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ABSTRACT 

With respect to shock absorption, current motorcycle (crash) helmets are usually being developed 
towards one criterion only, specified in a regulation. From more basic research, however, various 
criteria are known to relate to head protection. This paper discusses the relationships between 
design parameters and helmet pertormance according to several criteria, on the basis of defined 
impact tests on a set of (approved) crash helmets. Main attention is given to outer and inner shell 
material properties. 

The test set-up of ECE Regulation 22 (-03), is used to assess testhead and anvil responses in 
frontal (forehead) impact. From these responses helmet behaviour is deterrnined, showing typically 
different deformation modes between fiber reinforced plastic (FRP) shelled helmets and 
polycarbonate (PC) shelled helmets. Energy absorption of FRP shelled helmets is predominantly 
caused by deformation of the inner (foam) shell ''from the inside" and the load distribution is deter
mined by the compatibility of inner shell dimensions and headforrn shape. PC shelled helmets pre
dominantly show deforrnation "from the outside" and load distribution is deterrnined by the geometry 
of the object hit as well as the load distribution capacity of inner shell material. FRP shelled helmets 
show higher maximum load and rate of onset while force distribution and time duration of the impact 
are more favorable compared to PC shelled helmets The total energy absorbed by helmet deforma
tion is quite similar for all helmets tested. 

INTRODUCTION 

Effectlveness of Motorcycle Heimets 
In practice, helmets have proven their effectiveness. Accident studies have shown that in a direct 
impact a head injury risk reduction can be achieved from ca. 35 % up to over 90 % (various authors 
in [1 ,2]1). Differences in the reported reduction rates primarily relate to differences in methodologies 
but also to different injury severities, types of accidents and impact velocities. These figures never
theless indicate the effectiveness of motorcycle helmets especially with regard to severe head 
injuries leading to fatalities. The effectiveness of helmets is primarily due to a reduction of the head 
injury risk through their shock absorption capacity. 

Minimum requirements for shock absorption are specified in helmet standards, usually in terms of 
maximum acceleration (with or without a time limit) of a headforrn or the maximum force acting on 
this headform. Heimet manufacturers primarily optimize their products to these minimum require
ments since shock absorption is the primary function of a helmet. Standards also address other 
safety aspects but these will not be discussed here. In a critical evaluation of the use of the Wayne 
State Tolerance Curve (WSTC), the Severity Index (SI) and the Head lnjury Criterion (HIC), 
Newman identifies 5 general phenomena being associated with the probability of head injuries in 
direct head impacts [3]: 
- the (kinetic) energy involved in the impact, 
- the maximum load experienced by the head, 
- the local pressure on the skull, 
- the rate of onset of loading, and 
- the time duration of the impact. 
Requirements in heim et standards should ref lect these phenomena in order to eff ectively reduce the 
risk of head injuries. Heimet optimization to shock absorption should thus be more than optimizing 
towards one criterion only. 

1 . The numbers between brackets designate the references at the end of this paper. 
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Objectlve ot thls Study 
This study is perfonned mainly to indicate how characteristics of the outer and inner shell of a 
helmet relate to the helmet's performance in standard impact tests. This study only addressess the 
shock absorption characteristics of helmets. A secondary objective is the qualitative evaluation of 
various proposed and accepted (linear) criteria for head protection, based on the experiments per
formed in this study. The results of this study therefore contribute to further optimization of helmet 
design and to discussions on criteria for helmet standards. This paper does, however, not address 
the fundamental relationship between head injury risk and head protection criteria. lt is also not the 
intent of this paper to propose alternative requirements for helmet Standards but to discuss crash 
helmet effectiveness on the basis of various head/helmet responses. 

HELMET DESIGN PARAMETERS 

Heimet Constructlon 
Roughly, a motorcycle or crash helmet consists of 3 main parts: the outer shell, the inner shell (also 
known as liner) and the retention system. Apart from these main parts, usually helmets are also 
provided with a comfort padding and a visor. The function of the retention system is to assure that 
the helmet will stay on the head during an impact. During the actual impact, however, the retention 
system plays only a minor role. Furthermore, the comfort padding does not (significantly) contribute 
to impact absorption. Some standards also include safety requirements for visors but these will not 
be considered here because these requirements only address impacts to the visor itself. With 
respect to shock absorption, only two main parts of the helmet significantly contribute to head pro
tection: the outer and inner shell. 

Usually the outer shell of a motorcycle helmet is made of a tough plastic, sometimes reinforced 
using glass or carbon fibers. Of course reinforcement of the plastic outer shell will affect its dynamic 
behaviour under impact. Differences between helmets with non-reinforced and reinforced outer 
shells are studied in the current test programme (see also "samples" under "test programme"). The 
only geometrical parameter of the outer shell considered in this study is its thickness since the 
helmets used show quite similar shape near the location of impact. 

Most helmets currently on the market and all helmets included in this test programme incorporate 
expanded polystyrene (EPS) inner shells. This material comes in various blends and densities. 
Because the type of blend is not always known and the �ensity of the inner shell material is con
sidered to be of greater importance with respect to impact absorption, only the effect of density is 
studied here. Again only the thickness of the inner shell is studied as geometrical parameter. 

Pertonnance Crlterla and Optlmlzatlon of Heimet Design 
With respect to the five phenomena mentioned in the introduction, current helmet standards actually 
only address reduction of the maximum load experienced by the head. Some standards do include 
a form of time dependency but this merely forces the shape of the response-time curve not to 
exceed certain maximum values. Different parameters are used for evaluating helmets, depending 
on the type of test method [3, 4, 5) but also different pass-fail criteria are found for a specific type of 
test method. The differences in criteria cannot be explained from fundamental biomechanics (e.g. 
differences in populations at risk) but seem to be associated with different discussions within stan
dardization platfonns as well as the discussions on head injury tolerances to impact. More import
ant, perhaps, is the fact that all helmet standards only address linear head response. In  this study, 
helmet performance is only related to the linear response of the headform. 

The test method used here is the "guided free fall" system according to ECE Regulation 22 [6] 
(further referred to as "R.22"). For shock absorption, R.22 requires that the resultant acceleration of 
the headform does not exceed 300 g (g = 9.81 m/s2) and that the time duration for which the result
ant acceleration exceeds 1 50 g does not exceed 5 ms. 
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Besides a direct comparison of the maximum acceleration response of the headform, head injury 
criteria are known that require processing of the acceleration. The two criteria of this type most 
commonly used are the Severity Index (SI) and the Head lnjury Criterion (HIC). Both these criteria 
have been determined for the tests conducted in this programme. Other criteria based on displace
ments of masses of lumped parameter models (such as the Effective Displacement Index, Maxi
mum Strain Criterion, etc.) using the acceleration response of the head as input, are not established 
in the current programme, mainly because these models lack extensive validation and little experi
ence exists in using these models for helmet evaluations. 

Skull fractures can almost entirely be prevented provided the load is distributed over a sufficiently 
large area [7, 8 ,  9]. Aldman has specified a minimum area of 1 3  cm2 to prevent depressed skull 
fractures and proposes a test method to replace the current resistance-to-penetration test (1 O]. Also 
the shock absorption capacity is determined by the load distribution of a helmet. The test method 
developed by Aldman, however, only considers a small area of the headform (1 cm2) to measure 
reaction force and thus focusses on material properties rather than the complete helmet design. 
Until now, no well established test method or criterion has been developed to evaluate the load 
distribution of helmets and this aspect will therefore only be discussed qualitatively in this study . . 

Newman has studied the influence of time duration, as incorporated in several criteria, for helmet 
evaluation (1 1 ] .  Three different ways time is accounted for in failure criteria are discussed: the total 
time duration of a certain average acceleration, a limit to the time during which the acceleration 
exceeds a certain value and failure criteria which are based on a functional relationship between 
acceleration and time. Newman concludes that the significance of the shape of the acceleration 
response is not known unambiguously from various head injury models (or criteria) but that these 
models all indicate that for a given time duration, head injury risk increases with average or peak 
acceleration. In the current test programme several criteria are assessed to study their sensitivity to 
time dependency of the acceleration response of the headform for different types of helmets. 

TEST PROGRAMME 

Test Set-Up 
The experimental set-up used in this study is based on the test described in ECE Regulation 22, 
including the 03 series of amendments (further referred to as "R.22") being the guided free fall test. 
All adaptions made to this test set-up enable the assessment of various parameters but do not 
change the procedure for testing according to R.22. All helmets are tested at point B (forehead) 
using the flat steel anvil under ambient conditions. The specific test set-up is shown in Figure 1 .  

Test Samples 
Details of the helmets included in the test programme are given in Table 1 .  In total 1 9  approved 
crash helmets of the integral type are tested. Each helmet is given a unique code according to its 
type and number, e.g. C2 corresponds to the second helmet of type C. 

lncluded in the test programme are 5 different helmet types having a fiber reinforced plastic (FRP) 
outer shell (types A, B, C, E and M) and 3 different helmet types having a polycarbonate (PC) outer 
shell (types G, H and K). All helmets included in the test programme have expanded polystyrene 
(EPS) inner shells. The inner shell thickness varies between 33 and 36 mm only; the inner shell 
density varies between 34 and 51 gram/I with the higher densities combined with PC outer shells, 
except for helmets type M. Outer and inner shell thickness as well as inner shell density are spec
ified in Table 1 .  These measurements are all taken at impact point B (according to R.22) from hel
mets not previously subjected to impact and having the same approval number as other helmets of 
the same type. 
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Flgure 1: 

(3-)wire guidance 
helmet 

Schematlc representatlon ot the test set-up. 

The he lmets sizes are 
measured prior to impact and, 
although the marking some
times indicated otherwise, all 
helmets are of size 60 to 61 
cm ("large"). The test mass 
specified in Table 1 is the 
measured sum of the instru
mented headform mass and 
helmet mass. 

Table 1:  Spec/flcatlons of the helmets used In the test pro
gramme. 

Helm Test Mass Outer Shell Outer Shell Inner Shell Inner Shell Inner Shell 
No. (kg) Material Thickness Material Thickness Density 

(mm) (mm) (gram/I) 

A1 7. 1 74 FRP 4.5 EPS 35 34 
A2 7.080 FRP 4.1 EPS 35 34 
A4 7.169 FRP 3.3 EPS 35 34 

............... . . ...... ... ............. ........................ ........................ ........................ ························ ........................ 

82 7.093 FRP 3.3 EPS 35 35 
••..•.•• ....... ........... .•..•.••.•••• .••..................... ..•.........•.••••...•.. ..•............. „ ••.... •....••.........••..•... .................•...... 

C2 7.206 FRP 3.7 EPS 35 35 
E3 7.088 FRP 

E4 7. 1 58 FRP 
. . ........ . .... ........... „ ........... ························ 

G2 7.193 PC 

G3 7. 1 96 PC 

G4 7. 1 90 PC 

H1 7. 1 19 PC 

H2 7.173 PC 

H3 7.191 PC 

H4 7.183 PC 
. . . . . ..... „ ... .. „ •........ „ • •  „„ .•. „.„ .... „ ... „„ .• „„ 

K3 7.070 PC 

3.7 
4.0 

... „ .............. „ ... 3.8 
3.8 
3.8 
3.8 
3.7 
3.6 
3.6 

... „ ...•...•..•....•... 

4.6 

EPS 

EPS 
................ „ ...... 

EPS 

EPS 

EPS 

EPS 

EPS 

EPS 

EPS 
„„.„ ............. „„ 

EPS 

34 
34 

.. ...... ... ............. 36 
36 
36 
35 
35 
35 
35 

. ....... „.„ ......... „ 

34 

34 
34 

... „.„„ .............. 40 
40 
40 
51 
51  
51  
51  

„ ......... „„.„„„„ 

46 
KS 7.169 PC 4.4 EPS 34 46 

........ „„ ••• „ ... „.„.„„.„ .... „ ... „ ... „ .......... „ .. „.„„ .. „„„.„.„.„ „„ •• „.„.„„„.„.„ ..... „ •... „„.„ ...• „ „„ ••.......... „ .. „ .. 

M1 7.156 FRP 2.3 EPS 33 45 
M3 7.077 FRP 2.4 EPS 33 45 
M4 7.136 FRP 2.9 EPS 33 45 
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Test Procedure 
The helmets are subjected to one impact only, using a headform size 60 according to R.22. Table 1 
shows that the test mass only slightly varies between the tests (from 7.07 to 7.21 kg). The impact 
velocity is set to 7.o·0·0•0 1m/s corresponding to a theoretical drop height of approximately 2.50 m. 
The impact velocity is recorded 6 cm or less. prior to impact. The kinetic energy involved in the 
impact thus equals ca. 1 74 J for all tests pertormed. 

During the test programme the following parameters are recorded directly: 
the impact velocity, measured optically; 
total test mass (helmet and instrumented headform) and mass of the instrumented headform; 
testhead accelerations at the centre of gravity in 3 orthogonal directions; 
anvil reaction forces in 3 orthogonal directions of which one is directed vertically (in impact 
direction) using a triaxial force transducer (Denton® type 2375); 
the contact area between anvil and helmet is recorded using a Fuji® pressure sensitive film and 
determining the area of the print using a grid; 
vertical anvil acceleration (uniaxial) ;  
deformation of the inner shell 24 hours after impact; 
high speed film recording of the impact (5000 frames/s) perpendicular to the midsagittal plane of 
the helmet and testhead. 

RESULTS 

Table 2 provides a summary of the results of the test programme. lncluded are: 
v;""' = measured impact velocity [m/s]; 
a,es,max = peak resultant acceleration of the headform [g]; 
HIC HIC value calculated from the resultant acceleration; 
�-t1 = time interval of the HIC calculation [ms]; 
SI SI value calculated from the resultant acceleration; 
t(Clres> 1 509) time duration the resultant headform acceleration exceeds 1 509 [ms]; 
cum3ms = level of resultant headform acceleration lasting 3 ms cumulatively [g); 
con3ms = level of resultant headform acceleration lasting 3 ms continuously [9]; 
Fzmax maximum vertical anvil force [kN]; 
Fresmax maximum resultant anvil force [kN]; 
A maximum contact area between helmet and anvil determined form Fuji film 

(using a grid) [cm2] ;  
d,esid. residual deformation of the inner shell, 24 hours after impact [mm]; 
smax = maximum headform displacement with respect to the anvil, determined from 

the resultant headform acceleration and the impact velocity [mm]; 
W10181 = the maximum of W(t), with W(t) the (instantaneous) work of deformation 

calculated using /Fheadods with Fhead the force experienced by the head 
(=mhead' a,95) and s the headform displacement [J]; 

WP1 the amount of energy absorbed by the helmet through plastic deformation. 
determined by calculatin9 W(t) at t=1 2 ms (directly after impact thus until 
contact between helmet and anvil is lost); 

da/dtaverage = average rate of onset of the headform acceleration determined from the 
slope of the line connecting the points at which 25% and 75% of the maxi
mum acceleration has been reached. 

The vertical anvil acceleration is measured to establish whether the anvil forces have to be inertia 
compensated. These accelerations proved, however, to be very low and no inertia compensation is 
considered necessary. The anvil acceleration is therefore not presented here. The film recordings 
showed that no significant rotation occured until maximum compression of the helmet which allows 
the calculation of the displacements s from double integration of the resultant headform acceler
ation. No measurements presented here are derived from film analysis directly. 
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Tsble 2: Summary of the results of the test programme. 

Helm Y1mp a...- HIC t,·11 SI t(a,..> cum3 con3 Fz,,... F-- A d-. s_ w1o.,,. w,.., da/dt 
No. (m/s) (g) (ms) 150g) ms ms (kN) (kN) (cm2) (mm) (mm) (J) b1Zm• (.1W (ms) (g) (g) (J) 

m/s') 

A1 7.0 182 1341 4.5 1499 2.88 147 1 46 1 1 .56 1 1 .59 9 5.8 23.4 128 1 17 551 

A2 6.7 169 1034 5.3 1 155 1 .25 135 1 34  9.90 10.30 16  5.0 25.6 134 128 5 1 1  

A4 7.0 200 1 716 4.8 1916 3.38 165 163 1 2.22 12.54 14 7.5 24.8 149 130 654 
•••• „„ ••• .......... „ . ••• „ •••• „ ............ .......... „ .„ •...••••• ••.••• „ •••• .„„ •••••.• ••••.•• „.„ ............ ...•••• „„ • . ..... „.„ . ............ ... „ ....... „ .......... .„ ......... . ..... „ .... 

82 7.0 197 1668 5.0 1862 3.38 164 161 1 1 .79 1 2.08 15  7.5 25.1 147 126 645 
.... „ •••• .. „„„.„. . ...... „ ... ............ . ........ „. ..•• „.„ ••• . „.„ .••.•• ... „ .. „.„ .„ .... „ ... ....... „„ . . ......... „ . .. „ .• „.„ .„„.„ .. „ .„ ......... ...... „.„ . ..•• „ ••••.. „.„ ••.••.. 

C2 7.0 169 1070 5.8 1 1 79 1 .00 134 121 10.12 1 0.69 16  6.2 28.5 147 141 552 
........ „ ...... „.„. ............ ... „ .... „. .„.„ •.• „. .„ •. „ „  .•. . .. „ . .  „ ... . „ ... „ •••• ............ ......... „. 

E3 7.0 208 1818 4.8 2028 3.38 167 167 1 2.30 1 2.67 14  6.0 23.7 149 130 742 

E4 7.0 195 1607 4.5 1739 3.25 164 160 1 2.46 1 2.63 15  6.0 23.4 150 137 694 
.......... ••• „.„ ••.. . „ •.. „„„ ...... „ .... ......... „. .„ .•.. „ ... ... „ •. „ ••. . ...• „„„ •• ......... ... ............ ............ • •.•..•.. „. ············ .......... „ .... „ ... „ . ... „ •••..•. .... „ „  .... 

G2 7.0 162 1 130 5.8 1295 2.13 139 1 38  1 0.22 1 0.63 44 9.2 31.0 145 130 375 

G3 7.0 165 1 070 5.3 1 244 1 .75 134 1 29 10.06 10.44 45 9.8 32.2 145 130 341 

G4 7.0 162 1089 5.5 1 255 1 .88 136 133 9.98 10.41 44 9.7 32.9 146 131 353 
·········· ............ ............ ............ .... „ .. „ .. ..„„.„ •.• . ........ „ . ... „ ..•••.. „ •••••.•••• ••... „ •••.. ............ ............ 

H1 7.0 164 1059 5.3 1215 1 .88 133 131  9.70 9.99 38 9.4 34.5 147 138 306 

H2 7.0 162 906 4.8 1049 1 .38 123 1 21 10.03 1 0.47 35 9.2 34.8 146 142 289 

H3 7.0 156 923 5.3 1062 1 .25 124 1 24 9.90 1 0.33 38 10.5 34.3 146 140 306 

H4 7.0 167 1 075 5.0 1 238 2.13 131 131 9.94 10.37 40 1 1 .0 34.1 147 138 313 .. ........ ............ ............ . ........... ......... ... . ........... . ...... „ ... ············ . ...... „ ... ............ ............ ............ 

K3 7.0 151 899 5.8 1000 0.38 1 19 1 1 7  10.83 1 1 .02 38 9.7 33.2 145 142 296 

KS 7.0 162 1 035 5.5 1 179 1 .63 132 1 29 1 0.85 10.98 36 9.2 31.4 147 139 317 ............ .„ ......... . .. „ ....... . „„ .. „ ... .. „ ........ ············ ..•. „ ••.... ............ ..•.•.. „„. 

M1 7.0 1 72 1097 4.8 1 253 2.13 135 132 1 2. 1 3  12.21 20 7.9 26.5 132 1 28 421 

M3 7.0 1 70 1 1 73 5.0 1323 2.38 1 39 139 1 2.00 12.06 20 7.9 31.0 148 141 444 

M4 7.0 1 71 1 238 5.0 1398 2.63 143 143 1 2.07 12.18 17  7.9 29.8 148 137 480 

A coarse comparison of the results between helmets of the same type shows a good consistancy, 
with the one exception of helmet A2. Heimet A2 shows a low HIC and SI value compared to A 1 and 
A4. Also maximum resuttant headform acceleration and anvil responses are lower for A2 compared 
to A1 and A4, although not as distinct as HIC and SI. After the test, helmet A2 showed a fracture of 
the outer shell and since this shell is made of FRP, it is known to dissipate a significant part of the 
impact energy when breaking. Furthermore the impact velocity was slightly too low for helmet A2.. 
Both remarks explain the lower resutts for this helmet. 

Also helmet C2 showed fracture of the outer shell after impact, however, the results of this helmet 
cannot be compared with resutts of other helmets of this type. Other helmets included in the test 
programme did not show significant fracture of the outer shell. 

Table 3 shows the ranges of responses measured in the tests for FRP shelled helmets and PC 
shelled helmets separately. No mean values are presented since different helmet types are included 
in Table 3. In general FRP shelled helmets show higher headform and anvil responses while the 
deformation is less, compared to PC shelled helmets. Most criteria presented in Table 3 show an 
overlap except a.. •. max• datdt.v.,.9• and the deformation characteristics A, d,.;d. and smax. Especially 
the deformations and the rate of onset of headform acceleration indicate that there is a significant 
difference in the dynamic behaviour of FRP and PC shelled helmets. 

For 1 6  out of 1 9  (approved) helmets included in this test programme the HIC exceeds 1 000 and for 
1 8  out of 1 9  helmets the SI exceeds 1 000 (the remaining helmet has a SI of exactly 1 000). No HIC 
value obtained exceeds 2000 and only in one test a SI  above 2000 is found. To study the possible 
differences in using a.. •. max• HIC and SI for helmet evaluation or homologation, linear regression 
analyses are pertormed. 
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Table 3: Response ranges for FRP and PC shelled helmets. 

8--x HIC ti-t, SI t(a,.> cum3 con3 Fz_ F__. A d,__ s_,. w„„ W,,i. da/dt 
(g) (ms) 150g) ms ms (g) (kN) (kN) (cm2) (mm) (mm) (J) „,zm, � (ms) (g) (J) 

mls') 

FRP min 169 1034 4.5 1 155 1 .00 134 121 9.9 10.3 9 5 23 128 1 17 421 ......... ........ „ .. ............ „„„ •••• „ ......... „ . ............ ............ ...... „ .... ............ .. „ ........ „„ •..••••. ............ ........ „ •.. ...•. „.„ .. ..„ ........ 

max 208 1818 5.8 2028 3.38 167 167 12.5 12.7 20 8 31 150 141 742 

PC min 151 899 4.8 1000 0.38 1 17 1 1 7 9.7 10.0 35 9 31 145 130 289 
• „ .• „„ ...... „ .... .......... „ .„ ......... . ... ........ .... „ .... „ ...... „ .... .. „ .•...••. „ •. „ .••••• ... „ ....... 

max 167 1 130 5.8 1 295 2.13 138 138 10.9 1 1 .0 45 1 1  35 147 142 375 

A linear regression analysis of the HIC and SI values obtained shows a strong correlation between 
HIC and SI  in the 1 9  tests: HIC = 0.932*Sl-62.4 with a correlation (r2) of 0.995. Even if the straight 
line approximation of HIC vs SI  is forced to pass through (HIC=O, Sl=O) a high correlation is found: 
HIC = 0.889*SI with r2 = 0.993. Annex 1 ,  Figure A1 shows the correlation between HIC and SI .  For 
these tests HIC and SI thus show quite similar sensitivity to the acceleration response of the 
headform. 

A similar regression analysis is performed using HIC and (a.„ max)25• Again a high correlation is 
established for both a linear regression passing through (0,0) or not (r2 equals 0.956 and 0.958 
respectively), presented in Annex 1 ,  Figure A2. This indicates that the HIC is quite sensitive to the 
maximum resultant headform acceleration and thus less sensitive to the shape of the acceleration 
curve. This result is supported by others [1 1 ,  1 2) and probably due to the index 2.5 in the def inition 
of HIC (and Sll). 

Table 2 shows that the acceleration levels lasting 3 ms (cum3ms and con3ms) do not differ signifi
cantly between each other for the same helmet but do show differences between FRP shelled and 
PC shelled helmets as shown in Table 3. Linear regression analysis of all results obtained, indeed 
shows a high correlation between con3m and cum3ms: for a straight line approximation passing 
through (0,0) or not, r2 equals 0.964 and 0.965 respectively. Also a high correlation between these 
two criteria and a,„ max is found: r2 = 0.9. The time duration that the resultant headform acceleration 
exceeds 150 g stiows a lower correlation to a.. max in linear regression analysis. In a linear 
regression analysis r2 equals 0 .770. lt the straight lin

'
e approximation is forced to pass through (0,0) 

r2 equals 0.344. This indicates that t(a,„>1 50g) is more sensitive to the shape of the acceleration 
response of the headform than both con3ms and cum3ms. 

Not surprisingly, the vertical force on the anvil (F2) higly correlates with the resultant force on the 
anvil (F,..,) since the principal direction of impact is vertical. The maximum external torce on the 
helmet (which in value equals F,„.max given in Table 3) does, however, not correlate highly to the 
maximum internal force indicated by a.„.max· 

Considering the abovementioned correlations between different parameters, the discussion will 
concentrate on the acceleration response of the headform (both in value and shape), the resultant 
anvil force, the contact area between helmet and anvil and headform displacement. The measure
ment of deflection 24 hours after impact (d,.id) will not be further discussed since this does not 
necessarily represent the maximum deflection at impact [13, 1 4). 

DISCUSSION 

Mechanlcal phenomena related to head protectlon 
The kinetic energy invotved in all impacts is held constant at ca. 1 74 J.  For helmets, this energy is 
to be considered an input and should be a reflection of the energy invotved in head impacts in real 
accidents. From Table 2 it can be seen that the calculated amount of energy absorbed by the hel
mets (Wp1) for all helmets equals ca. 75% of the input energy. The rest of the energy is converted 
into elastic energy of the helmet (which recovers. even much later than during the principal time 
duration of the impact), energy loss because of friction or other dissipation effects and the rebound 
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of the helmetted headform. Film analysis shows both a linear as wen as a rotational motion of the 
helmet/headform after impact. An accurate estimate of the kinetic energy in rebound is therefore not 
possible and the effectiveness of the helmets in terms of .6.V cannot be assessed. 

The choice of criteria for the evaluation of the effectiveness of crash helmets in terms of reducing 
the maximum load experienced by the head on the basis of the acceleration response of the head 
(-form) seems logical from fundamental (bio)mechanics of head impact as well as from the knowl
edge of measurement techniques. Table 3 shows that HIC, SI, con3ms and cum3ms of FRP shelled 
helmets are generally higher than those of PC shelled helmets. The high correlations observed 
between a,. max on one hand and HIC, SI ,  con3ms and cum3ms on the other hand, however, 
indicate that ·a, •. max provides quite the same information in these tests. Heimet evaluation does not 
seem to change much if either of these criteria are used instead of a,.,max· Newman proposes a 
maximum force of 1 3.34 kN (3000 lbs) to be exerted on the head in guided fall tests with impact 
energies of ca. 1 36 J [3]. This would correspond to a maximum resultant headform acceleration of 
ca. 236 g in free fall tests. All helmets tested show lower acceleration responses, even with higher 
impact energy. 

The impact area (A) provides an indication of the contact between helmet and anvil but does not 
necessarily reflect the amount of inner shell deformed during the impact. This is especially true for 
FRP shelled helmets [14]. The impact area can therefore only be used as a coarse indicator of 
differences in helmet behaviour, as is discussed later. The tolerance for load distribution proposed 
by Newman is ca. 2.76 MPa. The PC shelled helmets included in this test programme show impact 
areas of ca. 40 cm2 and maximum resultant accelerations of ca. 1 60 g. This would equal ca. 2.26 
MPa which is below but close to the proposed tolerance. 

Only coarse time aspects of the headform response are established in the test programme. Already 
mentioned is the energy dissipation of ca. 75%, reducing the time duration to an acceptable level 
according to Newman [3r The average rate of onset of the helmets tested in this programme stays 
weil below the proposed limit of 2·105 g/s (= 2·106 m/s3) (Lunenfeld in 

·
[3]): the maximum average 

rate of onset determined in the test programme is ca. 0.74·106 m/s3 (see also Table 2). The pro
posed limit might, however, concern the the maximum rate of onset rather than the maximum 
average rate of onset. 

Effects of the outer shell 
The results presented in Table 3 indicate a principal difference between the behaviour of PC and 
FRP shelled helmets. Figure 2 and 3 respectively show the acceleration time response and force 
deflection characteristics of all helmets tested. 

Based on the helmet characteristics given in Table 1 ,  the helmets are divided in 3 categories: 
- FRP shelled helmets with outer shell thickness of ca. 4 mm (helmets type A. B, C and E), 

indicated in Figure 2 and 3 by the solid lines; 
- PC shelled helmets with outer shell thickness of ca. 4 mm (helmets type G, H and K), indi

cated in Figure 2 and 3 by the dashed lines; 
- FRP shelled helmets with outer shell thickness of ca. 2.5 mm (helmets type M), indicated in 

Figure 2 and 3 by the (gray) dotted lines. 
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Flgure 3: Headform torce vs. headform dlsp/Bcement (BI/ helmets). 

Figure 2 and 3 show that FRP shelled helmets give a higher rate of onset as weil as a higher maxi
mum load compared to PC shelled helmets. All helmets show a quite similar energy absorption 
(area under the headform force - displacement curve) and thus the displacement is less (and the 
time duration of impact decreases) for FRP shelled helmets compared to PC shelled helmets having 
similar outer shell thickness. Especially the higher rate of onset tends to be associated with outer 
shell stiffness: in case of a FRP outer shell (which is known to be stiffer than a PC outer shell), the 
deformation is predominantly caused by headtorm intrusion in the inner shell. This phenomenon is 
supported by the fact that the maximum difference between anvil force and headform force is larger 
with FRP shelled helmets compared to PC shelled helmets (see also Table 2) and occurs during 
the first few miliseconds of the impact. For FRP shelled helmets, this force difference reaches 

- 316 -



maxima up to ca. 5 kN, which corresponds to a helmet deceleration of approximately 400 g (using 
an average helmet mass of 1 .2 kg) and thus illustrates that the helmet is decelerated more rapidly 
than the headform. This force difference is less for PC shelled helmets (ca. 2.5 kN) thus these 
types of helmets tend to be decelerated approximately similar to the headtorm itself. The defor
mation of PC shelled helmets is predominantly caused by outer shell deformation. Figura 4 illus
trates these different modes of helmet deformation. 

Flgure 4: 
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---===--=--- r„„„.„1-·-·1 
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i nner shel l def ormation 
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FRP PC 
Heimet detormatlon modes wlth FRP (Jett) and PC (rlght) shelled helmets. 

Because of these different deformation modes, the load distribution is different and more favorable 
with FRP shelled helmets provided all helmets have equal compatibility of inner shell dimensions 
with the shape of the headform. The fit of a helmet is thus very important with respect to the shock 
absorption effectiveness of crash helmets. This is also assessed in a comparison study between a 
"standard" PC shelled helmet with an EPS inner shell and an experimental FRP helmet using a low 
density inner shell material known to have a low yield stress [14). Especially important in this 
respect is the recti-linear deformation observed with EPS inner shells. The abovementioned defor
mation modes thus only relate to FRP and PC shelled helmets combined with EPS inner shells. 

Outer shell fracture affects both the acceleration response as well as force-displacement charac
teristics of the helmets. In Figure 2 and 3 the two FRP shell fractures observed in the test pro
gramme are indicated by the solid arrow (•) showing a decrease in loading of the head and an 
increase in helmet deformation. The second (lower) part of the force-displacement curve for these 
two helmets indicates a deformation mode similar to PC shelled helmets which is to be expected 
since fracture of the outer shell causes concentrated loads on the outside of the helmet. This 
reduction in load distribution may give cause for an increased severe head injury risk [15). 

Heimet type M is an FRP shelled helmet but with reduced outer shell thickness and increased inner 
shell density compared to helmet types A, B, C and E. This particular combination of outer and 
inner shell characteristics causes an "intermediate" head/helmet response for all of the mechanical 
phenomena discussed here. 

Rentschler compared 5 types of crash helmets on the basis of their energy absorption in standard 
impact tests conducted at different energy levels (5). The comparison between an FRP shelled 
helmet with a PC shelled helmet having almost equal inner shell characteristics (material, density 
and thickness), did not reveal signiticant differences in maximum load experienced by the head. The 
tests of Rentschler were, in contrast to the current test programme, conducted at the top ot the 
helmets (impact point P according to R.22). At this location helmets are known to be stiffer com-
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pared to the front (impact point B according to R.22) which could account for the difference with the 
current test programme, especially concerning the PC shelled helmets. Furthermore, no information 
is available on the thickness of the outer shells which also affects helmet stiffness. 

The influence of shell material on the incidence of head injuries in rnotorcycle accidents is estab
lished in [ 16) on the basis of an in depth investigation on 131 accidents. This study showed a 
significant higher risk of minor to moderate head injuries with FRP shelled helmets compared to 
helmets with a lower stiffness, such as PC shelled helmets, in relatively low severity impacts. As 
indicated in the current test programme, this higher risk can be associated with higher maximum 
load and higher rate of onset for FRP shelled helmets compared to PC shelled helmets. The obser
vation of lower risk of high severity injuries associated with PC shelled helmets compared to FRP 
shelled helmets [ 1 ]  cannot be addressed in the current test programme since these injuries concem 
head injuries associated with facial fractures. 

Effects of the Inner shell 
Since all helmets included in this test programme have EPS inner shells, the shell density can be 
used as indicator of the yield stress and thus as indicator of helmet deformation. lt all other helmet 
characteristics would be the same or similar, the head response will be dependent of the inner shell 
density. Figure 5 shows the relationship between maximum headform force and inner shell density 
for the tests conducted by Rentschler and the tests conducted in the current test programme. The 
dashed line represents the proposed relationship between the maximum headform force and inner 
shell density of Rentschler [5]. The solid squares (II) represent the average head response per 
helmet type of the current test programme. The open triangles (4) represent the results of 
Rentschler conceming helmets having an EPS inner shell. The open circle (o) represents the one 
helmet tested by Rentschler having a poly-urethane (PU) inner shell. 
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Maximum hesdfonn force vs. Inner shell denslty; comparlson of TNO (thls 
study) and MPA (5) results. 

The relationship found by Rentschler cannot be substantiated by the current study. Furthermore, in 
Figure 5 Rentschler does not account for differences in outer shell material and thus in differences 
in deformation rnode. Figure 5 shows no clear relationship between the maximum load on the head 
and inner shell density for either FRP shelled helmets or PC shelled helmets. 

Figure 3 and Table 1 show that the maximum displacement of the headform nearly equals the thick
ness of the inner shell for PC helmets. Figure 3 also shows that an initial displacement of the 
headform occurs without considerable force acting upon the headform. This initial displacement is 
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probably due to the compression of the comtort padding and nearly equal tor all helmets. This 
shows that at the current impact test on a flat anvil according to R.22, PC shelled helmets almost 
bottom-out. The ettect ot bottoming-out is illustrated in Annex 2,  Figure A3 in which tests are shown 
on a sheet ot EPS foam with a density of 30 gr/I and a thickness ot 32 mm. In these tests a spheri
cal mass with diameter 1 65 mm and a mass ot 4.7 kg is dropped onto the toam with an initial 
velocity increasing from 1 .0 m/s to 7.0 m/s (with increments of 1 .0 rn/s). In these tests, bottoming
out occurs at approximately 85% compression, which is only achieved at impact velocities above 
approximately 6.0 rn/s. These figures indicate that the deformations of PC outer shells do not 
significantly contribute to energy absorption in the helmet tests. Because ot their limited thickness, 
all helmets will have a tendency to bottom-out with increasing impact energy. Stifter outer shells 
tend to increase the energy level at which bottoming-out occurs because ot higher load distribution 
capacity, however show higher initial head responses, as discussed before. 

SUMMARY AND CONCLUSIONS 

In this study, 8 helmet types are subjected to standard impact tests. On the basis of headform and 
anvil responses, the helmets are evaluated with respect to general phenomena related to head 
injury risk: the maximum load on the head, toad distribution, rate ot onset of loading and several 
criteria which include time dependency of the acceleration response. Particularly the characteristics 
ot outer and inner shells are discussed in terms of helmet effectiveness. The helmets effectiveness 
is considered in terms of linear response, showing: 

* All helmets tested comply with proposed tolerance limits for the mechanical phenomena dis
cussed. 

* Linear regression analyses show a high correlation between the maximum resultant acceleration 
of the headform on one hand and HIC or SI on the other hand. This indicates that, tor the par
ticular set ot helmets used in this programme, no substantial difference in evaluation is apparent 
using a..max• HIC or SI ;  they all show similar trends. 

* The maximum load experienced by the head is not a function of inner shell characteristics only. 
A stiff outer shell tends to show this maximum load rather early during the impact, while a less 
stiff outer shell shows the maximum load at maximum detormation. 

* The deformation mode of FRP shelled helmets differs trom that ot PC shelled helmets particularly 
with respect to load distribution. FRP shelled helmets tend to absorb energy by inner shell defor
mation predominantly at the inside, while PC shelled helmets absorb energy predominantly trom 
the outside. As a consequence, this puts higher requirements on helmet fit for FRP shelled 
helmets compared to PC shelled helmets. Furthermore, PC shelled helmets tend to bottom-out 
sooner compared to FRP shelled helmets. 

* The detormation rnodes observed in this study are related to the recti-linear detormation of EPS. 
A better load distribution, particularly with PC shelled helmets, may also be achieved using a 
non-linearly deforming inner shell, either by construction or choice of a new material. 

* In standard impact tests, FRP shelled helmet show higher maximum load and rate ot onset while 
force distribution is more t avorable compared to PC shelled helmets. The total energy absorbed 
by helmet deformation is quite similar for all helmets. 

* Heimet shell tracture does not show a significant effect on the amount of energy absorbed by the 
helmet but is likely to result in poorer load distribution with a possible increase in risk of severe 
head injuries. 
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Flgure A2: Correlatlon between HIC and (llnear regresslon). 
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ANNEX 2: BOTTOMING-OUT OF EPS FOAM 
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Flgure A3: Force-dlsplacement of a spherlcal mass lmpactlng a sheet of EPS foam. 

Foam specifications: 
material:  EPS 
density: 30 kg/m3 

thickness: 32 mm 
length: 300 mm 
width: 300 mm 

Spherical mass characteristics: 
material: steel 
mass: 4.7 kg 
diameter: 0.165 m 

Test specifications: 
impact velocity: 1 .0 - 7.0 m/s with increments of 1 .0 m/s 
The foam sheet is positioned on a rigid support without transverse support. 
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