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ABSTRACT crash event. According to the specifications of the impact
attenuation test that went into effect on October 3, 1998
The purpose of this report is to present the methodololggimets are dropped such that the minimum velocity at
used to determine how sensitive helmets are to impacttaie moment of impact is 5.2 m/s for the hemispherical
tenuation tests on the flat anvil in the range of impact vaavil and 6.0 m/s for the flat anvil. In 2008, NHTSA pub-
locities 5.8 m/s to 6.2 m/s. This report is the product ¢ifhed a Notice of Proposed Rulemaking (NPRM) which
a larger study, and the results presented here are prelimiiuded a provision for adding tolerances to the drop ve-
nary. Specifically, an experiment was conducted to mdeeities specified in the standard. Many comments were
sure the effect on the cumulative dwell time at accelen@ceived on this proposal. The most common sugges-
tions greater than 2009 for helmets tested on a flat anvitiah was to limit the tolerance te-3% of the nominal
the extreme ends of the tolerance interval. target velocity which would suggest a velocity range of
When likely confounding effects such as conditioning7% nominal to 103% nominal or 5.04 to 5.36 m/s for
of a helmet, headform size, model of helmet, drop stse hemispherical anvil and 5.82 to 6.18 m/s for the flat
guence, and location of impact on the helmet are takanvil, respectively. By means of calibration reports and
into account, the difference in the values @fell200 experimental data, the tolerance intervalde3% of the
measured at the extreme ends of the velocity tolerancenieminal target velocities was determined to be feasible,
terval is essentially zero at a level of significance of .06n the average, in at least 95% of impact tests.
The implication is that the criterion of failing a helmet The motorcycle helmet tolerance interval sensitivity
based oniwell200 will remain valid should the velocity design of experiment (DOE) was developed to provide
at the moment of impact lie within the interval (5.8 m/sdata for measuring the effect on dwell at 200 ms when
6.2 m/s). the nominal velocities at impact are 5.8 m/s and 6.2 m/s.
Condition, impact site, helmet model, drop sequence, and
head form size were factors that the DOE took into ac-
INTRODUCTION count. Furthermore, since the purpose of testing the hel-
mets is to determine the sensitivity of dwell at lower and
Federal Motor Vehicle Safety Standard (FMVSS) Ndigher nominal velocities, makes and models of helmets
218 establishes the minimum performance criteria for mat were tested in the 2009 compliance program and that
torcycle helmets. Manufacturers certify that their prodtad dwell times close to the maximum allowable by the
ucts comply with these minimum criteria prior to importstandard were chosen as being the most likely to represent
ing or offering them for sale in the U.S. NHTSA enthe population of problematic helmets involved in compli-
forces the standards by randomly selecting and purchagee testing under the new rule.
ing equipment from the marketplace and testing to the redn order for a helmet to meet or exceed the minimum
quirements of FMVSS No. 218 at independent testitigquirements of FMVSS No. 218, three conditions must
laboratories. hold true:
. One requwem_ent estaphshed n FMVSS NO' 2181s thel. Peak accelerations shall not exceed 400g;
impact attenuation requirement. This requirement help$
to ensure that helmets offer impact protection during as3 FR 11288, April 6, 1988
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Distribution of Velocities at Impact Distribution of Velocities at Impact

when Nominal Velocity=6.0 m/s when Nominal Velocity=5.8, 6.0, or 6.2 m/s
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Figurel. Figure2. DOE data points in red; compliance test data
point=+ in blue.

2. Accelerations in excess of 200g shall not exceed a

cumulative duration of 2.0 milliseconds; and Impact attenuation is measured by determining acceler-
3. Accelerations in excess of 150g shall not exceeo"j“é.\On imparteq toan instrumented_ test headform on which

cumulative duration of 4.0 milliseconds. atest helm(_at is mounted. In a typical test, four helmets of
the same size and model are used. Each one of the four
Of these three criteria, the dwell in excess of 200g ish&lmets is conditioned to one of the four conditioning pro-
metric for which a test most commonly results in failcedures: ambient, low temperature, high temperature, and
ure during compliance testing. We will refer to thigvater immersion. Each of the four conditioned helmets is
variable asfwell200 in general and agwell200;,,, and impacted on a flat anvil using a monorail drop assembly
dwell2004, in regard to the nominal velocities of 5.8est device at four specific impact sites on the helmet: left,
m/s and 6.2 m/s, respectively, when appropriate. If thight, front, and back. For each one of these configura-
difference betweemwell2004;,, and dwell200,,,, can tions of a test, the helmet is dropped twice for a total of
be shown to be zero for all practical purposes, then Wight times; therefore, each compliance test depends on
may conclude that the criterion for failing a helmet basé&® total drop tests.
on dwell200 will remain valid provided that the veloc- Figure 1 is a plot of frequencies of velocities in which
ity at the moment of impact lies within the range 5.8 mtbe laboratory targets a nominal velocity of 6.0 m/s. To
to 6.2 m/s. To facilitate the formulation of the neceshow the variability in the data at three nominal veloci-
sary linear models to answer that question, we will defities, Figure 2 was made by combining the distributions
Adwell200 = dwell2004,;4, — dwell200;,,, and we will  of velocities at 5.8 m/s and 6.2 m/s which were obtained
use it for the response variable in the models. from the DOE with the distribution of velocities at 6.0
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Comparison of Dwell200 with Respect to

m/s which were taken from actual compliance tests. The First Impact and Second Impact

motivation for adopting the concept of a tolerance inter-
val on velocity is reflected in the bell shaped distribution
of velocities. This variability in measured velocities at
the moment of impact about the nominal velocities under-
scores the concern that the criterion for failing a helmet
based oniwell200 might be different at one end of the
tolerance interval than at the other end. That is, if the hy-
pothesis thatlwell200;0, = dwell2004;4, cannot be re-
jected, then we may conclude that the criterion for failure
based onlwell200 will be valid provided that the velocity

at impact lies within the interval (5.8 m/s , 6.2 m/s).

For each condition and for each location of impact on
the helmet, a helmetis dropped twice. Although the struc-
tural properties of a helmet change after the first impact,
the helmet is required to comply with the FMVSS even
on the second impact. ‘ ‘ ‘ ‘ ‘ ‘ ‘

A plot of dwell at 200g with respect to the order of drop 00 05 10 15 20 25 30
sequence is given in Figure 3. We clearly see in this figure Dwell First Impact in meters per second
that dwell200,,,, impact > dwell200,,, impact regard- .
less of impact site on the helmet. The points marked bigure 3.

a solid dot representwell200 corresponding to a left-
right impact locations on the helmet whereas those points

that are marked by & symbol representwell200 corre- . ) ,
sponding to a front-back impact locations. that a helmet would land at the same impact site two times

Figure 3 reveals that the sequence of impact dJQéthe same n_ominal ir_npact velocity. Although there are
affect dwell200 in that dwell200,,, mpact > four specified |m|3act sites or:jahhelmet, 'Fhehleft anld r!ght .
dwell200,., mpact with a pvalue of 1 7850-0gONeS were treated as one and the same in the analysis an

¢ . the front and back impact sites were treated as one. In
based on a pallred d|ﬁerepce test. .On the othgr hag mmary, for each combination of three helmet models
when  considering the difference ||dw_ell?00 with and four conditions, a helmet mounted to a medium head
respect to the same drop sequence, It can t,’e Sh%’ﬁn was dropped two times onto a flat anvil at two equiv-
that  Adwell200,.; impact, left-right 1S NO  differ- 4o impact sites on a helmet at the high nominal velocity,
ent than Adwell200,.. impact, left-right 8 Well @S and similarly another helmet was dropped at the low nom-
Adwell200, .. impact, front-back S no different than inal velocity for a total combination of 96 tests. That is,
Adwell200.,,,4 impact, front-backdt p-values of 0.31354 conditions, 3 models, 2 locations, 2 nominal velocities,
and 0.1915 respectively based on paired differenaed replicated twice constituted the first part of the DOE.
tests. Consequently, given the same impact site on e purpose of this first part of the DOE is to test whether
helmet, the same helmet conditioning, and the same dagpnot condition, model, impact site of the helmet, and
sequencedwell200 produced at a nominal velocity ofdrop sequence could be significant effects in determining
5.8 m/s is statistically the same @®¢li200 produced at Adwell200.
6.2 m/s. According to the DOE test protocol, the laboratory was

There are two parts to the DOE. The first part is a conmstructed to conduct a test such that the velocity at the
plete 4x3x2x2 replicated factorial design. In this desigmoment of impact would be 5.8 m/s for the low nominal
four conditions were applied to three models of helmefelocity and 6.2 m/s for the high nominal velocity. Nev-
For each model and condition, a helmet was dropped s@ctheless, we see in Figure 2 the bell shaped distributions
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Table 1. Levels of Factors

Location of Impact Sitg Condition Model | Nominal Velocity Drop

Velocity Sequence
Left-Right Ambient 1 High First
Front-Back Hot 2 Low Second
Cold 3
Wet

Table 2. ANOVA Table for the Complete Paired Difference Design oftRame fordwell200

Source df | Sum of Squares Mean Sum of Squares F Test Statistic| p-value
Condition 3 1.2010 0.40034 1.2029| 0.3218
Model 2 0.8267 0.41335 1.2419| 0.3003
Impact Site 1 0.0031 0.00306 0.0092| 0.9242
Drop Sequencg 1 0.0704 0.07043 0.2116| 0.6481
Residuals 38 12.6475 0.33283

of velocities around the nominal velocities located at tlvehere the resulting analysis of variance would then be
extreme limits of the proposed tolerance interval. Thesged to test the hypothesis

are similar to the distribution of velocities drawn in blue

which were obtained from the 2009 compliance program Ho : dwell200pign — dwell200i00 = pa =0
for which the nominal velocity is 6.0 m/s. Vs Hy : dwell200pign, — dwell200500 = p1a # 0

ata = .05. However, in the presence of the confound-
ing factors, a more complete model is needed, and it is
given by equation (2). Based on this model, it was de-
termined that condition, impact site, and model are not
FIRST PART OF THE DOE significant factors when tests of the helmets are paired ac-
cording to low and high nominal velocities. The response

. ) _ variable which appears in the model Asdwell200 =
A simple paired difference test would have been APPIORIE, 11200}, — dwell200,
19 ow-

ate to study the sensitivity of dwell according the low and ;16 1 shows the levels for the linear model given by
the high nominal velocity, if confounding factors like th%quation ).

model of the helmet, condition of the helmet, and loca-

tion of impact did not exist. The first part of the DOE was Adwell200;j51, = pa + location; + model; +
formulated to assess the_ importance_of these _confoun_ding conditiony, + drop; + €ijrin (2).
factors. If the confounding factors did not exist, the lin-

ear model for a paired difference test would be given Mhereciin ~ N(0,0%),i=1,2,j=1,2,3,k=1,2,3.4, I=1,2,
equation (1) n=1,2, andu, is an overall constant which we hope to

show is for all practical purposes equal to 0.
The corresponding analysis of variance (ANOVA) table
Adwell200 = y1q + ¢ wheree ~ N (0, 0%) (1). is given in Table 2. We see from Table 2 that condition,
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Table 3. ANOVA Table for the Effect of Headform Size adwell200

Source df Sum of Squares Mean Sum of Squares F Test Statistic p-value
Constant 1 0.9309 0.93091 2.3710 0.1311
Headform Size[ 1 0.1591 0.15909 0.4052 0.5279
Residuals 42 16.4900 0.39262

Confounding Factors as a Function of Adwell200 SECON D PA RT OF T H E DOE

Wet — + +He o0 | o +

The knowledge that the effects of location of impact on
a helmet and of the helmet's condition do not have an
important effect onMAdwell200 is utilized to economize

on the size of the second part of the DOE. By taking ad-
vantage of that knowledge, only the cold condition was
Hot | + ot + + oo chosen out of the four possible conditions. Based on
past experience in compliance testing, the cold condi-
tion presents a more severe test case in some instances.
Two headform sizes, medium and large, were used to
accommodate eleven models of helmets. The high and
low nominal velocities were paired according to left-right

Condition

Cold + 4o e | seéeii{ite+ + + + R . .
and front-back impact locations. By having accounted for
possible confounding factors of location of impact, con-
dition, drop sequence, and model, 44 paired tests were
were conducted in the second part of the DOE for the
purpose of testing the hypothesis thabell200;,, =
Ambient — + o0 +

dwell2004,45. In this part of the DOE, impacts at low and
- " 0 1 2 high nominal velocities with eleven models of helmet, at
left-right and front-back impact locations, for two drops,
and at the cold condition were used for conducting a total

Figure 4. First Impact=s; Second Impact+; Left-Right 0f 88 drops to produce 44 paired differencesinel{200.

Site Impacts=Red; Front-Back Site Impacts=Blue Before proceeding, it is necessary to determine if the
effect of headform size which was introduced to accom-

modate different sizes among the eleven models of hel-
mets might be a significant confounding factor. The linear

. . . model which applies to this question is
model, left-right locations, front-back locations, andlr PP d

sequence are not significant effects on the paired differ- Adwell200 = jig + headform + € (3).
ences indwell200, and this observation agrees with the

plot of the data given in Figure 4. Consequently, lefwhere ¢ ~ N(0,0%) and where Adwell200 =
right and front-back impact locations, the cold ambiedtvell2004;4, — dwell200;,,, headform=medium, large,
condition, both drop sequences, and all eleven modelsaofd.; is an overall constant.

helmets were used to study the effectdanel[200 of tar- The resulting analysis of variance table, Table 3, shows
geting impact velocities at the high and low nominal veéhat headform size is not a significant factor at a level of
locities as discussed in the second part of the DOE.  significance ofa = .05 with respect to a paired differ-

Adwell200 (ms)
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Table 4. ANOVA Table for Paired Difference Model in the Presence of Rbssible Confounding Factors for
Adwell200

Source df Sum of Squares Mean Sum of Squares F Test Statistic| p-value
Constant | 1 0.9309 0.93091 2.4043| 0.1283
Residuals| 43 16.6491 0.38719

ence design, that is, given all factors being equal exclude may conclude that the criterion for failure based on
ing drop velocity, headform size is not a significant factahvell200 will be robust, when the velocity at impact lies
in explainingAdwell200. The benefit of using a pairedwithin range 5.8 m/s to 6.2 m/s.
difference approach which was adopted for the basis of
the DOE relies on the idea that confounding factors are
subtracted out of the analysis. Within a confounding fac-
tor like headform size, the difference in dwell at the low
nominal velocity and at the high nominal velocity is es-
sentially zero.
Having shown that the confounding effects of head-
form size, impact location, condition, drop sequence, and
model are notimportantin affectil§dwel1200, they will
be removed from the model, so that we come full circle to
equation (1).

Adwell200 = g + €

wheree;, Adwell, anduy are defined as before. The cor-
responding ANOVA is given in Table 4, and based on it,
we cannot reject the null hypothesis in favor of the alter-
native,

HO:/,LdZOVSHl :/Ld#o

at a level of significance af = .05, that is,dwell200;,.,

and dwell200,,4, are not significantly different. The p-
value which is reported in Table 4 is exactly the same p-
value which would have been obtained from conducting a
classical paired difference test.

CONCLUSION

Based on the factorial design of a paired difference ex-
periment, we are able to show théiell200 of a hel-

met impacted on a flat anvil at a nominal velocity of 5.8
m/s is statistically the same as tli@ell200 of a helmet
tested at 6.2 m/s given the same condition, head form size,
model, drop sequence, and location of impact. Therefore,
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