket 
of specific impulse of 220 lb-sec/lb of propellant. (But watch out for tailgaters. . . . ) 
Having a lower thrust rocket canted up 30 deg might have the additional advantages of 
increasing braking and steering effectiveness. But these methods only reduce the 
primary collision of the car with its surroundings. The loads on the passengers must 
be determined with regard to their motions. 

Ryan (16) has made another important suggestion, to alleviate the snap overloading 
of seat belts due to their initial slackness. He suggests using hydraulic seat belt 
tighteners to get some pre-loading of the passenger before he is thrown forward. He 
also shows the advantage of using a damped controlled stretching of the belts. Ald
man (17) similarly shows the advantage of U1e long stretching diagonal chest strap in 
reducing passenger loads. Bierman's work (18) is the earliest experimental work that 
we know on load isolation by controlled stretching of the restraint. All of these authors 
seem to feel, with us, that a controlled use of whatever space is available for load re
lief by motion in the vehicle is highly advantageous. We go further than they in urging 
a consideration of the modification of automobile interior design to allow a greater 
distance for controlled motion load isolation. 

The restraint pre-loading concept is a good one if it can be engineered. We would 
like to leave children free to move around in the car-not huddled in their rigid re
straints waiting for a crash. With an automatic crash anticipation signal, the bags 
could be inflated at a low pressure (3-10 in. of water pressure, i.e., 0. 1 to 0. 3 psig) 
to get the passengers in a favorable restraint position before impact. Then if the im
pact occur,red, the bumper or accelerometer signal could trigger open a higher pressure 
into the airbags, with this increased pressure set continuously proportional to speed, 
to preload the passengers and further reduce the accelerations. Alternately, a higher 
pressure bag might be inflated inside of the lower pressure bag, not quite touching the 
body, a concept we called in 1962 the "multiple gradient yield" restraint concept. We 
note U1at even with airbags we would like to have all interior fixtures of broad and yield
ing profile, to gentle our bottoming. Examine Kulowski (4) for the "signatures" of 
stylists' horn rings, light switches, gear shifts, rear view mirrors, hood ornaments, 
etc., ground into victim's bodies as a price of our culture's empha_sis on style rather 
than safety. 

Inflation triggering and rates are problems with which we have not yet experimented. 
If we can obtain a suitable "unusual behavior" signal from changes of wheel motion, 
steering rate, braking amplitude, radar or optical closing rate signals, road car posi
t1on signals, etc., we suggest inflating the low pressure bags in perhaps 0. 25 sec. 
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Since a body in a crash does not move off a car seat for perhaps 0. 05 sec after bumper 
impact, we would hope that the bags would begin to inflate 0. 2 sec before impact. A 
chilrl pusherl hy these h:igs would expect.erlly not. he thrown; hut. slirle into restraint po
sition. A car traveling at 60 mph would travel 18 ft in this time; this time is perhaps 
too long for some circumstances. On bumper impact we would release the higher 
pressure which would fill the bags in 0. 05 sec even if they had not already been inflated 
at lower pressure. These problems cry for experimental exploration. 

We wish to reduce the sense of claustrophobia and fright on chest airbag inflation, 
so that triggering can sensitively respond to small signs of odd car behavior with little 
consequence of an occasional unnecessary inflation (or one carried out manually to 
shush the children, not save their necks). Note again that the driver is not touched by 
airbag inflation, for this early plan. In aircraft for example, we propose that the air
bags be inflated (in perhaps 5 sec) prior to every takeoff and landing. We have there
fnrP PvpPrimPntPrl ,uith tr!lnQp~rPnt ~;:d-rh!lgQ (Fig. lR). These have ru~tured in some 
crashes, but materials research and bag design (such as pop-out gores that would in
crease bag volume at certain pressures to flatten the force-displacement curve) would 
seem to be able to produce reliable transparent bags. We have particularly liked 
elastomeric vinyl bags, made by the Lindron Corp., Pawtucket, Rhode Island. 

We have experimented with automatic roll-up devices (coil spring stock or bungees) 
in the bags (Fig. 19) and this too appears quite feasible. If the airbags inflated and a 
crash did not develop, the driver would actuate a switch, releasing bag pressure and 
allowing them to roll back into the dash or seat back. He would then check his air sup
ply tanks (mounted in the wheel wells), and occasionally have these refilled when in the 
gas station, from the 80 psig air supply line. And he would hopefully try to drive more 
safely, with this automatic warning that his driving behavior had been sufficiently odd 
that a possible crash was predicted. 

Figure 20 shows one of our aircraft airseats. This in an inflated structure, with 
fabric internal cross-bracing to prevent bulging. Controlled deformation down to the 
floor can occur without bottoming on rigid structures. Figure 21 shows a dummy in 
the air stop restraint on impact on a paved surface at 32 ft/ sec, a crash condition we 

Figure 18. Mockup of an automobile airstop restraint, which should include airseat . 
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Figure 19. Automatic roll-up of the airstop chest airbag. 

Figure 20. An inflated airseat (for the automobile, the back above shoulder level wou Id be transparent). 
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Figure 21. Crane drop of the complete system, during impact (impact velocity-32 ft/sec; dummy 
subject). 
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Figure 22. Acceleration time history of the crane drop of the complete airstop system (30-deg nose
down attitude; impact velocity-32 ft/sec; dummy subject.) 
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would not care to experience in any other restraint. Yet Figure 22 shows that this is 
survivable without injury in the air stop restraint. 

The automobile airseat we would design rather differently, with multiple airbag com
partments individually inflatable for height and position adjustments to suit individual 
drivers, a concept patented by W. J. Flajole, U.S. Patent 2938570 . These multiple 
compartments could involve connections to the car air supply tank, so that they could 
be made anywhere. The seat back above shoulder level would be transparent. Al
ternatively, with the controlled deformation of the seat back (supported by the rear 
seat chest airbag) in a rear collision, the possibilities of neck whiplash injury are very 
much less than with present seats, so that this head support may not be necessary. 
(Where are the experiments to answer this question? We have not yet been able to do 
them.) 

Likewise the automobile airseat could have arm-rests shaped more like Frank 
Crandell's Survival Car II (Liberty Mutual Insurance Company), and similar shoulder 
wings at least on the outside (perhaps inflated when the door is closed) to provide lateral 
support. A 3-in. lap belt of 10, 000-lb loop strength would be on the seat, passing over 
the hips area down to the floor . This design would allow some forward motion with 
seat deformation, then increasing energy take-up by compressing the seat downward. 
Children, being better supported by the chest airbags, would not have to use the lap 
belt (though it would be better to have them do so, for added reliability). The car in
terior would be so padded that if mother jammed on the brakes at 5 mph, the children 
would not hit anything that would hurt them. The air seats would be designed not to 
fail at -50Czx. We discuss rear and side collisions further in another paper (19). 

Kulowski (4) quotes Thomas Carlyle in summarizing his crash studies: "Our main 
business is not to see what lies dimly at a distance, but to do what lies clearly at 
hand. " Research, vastly spurred by John Paul Stapp's challenging work, has shown 
what might be done in crash protection, with Stapp's conclusion (13), "The most re
liable instrument for measuring the varied effects of dynamic force on man is man, " 
and Stapp's survival under conditions that daily kill others. We, coming to the end of 
a contract without the support to continue at least until s ome of those 140 people killed 
by automobiles1 in the United States every day a r e saved as a consequence of our wor k, 
sadly admi t (with apologies for para_phrasing), "The1·e's many an excuse between re
search and use. " 

Yet there is hope in the hustings. It is increasingly apparent to legislators (20) 
that the cost of automobile mayhem (perhaps $9 billion a year) is far greater than the 
cost of automobile safety improvements which might cut this mayhem in half. Taking 
the systems approach, it is ridiculous for socie ty not to obtain these improvements 
(seats which do not tear out, doors which do not open, steering wheels which are not 
pushed back, seat belts which do not fail, knobs and window cranks and instrument 
panels which yield unde r crash loads, use of shoulder straps or other upper body sup
port, improved brakes, tires without defective material s, etc., etc.). Yet the in
dividual is not in a position to get them if indeed he knows about them. (As Kulowski 
puts it, "Individual initiative is at best only second best.") The legislator (in our view) 
is increasingly coming to identify himself as the responsible agent of the "social sys
tems," sensitive to the systems analyses and working to improve systems performance, 
in situations in which the individual cannot hope to do so. He hopes the voter can judge 
the success of systems performance; he is overwhelmed in his continuing efforts to 
teach the voter the details of systems operation that must affect the legislator's actions. 
And so we have Public Law 88-515 and a beginning set of safety specifications for gov
ernment vehicles put out by the General Services Administration (with which the auto
mobile manufacturers will now comply in cars for the public at an appropriate price), 
we have legislation for design of a safe automobile proposed at the federal level by 
Sen. Nelson and also proposed and passed by New York State, we have consideration of 

1Daniel Moynihan {20) gives the estimate of 125 injuries by automobiles for each death (i.e., per
haps 6 mi I lion per year)and says, "Something like one out of every four automobiles manufactured 
ends up with blood on it" (p. 321 ). 
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the appropriate government role in traffic safety by Sen. Ribicoff's Subcommittee (20) 
with some suggesting a Federal Automobile Agency, we have proposed legislation for 
a National Accident Prevention Center, etc. Once a developed experimental safety car 
is available (with yearly improvements), we might require that the automobile manu
facturers demonstrate to a federal agency by crash tests that their new designs are as 
safe as this federal standard, before they are handed to the American public cocked, 
tuned and tigerish. Drug manufacturers are required to do no less, yet (partly as a 
consequence) drugs kill far fewer people than automobiles. 

Lawyers, too, see the court decisions moving us toward safety, with tort liability 
suits against the manufacturers perhaps beginning to apply pressure to reduce the prac
tices of unsafe car designs. We can only hope that this will not end, as cigarettes 
might, with a little label on the windshield, "This car is unsafe to health, " with all 
else going its jarring way, since the buyer has been warned. 

And how can economics help? We suggest that there be fines (state and federal?) on 
the driver responsible for a crash and perhaps even on the manufacturer of his auto
mobile, with these funds to support highway safety research, including improved safety 
car designs. Somehow, the revenue for safety research and development should be 
made commensurate with the magnitude of the safety problem. We suggest that those 
arrested for driving violations also be fined for the absence of safety features in their 
cars. 

And we, with all due bias, suggest the use of the airstop restraint system-or first, 
research on its further applications to the automobile . 

CONCLUSIONS 

1. Upper body support is required in addition to the lap belt to reduce injury and 
death in automobile crashes. Even at 30 mph a barrier crash is probably fatal , due 
particularly to head impact, in cars of present structure and lap belts only. 

2. Controlled motion into a low frequency (below 3 cps) damped elastic restraint 
system or other controlled displacement restraint can provide crash load isolation if 
bottoming does not occur, or occurs (into soft material) more gently than the primary 
crash itself. 

3. The airstop restraint offers both upper body support and controlled load isolation. 
Inflation of the airbags to a low pressure (0. 1-0. 3 psig) just prior to an impact can 
push children and others previously unrestrained into positions of restraint. Airbag 
pressure can be adjusted to prevent bottoming. If the high pressure, proportional to 
car speed, is released into the inflated airbags just at bumper impact, through one-way 
valves in case the supply tanks are ruptured during impact, and automatically released 
after impact, discomfort due to bag pressure would expectedly be a small price for the 
protection provided. 

4. Automobile experimentation is essential to extend this preliminary analysis of 
the potential of the airstop restraint. Many problems for research remain, including 
the quantification of the automatic signals triggering airbag inflation prior to a crash, 
engineering of the system for the car, materials and reliability analyses, passenger 
acceptance, and experimental validation of the protection provided by automobile 
crashes. 
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