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Note from the Authors
This review is aimed at any interested parties who wish to gain a better understanding
of current helmet standards and technology. It has been written by the authors as part
of their PhD studies and as part of the HEADS ITN project. The views and opinions
expressed in this report do not necessarily represent those of any particular standards
agencies, or the companies or organisations for whom the authors work.
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1. Introduction
Sports and automotive helmets must reduce the risk of injury to the user during an
impact by attenuating the impact energy. They must perform over a range of
environments (Wet, cold, hot etc.), be comfortable to wear. Traumatic brain injury (TBI)
is one of the biggest causes of death in adults under the age of 45 and survivors of
such injuries can suffer long term neurological disability which has significant public
health and societal implications (Meaney et al., 2014, Peeters et al., 2015; Shivaji et
al., 2014; Laker, 2011). With advances in impact biomechanics understanding and
application (Gilchrist, 2005), legislative effects and a growing awareness of TBI and of
risk exposure in sport, there has been a marked increase in the use of protective
headgear in recent years (Karkhaneh et al., 2006; Macpherson et a., 2008; Andersen
et al., 2004; Levy et al., 2007; Chitnavis et al., 1996; Ball et al., 2007; Mayrose, 2008)
and therefore, a greater interest in how helmet standards are developed and
implemented.

1.1.

Brief History

The first standard for helmet safety was for racing motor cyclists and was published in
1952 (BS 1869:1952) which was based on research carried out by the Transport
Research Laboratory (TRL) in the UK. This was soon followed by British Standard
2001:1953, Protective Helmets for Motor Cyclists, BS2495:1954 Protective Helmets
for Racing Car Drivers. The First American performance standard for protective
helmets was Snell 1959 and and British Standard 2826:1957, Industrial Safety Helmets
(Heavy Duty). Following this, in the USA the American National Standards Institute
(ANSI) was formed in 1961, The International Standards Organisation (ISO) formed in
1946 recommendation R 1511 (1970) for motorcycle headgear contained a draft
standard for headforms DIS 6220-1983. In general, standards developed by ISO
became Common European Norms (CEN). The Federal Motor Vehicle Safety
Standard (DOT) was formed in 1974, the American Society for testing and Materials
(ASTM) was formed 1993 and National Operating Committee for Sports and Athletics
Equipment 1975 (NOCSAE).

In 1970 BSI published British Standard 4544:1970, Protective Helmets for Pedal
Cyclists. The first equestrian helmet standard was BS 3686: 1963 Protective Hats for
Horse and Pony Riders. In 1972, the Snell Memorial Foundation released three
appendices to their 1970 general helmet standard, one of which applied to bicycle
helmets. The Snell standard was revised upward in 1984, 1990 and 1995. In 1984
ANSI published a bicycle helmet standard, Z90.4-1984. In 1993 the American Society
for Testing and Materials (ASTM) published a bicycle helmet standard, F1447-1993,
which was revised a year later in F1447-1994. The Snell standard was revised upward
in 1984, 1990 and 1995. In 1984 ANSI published a bicycle helmet standard, Z90.41984. In 1993 the American Society for Testing and Materials (ASTM) published a
bicycle helmet standard, F1447-1993, which was revised a year later in F1447-1994.
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In 1997 the BS EN 1078 was realized while in 1998 took effect a bicycle helmet
standard published by the Consumer Product Safety Commission (CPSC), an agency
of the US Federal government. CPSC began drafting a bicycle helmet standard as a
result of an act of Congress, The Children's Bicycle Safety Helmet Act of 1994. In
Australia the Standard for bicycle helmets was first introduced by Consumer Protection
Notice published in the Commonwealth Government Gazette on 13 January 1988 in
response to concerns about the adequacy of the safety of bicycle helmets in the
market. The Standard was last comprehensively reviewed in January 1999. The
current Standard AS/NZS 2063:2008 was introduced in 2001 by way of Regulations
(SR 2001 No. 279 as amended). The Standard is based on two recognized standards,
the Australian/New Zealand Standard AS/NZS 2063:1996 Pedal cycle helmets which
has now been superseded and the Snell B-95 Standard (1995 Standard for protective
headgear 1998 Revision For Use in Bicycling). Compliance with either AS/NZS
2063:1996 or Snell B-95 Standard as amended by Statutory Rules 2001 No. 279 will
meet the requirements of the Standard. On 27 November 2008, Standards Australia
published a revised version of its standard for bicycle helmets AS/NZS 2063:2008.
The helmet standards that are dominant in European and US, and will be discussed in
this report are ECE 22.05, DOT FMVSS 218 and Snell M2015 for motorcycles, EN
1078, CPSC 1203 AS/NZS 2063 and Snell for bicycles and EN1077, ASTM F2040 and
Snell RS98 for snow sports helmet. VG 01.040 2014, PAS 015:2011, EN 14572:2005,
ASTM F1163-15 and Snell E2016 for equestrian helmets.
There are two purposes for a helmet standard: i) Evaluation of helmet performance. ii)
Guidelines for new helmet designs. Once the standard is mandatory, every helmet sold
in the corresponding market is required to meet it.

1.2.

Test Equipment

Although the standards can vary greatly in terms of impact severity and level of
protection over the various helmeted sports the test equipment used is quite similar.
A brief description of the test equipment is given below.

1.2.1. Drop Towers
In general, test drop towers fall into 2 main categories, guided and unguided freefall
(See Figure 1 below). Guided freefall drop towers usually have either a twin wire or
monorail configuration. The guided freefall rig does not allow any rotation of the
headform during the impact whereas the unguided does.
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Figure 1: Guided (left) and unguided (right) test rig configurations

1.2.2. Impact surfaces
The most common inpact surfaces are the flat, hemispherical and hazard anvils,
all of which are made of steel (See Figure 2 below).

Figure 2: Flat anvil (left), hemispherical anvil (centre) and Hazzard anvil (right).

1.2.3. Headforms
The first international draft standard for headforms was ISO/R1511:1970 which was
then superseded by ISO/DIS 6220:1983. However, both of these documents were
based on BS 1869:1960 developed by the UK transport and road laboratory (TRL) in
the 1950s. Most standards now use headforms based on the EN 960: 2006 standard
7

which are made of low resonance magnesium alloy. However, NOCSAE have
developed a headform which is intended to have better biofidelity than the metal ones.
It is made of a glycerine brain, plastic skull and has a rubber skin. The NOCSAE
headform is currently the only headform based on cadaver data and better simulates
the dynamic response of the human head. Table 1 below summarises the currently
used headforms and Figure 3 shows both full and half headforms used for helmet
sizing and impact testing.
Table 1: Headforms used for sizing, area of protection retention system effectiveness and
retention system strength as given in EN 960:2006. Characteristics of headforms used in
impact testing as given in EN 960:2006 and NOCSAE DOC 001-13m15c.
Headform
Label

A
B
C
D
E
F
G
J
K
L
M
N
O
P
Q
NOCSAE 6 5/8
NOCSAE 7 1/4
NOCSAE 7 5/8

Headform Size
Designation
(Circumference mm)
Ref.
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
-

Headform Size
Designation
(Circumference mm)
Actual
495
505
515
525
535
545
555
575
585
595
605
615
625
635
645
-

Headform Used
(Circumference mm)

Mass (kg)

495(A)
495(A)
515(C)
515(C)
535(E)
535(E)
535(E)
575(J)
575(J)
575(J)
605(M)
605(M)
625(O)
625(O)
645(O)
534
576
614

3.1 ± 0.10
3.6 ± 0.10
4.1 ± 0.12

4.7 ± 0.14

5.6 ± 0.16
6.1 ± 0.18

4.12
4.9
5.93

Figure 3: Full-face and half-face Headforms
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Another important aspect of an experimental process is the presence or absence of a
neckform which can also be interpreted in terms of constrains used during the impact.
Some standards in bicycle testing make use of rigid metallic arms that could represent
the neck of the headform with no degrees of freedom while others permit the
unrestrained motion of the headform around any axis after the impact.

1.3.

Test Methods

The primary function of sports helmets and therefore the main consideration of sports
helmets standard tests is the evaluation of impact protection. In general, these
standard tests must consider the helmeted headform, the impact surface
characteristics, the impact severity, the number of impacts and how many impacts per
location, the environmental conditions and various helmet sizes. The standards tests
ensure that a helmet meets a minimum level of performance, however, these tests
don’t necessarily recreate specific accident scenarios.
Specific helmet performance characteristics are evaluated by creating simplified
impacts in the laboratory (Simplified compared with real world impacts) and most test
methods involve a helmeted headform being dropped onto a rigid surface. The test
apparatus ensures that centres of gravity of the headform and impact surface are
aligned and any rotational movement is minimised as linear acceleration is the primary
output of the test.
Most common tests are:
1.3.1. Impact testing, drop towers (Guided and Unguided) and anvils
A helmeted headform is dropped from a set height onto a rigid anvil. In almost all tests
the peak resultant linear acceleration is recorded.

1.3.2. Penetration test
The penetration test involves dropping a conical impactor (these vary in size and mass)
onto a helmeted headform. The headform is inspected for damage once the test is
carried out (See Figure 4 below).
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Figure 4: Penetration test rig.

1.3.3. Retention test
A mass is used to pre tension the helmet retention system, after which a mass is
dropped to dynamically load it. The retention system must not exceed some stated
maximum extension criterion (See Figure 5 below).

Figure 5: Retention test rig.
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1.3.4. Roll off test
A hook is placed at the rear of the helmet which is attached to a pre tensioned cable.
This is then dynamically loaded by dropping a mass from a set height (See Figure 6
below). The helmet must remain on the headform and there may be a maximum
allowable rotation depending on the particular standard.

Figure 6: Roll-off test rig.

1.3.5. Rigidity/crush Test
Helmets are crushed quasi-statically at a set rate. Maximum and residual crush limits
must not be exceeded (See Figure 7 below).

Figure 7: Lateral crush test.
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1.3.6. Friction Test
Friction tests are to evaluate rotation induced force caused by projection and surface
projection. The head is not instrumented with accelerometers in this test, instead is the
tangential and normal force measured in the impacting plate (See Figure 8 and 9
below).

Figure 8 Projections and surface friction test: Method A.
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Figure 9: Projection and surface friction test: Method B

1.3.7. Chin bar Test
The chin bar test is designed to ensure that the chin bar of a helmet meets some
minimum impact criterion. There are two set-ups for helmet chin bar test (See Figure
10 below).

Figure 10: Chin bar impact test configurations for Snell M2005 (left) and ECE 22.05 (Right).
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1.4.

Pass/Fail Criteria

All the current standards adopt the translational-based pass/failure criteria, which can
be further classified as Peak Linear Acceleration (PLA) and criteria that are associated
with impact duration, i.e., Dwell time and Head Injury Criteria (HIC).
An example of a pass/fail criterion and how it is applied to a specific acceleration pulse
is shown in

1 below.
ECE 22.05

Snell M2015

DOT FMVSS 218
22.05

Figure 11: Pass/fail criteria applied to a translational acceleration pulse recorded at the centre
of gravity (CoG) of the test headform.

Head Injury Criterion (HIC) is given by:
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2.5

𝑡2

𝐻𝐼𝐶 = [(

1
∫ 𝑎𝑟𝑒𝑠 𝑑𝑡)
𝑡2 − 𝑡1

(𝑡2 − 𝑡1 ) ] 𝑚𝑎𝑥

𝑡1

A measure of the severity of impact with respect to the acceleration of the headform.
Severity Index (SI) is given by:
𝑇

𝑆𝐼 = ∫ 𝐴2.5 𝑑𝑡
0

where A is the instantaneous resultant acceleration of the headform in G and T is the
duration of the acceleration pulse.

2. Current Helmet Standards
2.1.

Bicycle Standards

In most countries, cycle helmets are tested to ensure a minimum level of performance
of the helmet for a range of criteria that affect safety. Typically these include:
• Construction requirements (e.g. to ensure that the materials used do not affect
the skin of the wearer, and that sweat and hair and skin products do not affect
the materials of the helmet).
• Impact requirements (e.g. to ensure a minimum level of energy absorption at
multiple points on the helmet, often in a range of environmental conditions).
• Retention system requirements (e.g. the strength of the straps and the stability
of the helmet on the head).
• Coverage (to ensure that a certain area of the head is covered by the helmet).
• Vision (to ensure that the helmet does not unnecessarily impede the vision of
the wearer).
AS/NZS 2063
The bicycle helmet standard of the Joint Standards Australia / Standards New Zealand
Committee was introduced in 1996 and is mandatory within Australia and New
Zealand.
Impact Tests: The AS/NZS 2063 standard only uses a flat anvil drop test from a height
of 1.5 m. This is approximately equivalent to an impact velocity of 5.4 m/s and an
impact energy level of 78 J. The peak headform acceleration in this test is not allowed
to exceed 300 g. Unusually, the AS/NZS standard also requires the 3 ms exceedance
headform acceleration not to exceed 200 g and 6 ms exceedance acceleration not to
exceed 150 g. There is also a unique load distribution test in which the helmet is
dropped from 1.0 m; the helmet must not create a force greater than 500 N over a
circular area of 100 mm2. Although the impact energy of the tests is relatively low,
these additional requirements mean that the standard is well regarded.
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Retention System Strength Tests: The retention system is subjected to a preliminary
force of 225 ±5 N applied for 30 s and then an additional force of 500 ±5 N is applied
for 120 s. The retention system or its attachments must not separate and the
elongation between the preliminary load and the test load must not exceed 25 mm.
Retention System Stability Tests: Dynamic test with an inertial hammer; tested by
applying a force parallel to the helmet edge from the opposite end.

ASTM F1447
This voluntary bicycle helmet standard was produced by the American Society for
Testing and Materials (ASTM). While it is technically still in use it has since been
superseded by the mandatory (in the US) CPSC standard. It was last updated in 2006
(a slight editorial change).
Impact Tests: The ASTM F1447 standard involves a drop test onto three different
anvils: flat, hemispherical and kerbstone. These drops are performed at velocities of
6.2 m/s on the flat anvil, and 4.8 m/s on the hemispherical and kerbstone anvils, which
is approximately equivalent to drop heights of 2.0 m and 1.2 m respectively. The peak
headform acceleration must not register more than 300 g in either test condition.
Retention System Strength Tests: The retention system strength test is performed with
an inertial hammer suspended from the straps of the helmet. The mass of the hammer
is 4 kg and the fall length is 600 mm, which results in an energy of about 24 J. The
straps must not elongate more than 30 mm.
Retention System Stability Tests: The retention system stability test is performed by
attaching an inertial hammer of 4 kg mass to the opposite edge of the helmet on an
inclined headform, and dropping the mass. The helmet is permitted to move on the
headform, however it should not come off.
CAN/CSA-D113.2-M89
The bicycle helmet standard of the Canadian Standards Association (CSA) was
originally introduced in 1989,
Impact Tests: The CSA-D113.2-M drop test is performed onto two types of anvil: flat
and cylindrical. The drops are performed so that the impact energies are 80 J and 55
J respectively for child and adult helmets. This is approximately comparable to drop
velocities of 5.7 m/s and 4.7 m/s and drop heights of 1.66m and 1.13m. The same
velocities are used with a smaller headform for helmets for children five years old and
under, giving impact energies of up to 67 J and 45 J for the two anvil types. For child
and adult helmets the maximum headform accelerations are 250 g for the 80 J flat
anvil test, 200 g for the 55 J flat anvil test, and 250 g for the 55 J cylindrical anvil test.
For younger child helmets the limits are 200 g for the flat anvil tests and 150 g for the
cylindrical anvil. The standard also recommends that manufacturers ensure that the
Gadd Severity Index is less than 1500 for all tests.
Retention System Strength Tests: The retention system strength test is performed by
dropping a 2 kg weight attached to the helmet from a height such that 20 J of energy
is imparted to the helmet (approximately 1.02 m). Dynamic elongation must not exceed
25 mm and post-test static elongation must not exceed 12 mm.
Retention System Stability Tests: The retention system stability test is performed by
subjecting the helmet to a 250 N tangential force for 5 seconds, if the helmet moves
16

more than 10 mm during this time then the force is continued for another 5 seconds.
Helmet rotation must not exceed 45o.
CPSC 16 CFR 1203
This bicycle helmet standard was produced by the Consumer Product Safety
Commission (CPSC). The standard was developed in conjunction with ASTM and the
test procedures are largely similar to the F1447 standard. It was introduced in 1998
and was made compulsory in 1999. The standard is part of the US Code of Federal
Regulations and as such is a legal requirement in all US States. The CPSC standard
is very similar to the ASTM F1447 standard.
Impact Tests: The drop test uses three different anvils: flat, hemispherical and
kerbstone. These drops are performed at velocities of 6.2 m/s on the flat anvil, and 4.8
m/s on the hemispherical and kerbstone anvils. These velocities are approximately
equivalent to drop heights of 2.0 m and 1.2 m respectively. The instrumented headform
must not register more than 300 g acceleration throughout each test.
Retention System Strength Tests: The retention system strength test is performed with
an inertial hammer suspended from the straps. The hammer mass is 4 kg and the fall
length is 600 mm, which results in a fall energy of about 24 J. The straps must not
elongate more than 30 mm.
Retention System Stability Tests: The retention system stability test is performed by
attaching an inertial hammer of 4 kg mass to the opposite edge of the helmet on an
inclined headform, and dropping the mass. The helmet is permitted to move on the
headform, but it must not come off.
The CPSC standard requires helmets for children under the age of five to cover a larger
proportion of the head than helmets for older children and adults. The Snell B-90 and
B-95 standards were updated to match these coverage requirements for children under
five in 1998.
The CPSC standard also requires manufacturers to implement a ‘reasonable testing
program’ to ensure that products meet the certification requirements. This testing may
be conducted by a third party, but the manufacturers and importers are responsible
EN 1078 and EN 1080
EN 1078 and 1080 are the bicycle helmet standards produced by the European
Committee for Standardisation (CEN), and were introduced in 1997 in all CEN member
states. EN 1078 applies to helmets for children and adults; EN 1080 applies specifically
to helmets for young children. This was drafted following a number of fatal
strangulations of children playing on playground equipment and elsewhere while
wearing helmets complying with EN 1078. In these incidents, the helmeted child
became trapped in the playground equipment (through which an unhelmeted head
would pass) and the child’s weight was supported by the chinstrap. To accommodate
this scenario, the standard was written that allowed helmets with a relatively weak
retention system to be manufactured
Impact Tests: The impact test requirements are identical for both standards and involve
two anvils: flat and kerbstone. These tests are performed at velocities of 5.42 and 4.57
m/s respectively, which correspond roughly to drop heights of 1.5 and 1.06 m.
Retention System Strength Tests: EN 1078 tests the strength of the retention system
with an inertial hammer suspended from the straps. The hammer mass is 10 kg and
the fall length is 600 mm, which results in a fall energy of about 24 J. The straps must
17

not elongate more than 35 mm dynamically and the residual extension must not
exceed 25 mm. It must be possible to operate the fastening system with one hand
while under load. In contrast, EN 1080 requires that the fastening system should selfrelease when a force of greater than 90 N but less than 160 N is applied quasistatically. This is designed to prevent strangulation by ensuring that the strap will
release if the helmet becomes trapped, for instance in playground equipment.
Retention System Stability Tests: EN 1078 tests the stability of the helmet and
retention system by attaching an inertial hammer of 10 kg mass and 250 mm drop
height to the opposite edge of the helmet. The helmet is permitted to move on the
headform, but it should not come off the headform. EN 1080 does not define a stability
test.
EN 1078 and 1080 contain no conformity of production requirements.
Snell B-90A B-90C
Snell B-90 bicycle helmet standard is produced by the Snell Memorial Foundation. The
B90 standard (introduced in 1990) was for a short time the foremost standard within
the helmet industry; however, after criticism of it being too harsh and encouraging
overly stiff helmets it has become less widely used.
Impact Tests: The Snell B90 drop tests involve 3 different anvils; flat, kerbstone and
hemispherical. These drops are performed at impact energies of 100 J, 58 and 65 J
respectively. These are approximately equivalent to impact velocities of 6.33 m/s,
4.81 m/s and 5.17 m/s.
Retention System Strength Tests: The retention system strength test is performed with
an inertial hammer suspended from the straps. The hammer mass is 4 kg and the fall
length is 600 mm, which results in a fall energy of about 24 J. The straps must not
elongate more than 30 mm.
Retention System Stability Tests: The retention system stability test is performed by
attaching an inertial hammer of 4 kg mass to the opposite edge of the helmet on an
inclined headform, and dropping the mass 600 mm. The helmet is permitted to move
on the headform but it should not come off.
Snell B-95
The Snell B-95 standard introduced in 1995 more severe impact requirements than the
B-90 Standard. The impact energies are 110 J, 72 J and 72 J for the flat, kerb and
hemispherical anvils respectively (up from 100 J, 58 J and 65 J respectively).
Snell B-95 contains an addendum that updates both Snell B-90:1998 and Snell B-95
to incorporate the CPSC requirements for helmets intended for use by children from
one up to five years old. Primarily, this updates the extent of protection and field of
view requirements to match the CPSC requirements. Snell periodically tests helmets
bought from a retailer to ensure on-going compliance with the standard.
A summary of the current bicycle helmet standard tests and pass/fail criteria is given
in Tables 2 and 3 below.
Table 2: Summary of most important cycling helmet standard tests.
Standard

EN 1078

CPSC 1203

AS/NZS
2063:2008

Snell B95

CNS 13371
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Impact
Penetration test

●
-

●
-

●
-

●
-

●
●

Retention
strength
Peak deflection
test

●

●

●

●

●

-

-

●

-

-

Load
Distribution
Roll Off
Hair oil test
Light
Aging
conditioning
Perspiration test

●

●

●

●

●

●
●

●
-

●
-

●
-

●
●
-

-

-

-

-

●

Table 3: Cycling helmet standard test comparison.
Pass/Fail Criteria
Peak
Duration Over
G
150G (ms)

Duration Over 200G
(ms)

250

6

3

300

-

-

250

6

3

300

-

-

1m
5.7 m/s

300
250

4
-

-

4.7 m/s

200

-

-

Impact Velocity or
height

Standard

Flat
EN 1078
Kerb

CPSC

AS/NZS
2063

Snell B95
CNS 13371
CAN/CSAD1
13.2M

Flat
Kerb
hemispher
ical
Flat
Kerb
( load distr
test)
Flat
Kerb
hemispher
ical
Flat
Flat
Cylindrical

5,42
m/s
4,57
m/s
6.2 m/s
4.8 m/s
4.8 m/s
1.5 m
1m
2.2+ m
1.3 m
1.3 m

Other bicycle standards are SABS 1542 for South Africa, JIS T 8134 for Japan which
is not in wide use while BS 6863 of Britain, DIN 33954 of Germany, KOV 1985:6 of
Sweden and BFU R 8602 of Switzerland were superseded by the CEN EN1078 and
the ANSI Z90.4 standard of the United States was superseded by the ASTM F1447.
2.2.

Equestrian Helmet Standards
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Equestrian helmets are widely used by jockeys and recreational equestrians alike.
Indeed, it is mandatory for a competing professional jockey to wear a helmet that is
certified to a particular standard. Equestrians are at a high risk of injury and in
particular, those who jump tend fall frequently and are at a high risk of sustaining a
head injury. The helmet is a vital component in the jockey’s equipment, as it has been
shown that their use considerably reduces the risk of sustaining serious head injury.
As mentioned previously the European and American helmet standards have evolved
over the years. Traditionally, equestrian helmets provided little or no impact protection
but this then changed considerably with the introduction of the equestrian helmet
standard Protective Hats for Horse and Pony Riders BS 3686:1963 (BSI 1963)
followed by BS 4472:1969 Protective Skull Caps for Jockeys (BSI 1969). BS
3686:1963 was then replaced by BS6473:1984 (BSI 1984). The test method employed
for these standards involved an impactor being dropped onto a helmeted headform.
Impact sites were the same for these standards and as a result there was no
requirement to provide equal protection down to headband level.
The EN 1384:1997 standard then superseded both BS 6473:1984 and BS 4472:1988
which introduced the unguided freefall impact tests still used today. The wooden
headforms were replaced with magnesium alloy ones and the pass/fail requirement for
the shock absorption test was changed. Linear acceleration should not exceed 250 g
at any time and it should not exceed 150 g for longer than 5 ms. The impact velocity
was required to be 5.4 m/s.
Similarly, ASTM and Snell have introduced impact tests involving a helmeted headform
impacting a rigid anvil. However, they have opted for the guided freefall test. An
outline of the main differences between currently used equestrian helmet standards is
given below.
VG 01.040 2014
Since the withdrawal of EN 1384:2012, helmets are being certified to VG 01.040 2014
until a new EN 1384 standard is published. The scope of the VG 01.040 2014 (Helmets
for Equestrian Activities) is to set safety requirements and methods to test helmet
performance and is composed of four main parts. These are construction, performance
requirement, testing and marking.
The standard for construction includes general, material finish, retention system and
headform specifications.
In general, the helmet may be constructed with or without an outer shell but if a shell
is used it must incorporate a liner that is securely fastened to it. The minimum
thickness of the liner must be no less than that found 12mm up from the area of
protection line. The helmet may have ventilation but may not have a chin cup.
The standard does not specify, nor does it exclude materials from which a helmet can
be manufactured. However, the material used in the helmets manufacture should not
degrade due to age or exposure to its normal operating environment. Or at least to
the extent that any degradation does not significantly compromise the protective ability
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of the helmet. Additionally, parts of the helmet that come into contact with the skin
should not be compromised due to the presence of sweat or cosmetics and the
materials used should not be known to cause non-allergic skin disorders.
The helmet must be finished such that all edges are smoothed and rounded. The
interior of the helmet cannot have any rigid projections. With the exception of a button
on top of the helmet and the peak, external projections cannot exceed 5mm unless
they are smoothly faired into the surface of the helmet.
The standard calls for a permanently fixed helmet retention system with an
incorporated chin strap that is at least 15mm wide. The fastening and adjustment
devices are also permanently attached and can be combined. The retention system
should only be opened by a deliberate action by the user. As with the helmet finish,
the retention system can’t have any sharp edges.
The standard recommends that part of the retention system that is operated by the
user (e.g. buckle) should be coloured orange or red and it may also include comfort
padding. However, the chin strap may not have a chin cup as previously mentioned.
The performance requirement of the standard consists of five main sections. These
are shock absorption, penetration, retention system strength, retention system
effectiveness and helmet peak deflection.
During the test with impact velocity of 5.9 m/s, the peak acceleration threshold should
not exceed 250g and the duration of the impact over 150 g must be less than 5ms.
After the impact the helmet must remain on the headform and the retention system
should still be fastened. The penetration test requires an impact from a conical
impactor from a height of 500 mm. Helmet peak deflection if fitted, requires that the
peak should deflect more than 6 mm when a 2 kg mass is freely suspended from the
centre of the front edge. The retention system strength test requires that the mass (10
kg) is dropped in guided freefall and the dynamic extension should not exceed 35 mm
and the extension should not exceed 25 mm. The crush test is quasi static and
maximum deformation should not exceed 30 mm at 600 N and residual crush should
not exceed 10 mm.

PAS 015:2011
In addition to VG 01.040 2014, helmet manufacturers can also certify to the Product
Assessment Specification PAS 015:2011 which was originally intended to specify
higher levels of protection than EN 1384:1997 by adding a hazard anvil, and increasing
impact velocity for some impact sites (to 5.9 m/s), while keeping the same peak
acceleration shock absorption threshold. However, with the introduction of VG 01.040
2014, these two specifications have much more in common. PAS 015:2011 does
however, specify an increased area of protection, an increased penetration test drop
height of 750 mm, and an additional impact onto a hazard anvil at 5.4 m/s and
maximum deformation should not exceed 30 mm at 800 N and residual crush should
not exceed 10 mm. Additionally, although the peak acceleration criteria remains the
same, the average peak acceleration for all impacts should not exceed 225 G.
21

EN 14572:2005
The high performance helmets for equestrian use standard EN 14572:2005 is intended
for helmets for “high-risk” activities. EN 14572:2005 claims that conforming helmets
offer higher protection against side impacts. This standard specifies a higher impact
velocity of 7.7 m/s and also incorporates a “low energy” with an impact velocity of 4.4
m/s. The standard requires that for the high velocity impact, the peak acceleration
should not exceed 250 G and again the duration over 150 G should not exceed 5 ms.
For the low energy impact, acceleration should not exceed 80 G. This standard also
adds an impact with a hazard and a hemispherical anvil at an impact velocity of 6.3
m/s. Additionally, a dynamic lateral crush test is used in place of the quasi-static one
whereby a 7.5 kg impactor is dropped onto a helmeted headform that is fitted with a
force transducer. The standard requires that the transmitted force should not exceed
10 kN.
ASTM F1163-15
In the USA, the ASTM standard F1163-15, Protective Headgear Used in Horse Sports
and Horseback riding take a slightly different approach from Europe in that they use a
guided freefall for the impact testing where the headform is not permitted to rotate
during the impact. The peak acceleration permitted is 300 G for an impact velocity of
5.9 m/s on a flat anvil and 5.4 m/s for the hazard anvil. This standard does not specify
a lateral crush test or a penetration test.

Snell E2016
Similar to the F1163-15 standard, the Snell E2016 uses a guided freefall test rig for
impact testing. However, impacts are carried out on flat, hemispherical and horse shoe
anvils. The peak acceleration must not exceed 275 G. The impact velocity onto the
flat anvil is 6 m/s for A, C, E and J headforms and 5.9 m/s for M and 5.7 m/s for O
headforms. The impact velocity onto the hemispherical anvil is 5.4 m/s for A, C, E and
J headforms and 5.3m/s for M and 5.09 m/s for O headforms. The impact velocity
onto the horse shoe anvil is 5.07 m/s for A, C, E and J headforms and 4.96 m/s for M
and 4.76 for O headforms.

Tables 4 and 5 below give a summary of the current equestrian helmet standards BS
VG 01.040 2014, BS EN 14572:2005, PAS 015:2011, ASTM F1163-15, Snell E2015
Standard for Protective Headgear, NOCSAE Polo DOC (ND) 050-11m15.

Table 4: Summary of equestrian helmet standard tests.
Standard

VG 01.040

PAS 015:2011

ASTM F1163-15

Snell
E2016

NOCSAE
Polo
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Impact
Penetration
Retention
Roll Off
Rigidity Test
Environmental

●
●
●
●
●
●

●
●
●
●
●
●

●
●
●
●

●
●
●
●
●
●

●
●
●
●

Table 5: Equestrian helmet standard test comparison.
Fail Criteria
Standard

BS
VG
01.040
Snell
2015

PAS 015

ASTM
F1163-15

NOCSAE
Polo

EN 14572

2.3.

Impact
(m/s)

Velocity

Flat
Hazard
Hemi
Flat
Hazard
Hemi
Flat
Hazard
Hemi

5.94
6.26
5.24
5.60
5.94
5.40
-

Flat

5.94

Hazard

5.4

Hemi

-

38 Shore A
Flat
Equestrian
Hemi

3.46 +
2(5.46)
5.46
5.46

Flat

7.7/4.4

Hazard

6.3

Hemi

6.3

Peak G

Duration
Over 150G
(ms)

Total No. of Impact
Locations
(All
Anvils)

SI

<250

5

3

-

<275

-

4

-

<250 and
<225
Average

5

4

-

<300

-

4

-

-

-

7

<1200
<300

<250
<80(4.4)

5

3/3

-

Motorcycle Helmet Standards

One of the first and most influential performance-based motorcycle helmet standards
is British Standard 1869:1952 Crash Helmets for Racing Motor Cyclists, which was
soon followed by British Standard 2001:1953 Protective helmets for Motorcyclists. The
performance testing was a rather new concept at the time which prescribes test
conditions and pass/fail requirements, rather than specifying materials, dimensions
and productions of a helmet by prescriptive-base standard. Around the same year of
1952, innovations in crash helmet were emerging. One of the inventions was the
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introduction of energy-absorbing material such as polystyrene in the helmet (Lombard,
1953).
Helmet performance is evaluated by several different tests in each standard, although
some tests from one standard may not be considered by another, all the standards
specify tests for impact absorption and retention performance, Table 6.
Table 6: Overview of motorcycle standard tests
Standard

Impact

Penetration

Retention

Roll off

Rigidity

Friction

Chin bar

ECE 22.05

●

-

●

●

●

●

●

FMVSS
218
Snell
M2015

●

●

●

-

-

-

-

●

●

●

●

-

-

●

In the following, standard tests shown in Table 6 are elaborated with descriptions and
requirements for passing the test.
Impact-absorption test – A helmeted headform is dropped in guided free fall at
prescribed velocity upon a fixed anvil. Impact absorption is then evaluated based on
peak resultant translational acceleration and/or the duration of the impact recorded at
centre of gravity of the headform, Error! Reference source not found..
Penetration test – The striker is dropped in guided free fall to strike the surface of the
shell at prescribed velocity. Penetration will be detected if there is a damage mark
presented on the headform.

Retention test a. Dynamic test (Snell M2015 and ECE 22.05). The retention system is given a
mechanical pre-load followed by a dynamic loading. It fails if it cannot support
the mechanical loads or if the maximum deflection during the dynamic loading
exceeds a certain value, i.e. 30 mm for Snell M2015, 35 mm for ECE. It is also
considered to be failure if cannot be easily unfastened after the testing.
b. Static test (FMVSS 218). After a preliminary load, a static tensile load is applied
to the retention system. The retention system shall not move more than 25 mm
from preliminary to test load positions.
Roll off test – The rear part of helmet is hooked by a falling mass which, in testing, is
released and drops in a guided free fall from a prescribed height. Test is considered
failure if helmet no longer remains on the headform (Snell M2015), or the angle
between reference plane of head and helmet exceeds 30o (ECE 22.05).
Rigidity test – Applying a quasi-static compressive forces, from an initial load of 30 N
to 100 N. The deformation shall not exceed that measured under the initial load by 40
mm for loading to 630 N, and by 15 mm when unloading to 30 N.
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Surface friction and projection test – Evaluate rotation induced forced caused by
surface friction and projections.
Method A. A helmeted headform is dropped vertically at 8.5m/s on to an 15oinclined anvil which can have either abrasive paper attached or a series of steel
bar mounted. Peak longitudinal force and its integral with respect to time is used
as performance criteria – 2500 N and 12.5 Ns for bar anvil, 3500 N and 25 Ns for
abrasive anvil.
Method B. A helmeted headform is applied a force normal to a sliding carriage
which can have either abrasive paper attached or a shear edge mounted. The
tested projection on the helmet shall not prevent the shear edge from sliding pass,
and the abrasive carriage shall not be brought to rest by the helmet’s projection.
Chin bar test – In the Snell test method, the helmet is supported on a rigid metal base
and fixed so that the chin bar faces upwards at 65o to the horizontal. A 5 kg mass is
dropped onto the chin bar with an impact velocity of 3.5 m/s. The chin bar must not
deform more than 60 mm. In ECE method, the helmeted headform is dropped onto a
flat steel anvil at 5.5 m/s. The pass/fail criteria applied to chin bar test is the same as
the other impact points.
Error! Reference source not found. compares impact absorption test between ECE
22.05, FMVSS 218 and Snell 2015, with respect to failure criteria, impact conditions,
headform/drop assembly and drop test apparatus. A detailed evaluation on these
aspects is conducted in the next section where the deficiencies of the current test
standards are addressed.

Table 7 Comparison of impact absorption test between ECE22.05, DOT FMVSS 218
and Snell M201.

Standard

Year

Impact
surface
Flat

ECE22.05

2000
Curb

DOT
FMVSS
218

Flat
1988
Hemi

Size
(cm)
[A] 50
[E] 54
[J] 57
[M] 60
[O] 62

Small
Medium
Large

Mass
(kg)
3.1
4.1
4.7
5.6
6.1

3.5
5.0
6.1

Velocity
(m/s)

Impact
area

Pass/fail Criteria

7.5

Specified
point:
B,P,R,X
and S

gmax≤275g
HIC15≤2400

6.0

Specified
area on or
above
test line

5.2

gmax≤400g
Dwell time≤2ms@200g
Dwell time≤4ms@150g
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Flat
SNELL
M2015

2014

Hemi
Edge

[A] 50
[C] 52
[E] 54
[J] 57
[M] 60
[O] 62

3.1
3.6
4.1
4.7
5.6
6.1

Specified
area on or
above
test line

7.75*

gmax≤275g for A,C,E,J
gmax≤264g for M,
gmax≤243g for O

*impact velocity for the first impact

2.4.

Snow Sports Helmet Standards

Standards reviewed in this report, EN 1077, ASTM F2040 and Snell RS98, are for
recreational alpine skiing and snowboarding. International Ski Federation, FIS in short,
mandates alpine ski racing helmet rule which requires helmet used in Giant Slalom,
Down Hill and Super-G to fulfil both ASTM 2040 and EN 1077 (Class A) standard. In
addition, helmet need to pass another test under EN 1077 test method but at a higher
impact speed of 6.8 m/s. Helmets that are conformed to FIS specification will bear a
sticker ‘CONFORM TO FIS Specifications RH 2013’. The decision that to raise the
impact test speed has influenced the helmet manufacturers to increase the thickness
of the energy-absorbing liner.
Each standard has a series of tests to evaluate performance of the helmet. As shown
in Table 6, all three standards perform impact attenuation, retention and roll-off test.
The retention is referred to as retention system dynamic strength, and roll-off is to test
positional stability of the helmet. However, ASTM F2040 does not require penetration
test. Only Snell RS98 requires chin bar test for full face ski helmet, and the downward
deflection of the chin bar under a guided mass drop must not exceed 60 mm. The chin
guard is also frequently used in slalom racing in order to protect racer’s face from hitting
by the gate, which could cause facial injuries if chin guard is deformed extensively or
even fractured. No test has been prescribed in either EN1077 or FIS regulations for
helmet chin guard, it is therefore up to manufacturer’s own test specifications and of
course is not standardised.
Table 8: Overview of ski helmet standard tests

Standard
Impact
●
EN1077:2007

Penetration

Retention

Roll-off

●

●

●

Chin bar
-

ASTM F2040

●

-

●

●

-

Snell RS98

●

●

●

●

●

Table 9 compares impact attenuation test specified by EN 1077:2007, ASTM F2040
and Snell RS98, with respect to failure criteria, impact conditions, headform/drop
assembly and drop test apparatus. There is a great level of similarity between ASTM
F2040 and Snell RS98 in terms of test apparatus, impact surface, weight of drop
assembly and pass/fail criteria. On the other hand, EN 1077:2007 prescribes many
different specifications from the others:
26









Only flat impact surface
Falling headfrom method – the helmeted headform is performed a guided free
fall but without any restriction on the headform. It simply rests on the support
carriage.
Drop mass varies with the headform sizing, therefore impact energy is ranged
from 46 J (size A) to 90 J (size O). In ASTM and Snell standard, impact velocity,
therefore impact energy, varies with the impact surface, i.e. flat, hemispherical
and edged surface, while having a constant drop weight of 5 kg for all headform
sizes.
EN1077:2007 prescribes a more stringent pass/fail criterion - maximum
acceleration of 250g.
Two classes of helmet – class A and class B, depending on the extent of
coverage.

In general, Snell RS98 prescribes more severe impact test than both EN1077 and
ASTM F2040 due to the highest impact energy. A detailed evaluation on these aspects
is conducted in the next section where the deficiencies of the current test standards
are addressed.

Table 9 Comparison of impact absorption test between EN 1077, ASTM F2040 and
Snell RS 98
Standard

Year

Impact
surface

EN
2007 Flat
1077:2007

ASTM
F2040

Flat
2006 Hemi
Edge

SNELL
RS98

Flat
1998 Hemi
Edge

Size
(cm)
[A] 50
[E] 54
[J] 57
[M] 60
[O] 62
[A] 50
[E] 54
[J] 57
[M] 60
[O] 62

[A] 50
[E] 54
[J] 57
[M] 60
[O] 62

Mass Velocity Impact
(kg)
(m/s)
area
Specified
3.1
area on
4.1
or above
4.7
5.42
test line
5.6
- Class A
6.1
- Class B

5*

5*

6.2
4.8
4.5

6.3
5.6
5.6

Impact Pass/fail
Energy Criteria
46 J
60 J
69 J
82 J
90 J

Specified
area on
96 J
or above
58 J
test line
51 J

Specified
100 J
area on
80 J
or above
80 J
test line

gmax<250g

gmax<300g

gmax<300g
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3. Discussion
It is clear that helmet standards have contributed greatly to increased public safety
and, in particular, have been effective at preventing skull fractures. As a result, many
lives have been saved and incidences of severe injury reduced. Nevertheless, the
progress in medical research and applied sciences has provided us with the knowledge
and the tools to go deeper into the mechanisms that cause intracranial injuries during
accidents, which allows us to aim to a more scientifically-founded but yet cost-effective
test method.
3.1.
Test Methods
Virtually every test described in this review is a one dimensional exchange of
momentum between a helmeted headform and an impactor. The complex kinematics
of an impact are not taken into account in current test methods, since it is only the
linear or resultant acceleration that is measured using either a uniaxial or tri-axial linear
accelerometer. The current standard tests do not consider the influence of the neck
and body in an impact which might alter head kinematics. Test rig configurations are
designed to replicate the two extreme states of an impact: namely, an unconstrained
headform and a restrained headform (headform is attached to a metallic arm which
slides along a monorail or twin-wire guide). It could be argued that more realistic tests
would take in to consideration the effects of the neck or integrate characteristics of
both current test methods and would be more representative of real world accidents.
However, developing such a test could prove costly and its implementation could be
extremely time consuming. The current test methods have the advantage of being
cost effective and repeatable.
Some experimental parameters, the number of impacts on a given impact location for
example, are defined based on assumptions that may need to be re-examined. Only
one impact is allowed on testing points for most standards but during a real world
accident more impacts may occur. The intensity of these impacts varies but most
current tests methods specify only one impact on a certain point of the helmet and also
a minimum distance between impact points. Research has shown that the integration
of a neckform in the testing process can produce double peaks in the acceleration-time
curves which correspond to double impacts on the helmet not far away from each other
that might not only have an influence on the brain response but also on the helmet
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loading conditions. Such variables still need to be quantified through experimentation,
simulation and statistical analysis, which would inform any decision to update current
or introduce new testing protocols.
3.2.

Testing Error

At present, most test methods have many things in common but small modifications or
differences in procedure can greatly affect the accuracy of the process. These
modifications should be defined and those that affect to the accuracy of the process
should be considered further in future standards. For example, the mechanical arm
used in the Australian standard AS/NSZ 2063, might increase the accuracy of the
experiments since it holds the helmet in place during the drop and keeps the distance
between the intended point of impact and the actual point of impact in relatively small
values. Other important sources of variation include the filtering of the results, currently
CFC (Channel Frequency Class) 1000 is specified in standard tests. ECE 22.05
requires the specific impact points rather than an impact area, therefore the initial
positioning of the helmet is important in order to keep the testing results consistent.
3.3.

Impact surfaces

Helmets are mostly designed for impacts on rigid pavements and not against relatively
compliant surfaces. Almost all impact surfaces used in the standards are rigid steel
anvils of various size and shape. Although compliant impact surfaces may better
reflect real world conditions, this type of impact surface is very difficult to control and
would add hours of calibration in a test laboratory setting. Nowadays test surfaces are
not designed to simulate real world conditions. Rather, they represent severe impact
surfaces that allow a helmet’s performance to be evaluated.
While the severity of an impact can be altered by changing the impact velocity and
anvil shape (flat, kerb, hemi, hazard etc.), these are all against rigid surfaces and may
lead to a helmet design that does not perform particularly well against soft surfaces
such as are typical of most equestrian accidents. The absence of a compliant surface
test in the corresponding standards is mainly due to the difficulty of calibration and the
associated cost of such a test.
The primary impacted surface involved in a snowboarding or skiing Traumatic Brain
Injury (TBI) is snow (Fukuda et al., 2001). Therefore, the steel surface solely used in
all snow sport helmet standards is highly questionable, although it might be useful in
simulating collision with obstacles, such as trees, rocks, etc. Scher et al. (2006) ﬁrst
experimentally reconstruct the ‘opposite-edge’ phenomenon using an instrumented
50th percentile Hybrid III dummy to investigate head kinematics and impact conditions.
They discovered that the head acceleration are 74g and 391g while impacting on the
soft and hard snow, respectively. The acceleration was greatly reduced to 162g when
the dummy wore a helmet. In addition, unlike the road surface, the snow surface is a
low-friction surface. In future standards, it is important to include an impact surface that
mimics the stiffness of the snow. Since the impact is more severe on hard snow than
on soft snow, it is sufficient to only consider hard snow, which is a worst case scenario.
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3.4.

Crush Test

Crush tests are used in some standards in order to ensure that the helmet is not too
soft and that the structure of the helmet has some stabilizing effect. It is not intended
to simulate a real world accident. However, there has been no quantification of what
constitutes a helmet that is too soft, particularly if its impact performance is good. There
may be merit in introducing some accident scenarios to the standards as helmets may
undergo dynamic crush. For example, a quasi-static lateral crush test is carried out in
some equestrian standards. This test may not be suitable as crush accidents are
dynamic generally and in addition, there is no headform in the helmet during the quasistatic test. The rate of crush is also problematic. For example, PAS 015 2011 specifies
a crush rate of 100N/min up to 800N, however, it is almost impossible to predict what
the force will be ahead of time and test houses must use their experience to set a
mm/min rate.
3.5.

Penetration Test

This test was introduced from a motor sports standard with little or no scientific basis,
therefore it requires investigation. Although the need of its introduction in the testing
process is a question that only accident analysis could answer for different
applications, the problem is also practical since in order for helmets to compensate for
the reduced cooling, ventilation slots or holes are designed to allow at least a little
cooling.
Cost 327 study found that penetration is a very infrequent cause of motorcycling injury
and recommended that standards follow the example of ECE 22.05 which does not
require a test for penetration. In addition, having a penetration test in a motorcycle
helmet standard often leads to designing a thicker shell. This can be detrimental to
rider’s safety, because it adds more weight and is not optimized to absorb energy upon
an impact due to increased shell stiffness. The penetration test in some of the
equestrian standards also greatly reduces the size of the ventilation holes which can
lead to overheating of the user.
3.6.

Bio-mechanical or Pass/Fail Thresholds

Current pass/fail peak acceleration criteria have been revised down over the years
from the original 400G threshold which was based on skull fracture threshold of
approximately 500G. Obviously, revising this down to 300G or 250G has resulted in
safer helmets but it is by no means certain what particular threshold level is either
necessary or appropriate. With growing awareness of concussion, a new threshold to
prevent these types of injury may need to be established. The same perspective is
equally valid when considering the rotational test method and rotational thresholds.
Some standards also include a maximum duration over a certain acceleration which
appears to take into account the Wayne State injury curve. There is much debate
about which injury criteria should be used in helmet standards. Indeed, such is the
physiological variation for the helmet wearing population that consensus may never be
reached for using a single criterion. It is likely that a range of thresholds will be
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developed that reflect this variation. In addition to injury thresholds or helmet pass/fail
criteria, further work is required to determine the physical properties of the population.
The Peak Linear Acceleration (PLA), measured at the centre of gravity of the test
headform, is accepted as a pass/fail criterion in all motorcycle helmet testing standards
nowadays. However, the threshold varies between standards. The BSI standards, in
the 1950s, required that the maximum force on the head during an impact must be
restricted to 5000 lbs weight (Newman, 2015). DOT FMVSS 218 certainly adopt this
maximum force as a guide to set peak linear acceleration at 400g (equivalent to 4400
lbs force with a medium headform assembly - 5kg). Snell M2015 specifies a failure
level ranging from 243g to 275g depending on the headform size, it is rational that,
given the same maximum tolerable force, the higher the headform mass the lower the
acceleration. Therefore, the failure criteria should be specified according to the mass
of the drop assembly, but this has not been taken into consideration by both ECE and
DOT standards.
Dwell time seems to have been taken as HIC=1000 as the reference to define a
maximum duration of 2 ms and 4 ms at 200g and 150g respectively, and exceeding
this will be considered as failure in helmet testing. However, 200g and 150g are
referred to in the Wayne State Tolerance Curve as effective or time-averaged
acceleration, which cannot be applied directly as a criterion to the acceleration pulse
recorded at the centre of gravity of the headform. The origin of how HIC 2400 was
derived is difficult to trace. There is speculation that the HIC 1000 used in frontal car
crash (FMVSS 208), was raised up to 2400 due to the fact that it is difficult for helmet
manufacturers to attain the 1000 threshold. Consequently, HIC 2400 is a reasonable
pass/fail threshold rather than an injury criterion.
It is also worth mentioning the criticism received on the validity and appropriateness of
the application of HIC in motorcycle helmet testing (Newman, 1975), mainly on its
inadequacy to evaluate the rate of change of acceleration, and many different and
distorted acceleration pulses can have same HIC value. Snell M2015 does not include
any time-related criteria, which could result in higher acceleration for longer time
durations.

3.7.

Headforms

Currently used headforms, while suitable for evaluating helmets in current standard
tests, have poor biofidelity in terms of mass and moment of inertia. They are scaled
versions of each other and do not reflect the geometry variation of the
population. Particularly the difference between child and adult head shapes is not
taken into account. The mass for a given head circumference is also not accurate.
The NOCSAE headform goes some way to addressing these problems, however,
these can fracture during more severe impacts and the associated cost makes them
unsuitable as a replacement for the current magnesium headforms. An alternative
could be the Hybrid III. However, during the development of a frontal impact dummy
(Backaitis et al., 1994), data obtained from embalmed cadaver studies was used
(Hodgson et al., 1972; Mertz et al., 1972; Reynolds et al., 1975; Walker et al., 1973),
with an emphasis placed on measuring the lateral axis, as this data was required and
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deemed most important in the design and development of such a frontal impact
dummy. Therefore, the moment of inertia of the Hybrid III dummy is only specified
along the lateral axis (Iyy = 233 kg·cm2 for the 50th percentile) (Yoganandan et al.,
2009) and may not be suitable for use as a headform in rotational tests where the MOI
in all axis (Ixx, Iyy and Izz) is required. Dummies used in side impact tests such as the
ES-2re and the WorldSID do specify the MOI along xx, yy and zz. However, these
differ and more primary research is required to determine their suitability in helmet
rotational tests. Data presented in cadaver studies during the 60’s and 70’s (Hodgson
et al., 1972; Mertz et al., 1972; Reynolds et al., 1975; Walker et al., 1973, Chandler et
al., 1975) show a large variation in the MOI and also the head mass. The data show
that mean head mass is approximately 4 kg but depending on the study, this can
change significantly. The Hybrid III, ES-2re and WorldSID dummies have a head mass
of 4.5, 4 and 4.24 kg respectively (Yoganandan et al., 2009), all of which can be
supported by the literature. Therefore, there is scope to adapt existing headforms
currently used in standards linear acceleration testing or develop new ones. On the
other hand since the headform that is currently used is made out of Magnesium acting
as a rigid material, using a more realistic headform (which would deform on impact
similar to the way a head deforms) might result to less deformation of helmet liner thus
less absorbed energy during impact.
3.8.

Helmet Usage

The fit of the helmet on the head and the correct wearing position affect the level of
protection during an impact. The correct fit is not guaranteed since it can be time
consuming or complicated for some users to adjust their helmets and some may not
know what correct fit will provide best protection. Unless the user has tightened the
straps to the point of discomfort, a helmet will often deflect significantly during impact
which could result in reduced protection around the edge or it could simply fall off in a
collision.
Because some helmet materials deteriorate with age, the Snell Memorial Foundation
recommends that a helmet be replaced at least every 5 years, or sooner if a particular
manufacturer so recommends. Glues, resins and other materials used in helmet
production can affect liner materials. Hair oils, body fluids and cosmetics, as well as
normal "wear and tear" all contribute to helmet degradation, most standards require
replacement of helmet after a severe blow.
All standards assume that the user will fit the size of the helmet. Everyday practice
proves otherwise, however, for many customers who don’t buy the correct helmet size,
which results in higher energy impacts than those for which the helmet is designed.
3.9.

Helmet Design

Bicycle, equestrian and snow sports helmets are not designed to protect the face of
the user. Many head strikes actually occur to the face, front of the temple or lower skull,
which are regions that some helmets do not protect. Spinal, neck and brain stem
injuries are not considered directly. In a study of impacts of bicycle helmets on asphalt
at 34km/h, Andersson et al. showed that, unlike hard-shell helmets which slide, soft
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helmets tended to adhere to the surface, rotating the head and producing angular
accelerations of four to six times the tolerable maximum. Hard and micro-shell helmets
tended to slide, but the concrete surface penetrated and hung onto the nylon cover
and liner of the no-shell helmets, forcing the neck into flexion. On the other hand,
flexible/thin shell helmets can absorb more energy during impact. Such predictions
regarding the effect of shell stiffness/thickness are not included in standards and could
greatly influence the designing and production process.
In addition to the DOT standard, both ECE and Snell have an over helmet chin bar
test. An investigation of 174 fatal motorcycle accdicent cases in South Australia from
1983-1994 (CASR) showed 42% of the severe head impacts were to the motorcycle
helmet chin bar (Gibson and Thai, 2007), this can lead to serious injuries like facial
fracture or basilar skull fracture (BSF). This finding is consistent with COST 327 which
stated that two thirds of skull fractures involved chin impact. Therefore helmet chin bar
test need particular attention and more research to form scientific basis for test
specifications.

4. Proposals/Recommendations
4.1.
o

o

o

A new test method should be designed to take into account the effect of
rotational acceleration during impact. The reason is that to be able to predict
the risk for a brain injury, 6DOF kinematic measurements are needed and not
only 3DOF. There are several publications on how to design a method to
measure the energy absorption in an oblique impact with a significant tangential
force acting on the helmet. All studies show that rotational acceleration should
be considered in the testing process thus set ups should be redesigned towards
this purpose.
A statistical analysis through accident reconstruction should be made to define
the most representative surface, impact parameter values etc that could be
used in a test setup, to simulate the impact with a motorized vehicle or a tree
for example.
If proved to be important, a statistical analysis through accident reconstruction
should be made to define the boundary conditions that dictate neck kinematics
during impact.

4.2.
o

o

Test Methods

Accuracy of testing set-ups

Accessories that are proposed or used already like the arm of the Australian
standard that might increase the accuracy of the experiments should be
evaluated and if proved to be beneficial, incorporated to a final unified standard.
The measuring equipment that will be used and the way that is integrated in
the set-up have to be defined. A 3-2-2-2 accelerometer array at the centre of
gravity of headform proposed by Padgaonkar et al. (1975) seems to be the
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solution that gains the most ground. However, a well-defined and standardized
method of calibrating need to be created.

4.3.
o

o

Current headforms used in helmet evaluation do not accurately reflect the
variation of the population and it is necessary to determine if there are
significant differences between male, female, young and old groups.
More biofidelic headforms designed to incorporate the humanlike material
properties along with accurate or representative geometric characteristics of
human heads might contribute a more realistic imitation of the head’s
kinematics during an impact.

4.4.
o

Helmet usage

Additional tests with all headform sizes which can comfortably be achieved
within the test helmet may eliminate some doubt over the consequence of size
to impact performance.

4.5.
o

Headforms

Helmet area of protection

A reference line bellow which the risk of injury is substantially reduced has to
be defined after a series of bicycle accident reconstructions.

5. Unanswered Questions and What We Hope to Answer
5.1.
o

o

o

General questions for standards

How can we measure the effectiveness of a Standard? Absence of
sufficient qualitative injury data continues to hinder any research that might
strongly link increased head protection through the proper use of bicycle
helmets with high rates of compliance with different standards.
Should different kind of cycling sports be distinguished in a standard and
correspondingly different criteria be set? For example the impact surface in
off-road cycling is completely different compared to the on-road cycling.
How do helmets certified under different standards perform in the same
testing conditions? Could/Should standards that lead to the same
performance be unified or be the basis of a unified standard?
Becker et al. (2015) (motorcycle helmets) found that significant differences (p
< 0.05) were found only when comparing peak decelerations at impact
velocities exceeding 8 m/sec for both flat impact and for hemispherical impact,
the results support that M2010/DOT helmets transmit equivalent shock to that
of DOT‐only helmets in minor impacts.
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5.2.
o

o

o

Are the testing conditions/set ups representative of the real life
accidents? Velocities attained in mountain biking, as illustrated in the cases
cited and observations from downhill races in which speeds in excess of 45
mph are attained (Pfeiffer, 1994).
Should a neck be used? The European impact standards for ice hockey,
alpine, cycling and motorcycle helmet assessment all use an untethered
headform drop, whereas the current North American standards all have a solid
metal neckform for guided headform drops. The HIII dummy neck is designed
and validated only for frontal car collisions at speeds of around 11m/s resulting
in a flexion motion of the neck. Thus, the HIII dummy neck is not validated for
compression loading, lateral bending or rotation around the vertical axis - as
shown by Myers et al. (1989) and Disentis (1991). How well would the HIII neck
simulate a human neck in a helmeted impact? Can the HIII be modified to show
more realistic human behaviour as proposed by Withnall et al. (1998) or
Rousseau et al. (2010).
Can a single impact test represent all the impact conditions?

5.3.
o

Accuracy of testing set-ups

Are the dummy models sufficiently accurate? What should be changed?
Should a wig be used? Experimental results have shown that in comparison
to having the HIII head form covered with stocking, testing helmets with a wig
resulted in a reduction of the angular acceleration and a reduction in angular
velocity (Willinger et al, 2015).

5.4.
o
o
o

Test methods

Helmet area of protection

Which areas should a helmet protect?
Should the site of impact be defined as a point or as an area?
Many injuries occur bellow the reference line. An argument towards no is that
most standards makers resist the conclusion that helmets should be tested
over their entire surface. There are two reasons. The first is that although
impacts involve areas, their sites are described as single points near the centre
of the impact area. An impact on the test line must necessarily include an area
that extends below the test line. Whether stated or not, this impact 'footprint' is
usually a consideration in the test line definition. A second argument towards
no is that parts of the helmet extending below the test line almost always
provide some protective benefit even if not at the level required on and above
the test line. If these parts are not specifically required but will be tested if
present, a manufacturer could conceivably turn a failing helmet into a passing
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one merely by trimming these extensions away. A standard that rejects more
protective headgear in favour of less protective units is not acceptable.
5.5.
o
o

o

o

o

o

Pass/fail Criteria

What should be the main focus of the standard? Testing the functional limits
of a helmet, the final outcome for the user or a combination of these two?
How can the age and other physiological/medical parameters affect the
level of injury during an impact? Should/Could these aspects be
implemented in a standard/testing set up or designing process?
Which is the right criterion? Should it be based on heads kinematics or
FE methods or both? Does it need improvement and which? There are two
candidate methodologies that can be used to measure the protective properties
in a helmet in a shock absorption test, one based on global kinematic
parameters, the other on tissue level brain loading. The proposal made in the
present project is to implement a coupled experimental versus numerical
method. In this approach the experimental linear and rotational head
accelerations will constitute the inputs which will drive a head FE model, in
charge of the latter to compute the brain strain or axon strain related to
neurological injury. Post-processing tool that exist for SUFEHM and that will be
developed shortly for other FE models, will extract the maximum brain strain
from the FE simulation file and calculate the brain injury risk according to the
injury risk curve relevant to the head model. This methodology can be applied
for linear impact as well as for tangential impacts as suggested in Willinger et
al 2014 and under discussion within TC158 WG 11 working group, as it is the
only which permits to take into account the multidirectional brain loading in one
single brain injury criteria. Forero Rueda et al. (2011) showed by finite element
modelling of equestrian helmet impacts that there is a need to address
rotational kinematics in future helmet designs.
What are the limits? Is scaling the right way to define them? How should
the threshold change to adjust the helmets to the physiology of infant and
children’s heads?
The American Automobile Manufacturers Association (AAMA), now the
Alliance of Automobile Manufacturers (Alliance), proposed a 15 ms HIC value
of 700 as the limit for Federal Motor Vehicle Safety Standard 208 – Occupant
crash protection (FVMSS 208) testing with the Hybrid III midsize adult male
dummy (AAMA, 1998; Alliance, 1999). They chose this value because it
corresponded to a 5 percent risk of AIS 4 brain injury for the adult population.
The AAMA (1998) also proposed HIC limits for the CRABI family (6-, 12-, and
18-month-old) of infant dummies, and the Hybrid III child (3- and 6-year-old)
and adult (small female and large male) dummies. These HIC limits were
obtained by scaling the midsize male limit of 700 for differences in head size
and tissue strength.
Should existing thresholds be revised downwards anyway, towards a
continuous effort of improvement? Studies have shown that current helmets
can perform below the threshold that is set by nowadays standards. Should this
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o

threshold be revised downwards towards a continuous effort of improvement
giving manufacturers the essential motives or should the threshold be fixed to
a critical value that human body can sustain?
Can a criterion of a dominant mechanism be enough for helmet testing?
Tests on helmets have given indications that those helmet models which
achieved a poor rotational acceleration performance also gave a poor
performance during linear impact tests. This reiterates the view that linear
impact performance may be a dominant parameter controlling the rotational
acceleration response during oblique impacts.

5.6.
o
o
o

Helmet design

How do design characteristics effect the effectiveness of a helmet?
Should the helmets be designed for one single impact or for multiple impacts
during an accident and how many?
Can the standard facilitate the supply of helmets that accommodate different
head shapes, e.g. long and thin vs short and wide, but with the same generic
size (circumference)?

6. Questions to be answered
By the end of the HEADS ITN project we and our fellow ESRs hope to answer:








In collaboration with other HEADS researchers that work on accident
reconstruction, we aim to identify what accident conditions are most common
in all cycling, equestrian, snow and automotive sports.
What simplifications can be made so that these conditions can be accurately
replicated in a testing laboratory and integrated in a testing set up?
How can we design a robust and cost effective testing procedure that can
simulate the accident conditions?
What is the most appropriate test configuration that can more precisely imitate
these conditions within the boundaries of the aforementioned procedure?
What is the most appropriate criterion for testing oblique impact?
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