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SUMMARY

This paper summarises work carried out at R.A.E. on the protection of the
head in crashes. In general, two problems are seen to exast; the prevention

of skull fracture and the prevention of concussion.

The skull can be protected within quite wide lim2ts by spreading the
load, but 1little can be done directly by helmets of practicable size to prevent
concussion, The likelihood of brain injury can be reduced slightly by design-
ing helmets with low elasticity and a tendency fto deflect blows.

Kinetic energy and the peak force transmitted to the head are often
regarded as the sole criteria needed to define a blow, but it is shown that
the coefficient of restitution and stopping distance are also important
parameters. Account should be taken of the effect of the ratio of the
¢olliding masses and the effect of varying momentum when comparing test results
from various rigs. A simple calibration device using a shaped plasticine
test-piece is put forward to compare the behaviour of different test machines

under given conditionsa

The effect of varying different parameters 1s illustrated by experiments

on twe test rigs and tests on existing Service helmets are reported.

*Replaces RAE Techmical Report 69160 - ARC 31726
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1 INTRODUCTION

In recent years, the weight and bulk of crash helmets have been much
eriticised and proposals have been made to develop new lightweight models.
Because the lightening of the structure of existing types might lead to a
lowering of the accepted standards, a new investigation of the dynamic

mechanism of head protection was undertaken.

This paper presents wecent work by the author on crash helmets. It
reviews the basic factors of their design and underlines problems that arise
because human tolerance to blows cannot be precisely defined. The diffaculty
of providing adequate protection against concussion with helmets of practicable

size is discussed and the broad outline of requirements for a protective helmet

1s stated.

The paper next describes spscifications for the design of crash helmets,
methods of testing them, and the lamitations of the test methods. Because of
difficulty in correlating test results from various scurces a speclal test-
piece made from plasticine 1s put forward as a means of comparing the behaviour

of different test machines under given condaitions.

Finally, experiments made on the R.A.E. test rigs are reviewed and the

paper concludes with a summary of tests made on existing Service helmets.

2 BASTC FACTORS IN THE DESIGN OF CRASH HELMETS

2.1 Tolerance of the head to impact

Precise definition of tolerable blows to the head or those which would
cause only minor or reversibls injury, 1s impossible owing to the natural
varigtion between individuals and because different types of ingury can be
caused by similar blows. PFurther, if as many authoraities suggest, the rotation
of the brain within the skull is the major cause of damage, the likelihood of

ingury will depend on the exact direction of the blow.

Tolerance curves have, however, been constructed by several authors
from data obtained from experiments made on animals and cadavers and also from
accidents. The direct comparison of these two types of data presents some
difficulty, since experimental results are generally obtained 1n the form of
acceleration-time curves, while in accident cases the only parameters available
are the 1mpact velocity and the dimensions of the impression left in the

impacted surface. Accident data are usually analysed rather roughly as follows:



If the impact velocity is v f£t/s, the depth of the impression is d ft,
gero rebound is assumed and s constant force F 1is supposed to resist motion
during ampact, then if the weight of the impacting body 13 W 1b,

2

Wv
Fd = = . (1)

The constant deceleration throughout the impact

Fg _ ¥ 2
% = Pa £t/s (2)
and the duration is
2d
- sec . (3)

This 1s obviously an over simplification, for the resisting force is
unlikely to be constant and there will usually be some rebound. On the other
hand, it can be shown that if the acceleration pulse is symmetrical with
respect to time, equation (3) is exact and the average deceleration is there-
fore given by equation {2). In fact, most recorded impacts give approximately
symmetrical pulses as shown for example, by many of the experimental records
reproduced in this paper, and most observed rebounds are small. Considering
the wide scatter of tolerance to impact between i1ndividuals and the kinds of
blows that occur in accidents, 1t 13 not unreasonable to use these calculated
durations and accelerations. Average deceleration/duration, average
deceleration/velocity or velocity/duration plots can thus be used inter-

changeably, relating the parameters by the equation
duration x average deceleration = change of velocity.

2.1.1 8Skull fracture

The force likely to fracture cadaver skulls has been found by Gurdjian
et &Lﬁ and other workers in France and Germany from experiments in which the
heads were dropped on to hard flat surfaces. The force on impact was very
concentrated; being spread only by the scalp over an effective area of the
order of 2 1n2 (12.9 cmz). These data are summarised in curve 1 of Fig.l.
It is believed however, that the skull is more resistant to fracture in life,
than the cadaver skull., The addition of a helmet will spread the load more
than the scalp, so that impacts indicated by this curve would be less laikely

[
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to cause fracture in a living helmeted head. The curve may however, be taken

as a limit for helmet performance; a safety factor being included.

2.1.2 Accident survival

Cases of survival after falls from heights up to 175 £t (53 m) have been
analysed by de Haven2 and Sn;yder3 using formulae 2 and 3 to calculate the
average deceleration of the body and the duration of the impulse. Impact was
made on various parts of the body, but 21 out of Snyder's 137 subjects landed
head first. From these and other data Thompson#, and Kornhauser and G01d5
have constructed survivable and fatal curves relating to whole body impact.
Curves 2 and 3 of Fig.1 have been adapted from their results. The head shows
significantly less tolerance to the effects of impact than other parts of the
body, so 1t 1s to be expected that the fatality line for head impacts should

be somewhat lower than curve Z.

2e71.3 Angular acceleration

The great majority of blows to the head must cause angular rather than
translational movement, unless the neck muscles are deliberately used to hold
1t ragid, as footballers do when heading the ball. Holbourn6 and others have
suggested that the principal cause of concussion is, in fact, the angular
displacement of the brain within the skull. However, the precise relationship
between angular velocity change and linear velocity change will depend on the

position and direction of the impact, the resilience and the friction between

the impacting surfaces. Some idea of this relationship can be gained from simple

considerations. Suppose a spherical body travelling at a velocity of v £t/3
with no spin, strikes a fixed surface at an angle of incidence ¢. Then, if
friction prevents sliding at the point of impact, an angular velocity

v sin ¢/r will be produced about that point, where r is the radius of the
sphere, If any value of the angle ¢ is equally probable, the mean value

of the expression 1s 2v/xr. Yielding of the surfaces at the point of impact
and sliding will modify the value of the resulting angular velocity, but its
order will usually remain the same. The radius of the head lies between 3 and
4 in (7.5 and 10 cm), so that a linear impact at v ft/s would be likely to
cause an angular change of velocity of the order of 2v rad/sec. This probable
value is reduced to some extent by the addition of a helmet, which increases
the effective radius of the head and presents a smoother surface so that

slipping can take place at the point of contact,



There appears to be no published data on the level of angular accelera=-
tion likely to cause brain damage, but some data on tolerance to angular
acceleration in normal activities have been determined by Parker6 from news
reel films of dancers, boxers and skaters, and his results are shown in Fig.2,.
High speed films (4000 frames/sec) of a dancer pirouetting and of a youth
turning his head as sharply as possible, have also been taken at R.A.E. The
films were taken directly above the subjects, who wore white skull caps
marked with a black arrow to facilitate analysis. Plots derived from these
fi1lms, of angular displacement, velocity, and acceleration with respect to time
are shown in Figs.3, 4 and 5, and points taken from them are included in Fig.Z2.
The sceceleration data in Fig.2 can be transformed to angular velocity plots
(angular zcceleration x duration = angular velocity), from which it can be
shown that a change of 15 rad 380—1 in about 5 msee is sas1ily tolerated
rising to 4O rad sec_1 for a duration of 200 msec. Thus from this point of
view, the order of linear change of velocity that is easily tolerable 1s about
7.5 £t/s (2.3 msec_1) in 5 msec rising to 20 ft/s-1 (6 msec-1) in 200 msec,

2.2 Head protection — a problem in packaging

Iike many problems in packaging, the protection of the head involves the
prevention of shock damage to delicate apparatus when blows are stopped by the
skull or cuter packing case. Thus, the occurrence of most kinds of head
damage depends on the displacement response of the skull and ils contents to
sudden changes of velocity. This response depends on the mechanical properties
of the part struck, but the characteristics will differ for blows struck from
different directicns, and as between the skull itself (danger of fracture) and

the brain {danger of concussion).

No single system can cover all the possibilities, but some idea of the
response to be expected can be gained from consideration of the effect of

various input pulses on a simple mass-spring system with viscous damping.

Consider such a system mounted on a platform which is subjected to a
known acceleration pulse. If the displacement of the mass with reference to
the platform is x, the circular natural frequency of the system 1s Q,

and the damping coefficient is H, +the equation of motion is:

o
E—};+2HQ§+Q2X - F(4) (L)
it at

s
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where F(t) represents the acceleraticn of the platform. A precisely similar
form would hold for a pivoted arm mounted in a case subjected to angular
scceleration, with the substitution of the angle © for the linear

displacement x.

The solution of this equation for varicus input acceleration pulse shapes
(half sine, rectangular, triangular) and for various values of H has been
investigated by a number of auth0r58’9, and gives results which are complicated
1in detail, but are all approximately of the form shown in Fig.6. The general

conclusion can be stated as follows:-

For any system with known characteristics, given the pulse shape and the

total velocaty change,

(1) If the duration of the pulse is comparable with or longer than the
cycle time (2r/0) of the system, then the displacement is proportional to
the peak acceleration. This holds for durations greater than about half the
cyclic time, (=02).

(2) If the duration is short compared with the cyclic time, the dis-
placement is proportional to the total change of velocity. This holds within
10% for durations less than about one guarter the cyclic time (n/20).

For intermediate durations, displacement adjusts between the two factors.
There 1s considerable variation between pulse shapes and between values of H,
but the general conclusion holds, that unless a helmet or other protective
device can extend the duration of an impact beyond one quarter of the cyclic

time of the impacted system, it can do little to reduce the danger of ingjury.

The most likely parameter to influence skull fracture is the flexing of
the bone in the area of the impact. The platform an this case is taken to be
the body that impinges on the head and the linear spring characteristics are
those of the skull with its scalp covering in thais location. On the other hand,
relative displacement between the brain and the skull is the important factor
in brain ingury; the spring characteristics in this case, being those of its

suspension in the plane of rotation within the skull.

We have no direct informaticn about the value of 0 and of H for the
skull and the brain, and 1t is clear that there can be no single answer in
either case. However, 1t seems likely that the order of natural frequency is

the same for all responses of the skull, and similarly for all angular
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responses of the brain. From curve 1 of Fig.1, the changeover for cadaver
skulls from sensitivity to change of velocity to sensitivity to accelerataon,
seems to occur in the neighbourhood of 5 to 10 msec (giving a cyclic time
between 10 and 20 msec). Since this time is well within the duration of many
pulses through helmets, the maximum acceleration is the relevant figure when
discussing damage to the skull, with the proviso that it has 1little meaning

unless the load bearing area is also taken into account.

As regards the brain, an estimate of the period can be obtained from
Holbourn's conclusion that force 1s the important factor for durations greater
than 200 msec. This would make the period about 400 msec¢; a natural frequency
of 2.5 ¢/s (2.5 Hz). Professor Floyd of Loughborough University has however,
quoted a fagure of 250 msec. Taking the mean of these two estimates (525 mseo)
it seems that the likelihood of concussion will depend on the total change of
velocity for durations of less than 80 msec and on peak acceleration for dura-
tions greater than 160 msec. Several suthors have suggested that a change of
linear velocity of about 20 ft/s (6 HSBC-1) 1s likely to csuse concussion, so
that curve 4 of Figel 15 given as a possible threshold line, This curve can
only be regarded as a tentative approximation to the impact that might cause
concussion, but its similarity to the other curves of Fig.?1, especially to
curve 3 does suggest that the argument 1s along the right lines. Comparison
with the changes of angular velocity found tolerable in normal activities
(section 2.1.3) gives a safety factor of about 2 between the tolersble and
danger levels,

In considering head protection, the enforced limitation of the size of
crash helmets by the conditions of use, means that it 1s impossible to extend
the duration of an impulse beyond about 50 msec, as is shown by the straight
lines in Fig.1 (the derivation-of these will be discussed later). Tt is
therefore, impossible for a helmet of practicable dimensions to guard against
concussion, other than by ensuring that it has no projections likely to cause
inereased angular movement, and that there is as low a coefficient of
restitution as possible between the headpiece and the impacting surface, to
prevent increase in the total change of velocity. ZEven buffet blows can have
impact velocities as high as 12 £t/s (3.65 msec-1), which is getting close to
the possible threshold of concussion. Protection of the brain therefore lies
more in the field of vehicle than of helmet design, where likely impact areas

cen be made yielding s0 as to spread the impulses over much longer periods.

T2
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Let us consider how force 1s transmitted through a crash helmet to
accelerate the head beneath it. A protective helmet usually consists of a
hard outer shell with a webbing head cradle and/or padding material used as a
shock absorber liner. The response of such materigls to impact loads is
usually non-linear, and in some cases their behaviour is probably influenced
by sliding displacement resisted by friction forces. Some insight into the
problem can be gained as before, by considering the behaviour of & simple
mass-spring system with viscous damping. It can be shown that if a body
impacts a second body through a spring, the worst case as far as spring com-
pression is concerned, occurs when the second body is rigidly fixed. We shall

thereflore, take this case.

The eguation of motion is

2
4X, ohg gz | m2 *x = 0 (5)
dt2 dt

where x is the displacement, ¥ 1s the weight of the impacting body, K is
the spring stiffrness, c¢ 1s the damping force and ® = Ke/W, h = czg/AI{W.
The initial conditicns are, x = 0, dx/dt = U where U is imtial velocity,

From the solution of this equation {see Appendix B), the maximum spring
COmpression X ., the duration of the pulse time T, the maximum accelera-
tion N and the coefficient of restitution E, can be deduced. Fig.7

shows non-dimensional plots of these variables against E.
The requiremsnts for a crash helmet can be stated as follows:-

(i) the deflection X v shculd be as large as possible short of

actual contact between the head and the inside of the shell,

(11) the pulse duraticn T shculd be as long as possible to keep peak

acceleration down gnd reduce the danger of skull fracture,

(i11) The total change of velocity should be as small as possible, that
18, the coeffacient of restitutzon E should be small to reduce the danger of

concussion.

From Fig.? 1t can be seen that these requirements are difficult to
reconcile, but as a compromise 1t is suggested that the value of E should be
about 0.3 and w should be &s small as is consistent with the maximum

allowable deflection.
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Blows of considerable kinetic energy can in some circumstances be
inflicted at relatively low impact velcocity. Such a case could occur in rough
gonditions in an arrcraft or land vehicle if', for examplesa crew member was
thrown vertically against the roof with much of the body weight behind the
blow, but it can be seen that all the parameters would be altered in these
circumstances, since the value of W could be several times the weight of
the head aione. Fig.8 shows how, for a given kinetic energy, the deflection
of a mass-spring system on impact, tends to increase with inereases in the
weight of the colliding body, although in other respects the effect of the
blow on the head tends to become less severe. It will be seen that the
increase 1in deflection 1s most marked for low values of E, which lends

suppert for the view that 0.3 is a reasonable compromise value.

The theoretical helmet displacement lines shown in Fig.? were deduced
from Fig.7, assuming thet E = 0.3, They represent the relation between dis-
placement, impact veloclity, acceleration and time in spring systems with a
dampang coefficient of 0.5. The pulse duration for a given weight colliding
with a linear spring system is constant so that any particular theoretical
head and helmet assembly is represented by an ordinate in Fig.1. For example,
1f the velocity change during impact for a given system were 25 ft/s
(7.62 msec-1) and the duration of the impulse 10 msec, then the displacement
of the helmet would be 0.5 in (1.25 cm). Actual helmets have non-linear
characteristics however, and their liners tend to become stiffer with
increasing def'lection., Thus the duration of pulses for impacts at higher

velocity tends to be reduced as 1s shown in the experimental results in Fig.9.

3 THE SPECIFICATICN, AND DESIGN OF CRASH HELMETS

Fet Specifications

The design of crash helmets is limited by the bulk a man can carry on his
head and yet perform his special task. If the load is well distributed and he
suffers no acute discomfort, he can accept a weight of 4 or 5 1b (1.82 or
2.27 kg) on his head for several hours, but each small addition to the weight |
increases the difficulty of tolerating the helmet for long periods.

The increased moment of inertia of the head when wearing z helmet may
also cause dafficulty, especially when the wearer is subjected to vibration.
Since the weight of the helmet 1s distributed round the circumference of the

head, the moment of inertia increases more than the corresponding weight.
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Allowable size and weight are not always precisely defined in existing helmet
specifications, but it is generally agreed that the height above the wearer's

crown should not exceed 2 in (5 ocm) and the width across the ears should nct

be more than about 11 in {27.5 cm).

Current performance specifications generally define the maximum allowable
transmitted force or acceleration in certain standard helmet tests and the
maximum permitted penetration of the shell and liner by a sharp object in given
circumstances. In Burope, for various types of crash helmet, a maximum trans-
mitted force of 2000 kg (4400 1b) must not be exceeded in a standard drop test,
in which a 5 kg weight (11 1b) with kinetic energy from 102 to 204 J (75 to
150 £t 1b) depending on the role of the helmet, collides with the test specimen

on a rigidiy mounted head form.

A corresponding American specification states that when the test helmet
1s subjected to blows by an 11 1b (5 kg) weight, the acceleration transmitted
to the head form shall not exceed

150 g for more than /4 msec
200 g for more than 1 msec

LOO g at all,

Assuming that a flat straker is used, in ASA Z90 the kinetic energy of
the test blow is to be 66 £t 1b (89.5 J) when the head form is mounted on a
rigidly fixed anvil or 160 £t 1b (217 J) when the head form is mounted on a
freely pivoting arm. Other values for the kinetic energy for the test blow
apply when the striker is radiused. These criteria are meant to apply to
helmets designed to meet crash conditions, but no specification for helmets
designed to gave protectaon against head buffeting or repeated low energy

blows has been found.

There 1s little to show how these specifications are related to conditions
actually obtaining in crashes, Evidence is naturally scanty but according to
Moseley and Zeller1o, ailrcraft speed at the time of impact in a large number of
take-off and landing accidents investigated by them, varied from 4LO'kt (67 ft/s)
or (20.4 msec—1) to about 140 kt (236 ft/s) or (72 msec‘1) while the stopping
distance of the aircraft varied from just under 100 ft (30.5 m) to over
7000 ft (2140 m). Within this range a great variety of condaitions could occur
as the aircraft collides with daitches, embankments and other typical obsticles

causing very abrupt decelsrations. Injuries to the crew and passengers are
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breought about by heads and other parts of the body straiking fixed parts of the

aircraft and to a lesser extent collisions with flying objects.

If 1t 15 assumed that the head moves 1 ft {0.305 m) before impact at a
constant geceleration ng relative to the structure, the closing velocity
v ft/s on impact 1s given by v2 = 2 ng., The impact energy, 75 to 150 ft 1b
{102 to 204 J) of European standard tests corresponds to values of n between
7 and 13.5. Fig.10 shows the relationship between aircraft stopping distance
and average aircraft deceleration as calculated by the simple assumptions in
2.1 and 1t wall be seen that average decelerations of approximately 10 g are
obtained in reducing an aircraft speed from 140 kt (72 msec-1) to zero in
100 ft (30.5 m). These average decelerations may contain some high peaks,
which being sustained long enough, tend to initiate the break up of the
aircraft structure and seat fixings. Thus the 1likelihood of fatalit%gs f'rom
multiple injuries is increased, and 1t 1s reasconable to conclude that a crash
helmet desizned to protect the head against blows of greater kinetic energy
than 150 £t 1b (204 J) could do little to improve the chance of survival.

Crash helrets can be considered worthwhile so long as there are survivers
frer crashes that would otherwise have been fatal, but they may not attenuate
the effects of moderate blows encugh to give adequate protection against the
repeated impacts that could occur i1n some conditions of routine use. These
condxtions come under the blanket term, buffeting, and cover a wide range of
blows that might be experienced in tanks, or in aircraft in low-level high-
speed flight. The specification of the performance of anti-buffet helmets in
response to such conditions has not yet been attempted, but it 18 clear that
such situations demand that the wearers shall not be deprived of conscilousness

or of mental efficiency, even for a few seconds.

Analysis of rather extreme cases of 1mpact that could occur in flight,
for example, to the pilot rising in his seat under negative g, or a standing
crew member being taken off balance in similar circumstances, suggest that
the head might strike fixed objects with closing velocities up to 12 ft/s
(3.66 msec-1). It is thought that the mass of the head alone is usually
invelved in such accidents, but occasicnally some or all of the body mass
could be behind the impact. The range of kinetic energy to be expected could
therefore extend from about 30 £t 1b (40.7 J) for the head alone, to over
150 £t 1b (204 J) for the case where a large part of the body weight i1s

involved.
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3.2 Current helmet desgigns

Two types of helmet liner are i1n common use. These are:-

{i) webbing head suspension harness,

(i1) crushable lining material.

The webbing harness spreads impact loads in conjunction with the shell
of the helmet by means of strong fabric tapes, which cradle the skull. The
shape and duration of the transmitted impact pulses are determined by the
stretch of the tapes, the deformation or breaking of their fixing points,
and flexing of the shell. A layer of compressed cork or similar material
15 fixed to the inner surface of the shell where it acts as a buffer to keep
the rate of change of velocity of the head low should the webbing harness
break down. Very sudden arrest of the head, as when the skull makes contact

w2th the helmet shell is termed 'bottoming'.

Crushable liners are made from relatively stiff materials such as
expanded polystyrene, with very lamited powers of recovery after compression.
Aluminium and paper honeycombs have also been used to dissipate the energy of
impact; a soft foam material being worn next to the scalp to reduce load

concentrations and improve comfort.

The role of both types of liner 1s to reduce the effect of blows
received in crash conditions, but as their deformation before collapse begins
1s very small, the forces transmitted to the skull due to impacts of less
than eritical magnitude are attenuated very little., After collapse begins
these materials are deformed with a nearly flat characteristic until fully
stretched or compressed, when the force/deflection curve becomes steep once
more. Helmets employing such liners are therefore uncomfortable when subjected
to repeated blows of less than critical magnitude. To allow for the dissipa-
tion of relatively large amounts of kinetic energy in a helmet designed for
buffeting conditions, the stiffness of the deflecting material must be low
enough to accommodate the greatest possible displacement within practicable

dimensional limits.

With a liner of the right stiffness and hysteresis, it should be possible
to design a helmet capable of giving both crash and buffet protection.
Several plastic foams already exist which show some promise in this direction.
Their restoration time 1s of the order of one or two seconds, so that relative

even to the longest pulse their behaviour is non-elastic. These foams may be
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found unsuitable for use in very lightweight helmets however, as they tend to

be rather dense.

Pneumatic helmet liners have been used 1n experiments concerning the
stopping distance of the shell ain relation to the skull. They show promise
over a limited range of input energy, in that a long stroke i1s possible
without compression staffemng of the material, but careful design and develop-
ment of & discharge valve is required to control the air pressure rise in the
liner during impact. In addition, a good buffer material 1s required as an

extra precaution against bottoming in extreme conditlions.

& CRITERTIA IN THE TESTING OF CRASH HELMETS

4.1 Range of test equipment

To examine and compare the dynamic performance of crash helmets, requires
a means of subgecting test specimens to blows simulating impacts that could be
expected 1n use. Three main types of test machine and some variants are being

used by different establishments.
These are:-

(a) vertical drop rag,
(t) pendulum rig,

(c) Snively swinging arm rig.

211 three machines use gravity as a means of accelerating the striker
up to a suitable impact velocity, but 1n a few special rigs a means has been
provided for accelerating the striker beyond 1 g im order to achieve higher

closing velocities without increasing the dropping height,.

The parameters measured on impact are either the force or acceleration
transmitted through the test helmet to the dummy head with respect to time.

A summary of the possible variants 1s given in Table 1.

4.1.1 Vertical drop rag

The vertical drop rig, as originally developed by the Road Research
Laboratory, consists of a monolithic block of concrete resting in a sand tray
on a strong concrete floor. The block weighs at least a fton (1.016 tonne)
and a quartz crystal load cell bearing a wooden dummy head form 1s rigidly
mounted on 1ts surface., A flat ended striker of 10 1b weight (4.5 kg) drops

on to the mounted test helmet from a height chosen to give the desired kinetic
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energy at impact. During 1ts descent, the striker i1s guided by two tightly

strung piano wires.

The rig built at R.A.BE. 1s essentially similar to the R.R.L., design, but
the crystal load cell has been replaced by one based on semi-conductor strain
gauges. Fige.11 13 a photograph of the rig. An advantage gained by the use
of these strain gauges is that the load cell can be calibrated statically

whereas quartz crystal cells should be calibrated at least gquasi-dynamically.

ke1.2 Pendulum rig

The R.A.E. pendulum rig shown in Fig.12 consists of a large mass of
approximately 320 1b (145 kg) suspended by fine steel cables. A flat load
cell 1s mounted at one end of the mass to form an anvil and accelercmeters
may be fitted in eirther the head-form or the mass. The head-form 1s mounted
on a very light suspended carriage and together these weigh approximately
10 1b (4.54 kg}. The design of the carriage is such that almost any point on
the test helmet shell can be presented for collision with the anvil. In thas
case the test helmet 1s the moving member of the rig and it is made to strike

the stationary lcad cell.

An alternative arrangement of the rig can he set up, in which a striker
is made to collide with a stationary test helmet assembly of approximately
equal weight. The performance of the heimet is measured in terms of time

and either deceleration of the striker or acceleration of the head form.

4e1.3 The Snively rig

A particular form of test rig has been developed by Snively11 at the Snell
Memorial Foundation in the United States and s dilagrammatic representation is
shown 1n Fig.13. In this arrangement, a hollow maghesium alloy head form is
mounted at the end of a relatively short arm which 1s pivoted at a given
distance from the crown and an accelerameter s fixed to the inner surface of
the head form directly below the point of impact of the striker. A delicate
shear-pin {see Fig,13) which requires the dissipation of only two or three
foot pounds of kinetic energy to break 1t, holds the assembly in the ready
position. The striker - 16 1b weight (7.26 kg) fa2lls vertically on to the
helmet and head form, which together have approximately the same mass. The
shear-pin breaks i1mmediately on impact, allowing the assembly to flall freely

at 1 g acceleration.
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4.2 Impact parameters

he2.1 Kinetic energy as a criterion

The requirements for a crash helmet stated 1n section 2.2, were deduced
by considering the equation of motion for a simple mass-spring system. This
shows the need to examine the effects of different parameters when making
experiments on the dynamic behaviour of crash helmets. In particular, blows
at various kinetic energy levels are required; but the mass of the striker
1s usually fixed, so that the only way to increase the magnitude of a blow is

to raise its impact velocity e.g. by increasing its dropping height.

The kinetic energy of a blow 1s given by:-

Ke = = Wh (6)

where m 1is the mass of the collading body, v 1s its impact velocity, W
its weaght and h the height of drop. An alternative which has been provided
for in the two R.A.E. rigs, is the abalaty to vary the weight of the striker.
Thus the impact velocity of a range of blows can be held constant while varying
the collision energy by adjusting the mass of the collading body.

L.2,2 Momentum and the coefficient of restitution

Pig.14 shows three force-time traces obtained when a helmet shell
fitted with a recoverable foam liner was subjected to blows of 4O £t 1b
(54.2 J) kinetic energy. The closing velocity of the striker on impact was
varied from 15 £t/s to 20 £t/s (4.6 to 6.1 msec-1), while 1ts weight was
decreased from 11.75 to 6.25 1b (5.33 to 2.84 kg). The total change of
momentum is equal to the area under the force-time traces and 1t can be seen
that the greatest change is associated with the greatest mass (curve 1) and

the lowest impact velocity.

To convert the traces shown in Fig.l4 to acceleration-time curves, only
a change of scale is required and the area under the replotied curves is then
egual to the total change of velocity. By double integration, the maximum
displacement of the helmet used in this experiment was found in each case and

is shown in the following table:-
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Striker weight Impact velocity Deflection
1b rt/s inches
11.75 (5.35 kg) W7 (45 msec-1) 1,1 (2.75 cm)
8.25 (3.75 kg) 17.6 (5.36 msedﬁq) 0.85 (2.12 cm)
6.25 (2.85 kg) 20.4 (6.2 msec ') 0.83 (2.08 cm)

It can be seen that the greatest change of momentum was associated with the
largest deflection, but Fig.8 shows that this effect 1s influenced by the
coefficient of restitution E of the system. For instance, where E = 1,
varying weight of the striker at constant kinetic energy has no effect on the

maximum deflection, but when E = 0 variation in the value W should have

a large effect.

The force-time traces obtained when a striker was made to collide wath a
helmet on a rigidly mounted head form and when a helmet on a free head form was
dropped on to a rigidly mounted anvil are shown in Figs.15 and 17 respectively.
The sreas under the curves are proportional to the total change of momentum,
which includes the negative velocity at rebound; the ceefficient of restitu-
tion E between the collléing masses being equal to the ratio of the

momentum at impact and rebound, That 1s:-

m v

v
L r

vy v -E (7)
where v and v_ are the impact and rebound velocities respectively and

m is the mass of the moving body. In the example shown in Fig.15 the momentum

of the striker before impact is

=
|~

mv = W_gE = 11.25x;2"' = 5.14 1b sec (2.33 kg sec) .

[\V]

From Fig.1bb, the total change of momentum 1s about 7.9 1lb sec (3.6 kg sec)
and the momentum of the rebound i1s therefore approximately 2.8 1b sec

(1.27 kg sec) whence
E = — = D.55 .

From Fig,17a, the momentum of the falling mass is:-

16

X355 = 4.97 1b sec (2.25 kg sec)

10
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From Fig.17b, the total change of momentum is about 6.9 1b sec (3.13 kg sec)
and the momentum of the rebound is therefore approximately 1.9 1b sec
(0.86 kg sec) whence

E = 0-38 -

Fairly consistent values of E are obtained when hard bodies collide at
low velocities, but some variation does occur with changes in the velocity of
of the impact. In helmet testing, the indicated value of E 1is influenced
by the design of the test assembly and by the way the test helmet is mounted.
For conditions of impact imposed on different helmets tested at R.A.E., the
value of E 1lies betwsen 0.3 and 0.6, but when bottoming occurs the value of

E becomes larger.

4.2.,3 The effect of mass ratio

In contrast with the vertical drop test rig, the head masses in both the
R.A.E, pendulum and the Snively swinging arm rigs are free to some extent
following impact. In a variation of the pendulum rig, the colliding masses are

made equa112 with consequences that are discussed in more detail in Appendix A.

Briefly, if E 1is the coefficient of restitution of the system, U the

initial velocity of the striker and m, and m, the masses of the striker

and the complete test-plece respectively, then the kinetic energy lost by the

striker when the colliding masses m, and m, are equal and E =0 1s given

by:i-

B
=2
no

. (8)

Ke =

#_l

On the other hand when the ratio of the masses approaches infinity, the
energy lost 1s given by:-

o U2
= - (9)

Ke =

That is to say, a blow between masses of equal weight needs approximately
twice the energy of a blow against an infinite mass to produce a comparable

effect, when the value of E is close to zero.
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Led Correlation between impact test methods

Many dafferent methods of testing crash helmets are possible, but all of
them come under one of the three following headings:=

(1) Rigidly mounted stationary head form and colliding mass.
(i1) Moving head form colliding with a fixed rigid mass.

(211) Moving head form colliding with movable mass, or vice versa.

Based on the above categories, Table 1 summarises various kinds of tests
that have been used by different workers and the measuring instruments
employed. Any of these tests could be, and sometimes are, regarded as equiva-
lent so long as the kinetic energies of the moving body on impact are equiva-
lent., This is not necessarily true as has been shown in 4.1, so that care
must be taken in comparing the resulis of tests made on different kinds of
rig. It 1s also usually assumed, incorrectly, that the peak measured
acceleration of the straker multiplied by its weight is equivalent to the

peak force transmitted through the load cell,

In this section the relationship between various types of test is
discussed and illustrated by experimental data, and a device for correlating

the outputs of impact rigs is described.

L4e3.1 The force transmitted to the skull in arresting the striker

Fig.15 shows the result of an experiment, in which a striker carrying
an sccelerometer was dropped on to a test helmet on a2 rigidly mounted head
form. The effective mass ratio was infinite and the transmitted force was
measured by means of a load cell beneath the neck of the dummy head. The two
traces shown 1n Fig.15a were recorded simultanecusly; curve 1 representing
the input pulse and curve 2 the £ransm1tted pulse in terms of force and time.
As would be expected, the areas under the two curves representing the total
change of momentum are approximately equal, but the helmet has a damping
effect, as shown by the smoother shape of the transmitted pulse., This means
in effect, that 1f the significant parameter is the peak, then the input
pulse will show a higher value. Integration of the force-time curves gives
the momentum change of the two bodies as shown in Fig.15b. The total changes
of momentum must be equal and it will be seen that the results obtained by the
two methods correlate very well. The peaky form of the input acceleration
pulse must be due to the inmztial distortion of the shell of the helmet in

response to the blow,
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Fig.16 shows an attempt to illustrate such distortion photographically
in two sequences of pictures when Mks.1 and 2 R.A.F. crash helmets were sub-
jected to blows at 97 £t 1b (132 J) kinetic energy at about 25 £t/s
(7.62 msec_1) impact velocity. It will be seen that the position of the edge
of the helmets relative to the brow of the dummy head moved very 1ittle
although a considerable deflection of the crowns occurred.

Le3.2 The effect of a collision between a moving helmeted head and a
large fixed mass

The effect of dropping a test helmet on to & load cell anvil, was
compared with the effect of dropping a striker on tc the same specimen rigidly
mounted on a load cell, The results are shown in Fig.17. Care was taken to
make the combined weight of the dropped helmst and head form equal to the
weight of the striker (10 1b (L.54 kg)); the kinetic energy input being
40 £t 1b (54.2 J) at 16 ft/s (4.9 msec-1) impact velocity. The result of
dropping the test helmet was measured as an input pulse and is shown in Fig.17a
trace 1. Trace 2 is the transmitted pulse due to the straiker dropping on to
the mounted helmet and thas curve shows the damping effect of the helmet. That
the total change of momentum was the same for both blows is shown approximately

by the integration of the two traces in Fig,17b.

Comparing this result with that described in the previous section, it can
be seen that the effect of dropping a helmet 1s not significantly different
from subjecting it to a blow from a falling mass, provided that the input
conditions are the same., However, if' the parameter measured is peak force or
acceleration, allowance should be made for some damping during transmission

through the helmet.

he3.3 Standard test-prece

It is dafficult to correlate experimental results obiained from different
sources. The main reason for this 1s probably the variabilaty of the value of
E. When equal masses are subgected to blows with the same kinetic energy, the
same velocity at impact and the same striker, the areas under the force or
acceleration-time curves will only be equal when the value of E 1is constant.
The use of z standard test-plece makes 1t possible to compare the behaviour of
different test machines under given ¢onditions. This 1s of value ain correlat-
ing the results of comparabvle tests from different sources. The reguirements

for the characteristics of such a test-piece are as follows:-
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(1) the coefficient of restitution should be as close to zero as
possible,

(11) the performance of the test-piece should be repeatable for any
gaiven condition within specified limits,

(221) af the test-piece 1s recoverable, it should return to its
original dimensions and rate within a few minutes of impact,

(1v) the test-piece must not be unduly sensitive to temperature changes.

The possibilities for such a device are quite wide, ranging from damped

springs and fluid metering orifices to special plastic materials,

Only two possibilities have been examined so far. In the first of these
a stiff helmet shell combined with a ome inch (2.5 cm) thick liner made from
a slowly recoverable, but rather dense plastic foam was employed. When this
asserbly was submitted to blows of 97 £t 1b (132 J) kinetic energy with an
impact velocity of 25 £t/s (7.62 msec—1), the force-time pulses transmitted
to the dummy head were reproducable and the following results were obtained

by Ellis Research Laboratories on their vertical drop rig:-

Test No. Transmitted Time interval
peak forece between blows
ib sec
1 2780 (12.36 k) -
2 3260 (145 KN) 30 sec
3 3800 (16.9 LN) 30
b 2851 (12,64 KN) 3 hr
5 3310 (14-72 k.N) 30 sec
6 3680 (16.38 k) 30

It w1ll be seen that the efficiency of the foam is steadily reduced in a rapid

series of impacts, but 3 hours rest between blows gives almost complete
recovery.

The results of impact tests made on this shell at R.A.E. and at
Fllis Research Laboratories are shown in Fig,18. The input kinetiec energy
in each case was approximately 100 £t 1b (135.5 J) and the closing velocity
of the striker was about 25 ft/s (7.62 msec_1). They are not satisfactory
however, since the value of E in the two cases lies between C.6 and 0.8,
which is too high for a practical test-piece. Also, comparison of the trace

shapes suggests that the test assemblies were not truly identical.
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Classic examples of materials that are almost non-elastic are, putty, wet
modelling clay and plasticine., Flasticine was chosen as a very suitable
material for experiment, since it does not require the addition of o0il or water
1t is moderately stiff at room temperature, 1ts response to temperature changes

is reasonably slow and its consistency does not vary much.

The first experimental test-pieces were made in the form of cylinders
2 in (5 cm) in diameter and 1 in (2.5 cm) deep. Fig.19a shows two
acceleration-time traces recorded when a pair of such cylinders were subjected
to blows of 100 ft 1b (135,5 J) kinetic energy at 25.4 £t/s (7.75 msec_1)
impact velocity. In case 1 the plasticine was taken from a freshly opened
packet, but in case 2 the specimen was very old and had been open and exposed
to the air for many months., The difference between the traces is insignificant
and the velocity change indicated in Pig.?19b is only 28 to 29 ft/s (8.5 to
8.8 msec-1), giving a value of about 0.1 for E. The average thickness of
the plasticine af'ter the impact was 0.25 in {0.625 cm); a displacement of
0.75 1n (1.88 cm). Integration of the velocity change curves gives a displace=-
ment of 0.7 in (1.75 cm) approxamately.

Fig.20a shows the effect of using a plasticine cone frustum 1 in high,
with a base diameter of 2 in (5 cm) and a 2 in (1.88 cm) diameter apex. The
striker in this experiment lost relatively little velocity during the first
mrllisecond of the impulse, although the cone was displaced by 0.3 in (0.75 cm).
Afterwards it slowed down more rapidly and a high peak of deceleration resulted.
Integration of the acceleration-time curve, Fig.20b shows that the total change
of velocity was only just over 25 ft/s (7.6 msec_1), 50 that the value of E

was almost zero,

To allow for blows of greater kinetic energy than 100 ft 1b (135.5 J)
using the standard 10 1b (4.5 kg) striker, the height of the truncated cone
was increased to 1% in (3.75 cm), while the diameters of the base and apex
remained the same. Fig.,21 shows the results of an experiment in which two of
these test-pieces were subgected to blows of 100 £t 1b (135.5 J) kinetic
energy in the pendulum test rig; the weight of the striker being 10 1b
(4.5 kg)s The dafference between the two force-time traces is insignificant.
The experaiment was then repeated using the vertical drop rig and the results
of the two blows are shown in Fig,22, from which it can be seen that the

traces are similar to those obtained in the former test. The ringing that



25

appeared 1n this case is due to the relatively long load cell shaft, and it
occurs mainly when the energy absorbent material has reached its compressive

limit, that 1s, when there 1s a tendency to bottom.

5 RESULTS OF EXPERTIMENTAL TEST PROGRAMME

5e Stopping distance

When a helmeted head collides with a fixed mass the shell is stopped
slmost instantansously at the point of impact, but the head 1nside continues
to move until it is brought to rest by the liner, or in extreme cases by

13,14

collision with the inner surface of the shell . For constant deceleration

of the head the stopping distance s 15 given by:-

2
5 = vit-%ft (10)

where v 1s the initial velocity and t is the time from the start of the
impulse.

An experiment using the vertical drop rig was made to illustrate the
effect of stopping distance on the forees acting on the skull during an impact
pulse., A stiff polycarbonate industrial helmet shell was used as a test-plece
15

1in congunction with three different liner arrangements. These were:-

(1) s slowly recaverable plastic foam liner, 1 in (2.5 em) thick

(i1) a pneumetic liner, 1 in (2.5 cm) thick with a restricted outlet
orifice,

(1211) a pneumatic liner as in {ii), but backed up with a soft plastic
foam of very low density. The total thickness of the liner and its backing

was 2 in (5 cm).

The liner material used in case (1) was rather dense, but it possessed some
hysteresis; returning to its original thickness in one or two seconds
following compression. 1In case (ii), an air impervious bag shaped to form a
skull cap was filled with very low density polyether foam to give it form.
During impact, the stiffness of this liner was controlled by an orifice which
resisted the flow of displaced air to atmosphere. In case (i11), the pneumatic
liner was backed up with another layer of low density foam 1 in (2.5 cm) thick,
and the dasplacement of air from the cellular structure of this layer was
restricted by 1ts sandwich position between the top impervious skin of the

sill cap and the inner surface of the helmet shell.
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Industrial helimets are not usually fitted with chin straps and so they
cannot be pulled hard down on the head. In this experiment, the fit of the
helmet on the dummy head was such that the distance between the crown of the
head and the shell was greater than the thickness of the liners. Fig.23 shows
the results of blows at 40 £t 1b (54.2 J) kinetic energy and 16 £t/s
{49 msec-1) impact velocity on the three assemblies. It will be seen that the
peak forces decreased as the duration of the pulse increased with increasing
shell displacement. The displacement of the shell, obtained by double integra-
tion of the acceleration-time curve, indicates that it was held away from the
skull by a distance of about 1 in (2.5 cm) in excess of the actual thickness of

the liner.

h.2 Contact pressure on the skull

The experiments so far described 1llustrate the relationship between
change of velocity, stopping distance and force as a helmeted head collides
with a second body, but they have nothing to say about the pressure of the
impact load on the head and no means of measuring such pressure has yet been
devised. However, the impact load must be spread over as large an area as
possible and this will be helped by the use of a very stiff shell =nd a
suitable liner. It has been shown that the shells of current head-pieces are
much less stiff during impulsive loading than might be supposed and that they
are probably quite vulnerable to blows from obgects with sharp corners or small
radii. When crushable or recoverable foam liners are employed, local bending
of the helmet shell tends to produce differentisl compression of the energy
absorbent material and a high contact pressure beneath the point of impact
results. In helmets fitted with cradle suspension systems for the head, this
diffaiculty is avoided unless the skull actually bottoms on the buffer
material covering the inner surface of the shell. In the back and sides of

such helmets however, these suspension systems are less cffective.

Experiments with pneumat1016 liners suggest that impact loads can be well
spread by them and since the foam used to shape the skull cap is very tenuous,
there is no danger from differential compression, but failure of the air dis-
charge valve or actual penefration of the liner might have serious conseguences.
Fig.24 shows the results of an experiment, in whach a Mk.1 helmet shell fitted
with a pneumatic liner shaped like a sof't flying helmet to give full cover for
the head, was subjected to two blows of 30 ft 1b (40.7 J) kinetic energy at a
closing velocity of 14.3 ft/s (L 36 msec-1); the weight of the striker being
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about 9.25 1b (4.2 kg). The pressure rise within the air bag was measured
simultanecusly with the transmitted force and this shows a peak of 70 lb/in2
(4831dqm“% for both blows. The force measurements suggest that the load was
spread over the crown of the head form covering an area between 11.4 to

14 sq in (73 to 90 cm2). The volume of air displaced by the impact was
apparently employed in inflating remote parts of the liner, while the leakage
to atmosphere through the 1 mm orifice was apparently small. Experiments
using pneumatic skull caps show that better results are cbtained when the
volume of the air bag is kept small -~ see Fi1g.23, trace 2. In fact, i1f the
volume of a preumatic liner 1s too large, it will lack adequate stiffness
during impact and be potentially dangerous. From Fige24 it can be seen that

there 1s already a tendency to bottom, although the kinetic energy of the
impact was only 3C ft 1b (40.8 J).

5.3 Displacement and velocity change of helmet shells during impact

The way in which the c¢losing velocity between the head and the helmet
shell changes with respect to the distance between them during impact 1s
important. For instance, sof't padding materisls reduce the relative velocity
very little at first and the head may finally be arrested in a short distance
from a relatively high approach speed, If the load cannot be effectively
spread, and this 1s likely when the helmet deflects appreciably at the poant
of impact, the contact pressure on the skull will be high.

On the other hand, when the padding material or harness is stiff, the
closing velocity between the head and helmet shell falls off very rapldly at
first, leadaing to a high force zcting on the skull. Once the resistance of

the liner to deformation breaks down, the stopping distance then available may

be relatively large.

The change of velocity with respect to displacement in the case of two
plasticine test-pieces and three helmets subjected to blows of 100 ft 1b
(135.5 J) kinetic energy at about 25 ft/s (7.62 msec-1) 15 represented by the
curves in Fig.25 These curves show that 1n current helmets, comparatively
little velocity is lost initizlly, so that the rate of change of momentum
during the latter part of the stroke tends to be high. In case 3, the helmet
bottomed, producing s peak deceleration of more than 700 g and 1t can be seen
that for a displacement of only 0.03 in (C.07 cm) the approach velocity was

reduced from about 10 ft/s (3 msec-1) to zero.
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The shapes of the acceleration pulses generated in this experiment were
all approximately triangular with respect to time. If a rectangular pulse
cowld be achieved in practice for a given impact energy, the peak deceleration
would be half that for a triangular pulse, assuming the value of E to be
zero. The very fast rise time of a square wave type of impulse implies that
the helmet liner is very stiff up to the point where 1t suddenly breaks down.
So far as the skull is concerned, there i1is practically no attenustion of the
blow when the kinetic energy dissipated is less than that needed to cause the
liner tec collapse. The protective function of such a shell and liner combina=-
tion would be limited to crash conditions. It 1s possible however, that the
relatively long dwell at maximum acceleration (say 250 g) might be intolerable.

& THE TMPACT TESTING OF SERVICE HELMETS, USING VERTICAL DROP AND PENDULUM
RIGS

To conclude this preliminary work on the dynamics of head protection, it
was decided to examine the response of complete Service helmets to given blows
in both the vertical drop and the pendulum rigs; the colliding masses being

made approximately equal in the latter case.

Gt The vertical drop test

Samples of new Mks.] and 2 type aircrew crash helmets were subgected to
blows of 97 ft 1b (132 J) at 25 ft/s (7.62 msec-1) impact velocity and Fig.26
shows the results of tests on the two helmets. It can be seen that there was
a dif'ference of only sbout 30 g between the peak accelerations, but the wvalue
of E indicated by the total velocity change, see Fig.26b, was higher for the
Mke2 than the Mk.1 helmet. The faibreglass shell in the Mk.Z helmet cracks and
delaminates easily, so that it would not be expected that very much energy
would be restored in the rebound. It is concluded therefore, that the cork
buffer, which 1s very elastic because of air trapped in its closed cell system,

was involved in the impact.

From Fig.26c it will be seen that the displacement of the Mk.1 shell was
slightly greater than the Mk.Z2 and the values obtained by integrating the
velocity-time curves of Fig.26b were 1.4 and 1.3 in (3.6 and 3.3 cm) respec-
tively. The displacements measured from a high speed cine film taken during
the impact were i1n close agreement as shown in Fig.26c. It was found that the
actual distances between the dummy head and the inside surface of the helmet

shells 1n the crown area in the Mks,?1 and 2 helmets respectively, are about

1.6 and 1.9 1n (i and 4.75 cm).
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In contrast Fig.27 shows the results of an experiment in which a Mk.1
helmet bottomed when subjected to s crown blow by a striker of 10 1b (L.54 kg)
weight at 25ft/s (7.62 msec-1) impact velocity. This helmet had previously
been subjected to several blows which damaged the head suspensicn harness, so
that the clearance between the skull and the shell was reduced. The
acceleration-time trace peaked beyond 700 g and double integration shows that
the shell was stopped in sbout 1 in (2.5 ecm). During the first 0.8 in (2 cm)
of this displacement the velocity change was only about 8 ft/s (2.4 msec-1),
but in the final 0,16 in (O.4 cm) the change of velocity, 17 ft/s (5.2 msec-1),
was much more rapid due to the impact of the dummy head on the buffer material.
Tt 1s noteworthy that the value of E gshown by this test 1s 0.7; that ais,
about double the value for a new Mk.1 helmet.

6.2 The pendulum rig test

On the pendulum rig, new Mks.1 and 2 helmets were then subjected to blows
of the same kinetic energy and the same impact velocity as before on the crown
and over the ear. The conditions of the experiment were altersd however, in
that the weights of the striker (10 1b (4.5 kg)) and the test helmet with 1ts
headform and mounting platform (13 1b (5.9 kg)) were of the same order. The
striker was instrumented waith an sccelerometer in 1ts nose, so that the
recorded traces are typical for input pulses. The test assembly which was
suspended by faine wires was free to move following impact with consequences

already discussed in secticn 4.71.2 and Appendix A.

Figs.28 and 29 show the results of the experiment and from the integration
of the acceleration-time traces 28a and 29a, it can be seen that the total
change of velocity of the striker in each case was zbout 15 ft/s (4.57 msec—1)
(Figs.28b and 29b) compared with 33 to 4O ft/s {10 to 12.2 msecm1) Tor the
vertical drop test: the value of E was between C.3 and O.4. This loss of
velocity by the striker was more than half 1ts initial velocity on impact

because its mass was less than that of the test assembly.

The integration of the velocity-time curves, see Figs.28c and 29c¢ shows
that the displacement of the helmet shells was between 0.6 and 0,8 in (1.5 and
2 cm) or about half the displacement that took place in the vertical drop test.

It cen be sesn that although the same impact energy was supplied in both

of these tests, the blows inflicted in the pendulum rig were much less severe.

To make the two tests comparable 1t is therefore necessary to make the kinetac
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energy of the blow approximately twice that supplied in the vertical drop test.
The precise figure will depend on the mass ratio employed.

7 CONGLUSIONS

Although, at the present time it 1s impossible to define precisely the
threshold of ingury in man caused by blows to the head, a maximum peak force of
44,00 1b (19.6 kIi) acting on the skull is used as a criterion in specifications
for the design of crash helmets. This value was originally derived from the
force required to fracture the average cadaver skull, when acting through the
scalp on an area of about 2 in? (12.9 cmz). As an arbitrary measure for com=
paring the performance of different helmets in response to given impact condi-
tions, the figure is quite useful, but its connection with real conditions is
not clear. In practice, however, 1t is possible to give a fair measure of pro-
tection against skull fracture by means of stiff helmet shells with sultable
load spreading and energy asbsorbent liners, when the impact energy reaches
between 120 and 150 £t 1b (163 and 204 J).

Angular acceleration of the brain is believed to be one of the chief
causes of injury and death during accidents involwving impact. Unfortunately,
little can be done to prevent this because of the real difficulty of arresting
rotational movement with a helmet of practicable design and also because of

the slow response of the brain to changes of velocity.

The same type of difficulty applies to translstional movement, when the
response of the brain to impact is slow compared with that of the skull. To
make these impulses long enough to give the brain time to respond clesely,

would require a helmet of impracticable size.

Some improvement to existing helmet designs could be made howesver, by
ensuring that the shells are stiffer and more resistant to penetration than at
present, that they are smooth and spherical enough to deflect a high proportion
of blows to the head and finally that the whole assembly has a low coefficient
of restitution (preferably no higher than 0.3) to keep the total change of

velocity of the head as low as possible.

Our work so far, has been mainly concerned with the development of
techniques for examining the characteristic behaviour of crash helmets during
impulsive loading. The impasect test rigs used in our experiments have been made
more flexible than 1s usual, in that mass and impact velocity can be varied at

will to suit any reasonable test, Also, the impact records we have made are
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clear and of sufficiently large scale to allow the extraction of useful infor-
mation about the velocity change and displacement of the test helmet shell, as

well as the maximum force and acceleration transmitted to the dummy head.

Our experiments suggest that crash helmets function mainly as a means of
reducing the danger of skull fracture., This is achieved by the liners which
spread the impact load and keep the rate of interchange of momentumn between
the head and the colliding body or structure as low as possible. Stiff or
highly rated liners make the rise time of the force acting on the skull shart
and 1t may be uncomfortably large even when the helmet is subgected to other-
wise unimportant blows. Lowly rated liners on the other hand, allow a large
displacement of the head while the closing velocity falls by a relatively small
amount. In the limit, neariy all the kinetic energy of the impactis dissipated
while stopping the head in a very small distance from a considerable velocity.
This is the bottoming case, where very high forces act on the skull, although

their time of action at extreme values is very short.

Compromise on the characteristics of helmet liners is necessary to
prevent on the one hana, the dissipation of nearly all the energy of impact on
the skull during moderate blows while little or no work is done on the helmet,

and on the other, early bottoming due to over soft head harness or padding.

Difficuities in the correlation of the results of experiments from
dif'ferent sources have led to the suggestion that some form of standard test-
piece is needed to check the output from diff'erent rigs. We have found that
such a device can be made from plasticine moulded to the form of a truncated

cone of given dimensions.
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Appendix A
THE EFFECT OF MASS RATIO

In contrast with the vertical drop test rig, the striker and head-mass
are freely suspended in the R.A.E. pendulum test rig and the consequences of

making their masses approximately equal can be shown.

Suppose that two masses m, and m moving in the same straight line

1 2?
collide, that their initial velocities are U1 and U2 their coefficient of

restitution is E and their relative velocities after impact are v, and v..

}

Then by Newtons law of impact

v, = V,= -E (U1 - U2) . (8-1)

The momentum of the masses is conserved, so that

I, v_1 +m, v2 = m, U1 + o, U2 .

FProm these two equations the values of v, and v, can be found. They are

1 2
v,o= U, (1 - B)/2 (a-2)
and
v, = U, (1 +E)/2 (£-3)
when m1 = m2 and U2 = Q.
If £ =1 +then v1=0 and v2=UJI and if E = ¢ then v1=U1/2
and v, = Ui/E.

The kinetic energy lost by the striker is:-

m, m, (1 - E2) (U1 - U2)2/2 (m1 + m2) .
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When the colliding masses are equal as in one arrangement of the R.A.E.

pendulun 1mpact test rig

Ke = m, Ui‘ (1 - E2)/i+ (A-ii)

1]
O

and when E
2
Ke = m, U1/a’+ (4-5)

but when E =1 no energy is lost. That 1s, all the energy i1s converted back

to potential energy.

On the other hand, in the R.A.E. pendulum rig fitted with its large

suspended anvile mass,

My = 20 m, approximately and U2 = 0
therefore
2
Ke = 15m, uy (1 - E2)/3,1 = C.L85 m, Uf
or nearly
2
m U /2 (A=6)

but when E = 1 +there 1s no difference between the two cases because the

original potential energies were equal.

This means that when the value of E is clase to zero, a blow between
equal masses must contain twice the energy of a blow against an infinite or

very large mass to produce a comparable effect.
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Appendix B
TH® HELMET AND HEAD ASSEMELY REGARDED AS A SIMPLE MASS SPRING SYSTEM

Any mathematical medel of a head and helmet assembly is likely to be
over simplified. Nevertheless, analysis of such a system regarded as a simple
mass-spring arrvangement with damping, at least yields a pieture in which the

order of events can be visualised.

Consider a body of weight W 1lb colliding with a stationary body of
weight A W 1b, through a linear spring of stiffness K 1b/ft, with an
associated damping force c¢ 1b sec/ft. Initially the velocity of the farst
weight is u ft/s and both are free to move in a straight line after impact.

If the displacement of the first body in space from its position at the moment

of impact 1s x £t and the second body 1s y £t the equationg of motion are:-

Wik/g = ¢ (F-%)+X(y - x) (3-1)
and
WAF/g =-¢c (F -%) - K (y - x) (B-2)
with the initial conditions x, y and ¥ =0, % = U,
Multiplying equation (B-1) by A and subtracting equation (B-2) we have
WA(E-F)/g+c(1+2) &F-7)+K{(1+7) (x-y) = ¢ . (B-3)
Whence, putting x -y = &,
c(1+MNgWr = 2hae |,
2
K(1+2gMr = o
we have

Z +2haw & + w2 Z = C (B-4)

with the initial conditions Z =0, % =TU,

The solution of equation (B-4) is given by

- A
Z = U sin (1 - 1 wt)e hwt/wj‘l - p? if h < 1
-wt
Z = U te i h = 1 & (B~5)
Z = U sinh (Jh2 -1 mt)e'l’l“’t/wJh2 -1 if h > 1|
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Differentiating,

Y oo vl -nl e - nsle ™ - w°
] 2 . 2
if h<1, c=cos {y1 = h° wt), s =sin (J1 - b° wt) .

z ug(1-t% w)e"‘”t if h =1 } (5-€)

v /B - 1 o - b snle P n® - 1
i h>1, ch=ocosh (Jh® -1 wt), sh=sich (h° -1 wt) .
S

From these basic equations we may deduce the coefficient of restitution E,

e
I}

the duration of the impact T, the maximum acceleration 8 ax and the trans-—

mitted force Pmax’ and the maximum relative displacement of the weights.

5.1 Duration of impact T and coefficient of restitution E

The final velocities of the weights are reached when their accelerations

become zero, that i1s when
ShZ+wZ = 0 (B-7)

Using equations (B-5) and (B-6) we find that equation (B-7) is satisfied at
time T given by

gin j::zi-w T -2 005-1 h] = 0 , i.e.j::zg-w T = 2 cos_1 (B-8)
if h <1
wT = 2 1f h=1 (B=9)
sinh ffl?_.fw T-2cosh! k] = 0 , e ,/E ©T =2 cosh | b (B-10)
if h >1
The relative velocity at time T is
—ge 9T (B-11)
in each case, sco that
g = ot (B~12)

in each case.
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B.2 Change of velocity of striker

Adding equations (B-1) and (B-2) we find

E+r¥ = 0, (B-13)

X+2y = U
X+Ay = Ut
so that £ = AZ0+ ) ]
¥ = (U+rB/0 N ) (B-14)
x = (Ut+rZ)/(1+2N)

Hence the total change of velocity of the striker is
V = Ue@a-2AEU/(1+2) = AU (1 +B)/(1+2) . (B-15)

In this particular case where the second body is very large compared

with the striker

v = U(1+E) . (B~16)

B. Maximum acceleration a
5 max

The maximum relstive acceleration amax ocours where

¥ = =(2hw Z 4 w2 z)
has minimum, that 1s at time t1, say, where
chZ+wZ = 0. (B-17)

For h <1 this occurs when

J1 =18 (1 - 4 nd)eos 1-h2wt1-h(3-4h2) sin 1-h2w‘t1 - 0 (B-18)

that is

cos J1 - 1 wt, + 3 sin h] = 0
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or

vi- h2 th1 = w2 -3 Sin-1 h . (B-19)

This equation is only soluble for real time if =/2 - 3 sin-1 h > 0
that 13, if h < 0.5, and substitution in equation (B-4) gives:
“ -hwt1
Zinax = -~wy e . (B=20)

The maxamum acceleration of the striker using equation (B-14) is given by

SRR SRR

3o that, when ® 1s very large
' -h.(ﬂt1
Brax ;max = -wUe (B-21)
For h » 0.0, the maximum acceleration occurs at the moment of impact

and is given by =
Zax = —2h0U
= & for large % (B-22)

Be.lk Force acting on bodies

The force is given by

P = c%+k% = WrZg(+2)
50 that for h < 0.5
-hwt1 "
Pmax*:W?\mUe /g (1 + M)
and for h > 0.5 > (B-23)

ex = 2W AU /g (1+3)

or, for large A, h < Q.5, |

—hw‘t1
WwUe /e

max

h > 0.5 (B-24)

e = 2 WO Uh/g |

T
!
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Be5 Maximum spring deflection
The maximum deflection occurs when & = 0. That is, using equation (B-6)
when
1-h wt = cos™ h if h o<1
wt = 1 if h = 1 (B-25)
) -1
h™ -1 wt = cosh h if h > 1
That is, when t = T/2, (from equations (B-8), (B-9) amd (B-10)). (B=26)
Hernce
~hwl/2
w5 Ue (B-27)
Using equation (B-1i),
w X = (UT+ % U‘e-hwr/z) (1 + )
max
= U e-hUJI'/Z (B~28)

when A 1s large,

B.6 Relationship between change of striker velocity and duration of impact
for a fixed deflection &
The change of wvelocity is
V = U1 +E) (equation B-16))
P = log (1/B)/n  (equation (B-12))
8w = U JBE (equation (B-28))
hence

VT [8

(1 + B) 1og, (1/8)1h/E (B-29)
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B.7 Varzation of maximum spring deflection with velocity of strikel using
constant energy input, for A infinite

If we maintein a constant kinetic energy in the striker impacting & fixed
body through a particular spring, using definitions of w, h, and kinetic

energy formula we can say
Wo= W9, U=1U/e, W="W/, h = h/q (B-30)

so that the relation between x and x can be calculated using
max 1 max

equations (B-8), (B-9), (B=10) and (B-28).

A simpler method however, is to write equation (B-28) in the form:

= (U/w)qu from egquation (B-12), whence using equation (B-30)

(%)

(:c)nm/(x1)muc = (U u)_1/U1 w) /E7}E1 = JE?E,l (B-31)

and deduce the ratio from the h wversus E curve of Fig.7, and the equation
h = h1/q. The only dafficulty arises for h very large, when E and

E, -» 0 but this can be resolved in the limit.

1
For h > 1, since E = e-hﬂm and w T = 2 cosh—1 h Jh2 -1

(equations (B-12), (B-10))

log, E = -2h (cosh_1 h)/,/h2 -1 >-2cosh" h . (B-32)

If we write ¢ = coshm1 h

h = cosh ¢ = (e¢ + e-¢j/2 -+ (1/2) e? (B-33)
therefors
log, E»>-21og 2h, =-~>1/(2n)° (B-34)
hence
(X)max/(x1)max e—h1/h -4
The relationships between E, h, T, a _, X are shown in Fig.7

max max
for the case where A 1is large. The relationship between VT for dafferent

values of & 1is shown in Fig.1 for the case E = C.3, h = 0.5. The effect
of variation of striker parameters with constant kinetic energ& is shown in

Fig.8.



Table 1

SMMARY OF TEST METHODS

Helmat and head form Striker or anvll
firat body second body Methods of
Mode measurement Remarks
Eftective |Inltial |Effective |Initial
welight valoclity | weight velocity
{1) Load cell under | B.S.I, standard test (1): w = 11 1b {5 kel,
head farm. u variad for impact energy. Also R.A,E. vertical
q drop rig.
X U=0 L u (2) Accelerameter | R.A.E, vertical drop rig (2 or 3): wand u as
in striker or gbove,
A m {3) both If desired w can also be varied for impact snergy.
{1) Accelerometer ASA vertleal drop test (1): U is variled for
in head form, impact energy.
w -
W u o0 U=0 |5 Load cell under |Can be set up on R.A.E, vertical drop rig (2) U 1o
= anvil, varied for impact energy. In both, W varies with
B = helmet type under test.
(1) Accelerometer Snively test rig W =w = X 1b: (1) u is varied tor
in head form impact energy. Also ASA test,
] U=0Q w u or
» (2) Accelerometer R.AE. pendulum rig (2): W = w approx., u is varied
C in striker. for impact energy. Alao w coan be varieds
{1} Accelerometer Applicable to R,AR, pendulum rig but net yet
in head fam tried, (1) In both Modes C and D the lmpacted
mass is free to move following the blow,
W U W=xW u=0 or
{2) Load cell under |[R.A.E, pendulum rig: (2} w=3x W, U is varied
D anvil, for Impact energy,
NOTE Read table as followa:=

For example Mode C:-

Striker {weight w) collides with stati{cnary {u = O) head form {welght W) at impact velocity u,

o



10

i

B

A,

M.

A,

A,

Author
3. Gurdjian
S. Lissner

M. Patrick

de Haven

G. Snyder

B. Thompson

Kornhauser

Gold

H. 5. Holbourn

Parker

A. C. Ives

Barret

Payne

G. Mosely

i, Zeller

L. Lastmck

[

REFERENCES

Tatle, etc.

Protection of the head and necx in sports.
Journal of American Medical Association

182 : 508  (1963)

Mechanical analysis of survival in falls from
heights of fifty to one hundred and fify feet.
War Medicane 2 : 386  (1942)

Human survivabiliaty fromn extreme impacts in free
fall.

Aero-space Vedicine 34 8 : 695-709  (41963)

A proposed new concept for estinating the limat
of human tolerance to impact acceleration.

: 1349-1355  {1962)

Lero-space Medicine 33 11

Application of sensitivity method tc armimate
structures.
Impact scceleration stress, llat Academy of Sc.,

publication 977

Mechanics of head injury.

The Larcet. 2 : i38 (1943)

Angular acceleration of the head,

Hynmatic Engineering Co. Ltd., PTE 163

The fragility of simple structurss.

(1962)

Envirormeantal Engianeering 15 : 15

Response of & linear damped dynamic system to
selected acceleration inputs.

AM.R.L. = TR = 65-4 (1965)

Relation of injury to force and direction of
acceleration 1n aircraf't accidents.

J. Aviet. Med. 24 : 739  (1958)

Crash end ballistic flaght helmet.

Aero-space Medicine 38 8 : 808-811  {(1967)



L2

Ho.

12

13

14

15

16

E.

gomsH

G-.

R'

A,

Auther

Grey

L. Hzley
W. Turnbow
¥arca

J. Walhout

Grime

P, Daniel

C. Browning

REFERENCES (Contd)

Title, etc.
A brief review of shock damage fundamentals.

Shock Test Seminar (1966)

Helmet design criteria for improved crash
survival.

U, S.A. AV LABS Tech Report 65-4i

Saf'ety cars.
RRL Report 8 (1966)

A bio-engineering appreoach to crash padding.

Automotive Congress (1968)

A theoretical approach tc air bag shock absorber

designe.
ARC CP 751 (1963)



Veloeity change (ft/sec)

AN

1600

500

200

100

50

20

ft/sec x0O 305 = m see”

1

/ |

AN

AN

@ Cadaver skull fracture
@ Whole body fatal
@ Whole body survival

@ Suggested concussion hine

X = Telerable

TN
\

\2 Ineh helmet disploacement /
(51 ecm)

NN

Fig |

Duration (m sec)

Human tolerance to impact acceleration

| nch h -______.-—-""'" X /
\ (25 em) -
Q5 1nech
\ (-3em)) x P

AN /
C 25 Inch

(O @4 cm) 4

O 125 1nen \
(0 32em)
N\ N~ \\ |
1 Z 3 fo) 20 =Ye) [aTo] 200 S00 ooe



Jo
Key
Dancing
T 50
u'.) Boxing
O
= Skatin
x arng
G'-\ \ Head turning
2:0
Q
3 N
]
g
N,
g i-O
pr X
o
g
9
2 05
< x
N
[s]
Q-2
AN
o w \\
o1 _
5 &] 20 S0 100 200 500
Duration (m sec)-—

Fig. 2 Angqular acceleration of the head developed in some normal activities

1000



Al

-~ Dancers average

--- Sharpeat turn
/ /
L e ~—  Youth
3 Lt} - ou

Reotation of head Q‘GCD —
N
N
AN
Y

V
v

o2 o4 06 08

Time (sec) —»

Fig.3 Angular displacement of the head in some normal activities




$21}11A130D [DWJIOU 2WOS U] pp2y 2y} jo A3dojaa tonbuy ¢ -

Yyinep —.—
uany 392dioys §JIUDG —e—e

*foy2n0 si20URG  —

20

$-Q

- (:ns) My

¥-0

€0

2-Q

™~

- —

~

‘\\\ \; \| | A
Xz\ \ / /
ACERYEE
\\\ \ :"
C x-.--.f{ i:ﬂj

b1 4

14

Sl

o
o

[}
«~

——— (339/,‘::04) A39pa ainbuy



1000 1000
A
BOO f; 8300~
1!
i |
cool; 600H
| 1
;. {
400}t 4001+
' A M
b AN [
~  200p> 200
"y -3¢ \\‘ \ Time (sec) —— | Time (see) —»
o 0 A 02 A 0:-4 \ 02 0 4
b") 1 P | R
\_g/ v P ] i /
d /
c -200 dom - -200 L
G : '( [
o k\K \' '
S -400 k -400 N
3 1A/
< 600 -600 I
Dancer average | Youth
800 === Sharpest turn -800| !: ou
- U
-{a00l =1000]

Fig. 5 Anqular acceleration of the head in some normal activities




Displacement

Constant peak
acceleration

O
o
»
[ o

Fig. 6 Displacement response of spring mass system of period

Displacement

Constant
velocity change

G
(p:3 oud
»

to acceleration pulse of duration T sec

(2TT/02)



30

25

20

-5

10

05

*mox 15 maximum deflection
“max 5 maximum acceleration
T 18 duration of pulse
W= KglwW
h° = ¢%g9/4 KW
_-...—-—""""---—-'-_.l
\ /
/ ____.———#
—-—""/
—/“—1
/
W ="
Eagh
-\-‘-—___—‘
0 02 03 04 05 06 07 08 09 10

Coefficient of restitution (E)

Fig 7 Variation of impact parameters for a weight striking a fixed body through

a spring of stiffness K, damping force C, with initial velocity U



30

25

20

o5

Coefficient of restitution

Impacting Velocity at Max
weight Imput deflection
WI Vl x'
4w, Vif2 <2
AW, \/,/3 x,
Y,
0 K
3 By
L \ ]
. \
9_ \
4
L o
0
Q ol 02 Q3 04 05 o)) 07 o8 C9

Fig 8 Variation of maximum deflection for constant impact energy

with weight of impacting body



Transmitted force (1bx100) —=

o
L=

E -9
[=]

n
o

—— Impacet velocity 24 ft sec (7-3 m see")

- -

Impact velocity 12 ft sec (3-65 msec")

[ =)

0 10 20 0

Time (m sec) —»

10 20

Time (m sec) —m

Foam liner
and Mkl type shell

Mk 2 Type
Protective helmet

Fig 9 Load transmission for various types of

s
10 20
Time (m sec) —»

Air bag and
Mk type shell

helmet liner

TSO
sz
Famn
420 2
o
L)
(%)
i
{15 &
a
s
Jio :
2
[
{s
30



Average decelerokion (5) —

ioo

AN

50 \ \\\ \
\ v = 304 ft/sec (180 KE)
20 N (92 &8 m sec-_")
|
\ \ v =23} ft/sec (140 Kt)
(72 m szc") N
V =169 ft/sec (100 Kt)
(515m sec")
V=101 ft/sec (60 Kt) \
(308 m sec") \
5 \ N N
Average deceieration
= va/zd \ \\
2 \ A S \
1 t 2 10 20

Fig. IO Deceleration in landing and take-off crashes

50

100

Stopping distance (d feet)—» (Ftx 0-305=m)

200

500

1000
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@ Eiis Research lab rig ot 100ft Ib Ke (136 J)
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Fig. I8 Comparison of the effects of blows measured on different rigs



Acceleration (g x 100)
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Test piece' 2inaia » lin plasticineg cylinder

Kimetic energy = 97f¢ b {132J)

Weight of striker = 101b {4 5Kg)
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Fig I9a & b A cylindrical plasticine test-piece
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Aceelerotion (9 x 100)
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Rig used' Pendulum

Test piece’ Plasticing cone frusturm

Kinetic energy = 100fe b {136 J)
Weight of striker = iCib (4-SKg)
lmpoct velocity = 2S:44cfsec (775 m sec™ )

Mean measured deflection = 0825 ineh (2 Cbem)

Moass raotio

Oimension of test -plece .- I[_

= 32"

4 Mandia (1 8B8em)
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Acceleration (g x 100)

5.
-

Rig used' Perdulum

Test -piece’ 2 (P!astac.ma cone Frustum)

Kinetic energy = 100fc b (1B36J)

Weight of striker = 10lb (4 5Kq)

Impact velocity = 254fefsec (775 m sec™)
Mass ratio = 32:|

Dimensions of test-pieee: s 34 in dia (1 88em)

I

/\

1% 1n (37%em)

IZln dia '
(S em)

Load aell

Test-plece

Anvil’ W=3201b (145Kg)

Fig. 21 I'/2 inch conical plasticine test -pieces
compared on pendulum rig




Acceleration (g x 100)

Rig used Vertical dreop
Test-plece’ 2(P|ast|cme. cone Frustum)
100fe b {136 J)

Kinetie energy

Weight of striker = 10Ib (4 SKg)
lmpact velocity = 25 4ft/sec (775m sec™)
Maoss ratio = O
Dimensions of test-piece ’ sl ¥410 dia {188 cm)
Y2 1n (375 em)
| ’”
211 dia
(Sem)

A
(4”3)

Test -piece

Alwminium
head form
Ball and socket joint

Load cell
(Stroun gouged shaft)

/\/\/\ Ao

i L) i ¥ ¥ 1

) 2 3 4 s
Time (m sec) —=

Fig 22 Y2 inch conical plasticine test - pieces compared on vertical drop rig
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R*e used vertical drop
Test-pleces ‘naustrial heimet shell with,
M Typical recoverable foam liner

@ Preumatic skull cop |inch thick (2 Scm)
® As above, but bocked with linch (2 5em)

thick polyether foom podding

Kinetic energy = 40ft \b (54-21)
Weight of striker = I0ib (4:5Kg)
Impact velocity = 1B6ft/sec (4 2 m sec™ )
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Fig 23 Stopping distance



Note

Forece (b x 10GQ)

Pressure (Ib/in?)

Volume of 1iner was too large oand
during impact displaced air

nfloted remote parts of air bog
Instead of gscaping to atmosphere
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Fig 24 Pressure rise

Force {N x 1C0O)

Pressurz (KN m?2)

Chonge of velocity (fe/sec)

Displacement {inches)

Rig used: Vertical drop

Test -piece’ Mkishell with full cover
pneumatic liner

Kinetic energy = 30ft b opprox (40 eJ)

Impact velocity 925F/sec (2Bm sec™)

Mass ratig &9
Location of blows' Crown
Pressure transducer fitted 'n lLiner

Trace @ Liner sealed
@) |mm dia jet ocutward leak

in pneumatic helmet liner during impact
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»
- Displacement (em)

Velocity change (m sec™!) —



® Plasticine cyhinder 2india x in long
Peak acceleration = 3259
Measured displacement = QO 75 inch (I 9¢em)

@ Plasticine cone frustum base 2in dio,apex 34 1n dia,
height %2 inches (base Sem, apex | 2em, height 2 5em)

Peak acceleration = 475g
Measured displacement = O 825 nch {2 0bem)

© Damaged ™Mk | helmet
Peak acceleration =725g (bottomed)
Mk 2 helmet
Peak acceleration = 230g
Measured displacement (Film) =12 inch (3cm)

® Mkl nelmet (new)
Peak acceleration = IB5g

Measured displacement (film) =14 inch (35cm)
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Fig 25 Displacement and velocity change for several
test specimens during mpact
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Acceleration (g x 100)

Rig used Vertical drep
Test -plece’ Damaged Mki helmet
Kinetie energy =21t b (132.)

(\ Weight of striker: 10lo (4 SKs)

Impact velocity = 25f¢/sec 0r
(165 m see ™)
Mass ratic' &0 \SF
Location of blow' Crown
Kemarks' Helmet bottomed \or
5 b

Velocity (ft/sec)

,a Is}
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502 Time (m sec)
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'g,OB- Note!'
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Fig 27 A case of bottoming-Mk | protective helmet
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Acceleration (g % 1Q0) —=

o
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Rig used ! Pendulum

Test -plece’ Mk helmet complete

Kinetic energy wcofc e (136J)

Weight of striker = 1Ob (4-5Kg)

Weight of helmet ana mounting =12 31b {5 eKag)

impact velocity = 254ftfsec (775 m sec™)
Mass ratio =1 25 |

Location of biows'

Troce @ '-Crown
Trace (2) '- Ear cover

O

Change of velocity (ftfsec)
wn

1 1 L. 1 1 i L J

| Z 3 4 5 & 7 a -]
Time (m sec) —=

[a]
~

——

O
£

o
o
T

Q

Displacement (inches)
- o
o o
I

Fig 28a-c Mk | protective helmet tested on
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This paper summarnises work camed out at RAE on the protection of the head m crashes.

In general, two problems are seen to exist, the prevention of skull fractuzre and the preven-
tion of concussion

The skull can be protected within quite wide imits by spreading the load, but httle can be
done directly by helmets of practicable s1ze to prevent concussion The hikelihood of bramn

mjury can be reduced shghtly by designing helmets with low elasticity and a tendency to
deflect blows

Kinetic energy and the peak force transmitted to the head are often regarded as the sole
cnitenia needed to define a blow, but 1t 15 shown that the coefficient of restitution and
stopping dustance are also umportant parameters Account should be taken of the effect of
the ratio of the colliding masses and the effect of varymg momentum when comparing test
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Thts paper summanses work cammed out at RAE on the protection of the head mn crashes.

In general, two problems are seem to exsst, the prevenbion of skull fracture and the preven-
tion of concussion,

The skull can be protected within quite wide hmits by spreadmg the load, but little can be
done directly by helmets of practicable size to prevent concussion. The likelihood of bran

mjury can be reduced shghtly by designing helmets with low elasticity and a tendency to
deflect blows,

Kmetic energy and the peak force transmtted to the head are often regarded as the sole
criteria needed to define a blow, but it is shown that the coefficient of restitution and
stoppmg distance are also important parameters, Account should be taken of the effect of
the ratio of the colliding masses and the effect of varymg momentum when companng test
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results from various ngs A sumple calibration device using 2 shaped plasticine test-piece 15

results from vanous ngs A smple calibration device using a shaped plasticine test-piece 15
put forward to compare the behaviour of different test machines under given conditions

put forward to compare the behaviour of different test machines under gaven conditions

The effect of varying dufferent parameters 1s lustrated by experiments on two test ngs and

The effect of varying different parameters 1s ilustrated by expeniments on two test rigs and
tests on existing Service helmets are reported

tests on exasting Service helmets are reported
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