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ABSTRACT

The Motorcyclist Anthropometric Test Dummy
(MATD) and injury risk/benefit analysis methods
standardized under International Standard SO 13232
alow the relative injury benefits and risks of rider
protective devices fitted to motorcyclesto be
assessed, for a specific set of injury types. Research
involving the feasibility of airbags fitted to
motorcycles intensified the need to upgrade the crash
test dummy neck injury assessment methods. This
involved the development of an improved dummy
neck with multi-directional biofidelity and injury
assessment capabilities and corresponding
probabilistic four axis neck injury criteria. The neck
injury criteria were developed by fitting the
distributions of neck injury severities observed in on-
scene in-depth investigations of 568 real-world
motorcycle crashes, including the direction of neck
motion indicated by special detailed neck dissections
in 67 fatal cases, to the distributions of upper neck
forces and moments measured in calibrated computer
simulations of the MATD with the improved neck in
the 568 crashes. Theresult isa probabilistic injury
criterion that can estimate the probability of neck
injury, based on four axis upper neck forces and
moments measured with the new MATD neck. The
model has a high level of overall agreement with
neck injury severity levels and directions observed in
real world crashes.

INTRODUCTION

Background

INTERNATIONAL STANDARD 13232 specifying
test and analysis procedures for the research and
evaluation of rider crash protective devices fitted to
motorcycles, first approved and published in 1996
[1], has recently undergone a comprehensive review
as aresult of experience with the Standard (e.g.,
ZéIner, et a. [2]). Recommendations for changes
and improvements were made in all aspects resulting
in the committee draft first revision of 1SO 13232 [3].
The recommendations included proposed changes to
the motorcycle anthropometric test dummy (MATD)
neck (in Part 3 of the revised Standard [3]) described
in Withnall et al. [4], and the neck injury probability
analysis (in Part 5 of the revised Standard [3]), which
is the subject of this paper.

The changes were considered necessary because the
neck injury criteriain the original Standard:
¢ did not provide an indication of the AISinjury
severity level;
o were “passfail” in nature, rather than
probabilistic; and
¢ tended to over predict the number and likelihood
of neck injuries (>30%) for a census sample,
compared to actual injury data (<6%);
as explained in Annex J of Part 5 of the revised
Standard [ 3].
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The injury risk/benefit analysis methods specified in
Part 5 of the 1996 Standard incorporated arider
injury severity (AlS) and injury cost model, for
injuriesto the head, chest, dbdomen, and lower
extremities, based on probabilistic functions of
objective injury assessment variables measured by
the MATD. Theinitial basisfor thisinjury model
was reported in Newman et al. [5], with example
application in Kebschull et al. [6].

The 1996 edition of the Standard did not include a
probabilistic neck injury model, due to the limited
injury tolerance data that was available at that time.
Instead, a criterion to indicate either "likely [neck]
fracture or dislocation [with] afatal propensity” or
non-injury was incorporated [1]. This limitation
became especially important in airbag evaluations
that involved severe neck loading. For example,
Ramet et al. [7] reported severe upper neck lesions
with cadavers positioned on prototype motorcycle
airbags, suggesting that a better estimate of neck
injury probability would be required.

Objectives

The objectives of this study were to develop anew,
probabilistic neck injury criterion compatible with
the criteria employed in other body regions of the
MATD. The criteriawould be appropriate for
assessing AIS 0 to 6 skeletal and ligamentous injuries
to the upper neck defined by AO/CL/C2. The new
neck design and injury criteria have been proposed in
the committee draft first revision of the Standard for
use in the risk/benefit analysis and injury severity and
cost models.

REQUIREMENTSFOR THE NECK INJURY
CRITERIA DEVELOPMENT

The objective was to develop a probabilistic,
objective injury criterion that would be:

o consistent with the form of the injury criteriafor
the other body regionsin SO 13232-5,

e consistent in general form with other neck injury
criteria applicable to other mechanical necks (e.g.,
Eppinger et a., [8], [9])

¢ based on the force and moment time histories
obtained from either computer simulations or full
scale tests using the new MATD neck, according
to the relevant parts of 1SO 13232,

o suitablefor predicting AIS1to 6 level injuriesto
the AO/CL/C2 region of the cervical spine,

e consistent with the frequency distributions of:

e neck injury severities observed in the census
of 487 non-fatal L A/Hannover motorcycle-car

accidents (1S0O-13232-2) and 67 USC fatal
motorcycle-car accidents ([10], [11]);

e AQO/CL/C2 neck injury severitiesand
directions observed in the 67 USC motorcycle
fatal accidents;

o peak AO forces and moments observed in
calibrated computer simulations of the 501
L A/Hannover non-fatal and fatal motorcycle-
car accidents and 67 USC fatal motorcycle-car
accidents, assuming the baseline helmet and
opposing vehicle were present in all cases, and
a GPZ 500 motorcycle was the subject
motorcyclein all cases.

COMPUTER SMULATION OF THE MATD
NECK

In order to simulate real accidents for which neck
injuries were known, a computer simulation of the
new neck was developed using the US Air Force
Articulated Total Body (ATB) Program [6], [12]. The
mathematical model of the neck comprised 8
segments (lumped mass rigid bodies) connected in
series between the lower neck pivot point and the
head, with 26 motion degrees of freedom, as
illustrated in Figure 1. The model was validated by
comparing the predicted results to those observed in
component and full-scale tests as reported in [13].
For example, Figure 1aand b illustrate a comparison
of till images from high speed video of arearward
neck extension sled test and the corresponding
computer simulation. Figure 1c illustratesthe
digitized motions from the full-scale test and from
the corresponding computer simulation, indicating
close agreement. Figure 2a, b and cillustrate a
similar comparison using full-scale test data.

NECK INJURY PROBABILTY MODEL FORM

In order to maintain consistency of form with other
injury functionsin SO 13232 and other scientific
literature, it was assumed that the probability of a
maximum Al Syoicuce = K neck injury isrelated to an
objective injury index NIl asfollows:
35
X—ij ]
Tk

where v, and ng areinjury risk distribution
coefficients to be determined. It was further assumed
that this distribution approximates a normal
distribution with mean , and standard deviation oy,

according to the equations from SAE AE-9 [14] and
Réde and Westergren [15]:

P(MAIScycz KNI 1 = x)=1- e_[[ (1)
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The objective injury index Nl is defined as
follows:

NI gy =max NI (t) 4.
t
where NII(t) is defined by equation (5) and where

Fc istheneck axial compression force,
Fc= 'min(Fz,O),
Fr istheneck axial tension force,
Fr= maX(Fz,O),
My isthe neck lateral flexion moment,
Mg isthe neck extension moment,
Mg = -mi n(My,O),
Mg isthe neck flexion moment, Mg = max(My,0),
M; isthe neck torsion moment,
F," and M, are model coefficients corresponding to
single axis failure criteria, to be determined
for 1I={C, T X,E,F,Z}.

The objective injury index defined by equations (4)
and (5) was adapted from the generalized stress ratio
method for estimating the strength of materials under
combined loading conditions described in many
references (e.g., Shanley et al. [16], Bruhn [17], and
US Department of Defense MIL-HDBK-5D [18])
and assuming that the generalized exponent has a
value of either 1 or 2. For example Figure 1.5.2.5 of
MIL-HDBK-5D ([18], pp 1-29) indicates that for
various materials, the exponentsin equation (5) in
general can have real valuesin therange of n=1to 3.
The assumption is that biological material such as
ligaments and vertebral facets exhibit material
characteristics analogous to those for metallic
materials. For strength of materials, in general,
bending and axial stresses are considered to be
linearly additive (i.e., n=1); moments about
orthogonal axes are considered to be resultants (i.e.,
n=2); and combinations of shear (i.e., torsion) and
axial stress are considered to be resultants. Equations
C4.11, CA4.16, and C4.16 in Bruhn [17] are examples

of dressratios for these types of interactions.
Equation (5) alows for asymmetric strengths (e.g.,
extension-flexion), and strengths in each direction
which are independent of the strengths in the other
directions, which was considered to be appropriate
for composite structures such as the human neck.

Neck shear forces are not included in this model
because shear motions were observed in 64 of the 67
cases in the USC fatal accident database with
AO/C1/C2 neck injuries. As aresult, it was
considered that there was insufficient information in
this database to identify injury criteria based on shear
force. Possible explanations for this are that neck
shear motion may be uniformly associated with
motorcycle (and perhaps nearly all motor vehicle)
neck injuries; or alternatively, that neck shear motion
isafully coupled variable, uniformly associated with
the other motions that are present (e.g., bending,
torsion, and compression-tension).

Equation (5) can be re-expressed in terms of
normalized neck force and moment components
according to equations (6) and (7) as follows:

FI':—I(t)J for | ={C,T}

NIT, (1) = (7
[MM'—(t)j for | ={X,E,F,Z}

It was then furthermore assumed that if an
MAISyorcce > K injury does occur, then the injuries
are associated with the neck force and/or moment
directions, |, which satisfy the equation:

NI (tr )2 Qi (8)
where t, . is defined such that
N (g ) = NI 9)

The Q. coefficients have positive values between 0
and 1 which are also to be determined.

2 }/2 ? 2 }/2
NI (t) = Fcft)+FT£t)+[(Mx*(t)J +[ME*(t)+MF*(t)j] _{Mz*(t)j &)
FC FT Mx ME MF MZ
NIZ(0)= N0 NI 0+ (W1 0+ (0104 1 7)) 200 ©)
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MOTORCYCLE ACCIDENT DATABASES

The coefficients for the assumed neck injury
probability model were estimated from data
describing 501 Los Angeles and Hannover
motorcycle-car accidents (1SO 13232-2) and 67 USC
fatal motorcycle-car accidents[11]. Features of these
databases are summarized in Table 1.

METHODOLOGY FOR INJURY CRITERIA

DEVELOPMENT

The neck injury criteria were estimated using
methods based on the available motorcycle accident

data and several assumptions.

Basic Assumptions

Basic assumptions for this analysis were that:
e The assumed mathematical injury probability
model described by equations (1) to (9) are valid.
e Thedistribution of neck injury severitiesin the 67
USC fatal accidents are the same asthe
distribution of neck injury severitiesin the 14

fatal LA/Hannover accidents.

e Thedistribution of neck forces and moments
predicted by computer simulations (based on 1SO

13232 computer simulations) of 67 USC fatal
motorcycle accidents with a GPZ 500 motorcycle
and ahelmeted rider, are the same as those which
occurred in the 67 USC fatal motorcycle
accidents, and that these distributions are
representative of all fatal motorcycle accidents.

e Thedistribution of forces and moments predicted
by the 501 1 SO 13232 calibrated computer
simulations with a GPZ 500 motorcycle and a
helmeted rider are the same as those which
occurred in the 501 LA/Hannover injury
accidents, and that these distributions are
representative of all injurious motorcycle

accidents.

These assumptions are also based on the underlying
assumption that neck forces and moments and
resulting injury severity are independent of helmet
use. Orsay et al. [19] have found that there isno
relationship between helmet use and the prevalence

of neck injuries.

Additional Assumptions

It was further assumed that:

e Theforcesinthe new MATD dummy upper neck
are those which are relevant and correlated with

Table 1. Summary of Accident Databases

- Database
Sample Criteria A p—— e
Accident | Reporting criteria Police reported Police reported Police reported
No. of vehicles 2 2 2
Accident All, except untestable All, except untestable All, except
configurations configurations configurations runover/snag

On scene, in-depth,

mgteﬁsct)g;anon On scene, in-depth On scene, in-depth L;‘gg?g;jn%?oggpg
neck dissections
Subject vehicle Motorcycle vyith seated, | Motorcycle vyith seated, | M otorcygle with solo
solo rider solo rider rider
Person Rider Rider Rider
| Injury severity Injured or killed Injured or killed Death within 10 days
Other vehicle Passenger car Passenger car Passenger car
Region Los Angeles Hannover Los Angeles County
Time period 1976-1977 1980-1985 Aug 1978-Mar 1981
Sample size 501 67
Non fatal neck injuries <3% 92.5%
Fatal neck injuries Unknown, but <3% 7.5%
Fatal (all causes) 3% 100%
c No neck dissections, neck injuries for fatal cases Detailed injury
omment : :
unknown information
Reference 1SO-13232-2 |SO-13232-2 [10],[11]
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human upper neck injuries. The new MATD neck
dynamic response in three axes has been validated
against volunteer human response corridors as
described in [4]. This general approach for
developing neck injury criteria has been
commonly used by othersin the past;

The simulated dynamic response of the new
MATD neck correlates strongly with the dynamic
response from full-scale tests, as described herein
and in[13];

The distributions of neck forces and moments
from calibrated computer simulations of a GPZ
500 and a helmeted rider for the 67 USC fatal
accident cases are assumed to correspond to the
distributions of the observed injury severities and
motions,;

The coefficients that describe the relative
distribution of neck injuries by direction (F¢ ', Fr ,
My, Mg, Mg, Mz, and Q") are assumed to be
the same for both fatal and non-fatal motorcycle-
car accidents, and for all neck injury severity
levels,

Fc', Fr, My, Mg, Mg, and Mz have positive
values, which are assumed to be less than the
overall maximum values for F¢, Fr, My, Mg, Mg,
and Mz that occur in the computer simulations of
the 67 USC fatal cases, because observed injuries
were previously associated with motionsin each
of these axes,

The overall probabilities of neck injury in fatal
and non-fatal subsamples of motorcycle-car
accidents may be different (i.e., the intercept
value L for ridersin fatal accidents may be
different from p for injured riders);

The standard deviation of the injury risk, oy,
which is related to the slope of the probability of
injury vs. injury index curve, isthe samefor all
AlSinjury severity levels (i.e., failure mechanism
issimilar at al AlSlevels, e.g., as assumed with
the 1 SO 13232-5 thoracic compression injury
probability). This assumption eliminates the
possibility of overlapping injury risk curves (e.g.
the probability of an AlIS 3+ injury being greater
than the probability of an AIS 2+ injury for a
given injury index value);

The coefficient of variation (standard deviation
divided by the mean) of the AIS> 3 injury risk
curveis0.2 (i.e., 63/i3 =0.2). This assumption is
based on results for neck extension moment and
tension described by Mertz and Prasad [20];
“Direction of force” corresponds to “ direction of
motion” for each neck injury observed in the USC
fatal accidents. The later was based on detailed
reconstructions of rider motions and in particular
head and neck kinematics by a panel of experts.

M ethods

The coefficients for the assumed mathematical injury
probability model were identified in two steps. First,
the injury direction coefficients were estimated from
the neck injury severities and directions observed in
the 67 USC fatal accident cases. Then, the injury risk
probability coefficients were estimated from the neck
injury severities observed in the 501 L A/Hannover
cases. Thisprocessis further detailed in the
informative annexes to the committee draft first
revision of 1SO 13232-5[3].

Injury direction coefficients
Thevauesfor F,', M;", Qc, and S were estimated by
fitting the distribution of neck injury severities and
direction components, which were predicted by the
model from computer simulations of the 67 USC
fatal accidents, to the observed distribution of injury
severities and directions observed in the USC 67 fatal
accident database. S, was defined such that NIz =
S corresponded to aMAIS >k injury in the 67 USC
fatal accidents.

The distribution of neck injuriesin the USC fatal
accident database can be described by the frequencies
with which the contributing directions occur by
injury severity level. Let ngctxer, be the number of
ridersin the USC fatal accident database according to
the AO/CL/C2 neck injury severity and
axig/direction, where the subscriptsc, t, x, g, f, zare
either O or 1 asfollows:
i=1 if therider had an MAISyocuce > Kinjury, and
the injury was associated with direction F, or
M.

i=0 otherwise.

yyyyyy

yyyyyy

USC fatal accident database are listed in Table 2.
The total number of casesin the fatal accident
databaseis

11 1 1 1 1
Mota =Zzzzzznk,c,t,x,e,f,z (10,

which is a constant (ny=67) for all injury severity
levelsk.
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Table 2. Distribution of neck AO/CL/C2injuries
in the USC fatal motor cycle accident database

k Number of Cases Number of Caseswith
with MAISyorcycz = K MAISyorcyce < K
(Nk0,000,00)
0 3 0
1 0 3
2 9 3
3 39 12
4 0 51
5 11 51
6 5 62

In asimilar manner, let my .y, be the number of
computer simulations where AO/CL/C2 neck injury
isindicated, where the subscriptsc, t, x, e, f, zare
either O or 1 asfollows:

i=1 if NIl >S, ad NIl (ty) > QS -

i=0 otherwise.
The total number of computer simulation casesis

1 1 1

1 1 1
Mygta = ZZZZZZ My ctxef,z (11-)

c=0 t=0 x=0 e=0 f=0z=0

which isalso a constant (mgy = 67) for al injury
severity levels k.

Theinjury criteriacoefficients /", M,", Q. , and S,
were selected to minimize the difference between the
distributions of predicted and observed injuries.
Specifically, the coefficients SF,” , SM,", and Q
were determined by the numerical searches described
in Annex M of 1S0O-13232-5 to minimize the
difference function J,

I=>"3, (12)

‘]k :iiiiii{nk,c,t,x,e,f Z mk,c,t,x,e,f ,z] (13)

Niotal Motal

and where
M0,00000 = k000,000
S=1ad
Qq isthelargest value that satisfies
NI (trax ) > Qi Sy for at least one direction, I,
for each of the cases that satisfy NIl =S, .

in order to facilitate the model coefficient
identification process. With this constraint, S, can be
directly calculated fromthe ;" and M,” coefficients,
thus eliminating one coefficient from the model
coefficient search. The condtraint that S; = 1 was
chosen in order to uniquely define the absolute
magnitude of the F,” and M,” coefficients.

Injury risk probability coefficients
The vaues for yy were then estimated by fitting the
distribution of neck injury indices predicted by the
model from the computer simulations of the 501
generic LA/Hannover casesto the distribution of
injury severitieslisted in Table 3. The injury severity
distribution in Table 3 was estimated using the data
and method described in Appendix A. The values
for vy, and n, were then calculated from py, and oy
assuming as noted previously that o, = 0.2 s.

Table 3. Distribution of neck AO/C1/C2 injury
severitiesin the LA/Hannover motor cycle accident

database
k Estimated Number Estimated Number
of Caseswith of Caseswith
MAISiorcyce = K MAISorcyc2 < k
(from column 9 of
Table A.1)

0 474 0

1 10 474

2 4 484

3 10 488

4 0 498

5 2 498

6 1 500

For each injury severity level k, the numbers of
LA/Hannover cases with MAI Syocuco>k injuries and
computer simulation cases with NIl 4 can be
expressed according Table 4, where 14 and m are to
be determined. If the cases are sorted such that

NH maxi < Nl paxis 1, fOr i = 1 to 500, then g4 and my
satisfy the equation

N e, < A < NI g (14)

The values for y that satisfy equation (14) can be
calculated from my according to the equation for the
logarithmic mean,

Hic = NI oy NI g 1 (15)
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Table 4. Number of cases with observed and
predicted injuries

Number of Cases
MAISiorcuc > K N o >
(LA/Hannover (computer
data) simulations)
No Nk my
Yes 501-ny 501-my
Total 501 501

The best estimate of 1, for k=1to 6, satistifies
equation (14) with m=n,, the number of cases with
MAISyoicice<k listed in the 3rd column of Table 3.
As aresult, the distribution of MAISyojcyc injuries
predicted by the 501 computer simulations will match
the distribution of neck injuries observed in the
LA/Hannover database asillustrated in Figure 3.

12

10 - M L A/Hannover database
g 8 - 501 Calibrated computer
5 simulations
5%
£ 44

0 - | | | | ﬂ N
1 2 3 4 5 6
MAISAOICIICZ
Figure 3. Distribution of observed and predicted
neck injuries.

The 95% confidence intervals for w4 can be
considered to be the range of valuesfor g4 such that
the portion of cases with NIl > is not statistically
significantly different than the portion of cases with
MAIS\oicuco>K. This condition is satisfied for m
<m<m suchthat 2 <384, where 42 is
calculated according to the following equation (based
on equation 5.39in [21])

> (n (501~ m, )-m, (501-n,))*(2x501)
~ (n,+m,)(501-n, +501—m, J(501)?

(16)

The range of valuesfor m, and m," that satisfy

2% <384 arelisted in Table 5. These values are
used in conjunction with egquation (15) to estimate the
95% confidence limits for z. The upper confidence
limits for my, ms, and ms (and thus u, us, and ) are

undefined because ;(2 <3.84 issatisfied for all m¢
<m<S01.

Tableb5. 95% Confidence limitsfor my

¥

K me my
1 459 486
2 471 493
3 477 496
4 491 -
5 491 -
6 495 -

RESULTING MATD NECK INJURY
CRITERIA

Injury Direction Coefficients

Theinjury direction coefficients were identified
according to the method described above, and are
listed in Tables 6 and 7. Table 8 lists the number of
observed and predicted injuries by injury severity and
direction, which summarizes thefit to the 64
individual bins. The correlation between the
predicted and observed bin counts (M ¢t xef-and
Nkctxefz), €xcluding the non-injury cases, was
r’=0.56.

Table 6. Force and moment normalizing
coefficients for the new MATD neck.

Coefficient Estimated Vaue
Fc 353 kN
Fr 421 kN
My 61.8 Nm
Mg 55.66 Nm
Mg 2248 Nm
M 723 Nm

Table7. Injury threshold coefficientsfor the 67
USC fatal caseswith the new MATD neck.

K S Q

1 1 0.583
2 1.00 0.583
3 1.45 0477
4 2.93 0.606
5 2.93 0.606
6 4.23 0.688
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Table 8: Comparison of Number of Observed and Predicted Injuries by Injury Severity and Direction.

Number of casesin the USC fatal motorcycle accident | Number of computer simulations of the USC fatal
database with MAI Syoic1/c2=K and indicated direction cases With NI ;e S and NI (tr) Qi Sc
Direction k I k
1 2 3 4 5 6 1 2 3 4 5 6
Compression 5 5 4 0 0 0 C 14| 14 11 0 0 0
Tension 18 18| 16 4 4 0 T 5 5 5 0 0 0
Lat. Bending 42 42| 35| 11 11 2 X 43| 43 37 8 8 1
Extension 33 33| 29 8 8 4 E 29| 29 22 8 8 4
Flexion 20 20| 17 4 4 0 F 12| 12 7 0 0 0
Torsion 20 20| 17 7 7 2 Z 17| 17 12 1 1 0
All 64 64| 55| 16 16 5 - 63| 63 55| 16 16 5

The shape and step-wise fit of the NIl criteriato
the USC dataisillustrated in Figure 5. There are six
scatter plots, onefor each pair of F,, My, My, and M,
axes. The numbers in each scatter plot are the
maximum Al Saoicuco=K predicted by NI S
computed from the forces and/or moments at tpy,
using the coefficients listed in Tables 6 and 7, for
injuries associated with the forces and moments on
the plot. For example, the graph in the upper left
corner isa scatter plot of injuriesthat were only
associated with tension (NI +(tme) 2Q« S),
compression (Nl ¢(tme) 2Q« SJ), and/or lateral
bending (NIl x(tma) 2Q« S) motion vs F, and M.
Envelopes of constant NIl =S are also shown on
each plot, corresponding to the S, valuesin Table 7.
The envelopes separate out the injuries by AlSlevel
as intended.

Injury Risk (Probability) Coefficients

The injury severity coefficients were identified from
the LA/Hannover data according to the methods as
previously described. The resulting coefficients are
listed in Table 9 and the injury risk curves are
illustrated in Figure 4. The distribution of neck
injuriesfor the 501 computer simulations also
matches the distribution of injuriesin the
LA/Hannover database, as previoudly illustrated in
Figure 3.

A comparison of resulting injury criteria for the new
SO 13232 MATD neck to criteria proposed by
NHTSA for the Hybrid I11 50th Percentile Adult
Mae[22] islocated in Appendix C, bearing in mind
that the two different dummy necks and injury
criteriawere developed entirely independently, and
therefore would not be expected to be similar.

Probability of Injury
P4
o

NIl

| . \ \ \ . . \ \
[ 5 10 15 20 2 30 35 Fe (kN)

L I L L I I I 1 I I !
0 5 10 15 20 25 30 35 40 45 F_r (kN)

0 100 200 300 400 500 600 M, (Nm)
| | . . | . .

0 100 200 300 400 500 M (Nm)
. . . , . .

0 500 1000 1500 2000 M, (Nm)

0 100 20 00 400 500 600 700 M; (Nm)
Note: Each force and moment scaleis only applicableif al of the

other upper neck forces and moments are set equal to zero.

Figure4. Neck AO/C1/C2injury risk curvesfor
the new MATD Neck.

Table 9. Injury severity risk coefficientsfor the
new MATD neck.

k Hx Ok K T
(=0.2115)

1| 391 (3.50,450) | 0.928 0.97 | 3.26
2| 438 (3.86,5.36) | 0.928 145 | 3.26
3| 464 (4.07,6.20) | 0.928 171 | 3.26
4 | 6.59 (5.13,-) 0.928 3.66 | 3.26
5| 6.59 (5.13,-) 0.928 3.66 | 3.26
6 | 819 (5.94, -) 0.928 525 | 3.26
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CONCLUSIONSAND RECOMMENDATIONS

The need for a new multi-directional motorcycle test
dummy neck and neck injury assessment method was
identified during previous research studies with
protective devices, in particular with prototype
motorcycle airbags. A new neck and corresponding
neck injury criteria were developed which
satisfactorily meets these and other injury assessment
needs of 1SO 13232. The new neck and injury criteria
areincluded in the committee draft first revision of
SO 13232 [3].

The new probabilistic injury assessment criteria was
developed to alow injury risk/benefit analysis of
protective devices while incorporating the injury
predictions for the neck at the AO/CL/C2 level for
ligamentous and skeletal injuries at the AIS (1990) 1
to 6 level. The criteria employs the measured upper
neck axial forces, and AP flexion-extension, latera
bending, and torsional moment responses from the
new MATD neck to predict the injury outcome for
use with injury risk/benefit analysis methods. The
model currently predicts the same injury outcome for
568 reconstructions representative of field accident
data based on the Los Angeles and Hannover studies.
Thisis a substantial improvement from the previous
criteriain 1SO 13232 (1996) which resulted in the
number of predicted injuries being 10 times larger
than the number of observed injuries.

The new neck injury criteriais based on several key
assumptions which may be limiting: the equal injury-
probability slopes at all injury severities, which might
imply similar injury mechanismsfor all severities,
the accuracy of the N=568 computer simulations
which have been only partially validated in
component and full-scale tests; and the observed
“associated neck motions’ for the most severe upper
neck injury in each accident being based on detailed
case review and reconstructions by one group of
experts. Although these assumptions could be subject
to further refinement, the neck injury criteriaare
based on the best information available at thistime,
and produce predictions that arein closer agreement
to real world accident data, using the specified
methodology of 1SO 13232. Additional in-depth
motorcycle accident data would provide a larger
validation sample.
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APPENDIX A

The distribution of neck injuriesin the 501 LA/

LA/Hannover database corresponding to
columns 2 and 4. The percentages in these
columns are equal to the number of

Hannover accident database was estimated by

e imputing the distribution of neck injuries (11)
observed in the 67 USC fatal casesin the 14 fatal
LA/Hannover cases; and (12)

o redistributing the remaining 3 unknown injuries
amongst the valid cases.

The dataand results of thisanalysis arelisted in

Table A.1. Thecolumnsin Table A.1 are as follows:
(1), (10) The maximum AO/CL/C2 AlSinjury

Se'verlty level (MAl SAO/ClICZ)-

The numbers of non-fatal and fatal casesin

the LA/Hannover database by MAI Saorcuca.

Notethat 3 non-fatal cases and all 14 fatal

cases have unknown neck injuries.

(3), (5) The percentages of casesin the

(7)
(2), (4

(8)

cases/501 x 100%.
The numbers of casesin the USC fatal

accident database by MAI Saorcrco.

The percentages of casesin the USC fatal

accident database by MAI Saorcrco.
(6), (13) The estimated percentage of LA/Hannover

cases which were fatal by MAI Saoicuicz-
The percentages in this column are equal to
the values in column 12 x 2.79%.
The estimated percentage of all
LA/Hannover cases by MAISyoicuce- The
percentages in this column are equal to the
valuesin column 3 plusthe valuesin
column 6.

The estimated valid percentage of

LA/Hannover cases by MAI Syoicyicz, Which

Table A.1. Distribution of Neck AO/CL/C2 Injury Severitiesin the LA/Hannover and USC Fatal Accident Databases

@ (2 3 4 (5 (6) (1) (8) )
MAISaocucz LA/Hannover Database
Non Fatal Fatal All
Observed Observed Observed Observed Estimated Estimated Estimated Estimated
Number Percentage Number Percentage | Percentage | Percentage Vvalid Number
of of al of of all of al of Percentage of
Cases Cases Cases Cases Cases Cases of Cases Cases
0 470 93.81% 0.13% 93.937% 94.50% 474
1 10 2.00% 0.00% 1.996% 2.01% 10
2 2 0.40% 0.38% 0.775% 0.78% 4
3 2 0.40% 1.63% 2.026% 2.04% 10
4 0 0.00% 0.00% 0.000% 0.00% 0
5 0 0.00% 0.46% 0.459% 0.46% 2
6 0 0.00% 0.21% 0.209% 0.21% 1
unknown 3 0.60% 14 2.79% 0.00% 0.599% - 0
Total 487 97.21% 14 2.79% 2.79% 100.000% 100.00% 501
(10 (11) (12) (13
MAI SAO/C]JCZ USC Database Observed
Fatal Percentage
Observed Observed of USC
Number Percentage Fatal
of of Fatal Cases
Cases Cases X 2.79%
0 3 4.48% 0.13%
1 0 0.00% 0.00%
2 9 13.43% 0.38%
3 39 58.21% 1.63%
4 0 0.00% 0.00%
5 11 16.42% 0.46%
6 5 7.46% 0.21%
unknown 0 0.00% 0.00%
Total 67 100.00% 2.79%
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reapportions the remaining 3 unknown
cases amongst the valid cases. The
percentages in this column are equal to the
valuesin column 7 x 501 / (501-3).

(9 The estimated number of LA/Hannover
cases by MAIS\oicuce. The numbersin this
column are equal to the valuesin column 8
x 501/ 100%. The estimated numbers of
cases were rounded to integer values such
that the total number of casesis 501.

APPENDIX B

Figure B-1 illustrates the distributions of maximum
neck forces and moments for the 501 computer
simulations used to identify the neck injury criteria
for the new MATD neck. Note that these maximum
forces and moments were the maximum values
observed in the entire impact sequence, including
ground contacts, up to 5 sec from the time of initial
contact, for the purpose of correlating with injuries
reported in the accident data. Furthermore, some of
the collisionsin this accident database represent high
speed, severe impacts, with motorcycle speeds up to
195 km/h, and the opposing vehicle speeds up to 150
km/h. Thisisthe probable reason why some of the
maximum forces and moments are of relatively large
magnitude.

APPENDIX C

Figure C-1 illustrates the shapes of the new injury
criteriafor the MATD neck and the criteria proposed
by NHTSA for the Hybrid 111 50th percentile adult
male neck [22]. Keeping in mind that the respective
dummy necks are mechanically quite different, and
the two dummy necks and criteria are not
interchangeable, this figure indicates that the shapes
of thetwo criteriaare very similar in the Fz vs My
plane. Thisfigure also illustrates the differences

between the two criteriain lateral flexion and torsion.
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Figure B-1. Maximum neck force and moment
distributions from computer simulations of 501
LA/Hannover cases, including caseswith high
speed, severe impacts
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