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S Y N O P S I S 

T w o HEAD-ON a u t o m o b i l e c o l l i s i o n s , s t a g e d b y s t u n t d r i v e r s a s a f e a t u r e of t h e i r 
s h o w s , w e r e s t u d i e d b y m e a n s of h i g h - s p e e d m o t i o n p i c t u r e s t o d e t e r m i n e d e c e l 
e r a t i o n r a t e s a n d t i m e s , a n d o t h e r p h y s i c a l f a c t o r s . A n e w t e c h n i q u e f o r f r a m e -
b y - f r a m e a n a l y s i s of m o t i o n p i c t u r e s , i n v o l v i n g u s e of a n o p t i c a l c o m p a r a t o r , 
i s d e s c r i b e d . 

I n one c o l l i s i o n b e t w e e n c a r s w e i g h i n g 3,800 a n d 4,100 l b . , speeds p r i o r to i m 
p a c t w e r e 37 a n d 23 m p h . r e s p e c t i v e l y . D u r a t i o n of i m p a c t w a s a p p r o x i m a t e l y 
0.12 s e c , a n d r e s p e c t i v e a v e r a g e d e c e l e r a t i o n r a t e s f o r t h e m a i n ( u n d a m a g e d ) 
p o r t i o n s of t h e c a r s t r u c t u r e s w e r e 421 a n d 392 f t . p e r s e c . p e r s e c . (13.1 a n d 12.2 g) 
r e s p e c t i v e l y . T h e t o t a l a m o u n t of m u t u a l f r o n t - e n d c r u s h i n g w a s 5.2 f t . , or 2.6 
f t . p e r c a r . 

I n t h e o t h e r c o l l i s i o n , c a r w e i g h t s w e r e 3,700 a n d 3,350 l b . , i n i t i a l speeds 34 
a n d 39 m p h . , a n d t h e d e c e l e r a t i o n r a t e s 456 a n d 527 f t . p e r s ec . p e r s e c . (14.6 a n d 
16.1 g) r e s p e c t i v e l y . T h e t o t a l c r u s h i n g w a s 6.7 f t . o r 3.35 f t . p e r c a r . 

A l t h o u g h t h e r e w a s s o m e e v i d e n c e of d e c e l e r a t i v e p e a k s , d e c e l e r a t i o n d u r i n g 
t h e i m p a c t s w a s , o n t h e w h o l e , s u b s t a n t i a l l y u n i f o r m i n b o t h c o l l i s i o n s . 

T h e a v e r a g e f o r c e a c t i n g b e t w e e n t h e t w o c a r s i n t h e f i r s t c o l l i s i o n w a s a p p r o x i 
m a t e l y 23 t o n s , a n d i n t h e s e c o n d , 27 t o n s . R a t e s of k i n e t i c - e n e r g y d i s s i p a t i o n 
i n t h e t w o c o l l i s i o n s w e r e 1,975,000 a n d 2,900,000 f t . - l b . p e r s e c , o r 3,590 a n d 
5,270 h p . , r e s p e c t i v e l y . 

I n t h e f i r s t c o l l i s i o n , t h e c a l c u l a t e d coe f f i c i ent of r e s t i t u t i o n w a s 0.102, b u t 
i n t h e s e c o n d , o n l y 0.006, p r e s u m a b l y d u e to a l o c k i n g - t o g e t h e r a c t i o n d u r i n g 
s t r u c t u r a l d e f o r m a t i o n . 

• I T I S a w e l l - k n o w n f a c t t h a t a n a u t o m o b i l e l e n d t h e m s e l v e s v e r y p o o r l y to e n g i n e e r i n g 
t r a v e l l i n g a t h i g h o r e v e n m o d e r a t e s p e e d s s t u d y , b e c a u s e i t i s d i f f i c u l t o r i m p o s s i b l e t o 
posses ses a g r e a t d e a l of k i n e t i c e n e r g j - . D u r - e s t a b l i s h a c c u r a t e v a l u e s f o r i m p o r t a n t p h y s i -
i n g n o r m a l d e c l e r a t i o n , t h i s e n e r g y i s d i s s i - c a l f a c t o r s s u c h a s i n i t i a l v e l o c i t y , v e l o c i t y a t 
p a t e d g r a d u a l l y . I n a c o l l i s i o n , i t s r a p i d a n d t i m e of i m p a c t , r a t e of d e c e l e r a t i o n p r i o r t o 
u n g o v e r n e d d i s s i p a t i o n u s u a l l y c a u s e s e.xten- a n d d u r i n g i m p a c t , a n d t h e l i k e , 
s i v e s t r u c t u r a l d e f o r m a t i o n of t h e a u t o m o b i l e T h e d i s c o v e r y t h a t a s t u n t d r i v e r s ' t r o u p e ' 
a n d , a l l too o f t e n , i n j u r y o r d e a t h t o o c c u - s t a g e d a c t u a l h e a d - o n c o l l i s i o n s , a s a f e a t u r e 
p a n t s . of t h e i r s h o w , s u g g e s t e d t h e p o s s i b i l i t j - of 

M u c h c o m m e n d a b l e e f for t h a s b e e n d e v o t e d m a k i n g s t u d i e s w h i c h w o u l d y i e l d u s e f u l 
to t h e s t u d y of t h e c a u s e s of a c c i d e n t s w i t h t h e i n f o r m a t i o n . T h i s r e p o r t c o v e r s o b s e r v a t i o n s , 
p u r p o s e of reducing t h e i r n u m b e r . M u c h less m e a s u r e m e n t s a n d a n a l y s e s of t w o s u c h 
h a s b e e n d o n e i n t h e w a y of e n g i n e e r i n g s t u d y p l a n n e d h e a d - o n co l l i s i ons . H i g h - s p e e d m o t i o n 
of t h e p h y s i c a l p h e n o m e n a m a n i f e s t e d d u r i n g p i c t u r e s w e r e m a d e a n d a n a l y z e d t o e s t a b l i s h 
a c c i d e n t s . T h o s e w h i c h o c c u r o n t h e h i g h w a y (1 ) t h e s p e e d s of t h e a u t o m o b i l e s j u s t p r i o r t o 

i m p a c t ; (2) t h e p a t t e r n of v e l o c i t v c h a n g e 
* Now Director, Impact Rcseiircli Institute, Inc , Ingle-

wood, California. i Tlie Joie Chitwood Auto Daredevils. 
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350 TRAFFIC AND OPERATIONS 

(deceleration) of the undamaged primary 
structure of the automobiles; and (3) the ex
tent of mutual crushing during impact. Other 
significant physical data were derived by 
calculation. 

Photographs and measurements taken after 
the collisions illustrate the nature and extent 
of structural deformation produced by im
pacts of automobiles traveling at known 
speeds. 

P R O C E D U R E 

Collision 1 

The first study was made at the Culver City 
(California) Speedway in June 1950. An East
man high-speed 16-mm. motion-picture camera 

predetermined point in front of the grand
stand. Old-model four-door sedans are used 
and each vehicle is so prepared that the driver 
can operate it from a standing position 
behind the front seat structure, the back side 
of which is provided with extra padding. The 
driver leans over the seat to steer the car, and 
control the speed by means of a hand throttle, 
until a few moments before the collision. 
During these few moments he drops quickly 
into a crosswise position in back of the front 
seat structure. 

Because of the limited running time of a 
high-speed camera (8 to 10 sec. at 500 frames 
per sec), an operating plan was formulated 
whereby the camera was trained on the car 

Figure 1. Peak of impact. Collision 1. 

was set up in the infield, about 100 ft. from the 
edge of the track. To facilitate analysis of the 
movements of the cars, measuring boards with 
1-ft. intervals, having 3-in. subdivisions, were 
placed alongside the track over a distance 
of about 25 ft. A marked disc, rotated by a 
synchronous electric motor, was placed in the 
field of view of the camera near the predicted 
collision point to provide means for measur
ing time intervals. Reference lines were painted 
on the sides of the cars, and marks spaced 3 ft. 
apart were placed on the hood of one car. 

In these demonstrations, the cars start 
from adjacent positions in front of the grand
stand, proceed around the track and pass each 
other on the backstretch. They are then made 
to collide head-on as nearly as possible at a 

approaching from the right for about the last 
200 ft. of travel and the motor was started a 
few seconds prior to the instant of collision. 

Figure 1 is an enlargement from one frame 
of the film, at the approximate peak of the 
impact. Following the collision, the cars were 
removed from the track. After being photo
graphed, each car was carefully measured to 
determine the nature and extent of structural 
deformations. 

Collision 2. 

The second study, which benefited from the 
experiences afforded by the first, was made at 
the Carrell Speedway in Gardena, California, 
in June 1951. The general technique was 
similar, except that the camera was set up 
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outside the track area, on the roof of a press 
box at the rear of the grandstand, about 140 
ft. from the track. 

As in the first study, both cars were pro
vided with reference markings, with 3-ft-
spaced markings on the roofs just above the 
doors. Distance markers were placed on the 
track, and timing facilities were improved by 
the fact that during the period between the 
two studies the camera had been provided with 
a built-in time marker for automatic recording 
on the film. The entire sequence of operations 
was successful. 

A N A L Y S I S O F F I L M H E C O H D S 

The film record of each collision was first 
studied carefully by repeated projection at 
normal speed, which provided a time magnifi
cation up to about 25 times normal. Each 
film was then subjected to frame-by-frame 
analysis preparatory to studying the motion of 
each car as a function of time. After trial by 
several other methods, with disappointing 
results, a satisfactory solution was found in 
use of an optical comparator. 

The instrument used was a Bausch and 
Lomb contour measuring projector. This 
instrument has a work table over a light 
source from which a beam is projected upward 
through a plate-glass window in the table. By 
means of a lens and mirror system, the beam 
is focused from behind onto a vertical trans
lucent screen in front of the operator. The 
image of a film laid on the window of the table 
may be projected onto the screen at various 
degrees of magnification. The efficiency of the 
optical system, together with heat-absorption 
at the light source, makes possible the* projec
tion of a brilliant image for indefinite periods 
without heating of the fihn. 

With the film fixed in position over the 
window of the table, the latter may be moved 
accurately on cross slides to shift the position 
of the image on the screen. Desired points in 
the image may thus be indexed to reference 
lines on the screen. Micrometers facilitate 
measurement of displacements of the table to 
an accuracy of 0.0002 in. 

The frames of each film, in the portions 
chosen for analjrsis, were consecutively num
bered for convenience in the tabulation of 
data. The optical projector was then em
ployed to determine, for successive frames of 
the fihn, the distance between a given reference 

point on the car (chosen so as not to be affected 
by structural deformation) and a fixed point 
on the track. These measurements, made in 
terms of micrometer readings of table dis
placement, were tabulated against film frame 
numbers. They were then converted into actual 
distances by a conversion factor obtained from 
the work-table displacement corresponding to 
the 3-ft. distance marked on the car. This 
distance-base method was found to be more 
accurate than that involving the use of the 
measuring scales on the track, since it had no 
parallax error. 

Since film speed was found to be changing 
due to camera acceleration in both studies, 
the interframe time intervals were determined 
and tabulated. The distance moved by each 
car, between successive frames, when divided 
by the corresponding time interval, provided 
the velocity of the car for that interval. The 
successive values for these velocities were 
plotted against time, and regression lines 
indicating the trend of velocity change with 
time were fitted by the method of least squares. 

Graphs were also constructed, indicating the 
longitudinal positions, prior to and during the 
impacts, of chosen reference points on un
damaged portions of each car's structure. 
These were plotted in such a way as to in
dicate the progressive and cumulative mutual 
crushing of the cars' structures, as a function 
of time. 

Calculations were also made of the mo-
mentums and kinetic energies of the cars 
immediately before and after the impacts. 
Average values were derived for a number of 
other physical quantities, such as deceleraton 
rate, rate of energy dissipation, aggregate 
force acting between the two structures in 
each impact, and coefficient of restitution.' 

B E S U L T S AND D I S C U S S I O N 

Information resulting from the study of the 
two collisions is presented in Table 1 and 
Figures 2, 3, 5, and 6. 

Table 1 summarizes the basic and derived 
data for both colUsions. 

Figure 2 is a graph showing the velocities 
of both cars in the first collision, plotted 
against time. The initial velocity of the car 
approaching from the left was 54.5 ft. per sec. 

»1 — Ui 
velocities before impact, and v\ and vs the velocities after 
impact. 
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(37 mph.). After the impact, it still had a 
forward velocity of 4 ft. per sec. The car ap
proaching from the right had an initial forward 
velocity of 34 ft. per sec. (23 mph.). The im
pact reversed its motion and gave it a back
ward velocitj- of 13 ft. per sec. The total 
changes in velocit}* were 50.5 and 47 ft. per 
sec, respectively. 

The time period from first contact to the 
end of any significant change in velocity was 
approximately 0.130 second or 130 milli-

is quite improbable. However, the regression 
lines of the original plottings closely approxi
mate the average values expressed on this 
graph. There was some slight indication of 
two episodes of increased deceleration, but 
the limitations imposed by the method of 
deriving the data did not permit satisfactory 
resolution of the deceleration pattern. The 
average deceleration of the left car was 421 
ft. per sec. per sec. or 13.1 g and that of the 
right car 392 ft. per sec. per sec. or 12.2 g. 

T A B L E 1 
C O L L I S I O N A N A L Y S I S 

Make and model 
Body type 
Estimated weight includ-, 

ing driver 
Mass (W -s- a) 
Velocity' befoie impact 
Velocity* aftei impact 
Total change in velocity. 
Momentum** before im

pact 
Momentum* after im

pact 
Cliange in momentum 
Deceleration late 
Kinetic energy before im

pact 
Kinetic energy after im

pact 
Loss of kinetic energy 

during impact 

Approximate duration of 
impact 

Avg. rate of energy dissi
pation 

A vg. force acting between 
cars 

Coefficient of restitution 
Amount of mutual crush

ing (t»tal) 
Amount of crushing per 

car 

Collision 1 

I^eft Car 

1935 Oldsmobilc 8 
4-door sedan 

3,800 lb. 
118 slugs 
54.5 fps. (37.2 mph.) 
4.0 fps. (2.7 mpli.) 
60.5 fps. 

6431 Ib.-seo. 

472 Ib.-sec. 
5,959 Ib.-sec. 
421 ft. per sec.! (13.1 g) 

175,230 ft.-lb. 

934 ft.-lb. 

174,296 ft.-lb. 

Right Car 

1936 Buiok "60" 
4-door sedan 

4,100 lb. 
127 slugs 
-34 fps. (23.2 mph.) 
13 fps. (8.9 mph.) 
47 fps. 

-4318 Ib.-sec. 

1651 Ib.-sec. 
5,969 Ib.-sec. 
392 ft. per sec ' (12.2 g) 

73,406 ft.-lb. 

10,732 ft.-lb. 

62,674 ft.-lb. 

0.12 sec. 

1,975,000 ft.-lb. per sec. (3,590 hp.) 

49,700 lb. (23 tons, approx.) 
0.102 

5.2 ft. 

2.6 ft. 

Collision 2 

Left Car 

1936 Buick "40" 
4-door sedan 

3,700 lb. 
115 slugs 
50 fps. (34.1 mph.) 
-1.6 fps. (1 mph.) 
51.6 fps. 

5750 Ib.-sec. 

-184 Ib.-sec. 
5,934 Ib.-sec. 

Right Car 

1937 Dodge 
4-door sedan 

3,350 lb. 
104 slugs 
-58 fps. (39.5 mph.) 
-1 .0 fps. (0.7 mph.) 
S7 fps. 

-6032 Ib.-sec. 

-104 Ib.-sec. 
5,928 Ib.-aec. 

456 ft. per sec.s (14.6 g)\ 627 ft. per see.' (16.1 g) 

143,750 ft.-lb. 

147 ft.-lb. 

143,603 ft.-lb. 

174,928 ft.-lb. 

52 ft.-lb. 

174,976 ft.-lb. 

0.11 sec. 

2,900,000 tt.-lb. per sec. (5,270 hp.) 

53,500 lb. (26.8 tons, approx.) 
0.006 

6.7 ft. 

3.35 ft. 

* For vectorial quantities (velocity and momentum) positive values indicate motion to right (as viewed), negative values, 
motion to left. 

seconds. However, little change in velocitj-
occurred in the first 10 milliseconds, during 
which time approximate!j' 12 in. of mutual 
crushing (bumper structures and forward 
sheet metal) occurred. The significant period 
of the deceleration, occupying about 120 
milliseconds, was obviouslj* caused by de
formation of more substantial portions of the 
structures. 

The changing velocity for each car during 
the impact period is shown in the graph as a 
broken straight line. This implies uniform 
deceleration during the impact period, which 

The momentum (mass times velocitj-), 
before and after impact, w-as computed for 
each car, and the changes in momentum, 
which theoretically should be equal, calculated. 
The values obtained were 5,959 and 5,969 
Ib.-sec. Since change of momentum is nunieri-
callj- equal to and expressed in the same units 
as impulse (force times time), division of the 
value for change of momentum, bj- the time of 
duration of the impact (0.120 sec.) gives a 
value for the aggregate average force acting 
between the two cars during the impact. This 
was found to be 49,700 lb. or approximatelj-



ROTH—HEAD-ON COLLISIONS 3 5 3 

25 tons, a value which was also checked from 
W 

the relationship F = —a using the weights of 
g 

tiie two cars and their average decelerations. 
The kinetic energies for the cars, before 

impact, were 176,230 and 73,406 ft.-lb., and 
after impact 934 and 10,406 ft.-lb., re
spectively. The combined loss of kinetic 
energy was therefore 236,970 ft.-lb. which was 
expended primarily in the structural deforma
tion of the cars. Since this energy was ex
pended in a period of 120 milliseconds, the 
average rate of energy expenditure was 
1,975,000 ft.-lb. per sec, which is equivalent 
to 3,590 horsepower, g 

- F R S T G 
- B E O m i 

HITACT 1 

ma O F s w M n c A N T 
D E C E L E M T I O N 

\ E R A S E D E C E L E I U i n O N M T E I 
421 F T . P E R S E C . * (13.1 0 
l U FT. P E R S E C . * ( 1 2 . 2 0 . 

t 

C 
F T C M 

N \ , 
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N 
s 

— 

to 4 0 to ( 0 1 0 0 ' I t O 140 
TIME-MLUSeeONDS 10 0 

Figure 2. Velocity versus time. Collision U 

The coefficient of restitution was found to 
be 0.102. 

Figure 3 indicates the relative longitudinal 
positions and displacements of the two cars 
just before and during the impact period. 
This was plotted in such a way as to indicate 
the amount of mutual crushing of the front 
ends of the cars. The distance between the 
two curves, above the point indicating first 
contact, is a measure of this crushing, which 
reached a maximum of approximately 5.2 
feet. 

Figure 4 shows the two cars after the im
pact. Because the centerlines of the cars were 
slightly displaced laterally at the time of the 
impact, the greatest deformation occurred 
on the right front side of each. The damage to 
both cars was remarkably similar, consisting 
of backward displacement of the bumper end 

and right wheel, and general structural crush-
i i^ of the order of 18 to 20 in. 

The second collision differed from the first 
principally in the closer matching of initial 
velocities, as shown in Figure 5. However, 
another notable difference was the low ve
locities of both cars after the impact. The force 
of the impact appeared to produce a consider
able degree of locking together of their struc
tures, and they moved only about 6 in. to the 
left following the collision. There was only a 
momentary difference in their velocities (1.6 
and 1.0 ft. per sec leftward) after the impact. 

0 4 0 

t 1 1 1 1 1 1 

, F I R S r eoMT ACT OF CARS 

L E F T C A R - j - R t « HT CM 

S 4 S 

Figora S. DJ^pUceinait versns time, ColHsion 1. 

S 2 I 0 I 2 
nSTANCE-FEET 

Consequently, the calculated coefficient of 
restitution, 0.0056, is probably of little 
significance, except as an indication of the 
locking together previously mentioned. 

The duration of significant deceleration was 
0.110 sec. (110 milliseconds), and the respec
tive deceleration rates were 456 ft. per sec. 
per sec. (14.6 g) and 527 ft. per sec. per sec. 
(16.1 g). 

Calculated values for the change in mo
mentum for the two cars were 5,934 and 5,928 
Ib.-sec, respectively. The aggregate average 
force between the cars was 53,500 lb. or 26.8 
tons. Kinetic energy loss totaUed 318,579 ft.-
b., and as shown in Table 1, there was little 
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Figure 4. Damage produced. Collision 1. 

residual kinetic energy. The rate of energy As indicated in Figure 6, the mutual crush-
dissipation was 2,900,000 ft.-lb. per sec. or ing reached a maximum of 6.7 ft. 
5,270 hp. In this colUsion, as in the first, the major 
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damage occurred on the right side of each car. 
Because of the higher average velocities, 
damage was more extensive, as would be 
expected from the gieater mutual crushing 
distance 
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Figure 5. Velocity uersus time. Collision 2. 
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Fifure 6. Displacement versus time. Collision 2. 

The left car (1936 Buick) had its front sus
pension forced back so that a line between the 
front wheels made an angle of about 30 dog. 
with the transverse axis, and the right wheel 
was about 18 in. to the rear of the left. The 
radiator was completely crushed over the front 
of the motor, and tlie latter was forced back 
against the forward body panel, denting the 

latter back 1 or 2 in. The top of tiie motor 
was also tilted about 3 in. leftward. The left 
side frame member was buckled slightly near 
the left front motor support, and the I'ight side 
frame member was crumpled liack about 12 
in. 

The front seat stiucture, wliich was of wood, 
was broken on the right side but not on the 
left. 

The riglit car (1937 Dodge) had its front 
end deformed about the same as the Buick, 
but at a sliglitly greater angle. The back of tlie 
liglit front wheel was forced back i)iii('ticall\-
to the door. The right side frame member was 
l)uckle(l back l)y a distance of aliout IS in. 
The motor had l)een torn loose from its sii])-
IJorts anil for<'ed hack, denting the lower part 
ot the forward comijartment panel about (i in. 
The toi) of the motor was tilted left aiiout 6 
in. 

The center section of the toj) edge of the 
front seat, which had been torn loose, had a 
forward displacement of alsout 12 in. 

C0.M.\IKXT!5 

In both collisions, the cars were subject to a 
certain amount of angular movement during 
the impacts. Their rear ends tilted ui)\\ard 
noticeably, indicating that their centers of 
gravitj' were somewliat above the level at 
which mutual structural resistance was of
fered. These angular motions und(nibtedl\' 
accounted for a certain amount of dissipated 
energy, but the film records did not piovide 
sufficient data for profitable analj-sis 

So far as the forces acting on tlie d l ivers 
are concerned, the fact that these stunts are 
performed routinely indicates that they are 
within a tolerable range. In the first collision, 
the ma.\imum possible forces acting on the 
men could not have exceeded 12 to 13 times 
their bodj- weight, as indicated bj-the decelera
tions in g units. Actually, because of j-iekling 
both of the seat structures and added padding, 
the forces were probably somewhat less. Simi
larly, in the second collision, the maximum 
possible forces would have been 15 to 16 times 
their body weights, and the actual forces 
materiallj- less. 

Research in aviation medicine has shown 
that the human body can readilj- tolerate, 
without injury, transversely-acting, well-dis
tributed forces uj) to and probably exceeding 




