Effect of Seal Harness on Movement of
Car Occupant in a Head- On Collision
G. GRIME, Senior Principal Scientific Officer, Traffic and Safety, Road Research
Laboratory, Harmondsworth, Middlesex, England
•IN SPITE OF all that can be done to prevent road accidents, by improvements to vehicles and to roads and by training drivers and other road users to use the road more
carefully, a certain number-probably a large number-of accidents will continue to
take place. The problem of providing protection for car occupants in accidents, therefore remains an il!lportant one.
The nature of the problem is becoming clear as facts are collected concerning the
circumstances of car accidents and the most serious type s of injurie s to the car occupants. In fatal accidents, more than 60 percent of the injuries are to the head and
neck, and almost all other fatal injuries are to the trunk (1). Detailed investigations
by the Road Research Laboratory, United Kingdom, into about 500 accidents that occurred near the Laboratory showed that about two-thirds of these accidents involved
frontal collisions (i.e. , within ± 45° of straight-ahead), about 12 percent were to the
sides of cars, and about 7 percent were rear-end collisions. Thus, the most important problem is how to p r otect the heads and bodies of occupants in head-on collisions .
This, therefore, indicates the primary purpose of a seat harness.
The forces and decelerations to which a person held in a seat harness is exposed in
a head-on impact have long been a matter for discussion and, although some experimental values have been obtained, chiefly in America, there have been no established
figures. It is possible, however, to calculate maximum values for these decelerations
and forces if certain simplifying assumptions are made, and this is done in the present
paper. A brief account of a similar analysis of the motion of a body held by a safety
harness has also been given in a paper by Ryan and Be Vier (2).
It is generally agreed that in European cars, which have only a limited space in
front of the passenger, it is desirable to wear a harness that restrains the upper as
well as the lower part of the body; that is, either a diagonal belt, a diagonalandlap
belt, or a full harness having two shoulder straps (Fig. 1).
The movement of the body
of a person supported by one of these harnesses and exposed to the deceleration arising
from a head-on impact is obviously likely to follow a complicated pattern; the lower
trunk and the upper trunk may move forward at slightly different speeds, depending on
the construction and fixing of the harness; the head will bend forward; the arms will rise
to shoulder level, and the legs will tend to rise to hip level, but will probably be checked by the
pressure of the feet against the floo r or by the knees coming into contact with the dashboard.
In the present paper, no attempt is made to calculate the movements of the parts of
the body in detail, but because three-quarters of the weight of the body is in those parts
which are closely held by the seat harness (the trunk, thighs, and head) , it seemed
likely that a simplified representation of the human body could be used in calculations
to determine the main features of the movement of a car occupant held by a seat harness. It has therefore been assumed that the passenger can be represented by a single
mass, negligible compared with that of the car, that he exerts no muscular effort to
prevent forward movement relative to the car, and that there is no pivoting about the
legs or feet against, for example, the package shelf; the body is assumed to be rigid,
not elastic or yielding, and the assumption is made that there is no damping due to
friction with the seat or the harness. The mass representing the passenger is restrained
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Diagonal belt fitted
to door pillar.

Combined lap belt and single diagonal
shoulder strap. (Alternatively, shoulder
strap may be brought over back of seat
and anchored to floor instead of door
pillar.)

Figure l .

Lap belt and double shoulder straps. (Alternatively, shoulder straps may be anchored directly to floor at their front
ends.)

Type s of safety harne ss .

by a linear spring; that is, one in which the restraining force is proportional to the
distance moved. This is approximately true for the materials of which seat harnesses
are made.
This model is, of course, much simplified, but its behavior may be expected to
correspond in many important details with what happens in practice.
STIFFNESS OF HARNESS
Stiffness is the force (in pounds) needed to stretch the harness 1 ft in a horizontal
direction. The only harnesses for which the stiffnesses are readily calculable are
those consisting of single loops, such as the single diagonal loop and the lap strap. It
is assumed for purposes of calculation that the webbing, at its anchorages, lies at
45° to a plane at right angles to the length of the car.
The next simplest arrangement-the lap belt combined with a single shoulder strap
fixed to the door pillar-can be regarded, with rather less accuracy, as consisting of
two loops, and its stiffness is, therefore, twice that of the single diagonal or lap strap.
In all other commonly used harnesses, whether full harness or combined lap and
diagonal straps, the shoulder straps are anchored to the floor behind the seat and it is
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difficult to calculate the contribution to the stiffness made by the shoulder loops. However, because these loops are each about 4 ft 6 in. long and are set at an angle to the
floor which may be as great as 90°, their contribution to the stiffness is probably less
than that of a single loop anchored to the door pillar. It will the refore be assumed that
the diagonal belt is the arrangement of lowest stiffness and the lap belt with diagonal
shoulde r loop attached to ·the doorpost that of highest s tiffness .
The materials usually used in the construction of harnesses give about 20 percent
elongation for a 2, 250-lb load. The stiffness of a diagonal belt of this material, 5 ft
long, is calculated to be about 4, 500 lb per ft. With a lap strap added, it is approximately twice this figure; that is, 9, 000 lb per ft. Stiffer materials are also used for
harnesses, the stiffest giving a calculated value of about 53, 000 lb per ft for a combined
lap strap and diagonal belt.
The stiffness alone is not sufficient to determine the behavior of a body held in a seat
harness. The important factor is the stiffness in relation to the weight of the body (or
more strictly its mass). The mass usually taken is 200 lb. This is an overestimation
for the average vehicle occupant, but allows for the possibility that the harness may
have to retain the seat in place as well as the person s~tting on it. The lower limit for
mass has been set at 112 lb, corresponding to a small woman on a well-anchored seat.
DECE LERATION OF VEHICLE

The deceleration patterns of vehicles in head-on collisions have been recorded in
many experiments, chiefly in the United States. A set of six records of head-on collisions at speeds from 21 to 52 mph obtained by Severy, Mathewson, and Siegel (3) is
shown in Figure 2. Figure 3 shows records obtained at the Road Research Laboratory
when light cars were run into street lighting columns at speeds of about 20 mph (4).
No two of these records are exactly alike, but if short duration fluctuations
neglected and an average curve is drawn, the most important parts of the resulting
curves are usually single humps lasting for 0. 05 to 0. 20 sec. H the curves are smoothed
out in this way, to simplify calculations, the resulting movement of the vehicle is
changed very little. Two types of decelerations of the vehicle have therefore been assumed (Fig. 4). The first represents uniform deceleration; that is, a square-topped
wave, with an instantaneous rise to a constant value. This is an approximation of
cases l ike (e) and (f) for car 1 in Figure 2 where the deceleration rises to its maximum
in a very short time. The second type has the form of one-half of a sine wave and resembles the smoothed records of many other examples in Figure 2.
In head-on collisions at a particular speed, other conditions being similar, the duration of impact may be expected to be less for small cars than for large ones, and the
maximum decelerations may be correspondingly higher. Experiments to determine the
magnitude of these differences are being carried out at the Road Research Laboratory.
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BEHAVIOR OF ELASTIC HARNESSES
Figure 5 shows a schematic diagram of the car, passenger, and seat harness (the
symbols are defined in the Appendix). It is required to determine the movement of the
mass, representing the passenger, when the point of attachment of the spring (the harness) is decelerated from an initial velocity V by the application of decelerations of
two assumed forms to the vehicle to which the spring is attached. Problems of this
type are described in textbooks of physics and applied mathematics and only an outline is given here.
Constant Deceleration
H the vehicle is decelerated with a constant deceleration A, then the movement of
the seat anchorage,
x - Xo =Vt -

At2
T

(1)
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Decelerations

of pairs of American cars of approximately equal weights
head-on impacts from various speeds.
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The movement of the passenger restrained by the harness is given by
m d2y + k [(y - yJ - (x - xo)] = 0

dt2

(2)
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It is shown in the Appendix that a solution of this equation, in terms of the movement (y - y 0 ) of the passenger is

y - yo = Vt -

At2
T

A
+ - ( 1 - cos pt)

(3)

p2

in which p 2 = k/ m.
The stretch S of the harness is the difference between the movement of the passenger
and that of the vehicle:
S = (y - yo) - (x - xo)

A (1 - cos pt)
p2

(4)
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4. Assumed forms for decelerations of car: left, instantaneous rise, constant
maximum; right, half-sine wave, -A sin wt.

It is more instructive to rearrange this as

p; = (1 - cos pt)

(5)

because p 2S is the deceleration of the passenger, so that p2s/ A is the ratio of the deceleration of the passenger to that of the vehicle.
A constant deceleration applied instantaneously and maintained would result in an
oscillation of the passenger on the harness, which behaves like a spring. The maximum deceleration of the passenger can then be as much as twice that corresponding
to the steady deceleration of the vehicle; similarly, the maximum stretch of the harness is also twice that caused by a static force corresponding to the steady deceleration of the vehicle.
In practice, however, the deceleration of the vehicle is of short duration; for headon impacts, as has been stated earlier, durations of between O. 05 and O. 20 sec are
likely. With the values of the period of oscillation of the passenger on the harness
likely to be met in practice, therefore there may not be time for the peak of the first
oscillation to be reached before the vehicle comes to a stop; the maximum deceleration of the passenger is then less than twice that of the vehicle; its exact value depends
on the ratio of two times, the duration T of the deceleration, and the period of oscillation 2?T/p of the passenger on the harness. It is shown in the Appendix that the maximum stretch of the harness is then
S

=~
p2

h (1 - cos PT)

(6)

Then,
2

p S
A
max

I

= \I 2 ( 1 - cos PT)

(7)

Figure 6 shows how the "magnification" factor p2s/ A varies with this ratio. This
figure also shows values of the deceleration times in seconds. These refer to a value
of 2?T/p = 0. 23 sec, for the most extensible harness and a 200-lb passenger. For de-
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I
celerations of this square shape, thereI
fore, the magnification of the deceleration
of the car is less for the shorter durations
I
in the practical range.
I
Although the magnification factor for
I
decelerations increases with the duration
I
of the deceleration (as in Fig. 6), if stops
I
!
from a given speed are considered, the
I
actual decelerations of the passenger de1-xI
i---'111..rvv..--i'
crease as the duration of the deceleration
increases. This is because the maximum
I
value of the deceleration in this case decreases as the duration increases, and
this decrease more than compensates for
Figure 5, Representation of car, pa ssenthe increased magnification. Figure 7
ger, and seat harness.
shows this effect for a 30-mph stop; for
other speeds , the maximum stretch of the
harness, and therefore the maximum deceleration of the passenger, changes in .proportion to the speed.
Sine Wave Deceleration
The assumption that the deceleration time curve for the car has the form of a sine
wave, lasting for one-half a period only, is usually a better approximation than that of
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a constant deceleration, instantaneously
applied .
If the sine wave deceleration is assumed,
d2x/dt 2 = - A sin wt, for 0 ~ t ~ .:r.. and
w·
d2x/dt2 = O, for all other times wtaer consideration, then the movement of the seat
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The movement of the passenger, restrained by the harness, is therefore

y - Yo = (v - ~)
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Figure 7. . Maximum stretch of elastic
harne ss (p2 = 725) for stops of various
durations from 30 mph.

- _A_

(9)

in which as before, p 2 = k/m.
The stretch of the harness (Eq. 3) is in
this instance

(~sin pt -

sin wt )

(10)

sin pt - sin wt )

(11)

and the magnification factor is
p2s A
- - p 2 p2
_ w2

( w

p

These expressions are valid only for 0 ~ t ~ rr/ w. After the deceleration has ceased
(that is, after the car has stopped), the passenger may still continue to move forward,
and the stretch of the harness and the resulting deceleration of the passenger may still
continue to increase. In such cases, the maximum stretch of the harness is
PA2s max = 2pw 2 J2 (1 +cos p-r)
p - w

(12)

As with the constant deceleration, the magnitude of the deceleration suffered by the
passenger depends on the relation between the duration of the deceleration T = rr/ w and
the period of the oscillation of the passenger on the harness, 2rr/p. Figure 8 shows
the way in which the stretch of the harness varies with time for various values of
p -r/TT.
The time lag between the maximum deceleration of the car and the maximum stretch
of the harness should be noted. Such time lags are always observed in experimental
crashes where seat belts are used (Fig. 2). Figure 6 shows the variation of the magnification factor for the sine wave deceleration with duration of deceleration. Compared with the square wave result, also shown in Figure 6, the curve rises more
slowly to a maximum of less than 2 and then falls off gradually to a value tending toward unity.
Again, as with the square wave deceleration, if the maximum stretch of the harness
for a stop from a particular speed is plotted against time taken to stop, the stops that
take longer to achieve produce lower decelerations for the passenger. This is shown
by the top curve in Figure 7; for other speeds, the maximum stretch of the harness
changes in proportion to the speed. The assumption of a sine wave deceleration instead of a square wave one makes a little difference to the maximum stretch of the
harness for decelerations of short duration, and no more than 25 percent difference
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for the longest duration; thus, the sine wave approximation is probably adequate for
calculations on seat harnesses. It follows too that the fine structure of the deceleration time curve is likely to be of secondary impol'tauce to a pe rson held in by a seat
harness; it may also be shown that the rate of rise of deceleration of the passenger is
affected far more by the elastic properties of the har ness than by the rate of increase
in the deceleration of the car.
There is much experimental evidence to substantiate the conclusion that the deceleration of a passenger held in an elastic seat belt may sometimes exceed that of the
ve hicle whe n the ve hicle decele r ation is represented by an equivalent half-sine wave .
Se very et al. (3) illustrate this phe nomenon by a graph of the results frum six experime ntally produced head - on impacts in which the peak dece leration of dummy passengers, measured at the hips , varied from about 0. 75 to 1. 9 times that of the vehicle.
They also draw attention to the time lag between the maximum deceleration of the vehicle and that of the passenger.
To make calculations from Seve1·y 1 s results is difficult, however, because the conditions differ from those assumed he1·e; the seat belts use d in his tests permitted rotation of the upper body, and the test results indicate that the e nergy of this rotation
was by no means negligible compared with that ne ce ssary to stretch the belt.
The analysis also leads to the conclusion that a more extensible harness is not in
all cases better than a less extensible one, in terms of the deceleration experienced by
the passenger in the harness. Harnesses that extend very little are represented by
the right-hand side (large values of p T/ rr) of Figure 6. The deceleration of the passenger than tends to become the same as that ot the ve hicle .
On the left-hand side of Figure 6 (small values of p T/ 11) the curve starts at zero
and r ises steeply to a maximum. It appear s probable that pr actical val ue s of pT/ rr
lie betwee n 0. 5 and 2. 0. If this is the case , the maximum deceleration of the passenge r may, in some cases, be higher tha n would be the case with an inextensible harness.
Table 1 s hows this conclus ion by refere nce to harne sse s ha ving three diffe rent value s
of p 2, cove ring the practical range of values; p 2 = 725, the most extensible, has a stiffne ss of 4, 500 lb per ft combined with a mas s of 200 lb; p 2 =1, 800 , .of medium s tiffness ,
has a stiffness of 9, 000 lb per ft combined with a mass of 160 lb; pi = 15, 000, a very
rigid harness , has a stiffness of 53, 000 lb per ft and a mass of 112 lb. The table gives
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TABLE 1
MAXIMUM DECELERATIONS OF PASSENGERS HELD IN SEAT HARNESSES OF
DIFFERENT ELASTIC CHARACTERISTICS IN HEAD-ON IMPACTS FROM 30 MPH
Duration
of
Impact
(sec)

Maximum Deceleration (g) for Harness of
Low Stiffness
(p 2 =725)

Medium Stiffness
(p 2 = 1, 800)

Very High Stiffness
(p 2 = 15, 000)

0.025
0.05
0.10
0.15
0.20

36
35
32
27
19

55
53
38
25
17

133

74
28
17
12

the calculated maximum decelerations of the passenger for different durations of headon impact, all from 30 mph; for other initial speeds, the maximum decelerations are
directly proportional to speed.
The results indicate that although the harness of lowest stiffness (most "give")
yields lowest decelerations for impacts of very short duration, the one with highest
stiffness is best for impacts of durations greater than 0. 09 sec, such as those shown
in Figures 2 and 3.
Figure 9 shows the same figures in graph form; a limiting line for the maximum
possible deceleration defined by p2s = 1. 75A has been included, so that it can be seen
where the three lines for p 2 = 725, 1, 800, and 15, 000 touch this curve.
Too much weight should not be attached to the exact numerical values in the table
and figure, however, as the experimental measurements to give accurate values of p
have not yet been made. The other unknown factor is the amount of frictional resistance to the movement of the passenger which may be present for various reasons; for
example, because of friction of the harness over the seat and the passenger's body,
and of friction of the passenger's clothes on the seat. Departures from perfect elasticity of this kind will probably reduce the magnification factor and make the peak less
pronounced; the calculated decelerations are therefore likely to be maximum values,
not usually attained in practice.
An approximate idea of the maximum forces that a seat harness has to withstand is
also given in Table 1. For a severe impact, with a duration of 0.1 sec, the maximum
deceleration for the harness of medium stiffness (p 2 = 1, 800) may be as high as 38g;
the maximum force on the 160-lb man would therefore be about 6, 000 lb. This is
probably more than the practical value as some part of the weight of the legs is taken
by the floor, but even so, it is clear that the forces can be very large and that breakages of harnesses might occur at speeds of about 30 mph.
IMPROVING SEAT HARNESS CHARACTERISTICS
The following are two methods of improving the characteristics of seat harnesses:

1. Alterations to the characteristics of harness material. -It has been suggested,
on several occasions, that the material from which safety harnesses are made should
have energy-dissipating characteristics; for example, the energy of recoil of the
wearer of the harness should be not more than a certain fraction; say, one-half that of
his forward motion. This requirement gives rise to a dynamic load extension curve
like that in Figure 10 in which AD is one-half of AC and the area DBC is one-half area
ABC. The effect of such a characteristic curve is as follows: First, the maximum
stretch of the harness is, in general, determined by the curve AB as if it were a perfectly elastic harness with the same load extension curve, because, in the practical
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cases in Figure 8 where pT/rr has values
between 0. 5 and 2. 0, the curves have
only a single maximum; for any particular
load-extension curve this maximum is the
same, whatever the origin of the forces
opposing the first extension of the harness.
Second, the return velocity is less than
that calculated, assuming perfect elasticity. The new r e turn velocity v' r is r elated to Vr for a perfectly elastic harness,
0

,
J area DBC
v r = Vv area ABC

<
0

..J

EXTENSION

Figure 10. Idealized curve for energydissipating harness material.

(13)

The effect of these characteristics is,
therefore, to reduce the likelihood of the
"slingshot" effe.ct but to have no influence
on the maximum deceleration of the passenger in the harness.
2. Harriess that yields at a predetermined load. -With a harness that yields
at a predetermined load, a very stiff or
almost inextensible harness is attached
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to the vehicle through a link that yields when a predetermined load is reached; movement then takes place against a constant force.
The total forward movement of the passenger's body in relation to the vehicle when
the deceleration time curve has the form of a half-sine wave can be shown to be, for
most cases of practical interest,
V
[ F"1T"
mA 1 (l+coswti)- ( 1 -t/ ) +mA"
F
1
Smax=2r
27T

J

(14)

in which
F = force at which link yields and A > !' ;
r = .,/ w =duration of half-sine wave dJIJeleration; and
ti =time, measured from beginning of impact, at which deceleration of vehicle
becomes equal to F/m.
Eq. 13 is correct only for conditions in which the forward movement of the passenger's body continues until or after the vehicle stops, but this covers most cases of
interest.
Figure 11 shows the behavior of a seat harness having these properties. It shows
the maximum extension of a harness with the yield point set at 20g when the duration
of impact is 0. 10 sec; the extension is less than 1 ft at all speeds up to 49 mph. With
two out of three of the elastic harnesses considered in Table 1 and Figure 9, the extension is greater than that of the yielding harness; with all three, the decelerations
of the passenger are greater than those with a yielding harness.
Harnesses of the yielding type, therefore, suggest the possibility of harnesses that
are effective in head-on impacts at speeds up to nearly 50 mph, without subjecting the
passenger's body to excessive forces and without stretching more than 1 ft. This is
probably about 15 mph more than existing elastic harnesses will withstand.
To provide for an impact of shorter duration than 0. 10 sec, some increase in the
yieldpointand, therefore, in passenger deceleration will have to be tolerated. The
dashed curve in Figure 11 is drawn for an impact of duration of 0. 05 sec and a harness yielding at 30g. This, again, has the desired characteristics up to speeds of 47
mph .
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Appendix
The symbois used in this report are defined as foilows:
M = mass of vehicle;
v = initial velocity;
m
mass of passenger;
k
stiffness of linear spring representing seat harness;
x = coordinate of anchorage of seat harness with respect to a fixed
exte rnal point;
y
coordinate of a particular point of passenger with respect to
same fixed external point;
t
time measured from instant of first impact;
duration of deceleration of car;
7'
Xo and Yo
values of x and y at t = O;
stretch of harness;
s
s'T' = stretch of harness at time t = r;
velocity of passenger at time t = r;
vr
value of y at time t = r.
Yr
Constant Deceleration of Vehicle
If the vehicle is decelerated with a constant deceleration A, instantaneously applied
at t = 0, then the movement of the seat anchorage,

x - Xo =Vt -

At2

(1)

2

The equation for the movement of the passenger is
m

~J + k

[ (y - Yo) - (x - Xo)

J= 0

(2)

Substituting for (x - xo) from Eq. 1,
2

d2y
2...
2 (
At
Vt '"
dt2 + p y = p \_Yo - -2- +
.)
in which
2
p = k/m.
The solution of this equation, satisfying the initial conditions that t = O, y =Yo,
and dy/dt =Vis

(15)
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At2

Y - yo = - - 2

A
+ Vt +p 2 (1 - cos pt)

(3)

The stretch of the harness,
S = (y - yo) - (x - Xo)

=~

(4)

(1- cos pt)

or expressed nondimensionally,

p2S

A = (1

(5)

- cos pt)

p2s is the deceleration of the passenger, so that p2s/ A is the ratio of his deceleration to that of the vehicle.
This equation describes the behavior of the system during the period 0 s ts T,
where T is the duration of the deceleration. If T is greater than rr/ p, the maximum deceleration of the passenger is twice that of the car; but when T < rr/p, a separate calculation has to be made for t > T , to obtain the maximum value of the stretch of the
harness.
Movement of Passenger When t >

T

The following equation gives the movement of the passenger in the period when t >

r; that is, after the car has come to rest:

or
(16)

The initial conditions now are that at t = T, y =YT, and
solution is

~i =VT=~

y - YT= ~T sin p (t - T) - ST [ 1 - cos p (t - T)

J

sin PT, the

(17)

This has its maximum when

v
tan p (t - T) = ~
pST

(18)

The maximum total stretch of the harness is, therefore,
Smax = (y - YT)max +ST

= J ~r:/

+ S/

(19)

Substituting for VT and Sr gives
Smax =

?- J

2 (1 - cos PT)

(20)

or
p2smax
~----A
= 2 (1 - cos PT)

J

(21)
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Sine Wave Deceleration
H the deceleration time curve for the car has the form of a sine wave, lasting for
one-half a period (that is, for a time .,. = 7T/W with maximum deceleration A, then
d1x/dt 2 = - A sin wt, for 0 s t s -tJ, and d~/dt 2 = O, for other times.
With the initial conditions that at t = 0, x = xo, and dx/dt = V,

sin wt + ( V -

x - xa = ;

~)

(8)

t

Putting Eq. 8 into Eq. 2,

~ + p\r =p

2

[Yo

+( v -

! ) t +:

2

sin wt

J

(22)

The solution of Eq. 22, for the same initial conditions as before (i.e., fort= 0,
Y =Yo, and dy/ dt = V), is

y - Yo= (v - ~)
t
w

-

A
p 2 - w2

c~
p

sin pt -

~
w

si n

wt)

(9 )

The stretch of the harness is
S = - p2

~ w2

(ii'

sin pt - sin wt )

(10)

and the magnification factor is
P
(~ sin pt - sin wt _,,
p2 - w2 ' P
2

pA2s = -

(11)

in which A is the maximum deceleration of the car.
After the car has stopped (i.e. , fort>.,., when.,. = ?T/w, the passenger may still be
moving forward, and his deceleration may still go on increasing for some time. The
analysis given in the preceding section again applies as given in Eq. 19.
In this case, from Eq. 9, by differentiation, and Eq. 10, fort=.,. = ?T/ w.

v ...' = -

A
2
2
p - w

.
(1
+ cos -P7T )
w

(23)

and
S... = A
w sin p .!!.
'
p2- wz p
w

(24)

Substituting in Eq. 19,

smax -- p (p 2Aw
_ w2)

j2 (1 + cos p .,. )

(25)

and
(26)

