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COMPARISON OF
SAFETY HELMET TESTING STANDARDS
ECE 22.05 — Snell M2005 —
AS/NZS 1698 - BS 6658 — FMVSS 218

By:
Mazdak Ghajari, Davide G. Caserta and Ugo Galvanetto
Department of Aeronautics
Imperial College London

Abstract : The present document compares several safety helmet standards in force in
different parts of the world with the EU standards ECE 22_05. Initially the parts of the ECE
22 05 concerning mechanical testing are summarised, then BS 6658:1985 (UK), FMVSS
218 (USA), Snell M2005 and AS/NZS 1698 are examined and the main differences with
respect to the ECE 22_05 are highlighted. Numerical simulations are used to present the

example of a helmet satisfying the ECE 22_05, but failing the tests required by other
standards.
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1 Introduction

According to COST 327 [7] in total there are some 8.6 million motorcycles (not counting
mopeds) in the 15 European countries, and approximately 5 thousand fatalities annually,
accounting for a substantial proportion (16%) of total road fatalities. Although the number of
fatalities in motorcyclists’ accidents is high in comparison with motorcycle use, the almost
only equipment that prevents motorcyclists from fatal injuries is the helmet. Results of a
statistical investigation about motorcycle accidents in US from 2000 to 2002 revealed that
about 51% of the unhelmeted riders suffered head injury as compared to 35% of the
helmeted riders. This report concluded that “slightly more than half of the unhelmeted
motorcyclists had one or more injuries to their head as compared to slightly more than a third
of the helmeted motorcyclists” [14].

In order to assess performance of helmets in accidents, they are tested according to one of
the accepted helmet testing standards. Almost all the standards follow the same concepts in
evaluation of effectiveness of the helmets during accidents, which are:

the helmet shall be able to absorb impact energy
it shall remain on the head during accident phenomenon
it shall resist penetration.

However, details of procedures in force in various countries are different. Hence, it is
probable that a helmet satisfying the requirements of a standard will not comply with all
requirements of another standard.

In this report the main procedures of five standards for testing of motorcycle helmets will be
compared: ECE 22.05 (EU-2000), BS 6658 (UK-1985), FMVSS 218 (USA-2003), Snell
M2005 (USA-2005) and AS/NZS 1698 (2006).

A brief summary of the main information collected from accident data (COST 327 [7]) will be
given first, in the present section, in order to provide a framework in which testing of safety
helmet should be included. Then a detailed description of the main testing procedures
required by the European standards ECE 22.05 will be given in section 2. It should be
mentioned that the emphasis of this report is on mechanical testing of motorcyclist’s helmet,
therefore several issues concerning other aspects of the helmets will not be treated in any
detail. Section 3 will present the comparison among the five different regulations previously
mentioned with a few comments by the authors. The report will be concluded by a conclusion
section and the list of references. The interested reader might find interesting the appendix
on virtual simulations of impact tests prescribed by different standards.

1.1 Brief overview of a few results of the COST act ion

The EU COST action 327 has carried out a study about impact configurations and severity
injuries related to them, on the basis of the accident data reported on National Statistics of
UK, Germany and Finland. In figure 1.1, taken from the final report of the COST action 327,
the correlation between collision types and body injuries is reported:
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Table 3.9 Collision types in relation to the maximum injury severity

Collision types Total Maximum Injury Severity of motorcyclists
n=140 Uninjured | MAIS 1 MAIS 2-4 | MAIS 5/6
100% 100%
type 1 1.5% - 50.0% 50.0% -
100.0% - - -
type 2 9.2% - 8.3% 33.3% 58.3%
16.7% 8.3% 16.7% 58.3%
type 3 14.6% 5.3% 42.1% 31.6% 21.1%
s 52.6% 10.5% 21.1% 15.8%
type 4 28.5% - 51.4% 29.7% 18.9%
51.4% 18.9% 24.3% 5.4%
type S 4.6% - 50.0% 50.0% -
50.0% 50.0% - -
type 6 - - - - -
type7 41.5% 1.9% 25.9% 29.6% 42.6%
20.4% 24.1% 31.5% 24.1%

Source: COST database;
Shadowed fields: Collision types in relation to the maxmum head mjury severity.
n=271 total of which 131 were unknown.

Figure 1.1: Collision types in relation to the head injury severity.

As it can be seen, a part from the collision type 7, which in reality corresponds to several
different types of accident, the most dangerous impact configurations are the frontal
collisions (types 2) in which severe injuries are the most likely to occur (high percentage of
MAIS 5/6), whereas the most frequent collision types are the lateral impacts (types 3 and 4).
The following figure 1.2 shows impact location on the helmet and head injuries related to the
shape of the impacted object.

The data of the figure below show that impacts on the crown are rare, whereas other
locations are impacted with similar frequencies. Unfortunately it is not clear what the words
‘round’ and ‘flat’ mean in this figure since, if the radius of curvature of the impacted object is
significantly bigger than that of the helmet, then the object could be considered flat for most
purposes concerning helmet testing. It is interesting to observe that the authors did not
consider the opportunity to classify impacts against sharp objects, those which could
penetrate in the shell. That is probably an indication of the fact that such a case is particularly
rare.
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and 39
Rear 166 |21.0] 24 145 129 | 77.7 [ 11 | 6.6

Odd sections from 11 to

27 (excluding 17 and

19) plus 16

Total 788 | 100 | 138 | 17.5 |530| 673 |114|145| 6 (038

19
e
12

Source: COST database; (100%= all damages of each sector)

Table3.6 Headinjury severity related to impact target shape.
(100%o=all head injuries)

shape of impact objects

total round edge flat no information
AISHead n % n % n % n % n %
uninjured 30 320 | 61 | 305 2 200 | 9 | 391 8 471
AIS 1 47 188 37 | 185 1 10.0 6 26.1 3 17.6
AIS 2 27 10.8 25 | 12,5 - 1 4.3 1 5.9
AIS 3 20 8.0 13 | 65 1 10.0 | 2 8.7 4 23.5
AIS 4 18 7.2 14 7.0 2 20.0 2 8.7
AIS S 30 120 | 25 | 125 4 400 | 1 4.3 -
AIS 6 28 112 25| 125 - 2 8.7 1 5.9
Total 250 100 | 200 | 100 10 100 | 23 | 100 17 100

25

Figure 1.2: statistical data on damage caused by mo  torbike accidents.

In order to guarantee an acceptable level of safety, helmets have to meet specific
requirements, in terms of mechanical (and chemical) properties, impact resistance, energy
absorption and efficiency of retention system, specified by the currently available standards.
(Impact resistance is intended as the protection of the head from penetrating objects during
an accident, while energy absorption is a way to reduce the load transmitted to the head).

The various available standards establish minimum performance requirements for motorbike
helmets, prescribing particular tests. In general Standards provide directions about

1) the choice of the points of the helmets where impacts have to be performed;
2) the shape of struck objects;
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3) the velocity or energy of the impacts
4) the temperature at which the impacts take place

1.2 Definition of helmet components
A standard motorcyclist’s helmet is made of four main parts as shown in figure 1:

- The shell of the helmet is the external component which directly experiences the
impacts. Its duties are: prevention from penetration of very localized loads,
distribution of external load on a larger area of the underlying component which is
the liner and contribution to impact energy absorption. Shells are usually made of
thermoplastic materials or composites.

- The protective padding, or liner, is composed of crushable foam which provides the
main contribution to absorb impact energy.

- Comfort padding, or comfort foam, is made of easily deformable foam, and provides
the best fit to the wearer’s head.

- Retention system, or chin strap, should retain the helmet on the head during an
impact or a series of impacts.

Figure 1.3: Main parts of a protective helmet (ECE  22.05).
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2 Main aspects of the European standards ECE 22.05

The European standards ECE 22.05 are probably the most commonly used in the world.
They are adopted by over 50 countries worldwide (webBikeWorld). Table 2.1 summarizes the
mechanical tests required by ECE 22.05. In addition to these tests, ECE 22.05 require that
any projection or irregularity greater than 2mm located at the outer surface of the shell be
subjected to shear assessment, and outer surface of the shell be subjected to the same test
for friction assessment. The following sections are a brief overview of the mechanical tests
consisting of the test configuration, initial conditions and approval limit(s).

Project:
Deliverable 3.1:

Table 2.1 Mechanical tests required by ECE 22.05.

for the largest size of each helmet type

Test Number of Helmets to be conditioned Total
solvent plus Solvent plus | Solvent plus | Solvent plus ultra-
ambient- heat low- violent radiation
temperature conditioning | temperature | conditioning and
and conditioning | moisture conditioning
hygrometry
conditioning
Impact 2 1 1 1 5
absorption
Rigidity 2 - - - 2
Retention 1 - - - 1
system
for each smaller headform size within the size range of the helmet type
Impact - 1 1 - 2
absorption

The types of conditioning cited in Table 2.1 are defined as following:

- Solvent conditioning: the outer surface of the helmet shall become wet by a piece of cotton
cloth soaked in a specific solvent 30 minutes before any conditioning or tests.

- Ambient-temperature and hygrometry conditioning: the helmet shall be exposed to a
temperature of 25+5°C and a relative humidity of 65+5% for at least 4 hours.

- Heat conditioning: the helmet shall be exposed to a temperature of 50+2°C for not less than
4 hours and not more than 6 hours.

- Low-temperature conditioning: the helmet shall be exposed to a temperature of -20+2° C
for not less than 4 hours and not more than 6 hours.

- Ultraviolet-radiation conditioning and moisture conditioning: the outer surface of the
protective helmet shall be exposed successively to ultraviolet irradiation by a 125-watt
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xenon-filled quartz lamp for 48 hours at a range of 25 cm and spraying for 4 to 6 hours with
water at ambient temperature at the rate of 1 litre per minute.

2.1 Definitions

All standards define reference planes, lines and points in order to clearly specify positions on
the helmets to be tested. The following definitions are adopted in ECE 22.05.

- Basic plane of the human head: means a plane at the level of the opening of the external
auditory meatus (external ear opening) and the lower edge of the orbits (lower edge of the
eye sockets);

- Basic plane of the headform: means a plane which corresponds to the basic plane of the
human head,;

- Reference plane: means a construction plane parallel to the basic plane of the headform at
a distance from it which is a function of the size of the headform;

- The extent of the protection: The shell shall cover all areas above plane AA' and shall
extend downwards at least as far as the lines CDEF on both sides of the headform (Figure
2.1).

At the rear, the rigid parts and, in particular, the shell shall not be within a cylinder in
diameter and its axis situated at the intersection of the medium plane of symmetry of the
headform and of a plane parallel to and below the reference plane.

Figure 2.1: Minimum extent of protection in ECE 22. 05 standard.
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2.2 Impact Absorption tests

In ECE 22.05, the impact absorption capacity of the helmet is determined by recording
against time the acceleration imparted to a headform fitted with the helmet, when dropped in
guided free fall at a specific impact velocity upon a fixed steel anvil.

2.2.1 Positioning of the helmet

After conditioning, the helmet shall be positioned on a headform of appropriate size. When
testing impact points B, X, P and R (section 2.2.6), helmet shall be tipped towards rear so
that the front edge of the helmet in longitudinal vertical plane is displaced about 25 mm. If
testing impact point S, the helmeted headform shall be rotated forward until the angle
between lateral plane of the headform and vertical line is 65+3°.

2.2.2 Impact Speed

The drop height shall provide an impact speed of 7.5 (+ 0.15/- 0.0) m/s for both flat and
kerbstone anvils and 5.5 (+ 0.15/ -0.0) m/s for tests at point S. The sequence of impact points
is B, X, P and R. If necessary, impact at point S is after all other impact tests.

2.2.3 Output parameters

During impact the linear acceleration of the headform at its center of gravity is recorded
against time. From resultant linear acceleration-time data, the head injury criterion (HIC) is
calculated with the following equation:

1

t
HIC = (t, - t,)( a(t)dt)® (1)
-t b
where a(t) is the resultant acceleration, expressed in multiples of g, versus time, in seconds,
and t, and t; are respectively any starting and ending time in impact pulse duration.

2.2.4 Headforms

In ECE 22.05, headforms shall be made from metal and their resonance frequency shall not
be less than 3000 Hz. The general characteristics of the test headforms to be used shall be
as indicated in Table 2.2. The shape of the test headforms are defined in annexes 6 and 7 of
ECE 22.05. The centre of gravity of the headform shall be near the point G on the central
vertical axis at “I" mm below the reference plane, as shown in figure 2.3. The headform shall
contain, near its centre of gravity, housing for a tri-directional accelerometer.

Table 2.2 General characteristics of the test headforms.

Symbols Circumference (in cm) Mass (in kg)
A 50 31+01
E 54 41+ 01
J 57 47+ 01
M 60 56+ 0.1
© 62 61+ 01
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2.2.5 Test apparatus
The test apparatus shall comprise of the following tools (Figure 2.2):

Base: it shall be made of steel, concrete or both and will be at least 500 kg in weight.
Natural frequencies of the base or its parts shall not influence the impact results.

Anvils: two anvils are used in impact tests, which are flat and kerbstone. Flat steel
anvil shall have a circular impact area 130+£3mm in diameter. The kerbstone anvil
shall have two sides forming an angle of 105%3° e ach of them with a slope of
52.5%2.5° towards the vertical and meeting along a striking edge with a radius of
15+0.5mm. The height must be at least 50 mm and the length not less than 125 mm.
The orientation is 45°to the longitudinal vertical plane at points B, P, and R, and 45°
to the base plane at point X (front low, back up).

Mobile system and the guides: the mobile system shall provide a free fall for
helmeted headform and the guides shall be such that the impact velocity is not less
than 95% of the theoretical velocity.

Accelerometer: its mass shall be less than 50 grams.

Figure 2.2: Impact absorption test machine.
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2.2.6 Impact points
The points of impact are defined for each helmet in Figure 2.3:

B: in the frontal area, situated in the vertical longitudinal plane of symmetry of the helmet and
at an angle of 20°measured from Z above the AA' pl ane.

X: in either the left or right lateral area, situated in the central transverse vertical plane and
12.7 mm below the AA' plane.

R: in the rear area, situated in the vertical longitudinal plane of symmetry of the helmet and at
an angle of 20°measured from Z above the AA' plane .

P: in the area with a radius of 50 mm and a centre at the intersection of the central vertical
axis and the outer surface of the helmet shell.

S: in the lower face cover area, situated within an area bounded by a sector of 20° divided
symmetrically by the vertical longitudinal plane of symmetry of the helmet.

Impacts at points B, X and R should be within 10 mm radius of the defined point.

Figure 2.3: Identification of impact points.

2.2.7 Combination of conditioning and anvils

For impact absorption tests, combination of different conditionings and anvils are presented
through table 2.3.

Table 2.3 Combination of conditioning and anvils.

solvent plus ambient- Solvent plus Solvent plus low- | Solvent plus
temperature and heat conditioning | temperature ultra-violet
hygrometry conditioning conditioning (c) radiation
conditioning and
moisture
conditioning
(@) flat and kerbstone kerbstone flat flat or kerbstone
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(b) - flat or kerbstone | flat or kerbstone -

a) For the largest size of each helmet type

b) For each smaller headform size within the size range of the helmet type

c) Only helmets subjected to low temperature conditioning shall be impact tested at
point S against only flat anvil.

2.2.8 Approval Limits

The absorption efficiency shall be considered sufficient where the resultant acceleration
measured at the centre of gravity of the headform at no time exceeds 275 g, and HIC does
not exceed 2400.

2.3 Tests for projections and surface friction

In ECE 22.05, there are two test methods for testing of projections and surface friction of
helmet. Each of them can be used for testing.

2.3.1 Method A

The principle of this method is: “The rotation-inducing forces caused by projections on the
helmet and friction against the outer surface of the helmet which occur when a helmeted
headform is dropped vertically on to an inclined anvil are measured in the longitudinal axis of
the anvil. The peak force and its integral with respect to time over the duration of the positive
impulse are used as performance criteria.” The drop height of the helmeted headform shall
be such that its velocity, immediately before impact, is equal to 8.5(-0.0/+0.15) m/s. A
schematic drawing of the test apparatus is shown in figure 2.4. Its components are the same
for impact absorption test with the exception of anvil. The anvil is a minimum 200mm wide
surface inclined 15°with respect to the vertical. It is adaptable to carry either of two different
impact surfaces as follows:

- The bar anvil consists of a series of at least 5 horizontal bars at 40 mm centres. Each bar is
made from a steel strip of height 6 mm and width 25 mm with its uppermost edge machined
to a 1 mm radius and the lower 15 mm of its face chamfered at an angle of 15° The bar anvil
should be used to assess the tangential forces and their integrals with time caused by
projections on the helmet, e.g. visor fittings, screws, press studs and steps in the shell
surface, etc.

- The abrasive anvil is a sheet of grade 80 closed-coat aluminium oxide abrasive paper with
a minimum supported length of 225 mm and is securely clamped to the base of the anvil to
prevent slippage. The abrasive anvil should be used to assess the tangential forces and their
integrals with time caused by friction against the outer surface of the helmet. This is
particularly applicable to selected areas of helmets, the outer surface of which either have
significant variations of curvature or are made of more than one material.

The headform for these tests is headform characterized by symbol J in table 2.2. Impact
points are chosen in a way that all areas that are susceptible to produce greatest tangential
force or impulse are tested. Examples of such areas are those having the greatest radius of
curvature (i.e. the flattest surface) or areas having more than one type of surface.

Approval limitations depend on the type of anvil used in testing.

a) When tested against the bar anvil, the peak longitudinal force measured on the anvil shall
not exceed 2,500 N, nor shall its integral with respect to time over the duration of the impact
exceed 12.5 Ns for any of the selected impact points.

b) When tested against the abrasive anvil, the peak longitudinal force measured on the anvil
shall not exceed 3,500 N, nor shall its integral with respect to time over the duration of the
impact exceed 25 Ns for any of the selected impact points.
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Figure 2.4: Example of a suitable apparatus for pro  jections and surface friction
(method A).
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2.3.2 Method B

The principle of method B is: “The rotation-inducing forces caused by projections on the
helmets and friction against the outer surface of the helmets are assessed firstly by a shear
impact on the projections using a shear edge against which the projections shall shear away,
be detached, or permit the shear edge to slide past the projections. The friction is assessed
by the displacement of a carriage abrading the outer surface of the helmet. The shear impact
and abrading carriage displacement are generated by a drop weight device.” The helmet is
placed on a headform of appropriate size. Then, it is tipped towards the rear so that the front
edge of the helmet in the median plane is displaced by 25 mm.

For testing of projections, the headform is adjusted in order to have the chosen projection on
the carriage so that the shear edge is positioned 50 mm from the projection and makes
lateral contact with the projection after the drop weight is released from its upper position. For
testing outer surface, the abrasive paper is mounted on the carriage. The chosen outer
surface of the helmet is lowered on to the abrading carriage at the centre of the flat surface
without abrasive paper. For both tests, a loading mass is applied on the helmet.

For friction assessment, the carriage bears a sheet of grade 80 closed-coat aluminium oxide
abrasive paper with a supported length of 300.0 (- 0.0/+ 3.0) mm and securely clamped to
the carriage to prevent slippage. At its end towards the drop weight and in this direction the
carriage has a 80 mm long smooth steel area not being covered by the abrasive paper and
higher than the rest of the carriage by the thickness of the abrasive paper plus . For shear
assessment, the carriage is provided in the middle, with a bar made from a steel strip of
height 6 mm and width 25 mm with its uppermost edges machined to a 1 mm radius. The
carriage and either attachment shall have a total mass of 5.0 (- 0.2/+ 0.0) kg.

The horizontal guide which guides and supports the carriage may consist of two cylindrical
bars on which the ball bearings of the carriage may freely travel. A wire rope or strap is fixed
to the end of the carriage and led to the vertical direction through two rollers which shall have
a diameter of at least 60 mm (Figure 2.5). The vertical end of the wire rope or strap is fixed to
the drop weight. The drop weight shall have a mass of 15.0 (- 0.0/+ 0.5) kg. For both shear
and friction assessments the free drop height shall be 500.0 (- 0.0/ + 5.0) mm with provision
for further possible travel of at least 400 mm.

The system supporting the headform shall be such that any point on the helmet can be
positioned in contact with the upper surface of the carriage. A rigid lever shall connect the
headform support to the test apparatus with a hinge. The height of the hinge pivot above the
upper surface of the carriage shall not be greater than 150 mm. A loading system is used to
generate a force of 400.0 (- 0.0/+ 10.0) N on the helmet normal to the surface of the carriage.

Any point on the helmet may be selected for friction and/or shear assessment. A helmet shall
be tested as many times as necessary to ensure that all notable features are evaluated with
one test only per feature. For shear assessment, all different external projections greater
than 2 mm above the outer surface of the shell shall be evaluated. For friction assessment,
areas of the outer surface that are likely to produce the greatest friction shall be evaluated.
The rim of the shell and the upper and lower edge of the visor situated within an area
bounded by a sector of 120° divided symmetrically by the vertical longitudinal plane of
symmetry of the helmet do not constitute a projection for the purpose of this test.

For shear assessment, the tested projection shall shear away, be detached or alternatively
shall not prevent the assessment bar from sliding past the projection. In all cases the bar on
the horizontal carriage shall travel past the projection. For friction assessment, the abrasive
carriage shall not be brought to rest by the helmet.

Issued: 04/04/08 Version: final 16/37



Project: MRTN-CT-2006-035965 MYMOSA
Deliverable 3.1: Comparison of safety helmet testing standards

Figure 2.5: Example of a suitable apparatus for pro  jections and surface friction
(method B).

2.4 Rigidity Test

The helmet, after undergoing ambient-temperature and hygrometry conditioning, shall be
placed between two parallel plates by means of which a known load can be applied along the
longitudinal axis (line LL in figure 2.6) or the transverse axis (line TT in figure 2.6).

Figure 2.6: Longitudinal and transverse loading dir ections for rigidity test.
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An initial load of 30 N shall be applied, at a minimum plate speed of 20 mm/min, and after
two minutes the distance between the two plates shall be measured. Then the load shall then
be increased by 100 N, at a minimum plate speed of 20 mm/min, and kept constant for two
minutes. This procedure shall be repeated until the application of a load of 630 N. The load
applied to the plates shall be reduced to 30 N, at a minimum plate speed of 20 mm/min; the
distance between the plates shall then be measured. In the test along each axis, the
deformation measured under the 630 N load shall not exceed that measured under the initial
30 N load by more than 40 mm. After restoration of the 30 N load, the deformation measured
shall not exceed that measured under the initial 30 N load by more than 15 mm.

Figure 2.7: Example of a suitable test apparatus fo  r dynamic test of retention system.
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2.5 Retention System Assessing Test

The helmet shall be positioned as shown in figure 2.7. In this position the helmet is held by
the shell at a point traversed by the vertical axis passing through the centre of gravity of the
headform. The headform is equipped with a load-bearing device aligned with the vertical axis
passing through the centre of gravity of the headform and with a device to measure the
vertical displacement of the point of application of the force. A guide and arrest device for a
falling mass shall then be attached below the headform. The mass of the headform so
equipped shall be 15+0.5kg, which shall be the pre-loading on the retention system for
determining the position from which the vertical displacement of the point of application of the
force shall be measured. The falling mass of 10+0.1kg shall then be released and shall drop
in a guided free fall from a height of 750£5mm. During the test, the dynamic displacement of
the point of application of the force shall not exceed 35 mm. After two minutes, the residual
displacement of the point of application of the force, as measured under a mass of 15+0.5kg,
shall not exceed 25 mm. Damage to the retention system shall be accepted provided that it is
still possible to remove the helmet easily from the headform.

2.6 Retention Detaching Test (Roll-off test)

The helmet, previously conditioned at ambient temperature and hygrometry, is attached to
the appropriate headform. A device to guide and release a falling mass (the total mass being
3+0.1kg) is hooked on to the rear part of the shell in the median vertical plane of the helmet,
as shown in figure 2.8. The falling mass of 10£0.1kg is then released and drops in a guided
free fall from a height of 500+10mm. The guiding devices shall be such as to ensure that the
impact speed is not less than 95 per cent of the theoretical speed. After the test the angle
between the reference line situated on the shell of the helmet and the reference plane of the
headform shall not exceed 30°

Figure 2.8: Example of a suitable test apparatus fo  r retention system detaching test.
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3 Comparison between ECE 22.05 and other helmettes ting
standards
In the present section a comparison between different standards will be carried out. Only the

main aspects of the mechanical-structural testing of motorbike helmets will be considered.
The document will compare ECE 22.05 to:

the British standards BS 6658;

the U.S. Department of Transportation’s Federal Motor Vehicle Safety Standard No.
218 (FMVSS 218);

another American standard, Snell M2005, which is issued by Snell Memorial
Foundation;

the Australian and New Zealand standards AS/NZS 1698.

The frame of all helmet testing standards is almost the same and similar to what presented in
the previous chapter. Nonetheless, there are differences in details of tests such as
conditioning, initial conditions, output parameters, approval limits, etc. Furthermore, some
criticisms on the current helmet testing standards are added.

3.1 Definitions

- Extent of protection: figure 3.1 accompanied with table 3.1 define the extent of protection
required by Snell M2005 and AS/NZS 1698 standards in gray colour.

Table 3.1 Extent of protection in Snell M2005 and AS/NZS 1698 (dimensions in mm).

Snell M2005 AS/NZS 1698
Headform | a b c d e a b c d e
A 39.0 |128.6 |26.1 |46.8 |52.2 |65 153 245 |59 325
E 422 |139.0 |28.2 |50.0 |56.4 |65 159.5 |25 64 31
J 452 |148.4 |30.0 |53.0 |60.0 |65 166 25 66 30
M 474 |155.8 | 315 |552 |63.0 |65 171 255 |67 30
O 49.2 | 1615 | 322 |57.2 |645 |65 173.5 | 26 68 30

- Test line: AS/NZS 1698 define the test line as a line denoting the extent of protection of a
helmet coinciding with the dimensions given in table 3.1, as shown in figure 3.1 (the
boundary of gray area). The test line in Snell M2005 is different from its extent of protection
(shown figure 3.1).

According to the BS 6658 standards, the shell shall extend downwards on both sides of the
headform at least as far as the lines CDEF here reported again in figure 3.2.
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Figure 3.1: Definition of test line and extent of p  rotection in Snell M2005 and AS/NZS
1698.

Figure 3.2: Definition of extent of protection in B S 6658.

Instead, according to the FMVSS 218 standards, shell extension shall cover all the points
above a “test line” reported in the figure 3.3. The extent of protection is represented by the

dotted area.
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appendices mentioned in the figure can be found.

rotection in FMVSS 218 where all

It is apparent that the various standards define the extent of protection in a similar way;
nonetheless it is apparent as well that differences are not always negligible. In particular it
seems that the US standards require protecting an area of the head much smaller than that
protected by the other regulations.

3.2 Conditioning

The conditioning requirements of the five standards are similar. Table 3.2 summarizes four
applicable conditionings for the above mentioned standards. As mentioned before, solvent
shall be applied before all conditioning in ECE 22.05 standard. In Snell M2005 standard,
helmets may be exposed to solvents which have been found to attack or degrade some
components of the helmet. The tester is who decides using solvent or not. AS/NZS 1698
standard states that solvent shall be used when it is mentioned in the manufacturer’s

standard.
Table 3.2 Conditionings required by different standards.
ECE 22.05 Snell M2005 AS/NZS 1698 BS 6658 FMVSS 218
Ambient | T =25 C Laboratory T =18C- 25 C | Not required T=21+6C
f =65% temperature Dt = 4h- 30h f = 40%t0 609
and humidity
Hot T=50+2C | T=50C T=50+2C T=50£2C | T=507C
Dt = 4h- 6h Ct=4h- 24h Dt = 4h- 30h Dt=4h- 24h | 5 5101
Cold T=-20+2C T=-20C T=-10+2C |T=-20%£2C |T=-10"C
Dt = 4h- 6h Dt =4h- 24h Dt = 4h- 30h Dt=4h- 24h | pt>10n
Wet UV+4h- 6h 4h - 24h 4h- 30himmers | T =15+ 2 C T=25+6 C
water spray at | water spray at | e in water at a Dt =4h- 24h bt >12h
ambient a temperature | temperature of
temperature of 25C 18C-25C

T : temperaturef : relative humidity,Dt : duration, UV: ultraviolet.
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As it can be seen, the common conditioning procedures (temperature, water immersion
and/or hygrometry conditioning) are more or less prescribed by all the standards here
compared. It is also evident that in the UK standard the maximum exposure duration during
heat conditioning is up to four times the maximum duration prescribed in the ECE
Regulation. Also, exclusively in the ECE Regulation a radiation exposure is prescribed (not
present in any other standard here discussed). Differences are also present in the use of
solvents when conditioning the helmets to be tested.

3.3 Impact Absorption Tests
The objective of impact absorption tests is the same in all standards, to guarantee that the

energy applied to the head by impacts is below critical levels. However, there are several
differences in the details of the testing.

3.3.1 Test apparatus

A drop tower is used by all regulations. The deiffam of the base of it varies from standards
to standards but the principles are the samesitdvée massive and its natural frequencies of
vibrations should not affect the test results. #lbexamined standards a headform equipped
with a helmet will hit an anvil after a free guidéall. For testing in accordance with Snell
M2005, AS/NZS 1698 and BS 6658, the headform shallattached to the supporting
assembly by ball joint. This joint allows rotatiah headform and vertical translation, but
prevents two other translations. However, the hwadfshall fall freely with no constraint
according to ECE 22.05. In FMVSS 218 the drop systestricts side movement during the
impact attenuation test so that the sum of thesaveanded by the acceleration-time response
curves for both the x- and y-axes (horizontal axsshess than five percent of the area
bounded by the acceleration-time response curvethiervertical axis. Mass of the drop
assembly, which comprises the supporting arm, dzadket stem and headform, differs in the
standards. For Snell M2005 it is 5Hgl whereas for ECE 22.05 and AS/NZS 1698 it
depends on the headform size (as indicated in @Bl®f the previous chapter). Despite the
wide range of headforms prescribed by BS Standardly, one mass value for the drop
assembly is given by BS that explicitly state: "Ttb&al mass of the drop assembly without
helmet is 5 kg (-0,+0.2kg) and the mass of the stpp assembly is not more than 20 % of
the total mass of the drop assembly'FMVSS 218 the combined weight of drop assembly
headform can have three values: Smalk@.Medium, 5.8g, Large 6.kg.

In the SHARP (2008) rating system, impact absorption test is similar to that used by British
Standard BS 6658. Citing a publication by Mellor et. al. (2007), it is stated that the carriage
supported drop test of the helmeted headform reduces dissipation of energy by excessive
rotation of the helmet-headform and sliding of the helmet on the anvil. Thus, this method
results in larger peak linear acceleration than the method of testing used by ECE 22.05.
Furthermore, it is claimed that this method of testing provides better repeatability and
accuracy of testing, especially when compared with the free motion prescribed by ECE
22.05. Through performing experimental tests, Thom and co-workers (1998) showed that
when helmets were tested according to FMVSS 218 standard, which constraints the
headform from horizontal motion, resultant accelerations were larger than when the same
helmets were tested in accordance with ECE 22.05 standards. They argued that ECE 22.05
testing apparatus is more complex and still leads to less conservative results.

Anvils used by different standards are shown in table 3.3. All standards use flat anvil in
impact absorption test.
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Table 3.3 Anvils for impact absorption test of different standards.

Standard | ECE 22.05 Snell M2005 AS/NZS 1698 BS 6658 FMVSS
Anvil 218
Flat D =130+3mm | D3 127mm D3 127mm 1303 mm | 127 mm
Hemispherical - R=48+ 0.5mm R=48+ 05mm 502 mm | 48 mm
Kerbstone j =105, - J =90, H =85

H 3 50mm r £0.5mn
r=12mm
Edge - L =180mmW = 6.3mn -
H =35mm

D: diameter, R:radius, ; : vertex angle, H : height, r: fillet radius, L : length, W : width.

In the COST 327 database, the shape of the striking object and the relevant frequency were
reported as mentioned in the introduction. It was concluded that the most serious injuries
occurred for edge struck objects (40% of all collisions to edge objects was AlS 5). Using flat
anvils in standards seems reasonable; however, there are some criticisms about using
hemispherical anvils. For instance, Gilchrist et. al. (1994) stated that the objects struck are
mainly flat and rigid (Vallee et. al. (1984)), whereas less are flat deformable, round rigid,
round deformable and spike-shape rigid. The authors argued that the hemispherical anvil
should be substituted with the kerbstone anvil, because statistics show that cases of
accidents involving a hemispherical object are rare.

3.3.2 Headforms

The definitions of the headforms is confusing and of limited interest. ECE 22.05, AS/NZS
1698 and Snell M2005 adopt same mass and geometry. FMVSS218 adopt three sizes
(small, medium and large); BS6658 gives a detailed description of its headforms. Usually
standards provide the shape of the sections of the headform along the plain of symmetry and
the plans parallel to the reference plane. Standards also provide internal dimensions of the
headforms, in order to ensure their best fit with the test devices such as accelerometers.
Finally regarding materials to be used, the headforms shall be constructed of a metal or
metallic alloy and should have natural frequencies above given limit values.

3.3.3 Impact Initial Conditions

Prescribed initial conditions are different for all considered standards. ECE 22.05, BS 6658
and FMVSS 218 define impact velocity, Snell M2005 define impact energy and AS/NZS 1698
define drop height, as shown in Table 3.4. Snell M2005 and BS6658 require a second impact
at the same site, but with lower impact energy or impact velocity. AS/NZS 1698 require as
well a second impact at the same site; however, the input energy is the same. According to
FMVSS 218, each helmet is impacted at four sites with two successive identical impacts at
each site. Two of these sites are impacted upon a flat steel anvil and two upon a
hemispherical steel anvil.
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Gilchrist et. al. (1994 a) argued that the second impact test required by some standards
prevents the optimisation of the liner foam density for the first impact and leads to higher
yield stress and stiffer foams. They have explained that the major impact damages about
100mm area of the helmet which it is about 5% of the whole protecting area of the helmet. It
was concluded that the second impact test is unnecessary and possibly detrimental.

Referring to Table 3.4, first impact velocity is calculated 7.7 m/s and 6 m/s for Snell M2005
and AS/NZS 1698 standards, respectively. Comparing all standards, Snell M2005 has the
highest impact velocity. Impact velocity of ECE 22.05 is very near to the largest velocity.

Table 3.4 Impact initial conditions for different standards.

I dard ECE 22.05 Snell M2005 AS/NZS 1698 BS 6658 FMVSS 218
Anvi
Flat Initial velocity: | Impact  energy: | drop height: Type | Type 6.0 m/s
7.5m/s 150 J 1830+30, -5 mm A B
(for the second
impact 110 J) 75 6.5
(1St) (131)
5.3 4.6
(2nd) (2nd)
Hemisphe - Impact  energy: | drop height: | 7 (1%) | 6 (1) 5.2 m/s
rical 150 J (for the | 1385+30,-5mm |5 4.3
second  impact 2" | (2"
110J)
Kerbstone | Initial velocity: | Impact  energy: - -
/Edge 7.5m/s 150J

3.3.4 Output Parameter(s) and Approval Limit(s)

The output parameter for impact absorption test is the same for the standards, which is
resultant linear acceleration of the center of mass of the headform or support assembly
versus time. However, each standard extracts different data from this curve and enforces
different limits, which are shown in table 3.5.

Table 3.5 Output parameters and relevant limits for five helmet testing standards.

Standard ECE 22.05 Snell M2005 | AS/NZS 1698 BS6658 FMVSS 218

Condition PLAE£ 275 | PLAE300g | PLA£ 300g PLA 300g PLA 400g

1

Condition | HIC £ 2400 - LA > 200g LA>200g

2
for not more for not more

than 2ms

than 3ms

Condition - - LA>150g for LA>150g

3 not more than for not more
6ms than 4ms

PLA: Peak Linear Acceleration, LA: Linear Acceleration.

3.35

Impact points

In contrast to ECE 22.05, which define the points of impact exactly, the other four standards
do not define specific points. In Snell M2005 test impact sites shall be on or above the test
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line. Each impact site shall be subjected to a group of one or two impacts according to the
anvil selected for that site (table 3.4). The impact site for the first impact within a group is the
target for the successive impacts in the same group. In addition, impact groups shall be 120
mm distant or more. There is no restriction regarding test anvil selection. Indeed, the impact
test procedures of Snell M2005 standard leave considerable discretion to the helmet tester
regarding site and anvil selection. It is expected that the tester will organise each standard
test series in order to investigate potential weaknesses and to exercise each likely failure
mode and will conduct deviation level testing to exercise the failure modes identified
previously. From the definition of the test line in AS/NZS 1698, it can be concluded that the
test sites shall be on or above this line. This standard requires that the helmet be subjected
to impacts at four sites with two successive impacts at each site. Two pairs of impacts shall
be on a flat anvil and two pairs shall be on hemispherical anvil. BS 6658 state about the
impact points: “Test two sets each consisting of three helmets in the sequence given in Table
3.6. Test each helmet by the procedure described in an appendix at three separate impact
sites, separated on the helmet by a distance not less than one-fifth of the maximum
circumference of the helmet and located as follows:

a) at the rear or side, on or above the line AA as described in an appendix;
b) at any other site above the line AA;

c) at the front on the perimeter BB as described in an appendix.”

The following figure is representative of the lines described in the appendix.

Table 3.6 Sequence of testing for BS
6658.

USA standards prescriptions about impact points are quoted as follows: “The impact sites are
at any point on the area above the test line, and separated by a distance not less than one-
sixth of the maximum circumference of the helmet in the test area.”
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Figure 3.4: definition of impact points for BS 665.

3.4 External Projections and Surface Friction

External projections on the surface of the shell shall not prevent the helmet from rotating in
accidents. Snell M2005 standard requires that all projections higher than 7mm beyond the
surface of the helmet must readily break away. However, this standard does not include a
specific test for external projections and surface friction. According to AS/NZS 1698 standard,
some unavoidable projections such as those necessary for retention system shall not have a
height more than 5 mm. Nonetheless, non-rigid projections higher than 5 mm are permissible
when they have complied with the requirements of Oblique Impact Test in BS 6658, using the
bar anvil.

The above mentioned test is the same as method A of ECE 22.05 for testing projections,
when bar anvils are used, except for the initial velocity. The initial velocity for external
projections and surface friction test is 10 m/s in BS 6658, while it is 8.5 m/s in ECE 22.05.
When abrasive anvil is used, the limits for longitudinal force and its impulse (integral of force
with respect to time) are a bit higher in BS 6658, 4KN and 28Ns. In ECE 22.05, limits of
these parameters are 3.5KN and 25Ns, respectively.

Halldin et. al. (2001) and Aare et. al. (2004) described that oblique impact test in BS 6658
standard is to ensure that:

a) visor mounts and other projections shear off easily when there is an impact with a series of
parallel bars,

b) the tangential force on the helmet shell, when it impacts a rough flat surface, is not larger
than that for typical shell materials used in 1985 (the year of introduction of the test).

The Projection test is not contemplated in the USA standards.
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3.5 Penetration test

The penetration test is to measure the resistance of the shell of the helmet to impacts to
sharp objects.

In testing procedures, a penetration test striker is dropped onto the outer surface of a helmet
positioned on a rigidly mounted headform. Table 3.7 summarizes characteristics of
penetration test in the five examined standards. In Snell M2005 the helmet tester decides
how many sites shall be tested. Furthermore, the headform can be a non-standard one which
means it can deviate from standard headform geometry, but it should provide enough stability
for the helmet during testing.

Table 3.7 Specifications of penetration resistance test in Snell M2005, AS/NZS 1698, BS 6658, and

FMVSS 218.
ECE Snell M2005 AS/NZS 1698 BS 6658 FMVSS 218
22.05
Mass of Striker | There | 3+ 005 3100 3 3
(k) is NO '
Drop height (mm) | penetra | 3000+15 3000+ 15 Type | Type 3000
tion A B
resistan 2000
ce test 3000
Shape of Striker | requireé | Conical: Conical: Conical: Conical:
4% | 2-60 405, |2=60+05, | a=60+05, a=60 *05
standar | h=38+ 038, hs3 38 h3 40, h3 38,
d. r=05+01 r=05+01 r=05+01 |r=05+01
Penetration site(s) shall be at least 2 sites two sites at Two
Site(s) at least 75mm 75mm away least 75 mm penetration
away from from centers of | from each blows are
centers of previous other and from | applied at
previous impacts the centres of | least 7.6 cm
impacts previous apart, and at
impacts. least 7.6 cm
from the
centers of
any impacts
applied
during the
impact
attenuation
test.
Criteria No contact | No contact | No contact | No  contact
between striker | between striker | between between
and surface of | and surface of | striker and | striker and
headform headform surface of | surface of
headform headform

The penetration test is not prescribed in the European Standards, since statistical analysis
has shown that impact with penetrating objects are very unlikely (COST 327) as discussed in
the introduction. Indeed, there are some criticisms about requiring penetration test by some
standards. Gilchrist et. al. (1994 a, 1996) stated that the thickness of the helmet shell is
largely determined by the penetration test which is felt as irrelevant since it corresponds to a
very rare phenomenon in real accidents. Penetration tests lead to thick composite helmet
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shells that behave in a very stiff way when striking rigid flat surfaces. Shuaeib et.al. (2002)
stated that the penetration test is the main criterion for determining the thickness of the
helmet shell, and it leads to thick shells whose weight is 6-8 times the liner weight. As a
consequence stiff shells designed to pass penetration tests provide a worse protection than
more flexible shells in the much more common cases of impacts with flat or curved surfaces.
The requirement of the penetration test forces all standards to accept higher accelerations
than those accepted by ECE 22.05 in the energy absorbing test, see table 3.5.

3.6 Retention System Assessing Tests

Efficiency of retention system is assessed in different standards by dynamic or static loading,
as summarised in table 3.8. For instance, ECE 22.05, Snell M2005 and BS 6658 require
dynamic loading (refer to section 2.5), while AS/NZS 1698 and FMVSS218 require static
loading. In these standards, two parallel rollers simulate the wearer chin and are used to
apply primary and secondary static loads to the retention system of a helmet positioned on a
fixed headform. The loads shall be applied normal to the basic plane and symmetrical with
respect to the mid-sagittal plane. In AS/NZS 1698 the primary load of 225+5N shall be
applied for 30s, and the secondary load of 1110+25N shall be added to it and sustained for
120s. Under this final condition, the retention system and its attachments shall not separate,
and elongation between pre-loading and test loading shall not exceed 25mm. A similar
procedure is used in FMVSS218.

The retention system assessing test in Snell M2005 standard is done using dynamic loading.
In this standard, the helmet is positioned on a device whose upper end approximates
headform. The load is applied through two rollers each 12.7+0.5mm in diameter, separated
by 76+0.5mm, simulating jaw of the headform. A preload of 23+0.5kg, including simulated
jaw, shall be applied for at least 60s. Then, a 38+0.5kg mass shall be dropped in a guided fall
a height of 120mm in order to load the retention system abruptly. The retention system shall
sustain this load and its dynamic vertical deflection shall not exceed 30mm. A similar
procedure is used in BS 6658.

Table 3.8 Specification of retention system assessing tests in ECE 22.05, Snell M2005
AS/NZS 1698, BS 6658 and FMVSS 218.

ECE 22.05, | Snell M2005 | AS/NZS UK, USA static
dynamic dynamic 1698 stat. | dynamic
Pre-Load 15+ 05kgfor | 225+ 05kg | 23+ 05kg | 7+0-0.25 kg | 22.7kg+
120s for30s for 60s 4.5kg,-0kg
for 30s
Test Load 10+ 05kg 38+ 0.5kg 111+ 05kg| 10+ 05kg | 131.5kg+
for120s 0.0kg,-
2.3kg for
120s
Drop Height 750+ 5mm 120mm - 750+ 5mm
Maximum allowed 25mm - - -
Deflection under
pre-load
Maximum allowed 35mm 30mm 25mm 32mmst 25 mm
Deflection after drop)
application of the 25mm(znd
test load drop).
Residual Extension - - - 16mmest
drop)
8mm(and
drop)
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3.7 Roll off Test

Roll off test is also called helmet stability test or retention detaching test. In Snell M2005 the
full face standard headform shall be used for testing the stability of the helmet. The vertical
axis of the headform shall be oriented with respect to the direction of gravity and its face shall
be downward for forward testing or upward for rearward testing. Headform shall be fixed and
helmet positioned on it. An elastic strap shall be hooked to the center of either rear or front
edge of the helmet, and its end hung downward across the top of the helmet. A dynamic load
is applied by an inertial hammer which facilitates dropping of a 4+0.5kg mass for a height of
600mm. The criterion is that the helmet should remain on the headform albeit shifting. Roll off
test required by AS/NZS 1698 is similar to retention detaching test of ECE 22.05 that was
explained in section 2.5. The only difference is the drop height of the mass which is 300mm
in AS/NZS 1698.

When comparing the energy of the dropped mass released to the helmet in roll off test in
different standards, it is found that ECE 22.05 requires the most imparted energy. In the BS
the test is called ‘Test for effectiveness of retention system’. The concept is similar to that of
ECE 22.05 with several differences in the apparatus and the procedure.

In the USA standards such a test is not required.
3.8 Chin Bar Impact Test

Some standards require testing of the chin bar for full face helmets. For instance, in ECE
22.05 standard, this test is equivalent to impact absorption test at point S. There is no
requirement for testing chin bar in AS/NZS 1698 and FMVSS 218 standards. The chin bar
impact test of Snell M2005 requires that the helmet be firmly mounted on a rigid base so that
the chin bar faces up and the reference plane is at 65 +5°from horizontal. A mass of 5 £ 0.2
kg with a flat striking face of 0.01 m2 minimum area shall be dropped in a guided fall so as to
strike the central portion of the chin bar with an impact velocity of 3.5 £0.2 m/sec. The
maximum downward deflection of the chin bar must not exceed 60 mm nor does any
component fail so as to cause a potential injury to the wearer.

BS carefully prescribe a chin-guard test which requires that ‘When any chin guard is tested
by the method described in Appendix R, the maximum deceleration of the striker shall not
exceed 300 g. The chin guard shall not develop or generate any additional hazard for the
wearer and any internal padding shall remain in place.” Appendix R describes a test similar to
that of Snell M2005 of figure 3.5(a).

Chang et. al. (2000) raised some concerns about the test procedure of Snell M2005 and
BS6658 for evaluating the protective performance of the chin bar of motorcycle helmets.
They believe that hitting a striker on the chin bar of a fixed helmet is in contrast to real
accidents. The authors proposed a new test procedure (Figure 3.5(b)), by which, the helmet
was dropped on a fixed anvil (Chang et. al. (1999)); maximum acceleration and HIC of the
headform were the evaluating outputs. They concluded that the new test procedure provided
a more realistic way for assessing the protective capability of the chin bar in facial impacts.
The configuration of the proposed test and output parameters are similar to the procedure
adopted in ECE 22.05.
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(@) (b)

Figure 3.5: (a) setup of chin bar test in Snell M20 05 and BS 6658 standards, (b) setup
of the proposed chin bar test (Chang et. al. (2000) ).

4 Conclusions
The substantial differences among the five examined regulations seem to be three:

ECE 22.05 is the only regulation not to require penetration tests;

Snell M2005, AS/NZS 1698, BS 6658 and FMVSS 218 require a double impact on the
same site for the energy absorbing tests whereas ECE 22.05 requires one impact
only;

ECE 22.05 is the only regulation not to adopt a ball-joint in the energy absorbing
impact tests.

As we said in the previous comments ‘stiff shells designed to pass penetration tests provide
a worse protection than more flexible shells in the much more common cases of impacts with
flat or curved surfaces.’ For that reason the authors believe that in the most frequent road
impact cases, helmets designed according to the ECE 22.05 standards would provide a
better protection than other helmets designed to pass penetration requirements.

Moreover in practice also the case of a double impact on the same location appears rather
rare and therefore it seems more important to optimise the choice of the energy absorbing
foam for the single impact case.

The prevention of the rotational motion of the headform-helmet assembly, provided by the
ball joint is a discussed issue. According to some authors, that makes the tests required by
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Snell M2005, AS/NZS 1698, BS 6658 and FMVSS 218 more reliable than those imposed by
ECE 22.05.

Finally the regulations FMVSS 218 do not prescribe a few of the tests which are instead
required by other standards (external projections and surface friction test, roll off test, chin
bar impact test) and seem, for that reason, to accept a lower level of safety.

5 APPENDIX: SIMULATION OF IMPACT ABSORPTION TESTS

In order to have a preliminary comparison between impact absorption tests of ECE 22.05,
Snell M2005 and AS/NZS 1698 standards, the finite element model of a commercial helmet
(Cernicchi et. al., 2007)) was used to simulate drop tests at hot temperature conditioning
(figure A.1). The largest size of the helmet was fitted with headform size “O”. For this
headform impact energy is the highest for ECE 22.05 and the lowest for AS/NZS 1698
standard.

In comparison to Cernicchi's model, the current helmet model has some minor differences.
The chinstrap, which was simulated by linear springs, is replaced by seat belt element of the
LS-Dyna971 software. Contact is defined between chinstrap and headform. Furthermore, this
helmet is full face and is equipped with chin-guard. Since the finite element model for
simulating impacts at points B, P and R against flat and spherical anvils is symmetric with
respect to the longitudinal mid-plane (mid-sagittal plane), only half of the helmet is used and
symmetric boundary conditions are defined on the relevant section (figure A1(b)).

Figure A.1: helmet-headform finite element model (a ) full helmet, (b) model for
symmetric cases.

The output parameter for the standards is resultant linear acceleration versus time, which is
plotted in figure A2, for impact against flat anvil, and in figure A3 for impacts against
kerbstone and hemispherical anvils. The resultant acceleration curves of figure A2 indicate
that the helmet would pass maximum acceleration requirements of all three standards,
except the requirement of AS/NZS 1698 for the acceleration not to be above 100m/s2 for
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more than 6 milliseconds for the impact at point B (table Al). When the kerbstone anvil was
used the maximum acceleration was lower than when flat anvil was used according to ECE
22.05 test procedure (figure A3(a)). However, the helmet failed the impact tests against
hemispherical anvil required by Snell M2005 (figure A3(b)).
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For impact at point P, the compression of the foam was so severe and localised that the
software could not finish the analysis and the solution was terminated with an error message.
The results of impact tests against hemispherical anvil of AS/NZS 1698 are shown in figure
A3(c), and indicate that maximum acceleration is well below limits for all impact sites. All the
results are summarized in table Al. It should be highlighted that both Snell M2005 and
AS/NZS 1698 standards require two impacts at the same point.

The discussed finite element simulations were only for the first impact. As mentioned before,
the second impact is unlikely to happen at the same point in reality so that the requirement of
having two impacts seems to be unnecessary. However, Snell specialists believe that the
main purpose of their second impact test at the same point is to simulate increased impact
energy at that point (HIC workshop, 2005). Higher energy impacts would require a modified
apparatus and therefore would be too expensive.
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Table Al Results of finite element simulation ofiatt test according to three standards.

Standar Anvil Impact | PLA(g) | LA(@)@ 3ms | LA(g)@ 6m:s HIC
B 216.7( 111.1¢ 216.0¢ 152¢

Flat 263.6( 189.7¢ 103.5¢ 2191

R 237.8¢ 161.9( 98.5¢ 1841

ECE 22.05 X 233.4¢ 154.7¢ 107.2i 163(
B 208.3¢ 103.0: 205.9¢ 149¢

Kerbstone P 193.1¢ 162.3: 149.5¢ 156¢

R 167.7¢ 113.9¢ 130.6( 109¢

X 185.5: 101.2: 151.1¢ 109¢

Snell B 270.8: 148.0¢ 223.0¢ 235¢
M2005 Flat P 286.0¢ 229.1¢ 102.2¢ 278t
R 266.8¢ 208.2( 64.3¢ 236¢

X 299.¢ 208.9¢ 89.7¢ 2791

Hemispherice B 731.4¢ 68.2¢ 692.9¢ 793¢
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P 343.5 88.7¢ 169.5¢ -

R 349.57 73.5¢ 212.47 193¢

X 445.3¢ 55.71 307.7¢ 310¢

B 177.9¢ 59.3¢ 172.8( 1022

Flat P 188.7¢ 151.0¢ 110.1¢ 119(C

R 189.3¢ 116.3¢ 94.41 1041

ASINZS X 189.2: 111.2; 136.0( 113:
1698 B 110.8 29.01 63.3¢ 357
Hemispherica P 91.7¢ 58.8¢ 66.11 32t

R 92.0z 46.71 71.3¢ 307

X 109.6¢ 36.7¢ 58.5¢ 320.¢

PLA: peak linear acceleration, LA: linear accelenat

Note: highlighted figures shows quantities excegdire limits of table 3.5.

Assuming that two impacts at the same point are almost equivalent to one impact at that
point while keeping the impact energy equal to the sum of two impact energies, the
equivalent velocity of the single impact is calculated about 10.2m/s for Snell M2005. This
value is 8.5m/s and 7.4m/s for AS/NZS 1698 impact tests against flat and hemispherical
anvils, respectively. The last figure is near the impact speed required by ECE 22.05.
According to COST 327 (2001) database (figure A4), head impact speeds of 10.2m/s, 8.5m/s
and 7.4m/s are respectively about 23% cumulative speed for AlS5/6, 18% cumulative speed
for AIS5/6 and 20% cumulative speed for AIS2-4. Therefore, on one hand, it can be
concluded that Snell M2005 aims to prevent from fatal injuries, whereas AS/NZS 1698 and
ECE 22.05 standards tend to decrease the severity of head injuries. On the other hand, the
above assumption seems reasonable for measuring merely energy absorption of the helmet
and not peak acceleration of the headform; since, while all other conditions are the same,
higher impact velocity induces higher peak linear acceleration at the center of gravity of the
headform. As a conclusion, owing to the main duty of the helmet which is, from standards
point of view, decreasing linear acceleration of the headform and spreading it over time, it is
better to test the helmet at higher velocity rather than exposing it to two impacts at the same
point.
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Figure A.4: AIS head versus head impact speed (COST 327 (2001)).

Issued: 04/04/08 Version: final 35/37




Project: MRTN-CT-2006-035965 MYMOSA
Deliverable 3.1: Comparison of safety helmet testing standards

There are some suggestions by researchers about increasing the impact velocity of ECE
22.05 standard; for instance, COST 327 action has suggested increasing impact speed from
7.5m/s to 8.5m/s, which is believed to increase energy absorption capacity of the helmets by
24% and decrease AIS5/6 head injuries to AlS2-4 head injuries by 20%. It is almost accepted
by researchers that both resultant linear acceleration and its distribution over time are
important factors in head injury caused by accidents. The well known Wyne State tolerance
curve (WSTC) and head injury criterion was based on the same fact (Versace (1971)). The
Snell M2005 standard does not account for the duration of linear acceleration in contrast to
the other two standards. A research program (HIC workshop) on comparing Snell M2005
certified and ECE 22.05 certified helmets has shown that former helmets could pass peak
acceleration limit of ECE 22.05 standard but couldn’t pass its HIC requirement. There are still
doubts about using HIC in motorcycle helmet testing standards, but most of the researchers
believe that duration of linear acceleration should be taken into account in standards.
Although both ECE 22.05 and AS/NZS 1698 standards account for this duration, values of
linear acceleration at 6 milliseconds for testing in accordance with ECE 22.05 standard (table
3.5) show that these two criteria are not compatible. It seems that more biomechanical
research on head injury in motorcycle accidents is necessary to define a unique
sophisticated head injury criterion for helmet testing standards.

The free fall and the restricted fall impact test procedures of ECE 22.05 and Snell and
AS/NZS 1698 standards have been always controversial. Although kinetic energy of drop
assembly in Snell standard is smaller than that of ECE 22.05 for testing the largest helmet
size (fitted with headform “O”), figure A2 shows that the restricted fall of the former standard
leads to higher linear acceleration at the center of gravity of the headform than latter
standard. The main concept of helmeted headform fall is to mimic the real accident. It is
obvious that using a headform for impact testing corresponds to neglecting the effect of the
rest of the body on head acceleration. Comparing helmeted dummy drop test with helmeted
headform drop test according to ECE 22.05, COST 327 concluded that in order to obtain the
same results, the detached headform needed to be tested at slightly higher velocity. In
particular, dummy impact test at 5.2m/s corresponded to headform test at 6m/s, and dummy
impact test at 6m/s gave the results which were in accordance with helmet tests at speeds
between 6m/s and 7.5m/s.

It can be deduced from figure A3 that the impact test of Snell M2005 against hemispherical
anvil is very sever for the current helmet at all four points, whereas the helmet could pass
impact test of ECE 22.05 against kerbstone anvil. The peak acceleration for drops to
hemispherical anvil in accordance with AS/NZS 1698 standard is quit below the limit, which is
mainly due to the low impact speed (5.2m/s). As mentioned before, statistical observations
showed that hemispherical struck objects are rare in motorcycle accidents, and the kerbstone
anvil is a good replacement for this anvil. Furthermore, in order to pass the strike on
hemispherical anvil, the helmet shell should be made stiffer. Very stiff shells can not
contribute in energy absorption. By finite element simulation, Kostopoulos et. al. (2002)
showed that composite helmet shell can absorb up to 12% of the impact energy by
delamination.
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