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EXECUTIVE SUMMARY

Thisreport presents the findings of the Project ‘I mproved Shock Absorbing Liner for Helmets .

Compardive tests were caried out on flaa samples of sngle-densty and dud-densty foams. The
single-density foam samples represented typica samples of foam used in liners of current motorcycle
and bicyde hdmets. The dual-density foam, of lower average dendty and unique configuraion,
represented the newly designed shock absorbing foam liners.

The objective of the project was to demondrate that the duatdensty foam samples will absorb an
impact force more effectively than the current foam liners made of single-density. The new liners are
to dso abide by the requirements of the AudrdiaV/NZ Standards for motorcycle and bicycle helmets.
The dud-density foams test-results showed:

anincrease in crushing

agregter impact time duration

adecrease in the amount of dab-cracking, and

the measured pesk decderation (g force) was beow the required pesk decderation, as outlined

in ASINZS 2063 (Bicycle) and AS 1698 (Motorcycle).

A totd of 161 flaa foam samples were manufactured and tested which included 100 samples
incorporating the new design and 61 samples with current design.

COMPARISONS OF FOAM SAMPLES- FINDINGS

Findingsfor Crushing:

Samples of foam, from Test 1, with duakdendgties 70/30 kg/n? (A1) dearly showed more
crushing than samples with single density 70 kg/nT® (B1).

Samples of foam, from Test 2, with dud densities 75/30 kg/m® (A2) and samples of foam with
same dua dendty, but reversed (A2R) generdly crushed more than samples with sngle dengty
75kgm? (B2).

Samples of foam, from Test 2, with dud densties 75/30 kg/m® (A2) showed roughly similar
crushing to samples with same dud dengties but reversed (A2R) for drop heights of 1.5m, and
cold to ambient temperatures.

Samples of foam, from Test 3, with dud-densties 75/30 kg/nt (A3) and 75/25 kginT (A4)
dearly showed more crushing than samples with single density 75 kg/n® (B3).

Samples of foam, from Test 3, of duakdensities 75/30 kgym® (A3) and 75/25 kg/n (A4) have
roughly Smilar crushing properties for drop heightsof 1.5 -1.83 m.

Hard surfaces of flaa sed anvil, bitumen and concrete effect thickness crushing of foam in
amila ways, whee as road base gives higher and varied results dependant upon its
compection. Higher dill are kerb channding results as crushing occurs on both sdes of the
foam, i.e. crushing from the Mg-headform and metd kerb.



Generdly, cold (-5°C), ambient (1825°C) and hot (50°C) samples exhibit smilar crushing
effects, dthough hot and wet samples give dightly higher vaues of crushing. This maybe due
to hot expanded ar spaces and water giving further absorbent properties to the foam, however
these results are incons stent and inconclusive.

Findingsfor Impact-Time

Samples of foam, from Test 1, with dud densties 70/30 kg/n? (A1) dearly had a longer time
duration than samples with single density 70 kg/n? (B1).

Samples of foam, from Test 2, with dud densties 75/30 kg/m® (A2) and samples of foam with
same dud densties 75/30kg/nT but reversed (A2R) generaly had a longer time duration than
sampleswith single density 75 kg/n® (B2).

Samples of foam, from Test 3, with dud dengties 75/25 kg/n? (A3) and 75/30 kg/int (A4)
generaly had longer time duration than samples with single density 75 kg/nt (B3).

Samples of foam with dud densities 75/30 kg/n? (A2) generaly had longer time duration than
samples with same dud densities but reversed (A2R).

Hard surfaces, such as fla sed anwil, bitumen and concrete, have reasonably sSmiar impact
times for the same drop height, whereas road base gives higher results. Even higher results are

obtained for kerb channding impacttimes, due to more crushing on both sides of the foam, i.e
crushing from the Mg-headform and meta kerb.

Generally, odd (-5°C) foam samples result in dightly lower impacttimes than ambient
temperatures (18-25°C) for the same drop height. Hot (50°C) and wet samples give dightly
higher results for adrop height of 1.83m.
Colder foams generdly exhibit more dense-like properties.
Hot and wet foam samples exhibit more energy absorbing properties for a drop height of
1.83m.

Findings of Impact Ener gy Attenuation

All gforces were within the requirements of the AustraiayNZ Standards, i.e. being below 300g's.

Samples of foam, from Test 1 with dud densties 70/30 kg/nt (A1) clearly showed lower pesk
decderations than samples with harder single density 70 kg/n® (B1).

Test 2 and 3 gave varied pesk deceerations due to post-expanded sngle-dendity foam samples.

Tedts of impact on foams, for a drop heght of 1.83m, result generdly in higher g-forces than do
those a lower drop heights.

The second impect, of the double impact tet a 1.83m, adways generae higher g-forces than the
firgt impact, indicating an dready compressed/crushed and hence a more dense-like foam.

Hard flat surfaces result in roughly smilar g-forces.
Road base and kerb channding give lower vadues of g-forces, and bitumen displays a dight

compresson under impact.



Generdly, the gforces decrease dightly over an increase in temperature from -5°C to 50°C.

Wet foams have smilar gforces to that of dry foams at ambient temperature.

Findingson Cracking

Samples of foam with single densities (70 kg/n?, B1, and 75 kg/in?, B2 and B3) tested to the
Augrdian Standard for motorcycle and bicyde hemets dl showed Sgnificantly more dab-
cracking than samples of foam with dud densities (70/30 kgin?, Al, 7525 kgm®, A3, ad
7530 kg/n?, A2, A2R and A4).
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10 INTRODUCTION
1.1  Background to the Study

Helmet use does reduce head and facid injury and fadity in accidentd impect-collisons. The
am of motorcyde and bicyde hedmets is to reduce the severity of cranid injuries by absorbing
impact energy. The absorption of impact energy by the hdmet reduces the likdihood of skull
fracture and brain contuson. The hemet achieves this by redigtributing forces from locaized
points. (Hurt, Oudlet, and Thom, 1981, M“Swain and Petrucdli, 1984). Helmets must aso
protect facid, tempord and zygomatic regions of the head (Hurt et. al., 1981).

Of dl fatdities recorded goproximady a quarter of Queendand motorcycligs and cydlids,
wearing hedmets, die from severe head injuries (Figures 1.0 and 1.1). In another third of dl
fadities severe head injuries were implicated. For each motorcycle or bicycle fatdity in
Audtraia, the cost to the community is dose to a million dollars (RACQ 1998). No sgnificant
safety improvement for bicyde and motorcycle hemets has been introduced in the last 3
decades.

The am of this research is to develop a better impact-absorbing liner than is currently being used
in the manufacture of bicycde and motorcycle hemets.

A number of researchers have indicated that hdmet foam liners are too giff and hard (Larder,
1984; Gde and Mills, 1984; Corner, Whitney, ORourke and Morgan, 1987, Hearn and Sarailhe,
1978). To maximize protection of the human skull it is necessary that impact forces be absorbed,
to the greatest extent possible, within the foam liner. An impact force being adosorbed by the liner
will be demondrated by damage to the line. Research from the Univerdty of Birmingham
(Larder, 1984) and the Queendand Universty of Technology (Corner et. al., 1987), on foam
liners from fad accidents, showed little or no evidence of impact damage, indicating a need for
a Ofter absorbing liner. Corner et. al., 1987, reported that the human skull digtorted rather than
the hard stiff foam liner, resulting in brain damage or death.

The diffness and hardness of hdmet liners are directly rdated to the dringent performance
requirements of the Audrdian/New Zedand Standard's impact attenuation test (AS1698 and
ASINZS2063). For helmets to be certified to the Audrdia/NZ Standards, they must satisfy the
requirements of two performance tests (a) the energy atenudtion test and (b) the penetration test.
Both tedts require the use of a solid magnesum headform that endeavours to smulate the human
cranium. The only resemblance is the shape. The helmet is atached to the headform and dropped
from standard heights onto ether a flat or hemispherica sted anvil. The penetration test requires
a ged conicd driker, weighing 3kg, to be dropped from standard heights onto a hemet fitted to
a magnesum headform. Only the crown of the hemet is tested. The standard heights, through
which the hdmets are dropped, are different for motorcycle and bicycle hdmets.

It should be noted that the magnesum headform used in tegting is more rigid than the human
skull and is more cgpable of producing a crushing effect on the hemet liner. Researchers (Corner
et.al., 1987; Mills and Gilchrig, 1991) have demondrated that this rigid headform should be
replaced with one that can more reasonably smulate the human cranium, eg. the Wayne Stae
Universty Hodgson Headform. The magnesum headform produces more severe damage to the
helmet liner than would be the case for a red head in a gmilar impact (Corner et. al., 1987). To
saisfy the requirements of the Audrdia/NZ atenuation test (incorporating the magnesum
headform) manufecturers and designers have had to provide a rdaivey iff polystyrene-foam
liner with high densties, from 70 to 90 kg/n™. Due to the tiffness of the liner, the human heed



deforms dadticdly on impact, causng cranium distress. A digortion of 1-2 mm of the skull is
the threshold of intracranid damage (Viano, 1985). The bone in the tempord region of the head
is more vulnerable as it has only a hdf to a third of the bone strength of the rest of the skull, and
a child's skull is more deformable than an adult's (Comner et. al., 1987). The fracture deformation
of a childs skull is between 1.7 and 5 times gregster than the adult skull. Bicyde hedmets for
children are the same as worn by adults, and have the same liners as used for motorcyclists. They
adso undergo the same AudrdiaVNZ Standard tests. The AudrdiaVNZ Standard impact
atenudtion tegt, usng this solid Mg-headform, does not consder the effect of the human head
deformation. The giff foam liner transfers impact energy directly to the cranium, as the liner will
not crush.

Irrespective of the type of headform used in trials, resear cher shave concluded that helmet
liners should beless stiff and ideally be made of lower density foam to absorb impact forces
rather than transfer the forces to the cranium vault. Corner et. al. (1987) recommended a
Softer liner of about 30kg/nT, rather than the density of 50 kg/nt (used at that time), and aso
reported that a lower dendgty foam, being lighter, would reduce rotationd accderation. The
densities recommended by researchers are between 25 kg/nt (Hope and Chinn, 1989) to 30-32
kg/m3 (Corner et. al.,1987; Millsand Gilc hrigt, 1990).

However it would not be gppropriate to design a motorcyce hemet employing a foam layer
entirdy of low-densty foam. Such a hdmet liner would be too soft for heavier collisons and
would not be aufficently durable to provide a reasongble life for the helmet. Idedly a hemet
will incorporaie properties of both drength and energy absorbtion. To pass the dringent
Augrdia/NZ Standards, the impactenergy-absorbing liner must crush in a non-linear way, i.e
from lower dengties to higher dengties, increasing in siffness as crushing continues.

1.2 New Technology:

A new shockabsorbing liner for hdmets has been dedgned to reduce fadity and bran
contusons by absorbing and disspating the impact of forces. The new desgn incorporates low-
dengty foam embedded, in a unique configuraion, into the currently used high-density foam. In
this resserch the dud-dendty configuraion extends hdfway throughout the thickness of the
foam samples with densities from 20-30 kgm® to 70-80 kgm®. This configuration should aso
occur in the vulnerable tempora region. Rotationd accderation and whiplash on the wearer's
neck should aso be reduced, as the hedmet is less dense and lighter. It is possble to produce a
vaiety of liners for hdmets, with different dengty combinetions, for various purposes, eg. child
and adult bicyde hemets to professond motorcycle hdmets. A dual-density liner combining
lov and high densty foams in a paticular configuration coud reduce the proven safety
deficiencies of the currently used single-density hard-iff foam liners.

1.3 Aims

This project is the firs stage in the development of a prototype for the new shock absorbing liner
for motorcycle and bicycle hemets. This research requires the design and manufacture of a tool
in which fla polystyrene-foam samples, with an area of 15x15cnf and a thickness of 3.54.0cm
can be produced, and then tested under the requirements of the Audrdia/NZ Standard (AS1693
and AS/INZ2063).

Theamsareto:

develop an improved shock absorbing foam liner for motorcycle and bicycle hdmets; and



demondrate that the newly designed shock absorbing foam liners will aosorb an impact
force more effectively than the hard foam liners currently used, i.e more crushing, less
dab cracking, longer time duration during crushing and peek deceeration below 300g's.

Figure 1.0: Motorcycle Deaths from Head Injuries
(Queensland Transport)
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[ Note: heading fonts for Figs 1.0 & 1.1 areinconsistent with rest of report.]

Figure 1.1: Bicycle Deaths from Head Injuries
(Queensland Transport)
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14  Outcomes of the Project

The project is divided into five Sages.

Stage 1
Pan and manufacture the specid tool to produce newly designed dud densty foam
samples,
Production of fla foam samples incduding the current design of sngle dendty and the
new design of dud densty.

Stage 2, (Test 1)

Tedting of flat foam samples to AudrdiaVNZ Standards,
Andyzing of Test 1 results,
Modification and production of flat foam linersfor Test 2.

Stage 3, (Test 2)

Testing of flat foam samples to Austrdia/NZ Standards;
Andyssof Test 2 results;
Modification and production of flat foam samplesfor Test 3.

Stage 4, (Test 3)

Tegting of flat foam samplesto AugtrdiaVNZ Standards, and
Andyssof Test 3 results.

Stage 5

Andysisand interpretation of al tests results; and
Thewriting of thefind report.



20 METHOD
21 TheAusralian/NZ Standards

The impact test for both the motorcycle (AS 1698) and bicyde (ASINZS 2063) hemets involves
a series of controlled impacts where a helmet is placed over a Mgheadform, and then dropped
in a guided free fdl through described heights (1.5m and 1.83m) onto a fla ged anvil. Trids are
conducted on headforms of three different Szes and mass, corresponding to smdl, medium and
larger hdmet sizes. The headform, used in this project, goproximates the shgpe of an adult
human head and weighs 3402g, and with the support assembly 5109g. Located at the centre of
gravity of the headform is the accderometer, which messures the verticad decderation upon
impact (pesk g-force transferred to the headform).

The manufactured, flat-foam samples were tgped onto various hard surfeces (flaa sted anvil,
concrete, bitumen and keb channding) with masking tape, rather than onto the Mg-headform.
The later was difficult and may have produced inconsstent results. The Mg-headform with its
attached assembly is dropped onto the foam sample.

2.1.1 Motorcycle Helmets

Four motorcycle helmets are impacted twice a four Stes for the Audrdian Standard. Two Stes
are impacted by dropping the heedform from a height of:

1.83m onto aflat steel anvil with an impact speed of 6.0m/s, and
1.385m onto a hemispherica anvil with an impact speed of 5.2nVs.

For this research, only the fird test with a drop height of 1.83m was required to make a
comparison of the crushing of the sngle-densty and duadensity flat foam samples. The gforce

acogpteble to the Audrdian Standard for motorcycle hemets, in a double impact a a drop
height of 1.83m, is 300 +/- 15g.

The four motorcycdle hemets are exposed to four environmenta conditions for a period of 4 - 24
hours. These are;

cold temperature of -5°C;

ambient temperature between 18-25°C;

hot temperature of 50°C; and

sprayed or immersed in water at ambient temperature.

The environmenta conditions were applied to this project.

The Austrdian Standard dso requires motorcycle hemets to withsand a penetration test. A sted
conical driker with a mass of 3kg is dropped from 3m onto a helmet fitted headform. The helmet
will only pass this test if the point of the penetrator does not make contact with the magnesum
headform. It is believed that the conicd driker would not penetrate the carborvkeviar-fibre shell
fused to the fla foam samples. Only in the next stage of the prototype development will this test
be required.



212 Bicycle Helmets

For the AudrdiaVNZ Standard, eight bicycle hdmets are subjected to four impact tests per
helmet, where each hemet is impacted a four stes only once. The hemets are dropped (from
15m) on afla ged anvil a an impact gpeed of 5.4m/s. The eight helmets tested are exposed to
the same environmenta conditions as outlined above for motorcycle hemets, except two bicyde
hemets are tested for each condition. The maximum acceptable gforce for bicyde hdmets is
300 +- 15g. The flat duakdensity foam liners have been tested & drop heights of 0.5m, 1.0m
and 1.5m.

A locdised test is gpplied indead of the penetration test for bicycle hdmets. In this case a 20mm
rounded v-shgped anvil is dropped from a heght of 1Im onto any pat of the hdmet fitted
headform. This test will not be performed on the flat foam linersin this project.

The testing procedure in this research is summarized in Table 2.1.

Table 2.1. Test Procedure Carried Out on Each Type of Foam.

SampleNo.- Test type Impact Surface Environment Drop Height
(m)

1 -Bicycle flat anvil ambient 050
2-" flat anvil ambient 100
3 flat anvil ambient 150
4 - flat anvil cold 150
5-" flat anvil hot 150
6- " flat anvil wet 150
7 bitumen ambient 150
8 concrete paver ambient 150
9-" kerb channel ambient 150
10- road based soil ambient 150
11- Motorcycle flat anvil ambient 183
12- " flat anvil cold 183
13- " flat anvil hot 183
14- " flat anvil wet 183
15- " bitumen ambient 183
16- " concrete paver ambient 183
17- " kerb channd ambient 183
18- " road based soil ambient 183
19 gpareor repest

20 spareor repeat

For each sample, the following measurements were recorded:

peek decderdtion (gforce);
decderation time during impact (ms);
average thickness before crushing (mm);
thickness of the maximum compressed zone (mm);
crushing of liner (mm), i.e. the difference between the average thickness before crushing
and thickness of the maximum compressad zone, and
the long and short axis of the dlipticatshgped depresson caused by the impact of the
Mg-headform (mm).
For eech sample, abrief description of the type and amount of cracking was recorded.




22 Stagel

The project involved contracting a foam manufacturing company, Rmax Rigid Cdlular Pladiics
to plan, desgn and manufacture an innovetive new tool. The same company used this tool to
successfully  produce flat samples of foam incorporating the new desgn. The new desgn
enabled low density foam (eg. 30 kg/md), of a particular configuration, to be embedded into the
liner of high densty foam (eg. 70 kgmd. A newly developed foam-processing procedure
usng the specid tool, was established to manufacture foam samples of duad dendty, which
proved to be more complicated than earlier contemplated.

A fibreglass manufecturer was aso contracted to manufacture carbon/kevlar-fibre shdls, which
were gpplied to the backs of foam samples. Tedting of these samples smulated the Audraian
Sandard for motorcycle helmets, whereas foam samples without the shdl-backing smulaed
foam liners used in bicycle hdmets.

Thefirg batch of foam samples, to be tested in Stage 2, consisted of two types:

Twenty samples of dual density foam (i.e. 70/30 kg/m3) of size 15cm x 15cm x 4.0 cm.
Twenty samples of single density foam (i.e. 70 kg/md) of same size

2.3 Stage2(Test 1)

Each type of foam was tested in accordance with the standards outlined in Section 2.1. Each type
of foam was impacted onto different hard and/or rigid surfaces, eg. bitumen, concrete paver,
kerb channed and road base soil, under varying environmenta conditions.

Samples were sorted in ration to sSmilar mass. All foam samples were labded according to
date tested, foam type, tet condition and mass (eg., 6/11, Al, hat, 605 g). Tests (1,2 and 3) on
foam samples were carried out by Imtest Laboratory Ltd. in Chrisichurch New Zedand and the
procedure adopted for testing each type of foamisoutlined in Table 2.1.

All samples tested were retained and returned to Brisbane for further analyss. The results of
Test 1, from Stage 2, were andysed regarding the optimum performance for the newly designed
dud dendty foam. From these results, it was possble to determine which dendties provided the
grestest crushing whilst gill conforming to the AudrdiavNZ Standards. Following the andysds
of Test 1 results, modified foam samples were manufactured for Test 2.

The modification stage involved the production of two types of foam. The firgt type consstedof:
. Over forty samples of dud density foam (i.e 75/30 kg/m3) of size 15cm x 15cm x
4.0cm;

Over twenty samples of single dendity foam (i.e. 75 kg/m3) of samesize.
24 Stage3(Test 2)

Twenty one modified dud-density foam samples were tested by impeacting the less dense sde of
the sample, and then another nineteen smilar samples were impacted on the reverse sde. This
was caried out to determine which Sde would be best suited for postioning againgt the human
cranium. Ningteen single-dendgty foam samples were then tested to compare againg the dual-
dengity foam samples.



The modified samples, in this sage, were dso tested to the AudrdiaVNZ Standards, as per
Sage 2 induding the use of Table 2.1.

Test 2 results and samples were andysed. A third batch of foam samples was ordered and
manufactured for Test 3. The magor concern was the consstency of crushing, impact times and
gforces. The third batch included:

Forty dual-density foam samples (twenty 75/30 kg/nt and twenty 75/25 kg/n) ; and
Twenty single-density foam samples (75 kg/n™).

Four leftover dud-samples (75/30 kg/m®) and four single-foam samples (75 kg/nt) from Stage
2, thickness of 2.5 cm were do prepared for Test 3in Stage 4.

2.5 Stage4 (Test 3)

The duakdensty and singe-densty foam samples described in Stage 3 were tested to the
Augrdian/NZ Standards, as per Stage 2, and the resullts andysed.

On completion of Tet 2 and Test 3 dl samples were retained and returned to Brisbane for
further analyss.

26 Stageb5

This Stage involved the andydss of dl three tets for 161 flat samples of foam (i.e. 100 samples
with new design and 61 samples with current design) and the writing of the find report.

The andysis of each Test included the comparison of the:

amount of cross-sectional and dliptical shaped depression of crushing;
amount and type of cracking in the foam;

peak gforce; and

impact timein ms.



3.0 RESULTS

A totd of 161 flaa samples of foam (i.e 100 samples with new desgn and 61 samples with
current design) were tested and andysed as part of the project. The mgority of the samples were
of the same dimensons and fabricated from smal-expanded polystyrene (EPS) foam bead. Only
eight samples were 2.5 cm thick whereas the mgority were 3.5-4.0 cm thick.

Table 3.1, pl0, outlines the number, foam type and labd of samples, their quoted manufacturers
dengties, thickness of foam dab and average mass for each test. It contans the quoted

menufecturers dendties for the single and dua-dengty foam liners these densties may vay
between 60 - 80 kg/nt® (for 70 kg/n foams) and between 65 - 85 kg/nt® (for 75 kg/nt foams).

It is important to note that the foam manufacture, Rmax, stated that the foam dengties produced
are within +£+ 10 kg/n® from their quoted density. Therefore it can be presumed that the single-
dendty foam samples used for each tet are of the same dengty in which the lower densty is
embedded within the dud-dendty foam sample lines. This means there is consgent
comparison between the two types of foam liners. It is important to note that comparisons should
not be made between batches prepared on different dates for different Tests. The dendties of the
sngle foam samples are not Smilar across the batches.

All the resllts determined by the AudrdiaVNZ Standards testing by Imtest are given in the
Appendix. Thefollowing Table 3.0 summarizes these reaults.

Table3.0: Summary of Resultswithin the Appendix

Appendix / Table Test Foam Results
1 /1 1 Al
1/ 2 1 Bl
2 /1 2 A2
2 [ 2 2 AZR
2 | 3 2 B2
3 /1 3 A3
3 [/ 2 3 A4
3 [/ 3 3 B3
4 |/ 1 3 A2M
4 | 2 3 B2M

All duadensty foams are denoted by the capitd letter "A" and the single foam samples by "B".
The letter "R" denotes the impact occurring on the reverse sde, i.e the impact occurs on the
denser dde of the dud-dendty foam liners. The letter "M" represents the smdler dabthickness
(2.5 cm) of the foam liners.



Table 3.1: Outline of Foam Samples Tested.

No. of Foam Manufacturers Approx. Average Tet
Samples Type quoted Densities Thickness Mass
tested (kg/m 3) (cm) (9
(name)
1 dud 70730 35-40 55.4 1
(A1) (sd=6.9)
9 dud 7 70730 35-40 87.3 1
(A1) backing (sd=45)
13 dud 75130 35-40 61.2 2
(A2) (d=12)
8 dudl/ 75/30 35-40 134.1 2
(A2) backing (sd=5.8)
11 dud 75130 35-40 61.9 2
(A2R) (sd=11)
8 dua/ 75130 3540 130 2
(A2R) backing (sd=29)
10 ad 75125 35-40 64.0 3
(A3 (sd=04)
8 dudl/ 75125 35-40 147.0 3
(A3) backing (sd=11.1)
10 ad 75130 35-40 62.8 3
(A4) (d=02)
8 dudl/ 75130 35-40 149.6 3
(A4) backing (sd=34)
11 sngle 70 35-40 67.9 1
(81 (sd=21)
9 snglel 70 35-40 96.1 1
(B1) backing (sd=1.2)
1 single 75 35-40 70.1 2
(B2 PE (sd=02)
8 snglel 75 35-42 143.0 2
(B2) backing PE (sd=4.2)
10 sngle 75 35-40 70.0 3
(B3) PE (sd=0.7)
8 sngle/ 75 35-40 126.8 3
(B3) backing PE (sd=118)
3 dua 75130 25-30 58.0 3
(A2M) (sd= 02)
1 dudl/ 75/30 25-30 94.1 3
(A2M) backing
3 sngle 75 25-30 69.8 3
(B2M) (d=01)
1 snglel 75 25-30 98.4 3
(B2M) backing
Theletter R indicat esthe samples weretested in reverse.
The letter M indicates the modified samples were thinner than the majority of foam

samples.

Theletter PE indicatesthe sampleswere post expanded.
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40 DISCUSSION
Thistopic isdivided into four sections related to the measurements of:

() crushing,

(i)  timeduration,

(iii)  pesk decderation, and
(iv)  cracking.

Each section displays tables for Tests 1, 2 and 3 for different impacting surfaces and different
environment conditions. The gray shading in eech table indicades where the newly designed
foam samples performed as wdll as or better than the single density foam samples.

4.1 Crushing

The crosssectiond maximum crushed thickness of the foamdab and the dlipticashaped
depression of the foam caused by the impacting Mg-headform represent the crushing of the foam
sample.

41.1 Cross-Sectional Maximum Crushed Thickness of Foam Samples from Various
Drop Heights.

The amount of crushing of foam samples with new desgn (dud-density) and current design
(dngle-dengty) a various drop heights (m) is shown in Table 4.1 and Figure 4.1 (& b and c).
The tests were carried out in an environment at ambient temperaiure and used a flat sted anvil as
the impacting surface.

Table4.1: Crushing of Foam Samplesat Various Drop Heights.

Foam Sample Crushing (mm) at Drop Heights (ambient, flat anvil)
Density (kg/m®) 0.50m 1.00 m 1.50m *1.83m
Al

70/30 56 74 8.4 136
Bl

70 20 5.2 7.6 119
A2

7530 46 6.4 7.3 11.3
AR

7530 4.6 5.9 7.5 10.6
B2

& 35 4.8 6.3 125
A3

7525 58 7.0 9.3 16.7
A4

75/30 58 7.9 8.9 16.4
B3

& 5.2 6.0 8.0 16.0

* Double Impact occursat 1.83m
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Under impacts from the Mg-headform from drop heights of 0.5m to 1.83m, the duakdendty
foam samples crushed better than the harder and giffer single-density foam liners (Figure 4.1a, b
and ©).

The average increase in the cross-sectiond crushing is 1.5 mm. This equates to a mean increase
of 4.3% crushing of the foam liner dab-thickness for bicycde hemets (from 05 to 1.5m drop
height).

The firg-impact crushing measurement, & a drop height of 1.83m, was not recorded, as the
AudrdiayNZ Standard for motorcycles requires a double impact. Figure 4.1 diglays a
condderable increese in crushing for a drop heght of 1.83m following the double impact
dandard tes. The percentage increese in crushing, of the duad dendty foam, compared to the
sngle densty faam for a drop height of 1.83m is 4.6%. One exception occurs in Test 2 (Figure
4.1b), where higher crushing occurs for the sngle-dendty foam sample. These samples are
inconsstent because they were post-expanded with poorly fused beads of foam and generally dl
showed cracking through the dab thickness. Post expanded foam samples are generdly thicker
and the increase in crushing is due to the dendty of the foam being less than was intended. The
percentage of dab-crushing of the sngle-densty foam, calculaed from post extended dab-
thickness, is less than the percentage dab-crushing of the dud dengty liner (Appendix 5). This
implies that the dud-density foam crushed better than the post-expanded foam liners.

When the dud-dendty foam samples were reversed so0 that the Mgheadform impacted the
dens dde of the samples (A2R), the totd crushing was reasonably smilar to that of the dud-
dendty foam liner. This involved the Mgheadform colliding with the less dense sSde of the
foam liner (A2) (Figure 4.1b).

12



Figure4.1: Crushing of Foam Samplesat Various Drop Heights
(Flat Anvil Surfaceand Ambient Temperature)
(Double Impact occursat 1.83m)
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41.2 Cross-sectional Maximum Crushed Thickness from Impacting on VariousHard
Surfaces.

The results showing the amount of crushing of foam samples by dropping the magnesum
headform from various heights onto samples of foam podtioned on different impacting surfaces,
areshown in Table 4.2 (aand b) and Figure 4.2 (g, b and c).

Table 4.2a: Tests 1 and 3 results showing the amount of crushing for different samples of
foam on various impacting surfaces

Impacting Drop Height Crushing of foam Samples (mm)

Surface (m) Al Bl A3 A4 B3
Flat anvil 0.50 5.6 2.0 5.8 5.8 5.2
Flat 1.00 7.4 5.2 7.0 7.9 6.0
anvil

Flat 1.50 8.4 7.6 9.3 8.9 8.0
anvil

Bitumen 1.50 6.0 7.1 8.8 8.6 8.0
Concrete 1.50 8.1 7.7 9.0 9.0 7.0
Road base 1.50 55 44 65 6.7 6.3
Kerb channd 1.50 12.0 118 11.4
Flat anvil 1.83 13.6 124 16.7 16.4 16.0
Bitumen 1.83 8.2 9.0 12.8 124 11.2
Concrete 1.83 9.9 8.5 12.9 12.7 9.5
Road base 1.83 6.5 6.8 12.2 12.0 9.6
Kerb channd 1.83 12.4 13.0 10.7

The reaults from Tettl and Test3 (Table 4.2a, Figure 4.2a and ), generdly indicate that samples
of foam made of dua-densty crushed more than the samples of foam made of single-dengty for
various impacting (impacted) surfaces. The reason for the reverse effect for bitumen and the road
base, in tes 1, may be due to both surfaces absorbing some of the impact energy, however this
was not repeated in Test 3. The Test 1 bitumen and road base results are inconsi stent.

Table4.2b: Test 2 results showing theamount of crushing for different samples of foam on
variousimpacting surfaces.

Impacting Drop Height Crushing of foam Samples (mm)

surface (m) A2 AZR B2

Flat anvil 0.50 4.6 46 4.0
Flat anvil 1.00 6.4 59 49
Flat anvil 150 73 75 6.6
Bitumen 1.50 838 72 75
Concrete 150 85 73 75
Road base 1.50 6.1 64 4.2
Flat anvil 1.83 115 10.6 12.7
Bitumen 1.83 9.1 7.1 8.6
Concrete 1.83 83 70 84
Road base 1.83 7.3 59 7.8

For the results from Test 2 (Table 4.2b and Fgure 4.2b), it is obvious that dud-dendty samples
(A2) generdly crushed more than dngle-densty samples (B2) and generdly crushes better than
the reverse impacting of the dual-density foam samples (A2R).
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Figure4.2: Crushing of Foam Samples against Various Surfaces
(Ambient Temperature)
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The result obtained for road base is probably a little unrdiable as the initid compaction of the
road base materid may vary from tes to tes. This may explan the conflicting results indicated
in the two dud-density samples of A2 and A2R.

An interesting Stuation occurs for the duakdendty foam impacted on the reverse sde (A2R),
when impacted a a drop height of 1.83m on hard surfaces. The more dense side of the liners
crack when impacted by the Mgheadform, rather than deform inwards. This inhibits crushing

and rexults in lower crushing vdues than those obtained for the sngle-dengty foam samples
Under a drop height of 1.5m, the reversed dud-dendty liners behaved much like the sngle-

dengty foam liners, with very smilar crushing reaults.
4.1.3 Crushing Foam under Various Environmental Conditions

The impact results on foams which had been subject to varying environmenta conditions are
presented in Table 4.3 (a and b) and Figure 4.3 (a b and c). The results from Test 1 and 3,
presented n Table 4.3a and Figure 4.3 (a and c), demondrate that al conditioned foam samples
(i.e. ambient, cold, hot and wet) made of dud dendty foam crushed better than the samples made
of angle dengty foam.

Table 4.3(a): Crushing of Different Foam Samples Conditioned under Various
Environments, Tests 1 and 3.

Environmental Drop Height Crushing of foam Samples (mm)

Condition (m) Al Bl A3 A4 B3
Ambient 0.50 5.6 2.0 5.8 5.8 5.2
Ambient 1.00 7.4 5.2 7.0 7.9 6.0
Ambient 150 8.4 7.6 9.3 8.9 8.0
Cold 1.50 8.9 7.4 8.4 8.8 7.2
Hot 150 101 7.0 8.6 8.7 6.6
Wet 150 7.8 6.5 9.3 8.9 7.2
Ambient 183 13.6 124 16.7 16.4 16.0
Cold 183 12.3 114 158 157 143
Hot 183 13.6 12.7 164 16.6 133
Wet 1.83 13.3 12.3 175 16.7 153

Table 4.3(b): Crushing of Different Foam Samples Conditioned under Various
Environments, Test 2.

Environmental Drop Height Crushing of foam Samples (mm)

Condition (m) A2 AZR B2

Ambient 0.50 46 4.6 40
Ambient 1.00 6.4 5.9 49
Ambient 150 73 75 6.6
Cold 150 7.3 74 74
Hot 150 8.2 7.8 7.1
Wet 150 89 7.7 79
Ambient 183 11.5 10.6 12.7
Cold 183 11.9 9.7 135
Hot 183 128 114 134
Wet 1.83 123 10.8 131
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Generdly the results from Test 2, presented in Table 4.3b and Fgure 4.3b, display that the dud-
dengty foam liners (A2) crushed more than the same foam samples impacted on the reverse side
(A2R) under a drop height of 1.83m, when the foam samples were conditioned for cold,
ambient, hot and wet conditions However, the responses to impacting the dud-densty foam
liners, A2 and AZR, a the drop height of 1.5m are virtudly the same for cold, ambient and hot
temperatures. The wet dua-dendty foam (A2) showed dightly more crushing than A2R and B2.

As for impacting over various hard surfaces in Tet 2, the conditioned sngle-dendty foam
samples gave conflicting results in crushing. Few samples out-crushed the newly developed
dud-densty foam samples The sngle-densty foam samples were post-expanded during ther
production, being lighter, less dense than they should be (and less than the dngle dendty liners
from Test 1 and 3) and having a raised surface in the center of the sample. The densty of the
dnge-densty samples merged cdoser to the dengties of the dud-dendty foam samples. Also
under further ingpection, the foam beads within the sngle-densty foams did not fuse wel during
thelr production. Cracks did not occur through the beeds as they should have, but formed around
the beads demondrating poor qudity control during their manufacture.

Figure 4.3: Crushing Foam under Various Environmental Conditions
(Flat Anvil Surface)
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(c) Test3
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414  Elliptical-Shaped Impact Depression within Foam Samples caused by the Mg-
Headform.

The Mgheadform creasted an dlipticakshgpe impact depresson within the foam. Two
measurements were used to resolve the dimengions of this shape, i.e. the long and short axis. The
long axis was formed due to the Mg-headform rebounding Sdeways. The short axis did not show
this rebounding effect, and is therefore the more accurae reflection of the effects of the
dlipticdly formed depresson. When the rebounding did not move Sdeways the dliptica nature
of the depresson was near circular. In any dtuation, the short axis reflected the only true and
conggtent representation of the dimension of the impact depression.

Table 44 (a b, c and d) and Figure 4.4 (a, b and c) display the short axis of the depresson within
the foam sample and the drop height of the headform. As te drop height increases, the short axis
of the depresson in the foam dso increases. This is due to the increase of absorption of impact

energy.

The dud-dendty foams, in Tests 1, 2 and 3, have larger and deeper impact depressions than do
sngle-dengty foam liners. Figure 4.4 (a b and ¢), confirms a grester width of crushing and this
is conggent with the results obtained for crosssectional crush thickness. The duakdensty foam
samples give an average increese in short axis of 1 cm (~ 10%) more than the sngle-densty
foam liner. One sngle-dendty foam liner (Figure 448 shows a discrepancy a drop height
1.83m, which may be explained by the sample's post-expanded nature and cracking.

The two dua-dendgty foam samples, A3 and A4, follow roughly smilar dlipticd crushing as
their combined dual densities are very dose, i.e. 75/25 and 75/30 kg/n® (Figure 4.4¢).
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Table 4.4a: Test 1 and 3 results showing the width of crushing at short axis for different
samples of foam for different conditionsand various impacting surfaces(tested
to pedal cycle standard)

Impacting Drop Height Width of crushing at short axis (mm)

Surface/condition (m) Al Bl A3 A4 B3

Flat anvil/ambient 0.50 91 75 81 80 70
Flat anvil/ambient 1.00 103 90 90 94 86
Flat anvil/ambient 1.50 111 109 100 102 93
Flat anvil/cold 1.50 108 104 104 101 R
Flat anvil/hot 1.50 111 104 109 102 95
Flat anvil/wet 150 108 103 103 104 A
Bitumen/ambient 1.50 115 110 107 106 3
Concrete/ambient 1.50 128 106 103 106 A
Road bass/ambient 1.50 104 84 93 100 89
Car pillar/ambient 1.50 115 92 - - -
Kerb channd/ambient 1.50 - - 77 76 59

Table 4.4b: Test 1 and 3 results showing the width of crushing at short axis for different
samples of foam for different conditions and variousimpacting surfaces(tested
to motor cycle standard)

Impacting Drop Height Width of crushing at short axis (mm)

Surface/condition (m) Al B1 A3 A4 B3
Flat anvil/ambient 1.83 115 119 113 111 106
Flat anvil/cold 1.83 112 107 111 114 102
Flat anvil/hot 1.83 120 113 110 114 104
Flat anvil/wet 1.83 119 116 109 115 103
Bitumen/ambient 1.83 106 100 108 111 92
Concrete/ambient 1.83 112 102 104 107 95
Kerb channel/ambient 1.83 87 74 83 94 83
Road bassfambient 1.83 102 A 106 103 88

Table4.4c: Test 2 results showing the width of crushing at short axisfor different samples
of foam for different conditions and various impacting surfaces (tested to

bicycle standard)
Impacting Drop Height Width of crushing at short axis (mm)
Surface/condition (m) A2 A2R B2
Flat anvil/ambient 0.50 81 71 74
Flat anvil/ambient 1.00 96 83 87
Flat anvil/ambient 1.50 105 90 94
Flat anvil/cold 1.50 102 90 93
Flat anvil/hot 1.50 103 90 92
Flat anvil/wet 150 105 86 91
Bitumen/ambient 1.50 102 91 93
Concrete/ambient 1.50 103 91 90
Road base/ambient 1.50 103 80 85
Kerb 1.50 - - 63
channel/ambient
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Table4.4d: Test 2 results showing thewidth of crushing at short axisfor different samples
of foam br different conditions and various impacting surfaces (tested to
motor cycle standard)

Impacting Drop Height Width of crushing at short axis (mm)
Surface/condition (m) A2 A2R B2
Flat anvil/ambient 1.83 108 102 102
Flat anvil/cold 1.83 108 100 102
Flat anvil/hot 1.83 107 101 104
Flat anvil/wet 1.83 112 101 102
Bitumen/ambient 1.83 99 92 A
Concrete/ambient 1.83 104 93 A
Kerb 1.83 90 75 4
channel/ambient

Road bass/ambient 1.83 94 92 A

Figure4.4: Elliptical Depression and Drop Height
(Flat Anvil Surface and Ambient temperature)
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(c) Test3
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4.1.5 Findingsfor Crushing:

Samples of foam, from Test 1, with dua-densiies 70/30 kg/m* (A1) clearly showed more
crushing than samples with single density 70 kg/n® (B1).

Samples of foam, from Tegst 2, with dud dengties 75/30 kg/m3 (A2) and samples of foam
with same dud densty, but reversed (A2R) generdly crushed more than samples with
sngledensity 75 kg/n® (B2).

Samples of foam, from Test 2, with dud dendties 75/30 kg/n? (A2) showed roughly
smilar crushing to samples with same dua densties but reversed (A2R) for drop heights
of 1.5m, and cold to ambient temperatures,

Samples of foam, from Test 3, with dual-densties 75/30 kg/n® (A3) and 75/25 kg/nt
(A4) dearly showed more crushing than samples with single density 75 kg/n? (B3).

Samples of foam, from Test 3, of duakdensties 75/30 kg/n (A3) and 75/25 kg/nt® (A4)
have roughly smilar crushing properties for drop heightsof 1.5-1.83 m.

Hard surfaces of flat sted anvil, bitumen and concrete effect thickness crushing of foam
in gmilar ways, where as road base gives higher and varied results dependant upon its
compaction. Higher dill are kerb channding results as crushing occurs on both sdes of
the foam, i.e. crushing from the Mg-headform and metd kerb.

Generdly, cold (-5°C), ambient (18-2°C) and hot (5°C) samples exhibit similar
cushing effects, dthough hot and wet samples give dightly higher vaues of crushing.
This may be due to hot expanded air spaces and water giving further absorbent properties
to the foam, however these results are inconsstent and inconclusive,
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4.2 Impact-Time Duration (Deceleration Time)

The impacttime duration occurs when the headform decderates on collison with the foam
sample. During impact, the headform is decderated by the force transmitted from the anwil
aurface through the thickness of the foam. It is the crushing and arc-cracking of the foam with
the deflection of the carbon-keviar shel (for those samples with a backing), which determines
the decderation time and the required stopping distance of the headform upon impact.

Idedly, foam samples tha show an increese in crushing and less cracking will dso exhibit an
increase in the impact time duration (i.e the time of interaction), resulting in the reduction of the
impact force being trandated through the foam to the headform (i.e. cranium vault for a
motorcydigt and cydig). In other words, in a red crash dtuation, it is preferable that the force of
impact occurs over the longest possble time to improve the outcome of the motorcyclis and
cyclig. It is dedred that cracking does not occur, as this does not assig in the protection of the
human cranium.

421 Impact-Timeagainst Drop Height

From the results shown in Table 4.4 and Figure 4.5 (a b and ¢), it is clear that the samples with
dua densty foam (i.e Al, A2, A2R, A3 and A4) have a longer time duration than the samples
with single density foam (i.e. B1, B2 and B3). These results are in agreement with the results
given for crushing whereby an increase in crushing generdly indicates an increase in the time
duration.

In regard to the double impact from drop heights of 1.83m, it is dso important to note that the
time duration for the first drop is dways grester than the time duration for the second drop. This
is an indication that the foam crushes more on the first drop than the second drop and there is
less energy-absorption capacity after the first drop. The samples of A2 dso exhibit a greater time
duration than the samples of A2R, as the more dense sde of the dua-dendty foam samples are
less absorptive than the less dense sSde of the foam, and react much like the single-dendty foams
(B2).

Table4.4: Timeduration for foam samples at various drop heights (m).

Foam Sample/ Average Impact Time Duration (ms)

Density (kg/m®) 0.50m 1.00m 1.50m 1.83m
Al ¥ 92
70/30 11.0 10.7 9.8 2% 7.2
Bl ¥ 87
70 9.2 8.7 9.3 2" 7.4
A2 ¥ 93
75/30 10.0 10.7 11.0 2% 83
AZR ¥ 90
75/30 9.3 9.3 9.7 2% 80
B2 ¥ 90
I 87 9.7 9.0 2% 73
A3 ¥ 90
75/25 10.3 10.7 9.7 2¢ 80
A4 ¥ 90
75/30 10.7 10.0 9.7 2 83
B3 ¥ 87
7 97 10.0 9.7 2% 7.7
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As the drop height increases, generating more impact force, the closer the deceleration times of
the dud-densty foams merges to the decderdtion times of the single-dendty foams. Generdly,
the maximum improvement in impacttime with the duadendty foam samples, & a drop height
of 1.5m, is 20% better than the impact-time of the dngle-density foam liner. This trandates to
aoproximately an extra 20% impulse (or force) that can be gpplied to a dud densty liner
compared to that which a single-density liner can suffer. At a drop height of 1.83m, an increase
of over 5% occurs.

Figure4.5: Impact Time against Drop Height
(Ambient Temperature and Flat Anvil Surface)
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(c) Test3
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422 Impact-Timeinvolved with VariousHard Surfaces

Table 45(@ and Figure 4.6 refer to the results obtained by impacting samples of foam on a
variety of hard surfaces. Figure 4.6 cdearly demondrates thet the dud dendty foams give longer
impact-times than do dngle-density foams, when impacted on a variety of hard surfaces. Kerb
channdling causes bresking and dab-cracking of single density foam samples more often, and
these sometimes, especidly for grester drop heights such as 1.83m, result in higher decderation
times (eg. Tests 1 and 3).

Table4.5(a): Tests1 and 3 results showing thetimeduration for different samples of foam
on variousimpacting surfaces.

Impacting Drop Height Average Impact Time Duration of Foam Samples (ms)

Surface (m) Al Bl A3 A4 B3
Flat anvil 0.50 11.0 9.2 10.3 10.7 9.7
Flat 1.00 10.7 8.7 10.7 10.0 10.0
anvil

Flat 1.50 9.8 9.3 9.7 9.7 9.7
anvil

Bitumen 1.50 9.7 8.9 9.3 9.3 9.0
Concrete 1.50 9.7 8.9 9.0 9.0 8.7
Kerb Channd 1.50 17.5 145 11.7 133 10.3
Road base 1.50 11.2 10.9 10.0 10.0 9.3
Flat 1.83 1¥ 92 1¥ 87 ¥ 9.0 1¥ 90 1¥ 87
anvil 2" 72 2" 74 2" 8.0 2" 83 2" 77
Bitumen 1.83 9.7 9.0 9.3 9.3 9.3
Concrete 1.83 9.3 9.0 9.0 9.0 9.3
Kerb Channel 1.83 14.0 15.0 10.7 10.0 13.3
Road base 1.83 10.0 9.3 9.3 9.3 9.3
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Figure4.6: Impact Time against Various Impact Surfaces (Ambient Temperature)
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Table 4.5(b): Test 2 results showing the time duration for different samples of foam on
various impacting surfaces.

Impacting Drop Height Average Impact Time Duration of Foam Samples (ms)
surface (m) A2 AZR B2
Flat anvil 0.50 10.0 9.3 8.7
Flat anvil 1.00 10.7 93 9.7
Flat anvil 1.50 11.0 9.7 9.0
Bitumen 1.50 97 93 9.0
Concrete 1.50 93 9.7 9.3
Kerb Channd 150 13.0 12.0 12.0
Road base 1.50 110 117 10.7
Flat anvil 1.83 1 9.3 ¥ 9.0 1~ 9.0
2™ 83 2™ 80 2™ 73
Bitumen 1.83 9.3 9.0 9.0
Concrete 183 90 90 9.0
Kerb Channel 1.83 11.3 117 10.3
Road base 1.83 10.0 9.7 9.7

Dual-densty foam samples results (Figure 4.6b) indicate that foams, A2, generdly have a greater
impact-time than impacts on the reverse dde (A2R), however, both of these generdly have
longer impact-time duraion then that of the dngle-densty foam samples (B2). The sngle-
dendty foams, in Tex 2, being post-expanded with unfused beads and raised surface,
demondrate inconsgent results giving longer, equa or dightly less decderation times than
times obtained for dud-dengty foam liners.

Had surfaces, condging of flaa sed anvil, concrete and hitumen, give reasonably consgtent
equa impacttimes over drop heights of 1.5m and 1.83m (Figure 4.6). The road base dlows
some varying compaction, and kerb channding results in the foam to be crushed on both ddes of
the foam (i.e. one surface by the Mgheadform and the opposite surface by the meta kerb)
resulting in greater impact-times.

4.2.3 Impact-Time under Different Environmental Conditions

Table 4.6a and Figure 47 (3 b and ¢), of Tests 1, 2 and 3, generdly illustrate that the duak
dendty foam samples exhibit smilar or dightly longer impacttimes than do sngle-density foam
liners. The different environmentd conditions generate little effect on impact times. Warmer
foams exhibit expanded ar pockets, which may assst absorption of impact energy. Colder foam
exhibits properties of more dense foams. Water in wet foam-voids aso assgs absorption of
impact forces. However, these differences in conditions are not dways reflected by impact-
times.

The reaults for the time duration obtained from test 2 are summarized in Table 4.6b and Fgure
4.7b. Both samples A2 and A2R were made of the same dud densities and A2R samples were
impacted in the reverse podtion on the densxr Sde of the foam. The results indicate that A2
samples generdly have grester time duration than A2R, and both dud dendgties foam samples
generdly have longer time duration than the sngle dengity foam samples of B2.
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Table4.6 (a): Tests1and 3resultsshowingthetimeduration for different samplesof foam
conditioned under various environments.

Environment Drop Height Average TimeDuration of Foam Samples(ms)
Condition (m) Al B1 A3 A4 B3
Ambient 0.50 11.0 9.2 10.3 10.7 97
Ambient 1.00 10.7 87 10.7 10.0 10.0
Ambient 1.50 9.8 9.3 9.7 9.7 9.7
Cold 150 10.0 87 9.0 9.0 9.0
Hot 1.50 95 9.0 9.3 9.3 9.3
Wet 1.50 9.3 9.0 9.0 9.0 9.0
Ambient 1.83 1% 92 1% 87 1% 90 1% 90 1% 87
o 7.2 oM 7.4 2" 80 2 83 oM 7.7
Cold 1.83 1¥ 89 1T 85 1¥ 87 ¥ 90 1% 87
2 74 oM 77 2" 77 2" 80 oM 7.7
Hot 1.83 1% 90 ¥ 90 1¥ 9.0 1¥ 93 1¥ 93
2™ 75 2™ 85 2" 83 2" 83 o g7
Wet 1.83 ¥ 89 ¥ 89 1¥ 93 1¥ 90 ¥ 93
ond 7.7 2 79 2 80 2nd 80 2nd 83

Table 4.6 (b): Test 2 results showing the time duration for different samples of foam
conditioned under variousenvironments.

Environment Drop Height Average Time Duration of Foam Samples (ms)
Condition (m) A2 AZR B2
Ambient 0.50 10.0 93 87
Ambient 1.00 10.7 93 9.7
Ambient 150 11.0 9.7 90
Cold 1.50 93 90 90
Hot 1.50 93 93 93
Wet 1.50 93 90 90
Ambient 1.83 1% 93 1% 90 1% 90
2" 83 2" 80 2 73
Cold 1.83 ¥ 87 ¥ 90 ¥ 93
oM 77 oM 77 2 83
Hot 183 ¥ 93 ¥ 93 ¥ 93
2" 80 2" 80 2™ 87
Wet 183 ¥ 93 ¥ 93 ¥ 90
2" 80 2" 83 2™ 80
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Figure4.7: Impact Timeunder Varying Environmental Conditions (Flat Anvil Surface)
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4.2.4 Findingsfor Impact-Time

Samples of foam, from Test 1, with dud denstties 70/30 kg/n (A1) clearly had a longer
time duration than samples with single densgity 70 kg/m3 (BL).

Samples of foam, from Test 2, with dud densities 75/30 kg/n® (A2) and samples of foam
with same dud densties 75/30kg/m® but reversed (A2R) generdly had a longer time
duration than sampleswith single density 75 kg/n? (B2).

Samples of foam, from Test 3, with dud densties 75/25 kgin® (A3) and 75/30 kg/nt
(A4) generaly had longer time duration than samples with single density 75 kg/m? (B3).

Samples of foam with dud densties 75/30 kg/nT (A2) generally had longer time duration
than samples with same dua densities but reversed (A2R).

Hard surfaces, such as flat sted anvil, bitumen and concrete, have ressonably smilar
impact-times for the same drop height, whereas road base gives higher results Even
higher results are obtained for kerb channding impect-times, due to more crushing on
both sides of the foam, i.e. crushing from the Mg-headform and metd kerb.

Generdly, cold (-5°C) foam samples result in sightly lower impacttimes than ambient
temperatures (18-25°C) for the same drop height. Hot (50°C) and wet samples give
dightly higher results for adrop height of 1.83m.

Colder foams generdly exhibit more dense-like properties.

Hot and wet foam samples exhibit more energy absorbing properties for a drop height of
1.83m.

4.3 Impact Energy Attenuation (Peak Deceleration, g-force)

The pesk decderation is the pesk gforce impated to the Mgheadform by different foam
samples pogtioned on vaious impacting surfaces. For each impact, the pesk decderdion is
measured in g-units and must not exceed the peak decderaion as st by the Audrdian Standards
for both motorcycle and pedd cycle hdmets The maximum acceptable gforce, for both
motorcyde and bicyde hdmets, is 300g. The limit of uncertainty is given as +/- 15g. In this
research, dud and sngle dendty fla-foam samples did not exceed the required g-force, and were
well under it.

4.3.1 Impact Energy Attenuation caused by Various Drop Heights

As the drop height increases so does the gforce imparted to the Mg-headform (Table 4.7 and
Figures 4.8 a b and ¢). The duadensity foam samples, from Test 1, with the combined dendty
of 7030 kgm® (Al samples) generaly demonstrated lower pesk decelerations a drop heights
from 05m to 15m (teted to bicycde dandards) than sngle-dendgty foam samples (Table 4.8a).
This is not reflected in Test 2 and 3, where varied and conflicting results were obtained for the
same drop heights (Table 4.8 a and ¢). This was adso the case for dl Tests a a drop height of
1.83m (the test for motorcycle standards). Refer to Table 4.8 (b and d).

As daed previoudy, Tex 2 and 3 dngle-dendty foams were post-expanded, foam samples B2
more than B3. Ths created a Stuation where the average densties of the new foam liner and the
sngle densty foams are too cose for pesk decderation to be a diginguisheble parameter. For a
drop height of 1.83m, it was dready noted that the crushing of the two types of foams were

29



merging closer together, due to the effects of the hard unyidding Mgheadform. The pesk
decderations of the sngle and dud densty foams merged doser together, as is demondrated in
Figures 4.8 (a, b and c). This higher impact produces acompressed-denser foam of harder and
differ properties, which is evident in the second impact, where pesk decderations were much
higher, yet Hill conforming to the Audrdia/NZ Standards, i.e < 300g's The average densty of
dud-dengty foams in Teg 1 are much lower than those in Tests 2 and 3. Therefore the range of
average dengties between the duakdendty foam samples and sngle-density foams from Test 1,
were greater than those in Test 2 and 3, which enabled the pesk decderation to be distinguished.

Another reason for the varied pesk deceeration between the two foam samples is that the new
configuration within the dud-densty foam liner only extended hdfway within the foam
thickness It is suggested thet if the low-dendty configuration was extended to the full dab-
thickness of the foam, it would produce lower average duakdensity foam and therefore lower the
pesk decderation compared to the currently used foam liner.

Table 4.7: Impact Energy Attenuation under Various Drop Heights (Ambient Temper ature)

Foam Sample Peak Deceleration (g-force) at Drop Heights (ambient, flat anvil)
Density (kg/m3) 0.50 m 1.00m 1.50m 1.83m
Al

7030 81 155 1% 206
Bl

70 103 162 175 203
A2

7530 78 108 135 205
A2R

7530 92 133 158 184
B2

s 98 124 168 188
A3

7525 9 119 175 204
A4

7530 oY) 143 178 202
B3

s 104 115 161 202

Figure 4.8: Impact Energy Attenuation against Drop Height (Flat Anvil Surface and
Ambient Temperature)
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432 Impact Energy Attenuation against Hard Surfaces

Table 48 (3 b, ¢ and d) and its rdated Figure 49 (a b and c) display pesk decderation from
impacted foam, which were placed on various hard surfaces. Overdl, hard surfaces such as flat
ded awil, concrete and bitumen result in roughly smilar gforces, when the Mg-headform is
dropped from dmilar heghts In Test 1, bitumen compresses dightly more under impact by the
headform compared to the unyidding characteritics of the ded anwil and concrete, as is

demongrated by its dightly lower pesk decderation. However, Tet 2 and 3 give conflicting
results.
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At a drop heght of 1.83m, for Tests 2 and 3, dud-dendty foam samples yidd greater g-forces
than sngle-dengty foams In Test 1, these are generdly reversed for drop heights of 1.5m, but
smilar for drop height of 1.83m.

Table 4.8a: Test 1 and 3 results showing the peak deceleration for different samples of
foam for different conditions and various impacting surfaces, (tested to

bicycle standard).

Impacting Drop Height Peak Deceleration of foam Samples (g for ce)
Surface/condition (m) Al Bl A3 A4 B3
Flat anvil/ambient 0.50 81 103 96 94 104
Flat anvil/ambient 1.00 155 162 119 143 115
Flat anvil/ambient 1.50 194 175 175 178 161
Flat anvil/cold 1.50 149 199 184 184 166
Flat anvil/hot 1.50 180 166 175 173 152
Flat anvil/wet 1.50 173 181 180 179 156
Bitumen/ambient 1.50 160 179 180 179 177
Concr ete/ambient 1.50 165 176 182 182 166
Road base/ambient 1.50 124 127 141 151 155
Car pillar/ambient 1.50 9B 106 - - N
Kerb channel/ambient 1.50 - - 110 111 115

Table 48b: Test 1 and 3 results showing the peak deceleration for different samples of
foam for different conditions and various impacting surfaces, (tested to
motor cycle standard)

Impacting Drop Height Peak Deceleration of foam Samples (g force)
Surface/condition (m) Al Bl A3 A4 B3
Flat anvil/ambient 1.83 1¥206 15203 15204 15202 1202
2"286 2274 2"265 2"265 2"9265
Flat anvil/cold 1.83 15219 15215 15217 15215 15203
2"295 2"977 2"281 2"278 2266
Flat anvil/hot 1.83 15206 15193 15203 15200 19163
2nd285 2n219 2"266 2nd258 214216
Flat anvil/wet 1.83 1%216 15200 19201 1%201 1169
2"285 2245 2"957 2M259 2205
Bitumen/ambient 1.83 184 199 204 204 185
Concr ete/lambient 1.83 203 199 204 200 182
K erb channel/ambient 1.83 116 103 141 167 122
Road base/ambient 1.83 169 187 188 187 169

Table4.8c: Test 2 results showing the peak deceleration for different samples of foam for
different conditions and various impacting surfaces, (tested to bicycle standard)

Impacting Drop Height Peak Deceleration of foam samples (g force)
Surface/condition (m) A2 A2R B2
Flat anvil/ambient 0.50 78 92 98
Flat anvil/ambient 1.00 108 133 124
Flat anvil/ambient 1.50 135 158 168
Flat anvil/cold 1.50 191 171 168
Flat anvil/hot 1.50 174 153 161
Flat anvil/wet 1.50 182 163 172
Bitumen/ambient 1.50 177 169 171
Concr ete/ambient 1.50 185 174 168
Road base/ambient 1.50 128 114 139
Kerb 1.50 96 119 104
channel/ambient
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Table4.8d: Test 2 results showing the peak deceleration for different samples of foam for
different conditions and various impacting surfaces, (tested to motorcycle

standard)
Impacting Drop Height Peak Deceleration of foam samples (g force)
Surface/condition (m) A2 A2R B2
Flat anvil/ambient 1.83 14205 17184 1°188
29268 2252 2243
Flat anvil/cold 1.83 17220 17208 19181
29269 2250 29221
Flat anvil/hot 1.83 17201 19189 19167
2253 2245 214220
Flat anvil/wet 1.83 15206 15190 15191
2255 29236 2237
Bitumen/ambient 1.83 205 191 189
Concr ete/ambient 1.83 206 191 174
Kerb 1.83 151 137 144
channel/ambient
Road base/ambient 1.83 175 176 159

Figure 4.9: Impact Energy Attenuation under Impact against Hard Surfaces (Ambient
Temperature)
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433 Impact Energy Attenuation under a Variety of Environmental Conditions

Generdly, pesk decderaion decreases dightly over an incresse in temperature from -5°C to
50°C, (Figure 4.9 a, b and ¢). Under cold temperatures, based on gforce results and for the same
drop height, the foam exhibits a more dense foam behavior than do warmer foams. Wet foams

have smilar gforces as dry foams at ambient temperatures.

Figure 4.10: Impact Energy Attenuation under a Variety of Environmental Conditions
(Flat Anvil Surface)
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434 Findingsof Impact Energy Attenuation

All g-forces were within the requirements of the Augrdia/NZ Standards, i.e. being below
300g0's.

Samples of foam, from Test 1 with dud densties 70/30 kgint® (A1) clearly showed lower
peak decel erations than samples with harder single density 70 kg/n (B1).

Tet 2 and 3 gave vaied pek decderaions due to pod-expanded sngle-dendty foam
samples.

Teds of impact on foams, for a drop height of 1.83m, result genegrdly in higher g-forces than
do those at lower drop heights.

The second impact, of the double impact test a 1.83m, aways generate higher g-forces than
the first impact, indicating an dready compressed/crushed and hence a more dense-like foam.

Hard flat surfaces result in roughly smilar g-forces.

Road base and kerb channding give lower vaues of gforces, and bitumen displays a dight
compresson under impact.

Generdly, the g-forces decrease dightly over an increase in temperature from -5°C to 50°C.

Wet foams have smilar gforcesto that of dry foams a ambient temperature.
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4.4 Cracking of foam under impact

As dready dated, the amount of cracking exhibited by the samples of foam determines the time
duration and the amount of force absorbed and imparted to the headform. In an impact Stuation
involving a motorcyde or bicyde hdmet, cracking through the thickness of the foam liner (dab-
cracking) is undesrable as it renders the foam liner of the hdmet usdess in its ability to further
absorb an impact force. As a result the foam is unade to digtribute the foca impact over a larger
area and to decderate the blow at the point of impact.

The results in the Appendices, demondrate that for al three teds, the sngle dendty foam
produced sgnificantly more dab-cracking than the newly desgned dud densty foam especidly
when impacted from a drop height of 1.83 m.

The mgority of cracking displayed by samples was in the shape of an ac outlining the spherica
headform on impact. Arc-cracking has minima effect, as it is pat of the crushing process.
However, cracks devedoping patly or fully through the thickness of the foam-dab renders it
usdless in crushing and absorbing impact forces. Sab-cracking of foam samples generdly
occured for dngle-dendty foam a generdly higher drqp heights, wheress arc-cracking
generdly occurred for both single and dud densty foam samples a drop heights of 1.83m. The
most severe kind of dab-cracking occurred when samples of foam of both types (i.e single and
dua density) were placed on a kerb channd and impected from heights of 1.5 m and 1.83 m.
However, less of thistype of cracking occurred for dua-dengty foams.

4.4.1 Findingson Cracking

Samples of foam with single densities (70 kg/m® B1, and 75 kg/nT, B2 and B3) tested to
the Audtrdian Standard for motorcycle and bicycle hdmets dl showed sgnificantly more
dabcracking than samples of foam with dud densties (70/30 kgin, Al, 75/25 kg/nT,
A3, and 75/30 kg/nT, A2, A2R and A4).

45 Supplementary Tests

Two supplementary tests were carried out to assess the performance of the newly designed foam
samples againg the sSingle dengity foam samples.

4.5.1 Foam Sampleswithout Shell Backing I mpacted at Drop Height of 1.83m.

The fird test involved dropping the headform from a height of 1.83m onto samples of foam
7530 kg/n? (A2 and A2R) and 75 kg/nt (B2) without carbon/keviar fibre backings applied. The
results for thistest are shown in Table 4.9.

Table 4.9: Results from samples of foam without backing impacted from a height of 1.83m.

Samples Pesk Average % Crushing Width Width Cracking
Type Decder Time o o o

<tion Duration Liner Crushing Crushing

At Long At Short
AXis Axis

(g force) (ms) (mm) (mm) (tidk)
A2 T 204 £ 385 120 109 _
75/30 kg/m® 29249 77 dightarc
A2R 17183 90 26.1 98 a1 K4
75/30 kg/m® 2 Not tested dightarc
B2 1% 178 90 335 96 94 v
75 kgm® 29 233 ? 112 102 arc
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The results from Table 4.9 display that the foam sample of dud density (A2) crushed more than
the sample with dngle dendty (385% compared to 335%) and the dlipticakshaped impact
depresson within the dud dengty foam sample was grester then that for the sngle dengty foam
sample after two impacts. The sample that was impacted on the reverse sde i.e. A2R showed
less percent crushing and dlipticakshgped impact depresson when compared with samples A2
and B2, This result was due to impacting the more dense sde of the foam, which responds
smilaly to the single density foam. All three samples gave the same average time duration for
the firgt impact and were dl less than the required 300g-force. It is important to note that the dud

dengty foam with no protective backing to hep to spread the impact load is gill more effective
in absorbing an impact force from a greater height than the single dengity foam.

4.5.2 Foam Samples with Reduced Thickness Impacted at Various Drop Heights.

The second test involved reducing the thickness of the samples tested. This test involved
dropping the headform from heights of 0.5m, 1.0m, 1.5m and 1.83m onto samples of foam 75/35
kgm® (A2M, modified) and 75 kgt (B2M, modified) positioned on a flat stedd anvil (Table
4.10).

Table 4.10: Results from samples of foam with reduced thicknessimpacted at various heights.

Sample Drop Heght Peak Average Time Crushing of Cracking
Density Decderdion Duration Liner
(m) (ms) (tick)
(kg/n’) (g force) (mm)
75925 05 105 10.3 6.1
75 05 0 9.7 5.3
7525 10 156 9.3 7.9
75 10 144 9.0 7.1
7525 15 19 9.0 9.6
75 15 177 9.0 8.8
7525 183 1% 216 1% 9.0 155
29323 2977 ac
75 183 1% 200 1% 9.0 145
29072 %77 ac

Table 410 dealy shows that the dud dendty foam samples with a reduced thickness exhibit
grester crushing and time durdtion than the sdngle dendty foam of smilar thickness especidly
from lower drop heights. At a drop height of grester than 1.0m, the average time duration and
cushing is smilar. The second impact for the dud dersity exceeded the dandard pesk
decderation requirement of 300g's, which indicates the foam sample has been crushed to a
thickness where mogt of the energy is being trandaed to the Mgheadform, and would not be
suitable for motorcycle helmets.
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4.6 Summary of Discussion

The diffness and hardness of current hemet liners have been a consequence of the need to
satisfy the gringent performance requirements contained in the Audrdia/NZ Standards. For
Hemets to be cetified to the Audrdian/NZ Standards, they must meet the requirements by
passng two performance tedts, the energy attenuation test and the penetration test. Both tests
require the use of a solid Mg-headform, which represents only the shape of the human head.

This <olidrigd headform is capable of crushing hardgiff foam lines in hdmets and
manufacturers have had to provide highdensty liners to pass the impact dtenuation and
peneiration tests. In a worse case scenario, manufacturers have used 90 kg/nt polystyrene foam
with a thickness of gpproximatdy 1.5cm to pass the tedt. In collisons the human head is
incapable of bending or compressing the foam and this is true for foam liners of 50 kg/n? used in
Corner et. al. (1987) ressarch. The "unyidding characteridics' of the Mgheadform is "quite
ingopropriate’ and "rather artificid” as asmulation of the human cranium (Corner et. al., 1987).

Mills and Gilchrig (1991), in their research into the effectiveness of foam liners in bicycde and
motorcycle hemets, reported that "lower dendty foams can be used only if the impact test
dandards are rewritten with less emphasis on impacts with convex and pointed objects’. Corner
et. al. (1987) daes tha the atenuation and penetration tests with the Mg-headform fail to test
protective-hemetsin redidtic crash Stuations.

In summary, the unyidding characteridic of the Mg-headform, used in both AudrdiaVNZ
Standards for motorcycle and bicycle helmets, easily crushes and compresses the currently used
hard-diff dngle-dendty foam liners.  This would not be the case for impacts involving the
human head. Corner et. al. (1987) showed, tha when the Mg-headform was replaced by a
humanoid headform (eg. the Wayne Stae Universty, Hodgson headform) in impacttedting of
helmets, little crushing and damage occurred to the hardfoam liners in hemets desgned to the
Audrdia/NZ Standards. The Hodgson headform does not generate the same leve of cracking
and crushing as the Mg-headform for diff liners, but smilar pesk decderations can occur
because of flexing or inbending of the humanoid heedform (illustrated in Figure 4.11).

From previous experimenta work (Corner et. al., 1987), the indications are that the current
hedmet liners are too hard and giff, and a foam liner of lower dendty should be used. The
indication is that the newly designed, duadendgity foam liners will respond more favourably than
the sngle densty foam liner, in a crash Stuation, by producing more crushing and less cracking,
thereby preventing flexing or inbending of the heed.

The Audrdia/NZ Standards for bicycle hdmets do not condder the difference in the eadtic
deformetion of a child's head. It is more deformable than adults skulls. Previous research has
indicated that a childs skull is more deformable than an adult's with very little difference by the
age of 15 years (Mohan, Bowman, Snyder and Foust 1979). Corner et. al. (1987) caried out a
series of bending tests on samples of adult's and children's skulls and found that the child's skull
has a far greater flexibility, a reduced bending strength, and is far less protective of the brain than
the adult skull. It is apparent thet the foam liners currently used in children's hemets should be
manufactured and tested differently from those for adult's hedmets with the emphass on lower
dengty foam liners and improved shock absorption.

The newly developed duatdendty liners provide an additiond 5% for dab-thickness crushing

and an increae of up to 20% deformation time, under AudrdiaVNZ Standards testing. This
provides a ggnificant improvement in the protection offered by currently used helmets.
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Figure4.11

(@ TheAustralian/New Zealand Standard Impact Test for Motor cycle and Bicycle Helmets
(Magnesium Headform).

/ Magnesium Headform \

Foam Sample

“ ~

~--7 Impacting ~ -

[ | / SJI’fE;’(E \ [ — |

(i) Single dengity foam (i.e. current hard foam) shows: (i) Dud dendity foam (i.e. newly designed foam)
with the low density configuration extended to half
crushing the thickness of liner shows:
cracking
pesk decderation (< 300g's) - greater crushing
- lesscracking
greater impact time duration
varied pesk decdleration (< 300g's)

(b)  TheAustralian Standard Impact Test (Humanoid Headform)

/ Humanoid Heedform \ :

TN

/ Impacting Surface \ ~__-

(i) Research by Corner et d showed that single density (i) Proposed dua density foam (i.e. newly designed
foam (i.e. current hard foam) causes: foam) with the low dengity configuration extended to
includethewhole thickness of thefoam liner, is
deformation/inbending of humanoid headform expected to show:
similar pesk decderation to (i) above (<300 )
gs more crushing
less cracking

greater impact time duration

no deformation/inbending of humanoid
headform

peak deceleration (<300 g's) and lower than

39 for (i) above.



5.0 CONCLUSION

The purpose of this research was to verify that the newly developed dud-dengty foam liners will
absorb an impact force more effectively than the currently used hard single-density helmet liners.
To achieve this an innovative engineered tool and a new processing procedure to manufacture
flat samples of dua-dengty polystyrene foam-liners were devel oped.

The newly desgned liner is comprised of a low-dendty foam embedded within a high-dengty
foam in a unique configuration to haf the foam thickness This contrasts with the currently used
hdmet liners which incorporates only sngle high-densty foam. The new dud-dengty foam
liners, being less 4iff and lighter in mass, dso passed the dringent requirements of the
AudrdiaVyNZ Standards for motorcycles and bicycks. Both types of foam samples gave
readings for the pesk decderation below the required 300g's. For Test 1, the dua-density foam
samples resulted in lower pesk decderations than for single-density foams. Tests 2 and 3 gave

vaied results. These results were manly caused by the pos-expanson of sngle-densty foams
from Tests2 and 3.

The dualdengty liners demondrated improved shock-absorbing abilities The andyds of each
teds clearly showed tha the newly desgned foam samples outperformed the snge-densty foam
linersby:

5% more dab-crushing;

10% extra dliptical shaped depression within the foam;

gregter impact time duration (20%); and

generdly less dab cracking, than the current designed foam samples.

The results suggest that hemets incorporaing the newly-designed shock-absorbing foam liner
will absorb impact forces and energy and spread blows from the point of impact more effectively
than the hard liners currently used in motorcycle and bicycle hdmets. The new liners, being less
dase and lighter, will dso reduce rotaiond accderation (Corner et. al, 1987). The
improvement in crushing, time duraion and cracking is expected to trandate into red crash
gtuations. Accordingly the use of the dud dendty liner will result in a reduction in the number
of heed injuries and fatdities. The cogt to the community will so be reduced.



6.0

RECOMMENDATIONS

Extend the configuration of the low-dengty foam to incdlude the whole thickness of the
foam liner.

Use densitiesin the range of 60-65/20-30kg/m® for the newly designed dua density liner.
Conduct a series of tests involving a humanoid headform impacting samples of flat foam

with new desgn to determine which dde of the foam is more effective in asorbing an
impact force.

Deveop prototypes for both motorcycdle and bicycde hemets incorporating the shock
absorbing liner with new design and tet both hdmets to the gppropriste Audrdian
Sandard.

Tedt both prototype helmets usng a humanoid headform with various impacting surfaces
to obtain redidtic crash results

Devdop a specid protective hdmet for children incorporating the shock aosorbing liner
with the new design.

Deveop a new Audrdia/NZ Standard for testing the new child's protective helmet
usng a headform with similar physica properties of a child's cranium.

High qudity control in the manufacturing of the dud dendty foam is absolutdy
imperdive in maintaining consstent dengties.
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APPENDICIES
APPENDIX 1: RESULTS FROM TEST 1

Table 1: Resultsfor foam type AL

Samples | Impact Environ Drop Peek Aveaage | Thickness | Thickness | Crushing | Width Width Cracking
No. Quface -ment Heght Decder Time Before At Base O o Of

-aion Duration | Crushing o Liner Crushing | Crushing
Mass Crushing AtLong | At Short

Axis Axis

(9) (m) (g force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Flat Anvil Ambient 0.5
4348 81 11.0 345 28.9 5.6 9.1 85
2 Flat Anvil Ambient 1.0
6113 155 10.7 346 27.2 7.4 10.3 9.1
3 Flat Anvil Ambient 15 '4
5044 194 9.8 346 26.2 8.4 11.1 10.2 dight arc
4 FaAnvil | Cold 15 4
4656 149 10.0 347 25.8 8.9 10.8 105 dight arc
5 Flat Anvil Hot 15 4
6000 180 9.5 35.1 25.0 10.1 11.1 10.7 dight arc
6 Flat Anvil Wet 15 7
5047 173 9.3 348 27.0 7.8 10.8 10.4 dight arc
7 Bitumen Ambient 15 4
5891 160 9.7 36.7 30.7 6.0 11.5 10.6 dight arc
8 Concrete Ambient 15 4
5908 165 9.7 376 29.5 8.1 12.8 99 ac
9 Car Ambient 15 4
4559 Allar 98 17.5 344 25.3 9.1 11.5 7.9
10 Road Base Ambient 15
6058 Sail 124 11.2 355 30.0 55 10.4 9.3
n Fla Anvil | Ambient 183 1= v

206 9.2 ac
%33 2nd

286 7.2 358 222 13.6 12.7 115
12 Flat Anvil Cold 1.83 1 4

219 8.9 ac
8835 2nd

295 7.4 352 229 12.3 12.6 1.2
3 Flat Anvil Hot 1.83 1 v

206 9.0 ac
A 2nd

285 75 35.2 21.6 13.6 12.8 12.0
14 Flat Anvil Wet 1.83 1% 4

216 8.9 ac
8974 2nd

285 7.7 35.2 21.9 13.3 12.1 11.9
15 Bitumen Ambient 1.83 v
8858 184 9.7 375 29.3 8.2 11.3 10.6 dight arc
16 Concrete Ambient 1.83 4
84.28 203 9.3 354 25.5 9.9 12.0 11.2 ac
17 Kab Ambient 183 v
7638 Chand 116 14.0 35.0 28.9 61 11.2 8.7
18 RoadBase | Ambient 183
8956 Sail 169 10.0 356 291 6.5 11.3 10.2
*19 Flat Anvil Ambient 183 1 "4

188 9.0 ac
86.72 2nd

244 7.7 356 23.1 12,5 10.9 10.7
*20 Flat Anvil Ambient 15 "4
4935 159 9.9 344 255 8.9 10.4 10.2 ac




Table 2: Results for foam type B1.

Reversed impacting surface

Mass of headform = 3402 g
Mass of headform + assembly = 5109 g

Samples | Impact Environ Drop Peek Aveaage | Thickness | Thickness | Crushing | Width Width Cracking
No./ Quface -ment Heght Decder Time Before At Base O o Of
Mass -aion Duretion | Crushing o Liner Crushing | Crushing
Crushing AtlLong | At Short
Axis Axis

() (m) (g forcd) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Hat Anvil Ambient 0.5
7130 103 9.2 344 324 2.0 7.5 6.7
2 Flat Anvil Ambient 1.0 v
7110 162 8.7 343 20.1 5.2 9.0 83 dight arc
3 Flat Anvil Ambient 15 v
6530 175 9.3 344 26.8 7.6 10.9 9.2 dight arc
4 Fat Anvil Cold 15
6761 199 8.7 343 26.9 7.4 10.4 9.0
5 Flat Anvil Hot 15
66.75 166 9.0 342 27.2 7.0 10.4 94
6 FlaAnvil | Wet 15 v
7012 181 9.0 343 27.8 6.5 10.3 9.2 dight arc
7 Bitumen Ambient 15 v
6800 179 8.9 343 27.2 7.1 11.0 95 dightarc
8 Concrete Ambient 15 4
66.00 176 8.9 343 26.6 77 10.6 9.1 dight arc
9 Keb Ambient 15
6513 Chand 106 14.5 343 277 6.6 9.2 6.9
10 RoadBae | Ambient 15
6800 Soil 127 10.9 343 29.9 4.4 8.4 84
n Flat Anvil Ambient 1.83 15 4

203 8.7 ac

2nd
9668 274 74 35.1 227 12.4 11.9 11.9
12 Flat Anvil Cold 1.83 1% 4

215 85 ac

2nd
9400 277 7.7 35.1 23.7 11.4 10.7 10.7
13 Flat Anvil Hot 1.83 1% 4

193 9.0 ac

2nd
9722 219 85 35.1 22.4 12.7 12.3 11.3
14 Flat Anvil Wet 1.83 1% 4

200 8.9 ac

2nd
93.14 245 7.9 350 22.7 12.3 11.7 11.6
15 Bitumen Ambiat 1.83 v
%2 199 9.0 35.1 26.1 9.0 11.1 10.0 dight arc
16 Concrete Ambient 1.83 4
9569 199 9.0 352 26.7 85 10.9 10.2 ac
17 Keb Ambient 1.83
9528 Chand 103 15.0 352 31.2 4.0 9.4 74
18 Road Base Ambient 183
%643 Soil 187 9.3 353 28.5 6.8 10.3 94
*19 Flat Anvil Ambient 183 1% v
90.00 198 8.9 ac

2nd

238 7.9 354 234 12.0 11.4 11.1
*20 Flat Anvil Ambient 15 4
6500 178 9.0 343 26.5 7.8 10.4 95 dight arc




APPENDIX 2:

Table 1: Resultsfor foam type A2.

RESULTS FROM TEST 2

Samples | Impact Environ Drop Peek Aveaage | Thickness | Thickness | Crushing | Width Width Cracking
No./ Quface -ment Heght Decder Time Before At Base (0 o Of
Mass -aion Duretion | Crushing o Liner Crushing | Crushing
Crushing At Short At Long
Axis Axis
(C) (m) (9 force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Hat Anvil Ambient 0.5
5860 78 10.0 42.04 3744 4.60 8.1 80
PE
2 Hat Anvil Ambient 10
5962 108 10.7 42,08 3565 6.43 9.6 85
PE
3 Flat Anvil Ambient 15
59.83 135 11.0 42.80 3554 7.26 10.5 9.7
PE
4 Flat Anvil Cold 15
6155 191 9.3 34.36 27.02 734 10.2 9.8
5 Hat Anvil Hot 15
61.59 174 9.3 3543 2721 822 10.3 10.1
6 Hat Anvil Wet 15
6167 182 9.3 35.36 2647 889 10.5 9.7
7 Bitumen Ambient 15
61.91 177 9.7 34.45 25.65 8.80 10.2 10.1
8 Concrete Ambient 15
6198 185 9.3 36.48 27.96 852 10.3 9.6
9 Keb Ambient 15 v right
62.24 Channd 96 13.0 through
10 Road Base Ambient 15 v op
6204 Soil 128 11.0 34.34 2820 6.14 10.3 9.0 sde
n Flat Anvil Ambient 183 1 4
205 9.3 dight
13211 2nd 36.60 2507 11.53 11.8 10.8
268 8.3
12 Flat Anvil Cold 183 1 v
220 8.7 dight
132.46 2nd 36.63 24.69 1194 10.9 10.8
269 7.7
13 FHat Anvil Hot 183 1 4
201 9.3 dight
1394 2nd 36.63 2383 12.80 12.1 10.7
253 8.0
14 Flat Anvil Wet 183 1 v
206 9.3 dight
12147 2nd 36.52 24.18 1234 12.0 11.2
255 8.0
15 Bitumen Ambient 183
13544 205 9.3 36.81 27.72 9.09 11.0 9.9
16 Concrete Ambient 183
14173 206 9.0 36.96 2867 829 114 104
7 Kab Ambient 183 v
136.76 | Chand 151 11.3 37.27 2927 8.00 10.4 9.0 avae
18 Road Bese Ambient 183
13317 | Sail 175 10.0 36.84 2053 7.31 10.5 94
*19 Flat Anvil Ambient 1.83 1 4
No 204 9.0 dight




62.70 backing 2nd 34.28 21.07 13.21 12.0 10.9
249 7.7
*20 Flat Anvil Hot 15 v
61.70 174 9.3 38.90 PE | 2816 10.74 10.6 10.0 dight
*21 Flat Anvil Wet 15
61.79 180 9.3 34.38 25.85 853 10.4 9.9
* gpare/repeats
PE = post expanded
Table 2: Results for foam type A2R (reversed).
Samples | Impact Environ Drop Pesk Average | Thickness | Thickness | Crushing | Width Width Cracking
No./ Suface -ment Heght Decder Time Before At Base O o Of
Mass -aion Duration | Crushing o Liner Crushing | Crushing
Crushing AtLong | At Short
Axis AXxis
@ (m) (g force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Hat Anvil Ambient 0.5
60.47 92 9.3 37.58 33.01 457 8.2 71
PE
2 Flat Anvil Ambient 1.0
60.51 133 9.3 34.07 28.18 5.89 8.3 8.3
3 Flat Anvil Ambient 15
60.73 158 9.7 39.15 3167 7.48 9.2 9.0
PE
4 Flat Anvil Cold 15
60.74 171 9.0 3550 2810 7.40 9.9 9.0
5 Flat Anvil Hot 15 4
62.87 153 9.3 34.26 2645 7.81 9.3 9.0
6 Flat Anvil Wet 15
62.94 163 9.0 34.03 26.32 7.71 9.2 86
7 Bitumen Ambient 15
62.79 169 9.3 34.26 2711 7.15 9.1 9.1
8 Concrete Ambient 15
62.79 174 9.7 34.46 2712 7.34 9.6 9.1
9 Keb Ambient 15
62.27 Channd 119 12.0
10 RoadBase | Ambient 15 v
62.54 Sail 114 11.7 3447 28.08 6.39 8.9 8.0 opp. side
11 Flat Anvil Ambient 1.83 1
184 9.0
13255 2nd 37.28 26.73 1055 10.9 10.2
252 8.0
12 Flat Anvil Cold 183 1
208 9.0
13152 2nd 36.96 2731 9.65 10.6 10.0
250 7.7
13 Flat Anvil Hot 1.83 1
189 9.3
12967 2nd 36.90 2547 11.43 11.4 10.1
245 8.0
14 Flat Anvil Wet 1.83 1%
190 9.3
131.35 2nd 36.68 25.90 10.78 10.9 10.1
236 83
15 Bitumen Ambient 183
12577 191 9.0 36.61 2950 711 9.4 9.2
16 Concrete Ambient 183
13051 191 9.0 36.90 2091 6.99 9.9 9.3
17 Kab Ambient 1.83
136.16 Chand 137 11.7 3844 PE | 2927 917 9.0 75
18 Road Base Ambient 183
12808 Sail 176 9.7 37.79 PE | 3194 5.85 9.5 9.2
*19 Flat Anvil Ambient 1.83 1% 4
63.12 No 183 9.0 3455 2554 9.01 9.8 9.1
backing 2nd
NT




* gparelrepedts
PE = post expanded

Table 3: Result for foam type B2

Samples | Impact Environ Drop Pesk Aveage | Thickness | Thickness | Crushing | Width Width Cracking
No./ Suface -ment Heght Decder Time Bdore At Base O o Of
Mass -aion Duration | Crushing o Liner Crushing | Crushing
Crushing AtLong | At Short
Axis Axis

(9 (m) (g force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Flat Anvil Ambient 0.5
7006 98 8.7 39.79 PE | 3630 349 7.4 74
2 AatAnvil | Ambient 1.0 4
7007 124 9.7 40.79 PE | 3597 482 8.9 87 dight arc
3 Flat Anvil Ambient 15 4
7008 168 9.0 38.16 PE | 3182 6.34 9.4 94 dight arc
4 FlaAnvil | Cold 15 4
69.80 168 9.0 3884 PE | 3215 6.69 9.8 93 dight arc
5 Flat Anvil Hot 15 4
6988 161 9.3 38.83 PE | 3182 7.01 9.6 9.2 dight arc
6 Flat Anvil Wet 15 4
6994 172 9.0 38.06 PE | 3067 7.39 9.3 91 dight arc
7 Bitumen Ambient | 1.5 v
7023 171 9.0 38.15 PE | 31.20 6.5 9.4 93 dight arc
8 Concrete Ambient 15 4
7023 168 9.3 3890 PE | 3205 6.85 9.4 90 dight arc
9 Kab Ambient 15 v
7039 Channd 104 12.0 PE 9.5 6.3 through
10 Road Base Ambient 15
7039 Soil 139 10.7 3845 PE | 3434 411 8.8 85
1 Flat Anvil Ambient 1.83 1 4

188 9.0 ac
14987 2nd 4239 PE | 2093 1246 11.0 10.2

243 7.3
12 Flat Anvil Cold 1.83 1 4

181 9.3 ac
137.36 2nd 4253 2068 12.85 11.1 10.2

221 8.3 PE
13 Flat Anvil Hot 1.83 1= v

167 9.3 ac
14176 2nd 4256 PE | 2093 12.63 11.4 10.4

220 8.7
14 Flat Anvil Wet 1.83 1% v

191 9.0 dight arc
14202 ond 4166 PE | 2877 12.89 11.0 10.2

237 8.0
15 Bitumen Ambient 183 v
141.78 189 9.0 41.60 PE | 3332 8.28 10.0 94 dight arc
16 Concrete Ambient 1.83 4
144.44 174 9.0 4345 PE | 349 8.49 10.0 94 ac
17 Kab Ambient 183 4
13810 | Chand 144 10.3 41.95 PE | 3468 7.27 9.4 8.4 dight arc
18 RoadBae | Ambient 1.83 4
14880 | ail 159 9.7 4349 PE | 3610 7.39 9.8 94 ac
*19 Flat Anvil Ambient 1.83 1 "4

No 178 9.0 9.6 94 ac

7050 backing 2nd 38.88 PE | 2586 1302

233 ? 11.2 10.2

a7




* gparelrepedts
PE = post expanded

APPENDIX 3: RESULTS FROM TEST 3

Table 1. Resultsfor foam type A3.

Samples | Impact Environ Drop Pesk Time Thickness | Thickness | Crushing | Width Width Cracking
No./ Suface -ment Heght Decder Duration Bdore At Base O o Of
Mass -aion Crushing o Liner Crushing | Crushing
Crushing At Short At Long
Axis Axis
(C) (m) (g forcd) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Flat Anvil Ambient 05
63.10 95.7 10.3 344 28.6 5.8 81 81
2 Hat Anvil Ambient 1.0 PE
6365 119.0 10.7 38.8 31.8 7.0 97 90 v
dight arc

3 Flat Anvil Ambient 15
63.85 174.8 9.7 34.6 25.3 9.3 107 100
4 Flat Anvil Cold 15
6387 183.7 9.0 344 26.0 8.4 107 104
5 Flat Anvil Hot 15
63.96 174.9 9.3 34.2 25.6 8.6 107 104
6 Flat Anvil Wet 15
6404 180.2 9.0 345 25.2 9.3 105 108
7 Bitumen Ambient 15
64.21 178.9 9.3 34.3 25.5 8.8 107 107
8 Concrete Ambient 15
6447 181.8 9.0 344 25.4 9.0 108 108
9 Keb Ambient 15
6450 Channd 110.3 11.7 34.8 22.8 12.0 112 77 v
10 Road Base Ambient 15
6454 Sail 140.6 10.0 34.6 28.1 6.5 98 93
n Flat Anvil Ambient 183 1% 204.4 9.0

375 20.8 16.7 120 13 v
6455 292646 | 8.0 dight arc
© Flat Anvil Cold 183 1% 206.7 8.7

375 21.7 15.8 124 m v
64.70 2M2g81.2 | 7.7 dight arc
13 Flat Anvil Hot 183 1% 2030 9.0

376 21.2 16.4 128 110 v
64.75 2" 265.6 8.3 dight arc
14 Hat Anvil Wet 183 18t 201.3 9.3

378 20.3 17.5 122 109 v
64.85 22571 | 8.0 dight arc
15 Bitumen Ambient 183

204.4 9.3 376 24.8 12.8 108 108 v
64.89 dight arc
16 Concrete Ambient 183
203.6 9.0 376 24.7 12.9 113 104 v

65.38 dight arc
17 Keb Ambient 183
65.39 Channd 140.6 10.7 36.3 23.9 12.4 107 88 v
18 Road Base Ambient 183
6550 Sail 187.7 9.3 37.7 25.5 12.2 106 106
*19




*20

Table 2: Results for foam type A4.

Samples | Impact Environ Drop Peek Time Thickness | Thickness | Crushing | Width Width Cracking
No./ Quface -ment Heght Decder Duration Before At Base O o Of
Mass -aion Crushing o Liner Crushing | Crushing
Crushing AtShot | At Long
Axis Axis

() (m) (9 force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Flat Anvil Ambient 0.5
6245 94.2 10.7 345 28.7 5.8 87 80
2 Flat Anvil Ambient 1.0
6253 142.6 10.0 34.6 26.7 7.9 101 94
3 Flat Anvil Ambient 15
6258 177.6 9.7 344 25.5 8.9 102 102
4 Flat Anvil Cold 15
62.68 183.6 9.0 345 25.7 8.8 102 101
5 Flat Anvil Hot 15
62.73 173.2 9.3 344 25.7 8.7 106 102
6 Flat Anvil Wet 15
62.75 179.4 9.0 34.3 25.4 8.9 104 104
7 Bitumen Ambient 15
62.90 179.1 9.3 34.3 25.7 8.6 103 106
8 Concrete Ambient 15
6311 182.2 9.0 344 25.4 9.0 106 106
9 Keb Ambient 15
6314 Channdl 110.5 13.3 344 22.6 11.8 110 76 v
10 Road Bese Ambient 15
6316 Sail 150.8 10.0 34.6 27.9 6.7 100 100
n Hat Anvil Ambient 183 18t 2017 9.0

379 215 16.4 124 m v
6327 22645 | 83 ac
12 Hat Anvil Cold 183 18 2153 9.0

376 21.9 15.7 122 114 v
6339 242797 | 80 ac
13 Flat Anvil Hot 183 1% 199.8 9.3

374 20.8 16.6 129 114 v
6341 242383 | 83 ac
14 Flat Anvil Wet 183 1% 200.6 9.0

375 20.8 16.7 122 115 v
6346 242587 | 8.0 ac
15 Bitumen Ambient 183
6348 203.7 9.3 373 24.9 12.4 111 m v

dight arc

16 Concrete Ambient 183
6364 199.6 9.0 374 24.7 12.7 115 107
17 Keb Ambient 1.83 4
6371 Channel 168.5 10.0 38.2 25.2 13.0 108 94
18 Road Base Ambient 183
6339 Sail 187.0 9.3 37.7 25.7 12.0 108 103
*19
*20
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Table 3: Results for foam type B3.

Samples | Impact Environ Drop Pegk Time Thickness | Thickness | Crushing | Width Width Cracking
No./ Quface -ment Heght Decder Duration Before At Base O o Of
Mass -aion Crushing o Liner Crushing | Crushing
Crushing At Short At Long
Axis Axis
(9) (m) (g force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Flat Anvil Ambient 0.5
103.7 9.7 34.6 29.4 52 7 70
68.75
2 Hat Anvil Ambient 1.0 PE
114.6 100 388 32.8 6.0 89 86 v
69.08 dight arc
3 Flat Anvil Ambient 15 Sight PE
161.0 9.7 370 29.0 8.0 98 93 v
6942 dight arc
4 Hat Anvil Cold 15 Sight PE
165.7 9.0 374 30.2 7.2 95 92 v
69.84 dight arc
5 FlaAnvil | Hot 15 PE
151.7 9.3 369 30.3 6.6 95 95 v
7015 dight arc
6 Flat Anvil Wet 15 Sight PE
7034 156.0 9.0 376 30.4 7.2 9 %4 v
dight arc
7 Bitumen Ambient 15
177.3 9.0 350 27.0 8.0 98 93
7049
8 Concrete Ambient 15 Sight PE
165.9 8.7 359 28.9 7.0 94 94 v
7050 dight arc
9 Kab Ambient 15
Channd 1149 10.3 344 33.0 114 108 59 v
7062
10 Road Base Ambient 15
Soil 154.8 9.3 36.0 29.7 6.3 94 89
70.68
1 Hat Anvil Ambient 183 18 2023 8.7
380 22.0 16.0 115 106 v
157.65 242646 | 7.7 ac
12 Flat Anvil Cold 183 1% 203.0 8.7
383 24.0 14.3 114 102 v
122.88 274 266.1 7.7 ac
13 Flat Anvil Hot 183 1% 163.0 9.3 Slight PE
393 26.0 13.3 112 14
12552 292164 | 87 v
ac
14 Flat Anvil Wet 183 1% 169.2 9.3
400 247 15.3 110 1 v
12360 242245 | 83 Svgeac
15 Bitumen Ambient 183 Sight PE
184.6 9.3 39.0 27.8 11.2 96 92 v
119.96 dight arc
16 Concrete Ambient 183 Sight PE
182.4 9.3 377 28.2 9.5 % %5 v
121.65 ac
17 Kab Ambient 1.83 Slight PE
11888 | Chenndl 1217 133 338 28.1 10.7 % 83 v
vagedc
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1B Road Base | Ambient 183 Sight PE
Sail 169.0 9.3 39.0 29.4 9.6 96 88 v
124.45 ac
*19
*20
PE = post expanded
APPENDIX 4: RESULTS FROM SUPPLEMENTARY TEST.
Table 1. Results for foam type A2(M).
Samples | Impact Environ Drop Peek Time Thickness | Thickness | Crushing | Width Width Cracking
No../ Suface -ment Heght Decder Duration Before At Base O o Of
Mass -aion Crushing o Liner Crushing | Crushing
Crushing AtShot | At Long
Axis Axis
() (m) (g force) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Fat Anvil Ambient 0.5 105.1 10.3 255 19.4 6.1 80 80
57.89
2 Flat Anvil Ambient 1.0 156.4 9.3 245 16.6 7.9 99 93
5811
3 Hat Anvil Ambient 15 196.3 9.0 253 15.7 9.6 108 100
5813
4 Flat Anvil Ambient 183 1% 2164 9.0
272 11.7 155 123 105 v
A.05 2143225 7.7 ac
Table 2: Results for foam type B2(M).
Samples | Impact Environ Drop Peek Time Thickness | Thickness | Crushing | Width Width Cracking
No./ Quface -ment Heght Decder Duration Before At Base O o Of
Mass -aion Crushing o Liner Crushing | Crushing
Crushing AtShot | At Long
Axis Axis
(9 (m) (g forcg) (ms) (mm) (mm) (mm) (mm) (mm) (tick)
1 Fat Anvil Ambient 0.5 99.3 9.7 271 21.8 53 73 69
69.71
2 Fat Anvil Ambient 1.0 143.9 9.0 272 20.1 71 89 82
69.81
3 Fat Anvil Ambient 15 1774 9.0 272 18.4 8.8 97 91
69.91
4 Fat Anvil Ambient 183 1% 2003 9.0
282 13.7 145 113 9 v
9340 214 272.0 7.7 ac
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APPENDIX 5: PERCENTAGE INCREASE/DECREASE IN CRUSHING

Table 1: Percentage increase/decrease in crushing for test 1 and test 3.

Samples| Impact Environ Drop
No. Surface -ment Height PERCENTAGE CRUSHING
Test 1 Test 3
Al B1 Al % A3 Al B3 A3 % Ad%
(70/3%) (70 Increasy/ (75/30 (75125 (75 Increase/ Increase
(m) kgm) kgm®) | deesse | kgm®) | kgm®) | kgm') | deveae |/
decrease
1 Hat Anvil Ambient 05 16.2 58 +104 16.9 16.8 15.0 +1.9 +18
2 Ha Anvil Ambient 10 21.4 15.2 +6.2 18.0 228 155 +25 +73
3 Ha Anvil Ambient 15 24.3 22.1 +22 26.9 259 21.6 +5.3 +43
4 Hat Anvil Cold 15 25.6 21.6 +4.0 24.4 255 19.3 +5.1 +6.2
5 Ha Anvil Hot 15 28.8 20.5 +83 251 253 179 +7.2 +74
6 Hat Anvil Wet 15 224 19.0 +34 27.0 259 19.1 +7.9 +6.8
7 Bitumen Ambient 15 16.3 20.7 -4.4 25.7 251 229 +28 +22
8 Concrete Ambient 15 215 224 -0.9 26.2 262 195 +6.7 +67
9 Keb Ambent 15 26.5 19.2 +73 345 343 331 +1.4 +12
Channd
10 Road Base Ambient 15 155 12.8 +27 18.8 194 175 +13 +19
Sail
11 Ha Anvil Ambient 183 38.0 35.3 +27 44.5 433 421 +24 +12
12 Ha Anvil Cold 183 34.9 325 +24 421 418 37.3 +4.8 +45
13 Ha Anvil Hot 183 38.6 36.2 +24 43.6 44.4 338 +9.8 +10.6
14 Ha Anvil Wet 183 37.8 35.1 +27 46.3 445 38.3 +8.0 +6.2
15 Bitumen Ambient 183 21.9 25.6 -3.7 34.0 332 28.7 +5.3 +45
16 Concrete Ambient 183 28.0 24.1 +39 343 339 252 +9.1 +87
17 Keb Ambient 183 174 114 +6.0 34.2 34.0 27.6 +6.6 +64
Channd
18 Road Base Ambient 183 18.2 19.3 -11 324 318 24.6 +7.8 +72
Soil
*19 Ha Anvil Ambient 183 35.1 33.9 +1.2
*20 Ha Anvil Ambient 15 25.9 22.7 +32
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Table 2: Percentage increase/decrease in crushing for test 2.

Samples| Impact Environ Drop
No. Surface -ment Height PERCENTAGE CRUSHING
Test 2
(m) A2 AZR B2 A2 % AR %
(75/30 (75/30 (75 Increase/ Increasy
kgm?) kg/im) kgm®) | decresse | decresse

1 Hat Anvil Ambient 05 109 12.2 8.8 +21 +34
2 Hat Anvil Ambient 1.0 153 17.3 11.8 +35 +55
3 Hat Anvil Ambient 15 170 19.1 16.6 +0.4 +25
4 Hat Anvil Cald 15 214 20.8 17.2 + 4.2 +3.6
5 Hat Anvil Hot 15 232 22.8 18.0 +5.2 +48
6 Hat Anvil Wet 15 251 2.7 19.4 +57 +33
7 Bitumen Ambient 15 255 20.9 18.2 +73 +27
8 Concrete Ambient 15 234 21.3 17.6 +5.8 +37
9 Keb Ambient 15

Channel
10 Road Base Ambient 15 17.9 185 10.7 +7.2 +7.8

Soil
11 Hat Anvil Ambient 183 315 28.3 29.4 +2.1 -11
12 Hat Anvil Cold 1.83 326 261 30.2 +24 -4.1
13 Hat Anvil Hot 183 349 30.9 29.7 +5.2 +12
14 Hat Anvil Wet 183 338 294 30.9 +29 -15
15 Bitumen Ambient 183 24.7 194 19.4 +4.8 -0.4
16 Concrete Ambient 183 24 189 19.5 +29 -0.6
17 Keb Ambient 183 215 239 17.3 +4.2 + 6.6

Channd
18 Road Base Ambient 183 19.8 155 17.0 +28 -15

Soil
*19 Hat Anvil Ambient/ 183 385 26.1 335 +5.0 -7.4

No
backing

*20 Soare/

repest
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Table 3: Average percentage increase in crushing for foam samples tested.

Drop Al A2 A2R A3 A4
Height
(m) (%) (%) (%) (%) (%)
05 tol5 +39 +4.6 +4.1 +4.2 +4.6
183 +19 +3.4 -14 +6.7 +6.2
Table 4: Maximum percentage increase/decrease in crushing for foam samples tested.
Drop Al A2 A2ZR A3 A4
Height
(m) (%) (%) (%) (%) (%)
05 to 15 +10.4 +7.3 +5.5 +7.9 +7.4
183 +6.0 +5.2 +6.6 +9.8 +10.6




