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1.0 INTRODUCTION AND BACKGROUND

1.1 Introduction

Motorcycle crash investigation data from many countries show that
the use of helmets results in fewer head injuries and fatalities. Few
would disagree that helmets reduce the likelihood and severity of sharp
and blunt trauma to the head resulting from head impacts. The effect
of helmet use on neck response, however, is not well understood. Many
studies have indicated that the wearing of helmets does not increase
the probability of sustaining neck injuries, but controversy on this
point exists. Of those concerned with the effectiveness of helmet use
many from the engineering and medical professions and from the lay
public believe that the mass of the helmet might cause severe loading
of the neck structure during a crash event. Another view is simply
that, apart from mass effects, if the head is protected, then greater
energy must be absorbed by the neck. These views cannot be countered
by epidemiological data at the present time because of both the difficulty
in diagnosing neck injury in those cases where the cyclist is not killed
and Tack of a well-defined neck autopsy protocol in those cases where
the cyclist is killed.

In the past few years, opponents of mandatory helmet laws have used
the unsubstantiated claim of an adverse role of helmets in neck injury
causation as partial justification for having the Taws repealed. As
there is much public demand and legislative support in many states for
the repeal of helmet laws, the burden of proof may 1ie with proponents

of the helmet laws, i.e., to show that helmets do not play this adverse



role. In a review article, Versace (1977) states that "while the
evidence does not support the theory that the helmet is a causal
factor in the incidence of neck injury, the state-of-the-art does not
provide sufficient data at this time which would indicate that the
helmet does not increase the incidence of neck injury." It is the
purpose of the current study to expand the state-of-the-art so that

this question and others pertaining to helmet use can be answered.

1.2 Background and Methodology

Because there is a lack of sufficient epidemiological data to
answer many pertinent questions and because many questions pertaining
to the performance of protective headgear cannot be approached from
within an epidemiological framework, an alternative approach was taken
in this study -- that of mathematical modeling.

An exhaustive search of the literature has shown that very few
studies have used computer simulation of dynamic response of the head
and neck to investigate helmet performance. Further, those few studies
have all used simple mathematical models of Timited ability to in-
vestigate the many aspects of impact response of the helmeted head and
neck. Bishop (1976a, 1976b) has evaluated ice hockey helmet design by
using a model which considers only one angular and one linear degree
of freedom for a single, combined head/neck mass. The helmet Tiner is
represented by a simple spring-dashpot element. Metz and Ruhl (1973)
investigated the influence of crash helmets on whiplash neck torques.
No direct head impacts were investigated in that study. Metz and Ruhl

used a model with a single torso mass, a two-link neck, and a single



head/helmet mass. McElhaney, et al. (1971) studied helmet performance
with a one-dimensional model which represented the head by a spring and
dashpot and two masses, one representing bone and scalp adjacent to the
impact impulse andone representing the remainder of the head mass. A
helmet mass was coupled with the head by a spring and a dashpot which
represented the liner. McElhaney's simulations did not model the neck
or torso. Khalil, et al. (1974) and Liu and Chandran (1975) have
predicted strains and pressures in the brain resulting from impact of
the helmeted head. Their models are for impacts of idealized fluid-
filled containers and neither considers whole body motions or includes
representation of the neck or torso.

The current study uses a fourteen degree of freedom, whole-body
motion model which emphasizes accurate representation of the human body
as a biomechanical system -- the MVMA Two-Dimensional Crash Victim
Simulation model (Bowman, et al.,1974, 1977, 1979). This model has been
used with great success in a number of studies over the past six years.
These include studies which concentrated on head/neck response (Schneider,
et al., 1976; Alem, et al., 1977, 1978). In a recent study (Snyder,
Foust, and Bowman, 1977) the model was used for simu1a£10n of impact
events of much the same type as those investigated in the current study.
Included in the study by Snyder, et al., were (unhelmeted) head impacts
of human free-fall victims against unyielding "ground" surfaces. In
that study, the ability of the model to predict accurately the dynamic
response for impacts of this type was demonstrated by simulation of drop

tests of instrumented anthropomorphic dummies.



The research described in the following report had several goals:
1) to answer previously unaddressed questions regarding neck response
for helmeted and unhelmeted head impacts; 2) to model a rénge of
cyclist impact situations accurately enough to provide useful

quantitative measures of both head and neck responses; 3) to provide

a basis for limited statements relating to helmet design; and finally,
4) to establish a broad overall view of the effectiveness of helmet
use by investigating the potential of the helmet to both beneficially

and detrimentally affect head and neck response.



2.0 COMPUTER SIMULATION METHODS

Section 3 of this report describes the types of motorcyclist impact
configurations simulated in this study and also the specific crash con-
ditions and parameter variations investigated. Results are presented
in Section 5. This section explains some of the more important aspects

of the computer simulation techniques used.

2.1 The MVMA Two-Dimensional Crash Victim Simulation Model

Computer simulations of motorcycle driver horizontal and vertical
surface impacts were made with the MVMA Two-Dimensional Crash Victim
Simulator, developed at the University of Michigan Highway Safety
Research Institute. This model includes the following features in its
representation of the human body:

1. A nine-mass, ten-segment body Tinkage;

2. An extensible, two-joint neck and a realistically

flexible shoulder complex;

3. Energy-absorbing joints;

4. Time-dependent muscle activity level;

5. Contact-sensing ellipses of arbitrary size, position,

and number which define the body profile; and,
6. General and arbitrarily definable nonlinear materials
with energy-absorbing capability for all parts of
the body.
The MYMA 2-D CVS model has found wide application by researchers

in the fields of biomechanics, automotive safety design, and highway



safety research in general. One particular study in which the model
was used, "Study of Impact Tolerance Through Free-Fall Investigation,"
sponsored by the Insurance Institute for Highway Safety, provided the
basis for much of the modeling required in the current study (Snyder,
et al., 1977; Foust, et al., 1977; Mohan, et al., 1979). The first
reference, Snyder, et al., 1977, in particular, details the develop-
ment of biomechanical and anthropometric data required for modeling
the human body in these simulations.

The MVMA 2-D model is completely documented in the three-volume
report, "MVMA Two-Dimensional Crash Victim Simulation, Version 4"
(Bowman, et al., 1979). It is described in less detail in "The MVMA

Two-Dimensional Crash Victim Simulation," (Robbins, et al., 1974).

2.1.1 The Body Linkage. The MVMA 2-D model body linkage is

illustrated in Figure 2-1. Ten physical links are represented. The
spinal column of a human being is more or less continuously flexible
since it is composed of thirty-three vertebrae and intervening fibro-
cartilaginous discs. The model simulates flexibility of the combined
thoracic and lumbar spines by two articulations, which connect three
torso links. These are joints 3 and 4 in the figure. Flexibility of
the cervical spine is accounted for by two articulations, one at the
occipital condyles and one at the seventh-cervical/first-thoracic
juncture (C7-T1), joints 1 and 2, respectively.

Nine masses are associated with the ten links. The neck link Ln
is extensible and compressible and has non-zero mass,while the shoulder

Tink (9-7) has no mass but is included in the model to account for
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Figure 2-1. MVMA 2-D CVS Body Linkage



sagittal-plane claviscapular shrugging motions. A1l other links are
inextensible and articulate at the joint positions illustrated.

Figure 2-2 illustrates most of the anthropometric measures used
in development of an MVMA 2-D linkage data set for the 5 foot 10 inch,
170 pound adult male of the motorcycle driver impact simulations. The
measures indicated (and others such as 1ink masses and moments of
inertia) were available from various anthropometric studies. Their
use in the construction of data sets for the MVMA 2-D CVS model is
described in the previously mentioned free-fall study report, Snyder,

et al., 1977.

2.1.2 The Joint Model. Resistance to motion between adjacent

body 1inks is present in joint structures of the human body. There
are passive resistances that result from deformation of both soft and
hard connective tissues, and resistance to motion increases when
musculature acting about the joint is contracted. Viscoelastic joint
elements for both types of resistance are represented in the MVMA 2-D
model .

The MVMA 2-D joint model is explained fully by Bowman, et al.(1977,1979).
The passive elements are represented in a very general manner so that
experimentally determined loading and unloading characteristics of joint
structures can be properly modeled. The muscle elements are series
combinations of spring and damper components, where the spring and
damping coefficients are both functions of the time-dependent level of
muscle activation. In this study, it was felt that muscle activity

about joints other than the neck would not be a significant factor.



head length

head circumference //

!

CG location below
top of head

head-neck height

4

“~\ J
/ : ittin
l //—’ ) ’\}‘— }Swei':;htg

total torso
chest depth height sitting

shoulder
femoral lenath ‘¥ hip height

pivot
L@ ‘
&

stature

pivot
knee height : Tower
i 89 total
; 0
¢ . }5 h?1ght leg height
< Y

crotch height

Figure 2-2. Anthropometric Dimensions



The neck joints were, therefore, the only ones for which these elements

were represented.

2.1.3 The Body Profile and The Crash Environment. In order that

the computer model be able to predict force-producing interactions be-
tween the simulated human and his environment, sets of potentially-
interacting, geometrical profiles must be defined along with the other
input data. For the motorcycle driver simulations, the environment
consists either of straight-line segments representing the back of a
truck, primary impact being against a vertical surface, or a single,
horizontal line representing a road surface. (The four types of
impacts simulated in this study are illustrated in Section 3.)

The contact-sensing body profile in the MVMA Two-Dimensional CVS
is a set of ellipses of arbitrary number and dimensions, fixed to body
links at arbitrary positions. Material properties may be assigned for
each ellipse, or any ellipse can be specified as rigid. For the motor-
cycle driver model, the profile of ellipses was defined so as to: 1)
approximate the body dimensions and 2) provide reasonably accurate

compliances for the different body parts.

2.1.4 Material Properties. Material properties are prescribed

for each of the body contact ellipses and for each straight-line seg-
ment describing the crash environment. The MVMA 2-D model does not
use defined constitutive properties, but instead requires load-
deflection characteristics and information relating to hysteretic

energy loss and permanent deformation upon unloading.

10



2.2 Biomechanical and Helmet Simulation Constants

Development of data suitable for describing the human subject.in
an MVMA 2-D CVS simulation is fully described in Snyder, et al., 1977.
Several aspects of the biomechanical model that are of particular im-
portance in the current study will be described here in some detail.
A1l simulations in this study involve head or chest impacts so loading
and unloading characteristics of head and chest will be discussed.
Also, since dynamic head and neck response are of primary interest,
neck properties will be discussed. The helmet model is described in

Section 2.2.4.

2.2.1 Head Properties: Adults. McElhaney, et al., 1973 (and in

King et al., 1973) have reported A-P and L-R static load-deflection
curves measured by Messerer (1880). The A-P curves for twelve fresh,
intact cadaver heads (all adults) are shown in Figure 2-3 and were used
in this study as the basis for modeling skull stiffness. Also shown

in the figure is a two-segment "best fit" to the twelve curves. The
portion of the curves for deflections less than 0.04 inches is un-
important since its energy content is negligible.

Both the anterior and posterior hemispheres of the skull deform
significantly in a static test since the skull is subjected to external
forces on both sides. Thus, in a static test, the skull behaves 1ike
two (nonlinear) springs in series, as illustrated in Figure 2-4. The
effective stiffness for such a system is less than for either component.

For example, if each component is linear, then

k = = =
eff
K] + K2 1+ 1+ 2

~
~N



Load (ibs)

2200~
20,000 1b/in—==

3000 Ib/in

7

il 77
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// .

o8 i0 12 14 16 18

Deflection (inches)

Figure 2-3. A-P Static Force-Deflection
Curves for the Adult Head
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1-
1

Figure 2-4. Effective Stiffness of Springs in Series

This s clearly less than both K] and KZ' If K] and K2 are equal,
which is probably approximately true for the anterior and posterior
hemispheres of the skull, then keff = K1/2.

Since the curves in Figure 2-3 were obtained for static loading,
the two-segment fit is not completely appropriate for use in simulation
of an impact event. During impact loading, the absence of an external
force on one side of the skull limits deformations primarily to one
hemisphere. In terms of the simple model shown in Figure 2-4, the im-
pact stiffness is K] or K2’ both of which are greater than keff from a
static test.

For the purpose of developing a force-deflection curve for head
impact, it was assumed that the stiffnesses of the two skull hemispheres
are equal. It is necessary, then, to determine the characteristics of
identical single-hemisphere, nonlinear components of a series element
which has the two-segment (nonlinear), best-fit, static curve of

Figure 2-3 as a loading curve. The derivation of the component curves

will not be presented here, but results are shown in Figure 2-5.

13
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2-5. A-P Load-Deflection Curves for Human Head
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The derived single-hemisphere loading curve illustrated in this
figure would be appropriate as the head loading curve for A-P impact
if the opposite hemisphere did not undergo deformation. However, while
most of the total deformation can be expected to be in the impacted
hemisphere, some must be associated with flexure of the opposite hemi-
sphere. Therefore, the true impact loading curve lies within an enve-
Tope bounded above'by the single-hemisphere curve and below by the
total-skull curve. As no means could be determined for placing the
curve within this envelope, the dashed mid-line curve was taken as the
head Toading curve for impact of the adult skull. The parameters of
the two-segment curve are K' = 1.5%, o' = qa, and 6'r = .75 Sr. As
values K = 16000 1b/in, @ = .5, and Sr = .06 may be taken from Figure
2-3, the slopes of the two segments of the impact loading curve are
K' = 24000 1b/in and o'K' = 12000 1b/in, with the first segment ending
at 6'r = ,0457 in.*

Figure 2-6 shows the complete impact loading curve derived for the
simulations in this study. The curve consists of the two straight-line
segments discussed above and a portion for deflections greater than
0.4126 inches and loads greater than 5500 1b, where skull fracture is
represented. The parameters of the fracture section of this curve
resulted from personal communication with a researcher at HSRI who has
carried out impact testing of adult human cadaver skulls (Nusholtz,
pers.comm., 1978). That testing did not result in skull fracture for
impact loads Tess than 5500 1b to any part of the skull. Skull fracture

was not attained in any of the computer simulations in this study.

* The stiffness of 24000 1b/in compares with Stalnaker's (1970) value
of 26000 1b/in determined for small deflections by driving point
impedance testing of a single cadaver skull.

15



1oedw] d-y 404 3A4n) Burpeoy) peay °9-z2 3unbir4

NOILD371430
wo OGI'l WO 8HO'| wo g|f°
ul 92GH° Ul 92’ ul LSHO

m ; m

! [ wa/N 0002t |

| “ ul/al 000b2|

! , Y 068t 0011

i |

| |

| |

| _

| i

S s o 00611 -} 0292
! wa/N 00012
! ui/ql 0002I 39404
|
|
|
|
i

P.:-oEn_J,“
|||||||||||||||||||||||||||||||||||| 00st2 4 006S

N “ al

16



Unloading is not illustrated in Figure 2-6, but the MVMA 2-D CVS
model allows specification of characteristics for a general hysteretic
unloading with energy absorption and permanent deformation. It is
known that the human skull is very elastic until fracture occurs so
the simulations assumed 20% energy absorption at the non-fracture
limit deflection (0.4126 inches) and proportionately less for maximum
deflections that are smaller, the skull being completely elastic in
the 1imit as maximum deflection approaches zero. With regard to per-
manent deformation, it is assumed that none occurs for deflections less
than the fracture deflection. For greater deflections, energy absorption
and permanent deformation vary linearly with maximum (or "turnaround")
deflections to 85% and 70% respectively at 0.4526 inches. It should
be mentioned that the primary impact responses predicted in the MVMA
2-D model simulations are not affected by the accuracy of the unloading
parameters since peak accelerations and peak forces occur during load-

ing, not during rebound.

2.2.2 Chest Properties. Lobdell, et al. (1973) report blunt

impact force-deflection response of the chest for male and female,
embalmed and unembalmed cadavers. Figure 2-7 shows the average force-
deflection curve for eight unembalmed, adult cadavers for 16-mph impacts
with a 51 Tb. striker.* Standard test procedures were used with a
striker of six-inch diameter. Six of the cadavers were male and two

were female, but there were no significant differences in peak dynamic

Toads (13%, max-to-min).

* Lobdell, et al., adjusted their original data by a constant 150 1b.
to account for maximal muscle tensing.
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Figure 2-7. Average dynamic force-deflection characteristics of the
chest for unembalmed cadavers using 51 1b (23.71 kg)
striker at 16 mph (25.7 kph).
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The curve in Figure 2-7 was judged to be appropriate as a baseline
for an average adult male.* This curve was parameterized and repre-
sented by a piecewise linear form for loading. Figure 2-8 illustrates
the parameterized curve. The loading curve becomes very steep when the
chest deflection reaches about fifty percent of chest depth (Melvin,
pers. comm., 1978).

Unloading curves determined by the MVMA 2-D model are quadratic
in form and are similar to the experimental chest unloading curve shown
in Figure 2-7. For the chest as well as for the head, the unloading
curve parameters -- energy absorption and permanent deformation --
were specified as functions of the deflection at which unloading begins,
i.e., the "maximum" or "turnaround" deflection. For the chest, elastic
unloading is assumed through 0.5 inches of deflection (the first seg-
ment of the curve in Figure 2-8). The energy restitution coefficient
decreases linearly for maximum deflections greater than 0.5 inches to
a value of 0.5 at 2 inches and then 0.25 at 4.5 inches and 0.125 at
9.5 inches. The ratio of permanent deformation to maximum deformation

increases from 0. at 0.5 inches to 0.2 at 2 inches, 0.6 at 4.5 inches,

and 0.9 at 9.5 inches. These values approximate experimental results.

2.2.3 Neck Joint Properties. Mertz and Patrick (1971) reported on

a study of the strength and dynamic response of the human neck. Their

study included 90 static neck strength tests on ten volunteers, a series

* Lobdell, et al., suggest that their skeletal deflection curves differ
from total thoracic deflection by 1/2 to 3/4 inch. The total thoracic
deflection shown includes 1/2 inch of soft-tissue deformation.
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of dynamic hyperflexion tests with an impact sled which included 132
tests of four cadavers, and a less extensive series of dynamic hyper-
extension tests of cadavers and a volunteer subject. From analysis of
the angular and translational acceleration responses of the head, Mertz
and Patrick determined the equivalent moment and neck shear and axial
forces at the occipital condyles.* They established loading and un-
lToading curves which relate the equivalent moment at the condyles to
the relative angle of rotation of the head with respect to the torso.
Their recommended "baseline" curve for this moment for 50th percentile
males is shown in Figure 2-9. The illustrated loading curves were
used for the neck in the MVMA 2-D CVS simulations of the current study.
Mertz and Patrick also present data pertaining to the relationship
between hysteretic energy absorption and head-torso angle from which
the piecewise-linear approximation in Figure 2-10 has been derived.
This curve expresses the energy restitution coefficient at the occipital
con&y]és as a function of maximum condyle angle. The Mertz-Patrick data
support use of the same curve for both flexion and extension. In the
simulations, a constant value of 0.46 was used for the flexion re-
stitution coefficient and 0.36 was used for extension. These are
reasonably near to values from the curve for the amounts of head-neck
angulation occurring in computer simulations. Figure 2-11 relates
maximum condyle angle and the ratio maximum condyle angle over "per-

manent deformation" (i.e., joint angle offset upon complete unloading).

* The "equivalent" moment about the condyles combines the joint moment
component and a component from chin-chest contact, should such contact
occur.
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RESTITUTION COEFFICIENT AT CONDYLES

0 —_—
0 10 20
HEAD - NECK ANGLE (deg)

(FLEXION OR EXTENSION)

Figure 2-10. Restitution Coefficient at Condyles as a
Function of Condyle Angle
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The dashed Tines extend the solid line results derived directly from
Mertz-Patrick data. The permanent deflection ratio is found to be

nearly constant at 0.58 with a root-mean-square deviation of 0.005.

The constant value zero was used in the simulations, which does not

agree closely with 0.58. However, it is worth noting again that the
response parameters of primary interest, peak loads and peak accelerations,
occur during loading, not during rebound, so restitution coefficients

and permanent deflection ratios are not important input data for
simulations in this study.

The MVMA 2-D CVS models a two-joint, one-1ink neck. In preparing
data for simulation it is usually assumed that the two joints, at the
occipital condyles and at C7-T], are of equal stiffness and will con-
tribute equally to the total head-torso angle in hyperflexion and in
hyperextension. This approach has been used in successful studies in
the past. With regard to the unloading parameter curves in Figures 2-10
and 2-11, this means that the abscissa -- head-neck angle, or condyles
angle -- is appropriately taken as one half the experimental head-
torso angle. An identical curve is appropriate for the C7-T] joint.
With regard to Figure 2-9, neck stiffness properties are distributed to
the two joints in a manner consistent with the same assumptions. Since
the two joints are essentially torsional series elements, the moments at
the joints may be assumed equal to each other and equal to a composite,
total neck moment. Then, with the assumptions of equal stiffnesses and
equal contributions to total head-torso angulation, it can be shown

that Tinear components of the loading curves for the separate joints
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should be taken as twice the linear component of the total neck (head-
torso) curve shown in Figure 2-9. Similarly, quadratic and cubic co-

efficients are 4 and 8 times as large as those of the total neck curve.

2.2.4 The Helmet Model. The helmet model used in this study was

simple but adequate for investigating the primary questions of the study,
viz., the effects of adding mass and moment of inertia to the head,and
the effects of basic helmet parameters such as lining stiffness, shell
smoothness, and overall helmet dimensions.

A standard size fullface Bell helmet was modeled by effectively in-
creasing the dimensions of the motorcyclist's head. The helmet was
given an elliptical shape. No distinction was made in the model between
the face area and the part of the elliptical profile which properly
represents shell surface. It was unnecessary to make any such dis-
tinction since all initial body orientations in the simulation matrix
(Section 3) were to be for shell surface impact. Possible slipping
between the motorcyclist's head and the liner was not considered be-
cause helmets normally fit very snugly and because the integrated
friction force (torque) for the head/liner interface is much greater
than that for the shell/impacted surface interface.

The mass of the head Tink of the motorcyclist model was increased
by the mass of the helmet, the location of the center of gravity was
adjusted to account for the helmet, and the head/helmet moment of
inertia about the adjusted center of gravity location was determined by
analytically combining the inertia parameters of the separate elements.
Table 2-1 gives the combined head/helmet inertia parameter values and
the separate head and helmet values from which they were derived. Head
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TABLE 2-1
HEAD AND HELMET INERTIA PARAMETERS

HEAD HELMET HEAD/HELMET
?Hass, b (kg) 8.65 (3.92) 4.05 (1.84) 12.70 (5.76)
Moment of Inertia 0.136 (0.0154) 0.238 (0.0269) 0.395 (0.0446)
1b-sec?-in (kg-mé)
Superior Location 1.660 (4.22) 2.840 (7.21) 2.037 (5.17)
of CG w.r.t.
Condyles, in (cm)
iAnterior Location 0.988 (2.51) -0.252 (-0.640) 0.592 (1.50)
of CG w.r.t. |
Condyles, in (cm) |
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values used were determined in previous studies. Ewing and Thomas

(1972) determined average location of head center of gravity relative

to tragion. In another study average location of head CG relative to
condyles was determined (Schneider, et al., 1976; Schneider and Bowman,
1978). In the current study measurements for helmet inertia parameters
were made in HSRI's biomaterials laboratory using a standard Bell helmet.
The helmet CG location was determined and its position relative to
tragion with the helmet as normally worn was measured. Determined center
of gravity locations for the head and helmet separately and combined are
illustrated in Figure 2-12.

The helmet model assumed a rigid shell but represented a one-inch
thick liner by a material with loading and unloading properties measured
by Kingsbury (1979) using an aluminum head form inside a helmet. Kings-
bury (1978, 1979) finds that the loading stiffness of polystyrene helmet
Tiners is only slightly sensitive to rate of loading. The quasi-static
Toading curve used in the simulations is shown in Figure 2-13. The
curve in the figure approximates loading for a Bell Star helmet liner
and is representative of liners used by other manufacturers. Unloading
characteristics were estimated from Kingsbury data. As previously
described for other unloading curves, the restitution coefficient and
permanent deformation ratio were defined as piecewise-linear functions
of maximum deflection. The restitution coefficient is 1.0 in the Timit
for maximum deflection equal to zero and decreases to 0.1 at 0.2 inches
of deflection. The permanent deformation ratio is zero for zero de-
flection and becomes level at 0.5 for deflections greater than 0.2

inches.
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Figure 2-12. Head and Helmet Center of Mass Locations
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Even though, as previously explained, the helmet shape and inertia
properties were modeled by simply enlarging the head, it is possible to
account for the separate influences of skull and Tiner Toading curves
in the MVMA 2-D model. Distinct skull and 1iner deflections were

determined in the simulations.
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3.0 MATRIX OF SIMULATIONS

3.1 Basic Simulation Configurations

It is recognized that there are an infinite number of ways in which
a motorcyclist may impact with the environment as a result of a crash
or accident. In this study we have selected four basic, idealized sit-
uations for simulation to provide an understanding of how the head and
neck would respond for the helmeted and unhelmeted cases.

Figures 3-1 to 3-4 illustrate these four different model config-
urations -- A, B, C, and D. In A, the cyclist is moving horizontally
in a seated position, and the head impacts a vertical rigid surface
simulating the back of a truck. In B, the cyclist is also in the seated
position moving with a horizontal velocity and impacts the rigid vertical
surface with the chest so that the head and neck are inertially loaded.
In both of these cases a secondary impacting surface which angles off from
the Tower edge of the primary surface has been modeled to prevent other
parts of the body from wrapping around the primary impact surface. For
the basic run configuration for these two cases the head and neck are
initially oriented so that the neck is flexed forward 30 degrees from
the vertical torso line at the C7-T] joint and the head is extended
back 10 degrees from the neck 1ine at the condyles joint.* This results
in the head being oriented at a 70 degree angle to the horizontal just
prior to impact.

In C and D, the cyclist strikes a horizontal rigid "road" surface
while moving with both horizontal and vertical velocities. In C, the

torso of the cyclist is at an angle of 30 degrees to the road; the angle

* The head line is a line perpendicular to the Frankfort plane.
33



is 70 degrees for configuration D. For both configurations the lower
neck joint (C7-T1) is flexed forward 20 degrees and the upper neck joint
is extended backward 20 degrees. This results in the initial head angle
relative to the road being the same as the torso angle relative to the

road -- 30 degrees for configuration C and 70 degrees for D.

3.2 Matrix of Computer Simulations

3.2.1 Basic Run Matrix. Table 3-1 illustrates the basic run matrix

utilizing these four impact configurations for heimeted and unhelmeted
impacts. A1l impacts for this basic set were for horizontal velocities
of 20 mph (29.3 ft/sec). The two road impact runs also had vertical
impact velocities of 19.6 ft/sec, corresponding to a fall height of six
feet. Also in this basic run matrix for the road impacts, the cyclist
was given a rotational velocity of 100 deg/sec for all body segments, a
value estimated as typical for cyclist-road impacts of the type simulated.
For chest impacts the coefficient of friction between the chest and
truck surface was constant at .35 for all runs. For the head impacts
against the truck surface the coefficients of friction were set to .3
and .1, respectively, for unhelmeted and helmeted simulations. For road
impacts in this basic matrix the coefficients of friction between the
head and road were set to .6 and .2 for unhelmeted and helmeted impacts,
respectively. Neck muscle tension for these basic runs was constant at
50 percent of maximum effort in isometric exertion.

3.2.2 Expanded Run Matrix. It must be recognized that some of the

parameter values for the basic run matrix simulations were somewhat
arbitrarily selected, e.g., the impact velocities and head/neck initial
positions. For others, such as coefficients of friction, the values

are simply estimates for real world cases. Therefore, additional
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Figure 3-1. Basic Configuration for Head-Truck Impacts
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Figure 3-2. Basic Configuration for Chest-Truck Impacts
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Figure 3-3.

Basic Confiquration for 30° Road Impacts



Figure 3-4. Basic Configuration for 70° Road Impacts
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simulations were made in which these basic run conditions were individ-
ually varied. These additional runs not only provide a measure of para-
meter sensitivity necessary for meaningful interpretation of the find-
ings but also provide results for a greater range of possible real

world conditions.

Table 3-2 is a summary of the parameter variations for these addi-
tional runs. For the seated head impact with a truck, helmet and no-
helmet runs were made for independent variations of velocity and muscle
tension to 10 mph and 10% respectively. For the no-helmet case a run
was made for a modified initial position, illustrated in Figure 3-5,
where the neck is flexed forward 50 degrees from the torso line (at

C7-T] joint) and the head is in line with the neck (condyles angle

0). For the seated chest impact with a truck eight additional runs
were made and include helmet and no-helmet impacts with independent
variations to 10 mph and 10% muscle tension, and two different initial
positions illustrated in Figures 3-6 and 3-7. In one initial position
the neck is flexed forward (at C7-T]) 50 degrees and the head is in

1ine with the neck. In the second initial position variation, the neck
and torso are in line (C7-T1 angle = 0) and the head is extended back 10
degrees from the neck line.

For the road impacts similar sets of additional runs were made for
both 30 and 70 degree impacts. As previously mentioned, the coefficients
of friction used for the basic helmet and no-helmet runs (.2 and .6)
were estimates and represent a simplification of the real world
situation where this parameter varies between road surfaces and is also
dependent on the contact force,which may produce scraping and gouging of

the head or helmet. Thus in order to obtain some measure of the impor-
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TABLE 3-2

EXPANDED RUN MATRIX

(1) % Coeff.' ’ (3) (3)
Cyclist Impact  Helmet/ Horiz.Vel., Vert.Vel. Muscle Ang. Vel. of Condyles €7-M
Orientation Condition No Helmet (mph) (ft/sec) Tension (deg/sec) Friction Angle({deq) Angle(deq)
both 10 13.6 50 9 1.3 10 -39
Head both 2¢ 12.6 10 2 1.3 19 -30
Seated ¥1th helmet 20 19.6 50 ¢ .3 0 -50
ruck no helmet 10 19.6 10 0 .1 19 -30
both 10 19.6 S0 0 .35 10 -30
Chest  both 20 13.6 10 0 35 10 -30
Seated with both 20 19.8 50 0 35 0 .50
Truck  both 20 19.6 50 0 .35 #10 0
helmet 10 19.8 10 0 .1 L0 =30
no helmet 20 19.6 50 164 0.2 20 -20
helmet 20 12.6 50 106 0.5 20 .20
both 20 13.5 S0 100 0.0 20 =22
helmet 20 19.8 S0 100 0.1 29 -20
30 Degrees Head helmet 20 19.6 50 100 0.3 20 -20
to with both 20 19.5 S¢ 190 1.0 20 -20
Road Road both 10 19.6 50 130 28 20 -29
hoth 20 19.6 10 100 .2 .5 20 =23
both 29 196 50 130 .2 .6 .5 .25
both 29 13.9( ) 50 100 .2 .8 +20 -1n
both 20 19.8 50 0 2 -8 *20 -29
no helmet 20 15.5 50 100 0.2 2 -20
helmet 29 19.6 50 100 0.6 21 -20
helmet 20 19.6 50 100 0.4 20 <20
helmet 20 19.8 50 100 0.8 20 =29
70 Degraees Head both 20 19.6 50 100 0.0 20 <29
to with both 20 19.5 50 130 1.0 2c -29
Road Road both 10 19.6 50 100 .2 .8 20 <20
both 20 19.6 10 100 .2 .6 20 =20
both 20 19.e(h) 50 100 .2 .6 0 .20
both 20 13.9 50 100 .2 .6 29 =290
helmet 20 19.6 59 0 2 29 20

For some combinations of parameter values both helmet and no helmet simulations were made. For
others, only a helmet simulation or only a no helmet simulation was made.

) [f two values are given for coefficient of friction, the first is for the "helmet" simulation
and the second is for the "no helmet" simulation.

2y

() + for extension
- for flexion

(*)

Corresponds to a fall height of three feet.
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Figure 3-5. Configuration for Head-Truck Impact with Increased Neck Flexion
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Figure 3-6. Configuration for Chest-Truck Impact with Increased Neck Flexion
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tance of the values selected on the response differences for helmet and

no-helmet runs, and to obtain a more complete picture of how large
variations in this parameter affect results, runs were made for co-
efficients of friction of 0.0 and 1.0 for both helmet and no-helmet
conditions. In addition, the values of .2 and .6 were used for no-
helmet and helmet runs respectively so that for each head condition,
runs for the four coefficients of friction of 0.0, .2, .6, and 1.0 were
made. Also, in an attempt to search for an optimum coefficient of
friction, 30 degree road impact simulations were made for coefficients
of friction of .1 and .3 and 70 degree road simulations were made for
coefficients of .4 and .8. Other road impact simulations include helmet
and no-helmet impacts for 10 mph and 10% muscle tension, modified initial
head/neck positions, and a vertical velocity of 13.9 ft/sec, which
corresponds to a fall height of three feet instead of the six-foot
height used for the basic runs.
Figures 3-8 and 3-9 illustrate the modified head and neck positions

for the 30 and 70 degree impacts respectively. At 30 degrees, the neck
.15 flexed forward 25 degrees from the torso line and the head is flexed
forward 5 degrees from the neck line so that the head 1ine makes an
angle of 60 degrees with the road. At 70 degrees, the neck is flexed
forward 20 degrees as in the basic run but the head is in line with
the neck so that the head 1ine makes an angle of 90 degrees with the
road surface. In addition to these runs, helmet impacts were made for

the case of angular velocity equal to zero.

3.2.3 Miscellaneous Runs. In addition to the computer simulations

described above and summarized in Tables 3-1 and 3-2, two additional

types of runs were made. These are summarized in Table 3-3. One of
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D

Figure 3-8.

Configuration for 30° Road Impact with Neck in Flexion



Figure 3-9. Configuration for 70° Road Impact with Neck in Flexion
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TABLE 3-3

MATRIX OF MISCELLANEOUS RUNS

Cyclist Impact Helmet/ Variation From
Orientation Condition No Helmet Basic Run €onditions
seated head w. helmet combined head and helmet

truck mass reduced to head mass
only
30° to road head w. no helmet body mass = 0
road helmet body mass = 0
70° to road head w. no helmet body mass = 0
road helmet body mass = 0
30° to road head w. helmet combined head and helmet
road mass reduced to head mass
only
70° to road head w. helmet combined head and helmet
road mass reduced to head mass

only
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these had to do with determining the importance of body mass on the
neck loading for 30 and 70 degree road impacts. In order to examine
this factor, additional runs were made for he]met and no helmet, 30
and 70 degree road impacts for the parameter conditions of the basic
run matrix except that the masses of the torso and leg segments were
reduced to approximately zero.

The second type of run was for a head impact with the truck. 1In
all helmeted simulations of this study, the head and helmet inertias
act together (see Section 2). For head impacts in the real world, how-
ever, it is only the head mass which generates forces on the helmet
Tiner. Thus it could be important for the head and helmet masses to be
separate during impact but combined during rebound. Since this was not
possible with the MVMA 2-D model, the three helmeted head impact runs
from the basic run matrix were made with the head plus helmet mass was
reduced to that of the head mass only. Comparison of these results
with those for the basic helmeted head impact runs provide an indication
of the error introduced by this modeling inaccuracy.

In all a total of 65 impact simulations comprise the results of
this report. All simulations are for 100 msec duration. For the type

of impacts investigated, all important dynamic response events occur

within this time frame.
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4.0 HUMAN INJURY TOLERANCE

While comparisons of simulation results for impacts with and with-
out helmets can, by themselves, provide a good understanding of the
relative benefits and detriments of wearing helmets, statements on the
absolute benefits or detriments of helmets or on the absolute significance
of helmet design parameters and impact conditions cannot be made unless
human injury tolerance measures are considered. Comparison of pre-
dicted dynamic responses from the simulations with values for human
injury tolerance Timits allows, to some extent, an assessment of the
Tikelihood and/or degree of injury that would result for the situation
simulated.

Injury tolerance measures pertinent to this study are ones which
relate to dynamic response of the head and neck. Dynamic responses
described in Section 5, which discusses the results of the simulations,
include HIC and peak magnitﬁdes for head center of gravity resultant
acceleration head angular acceleration, impact force on the head, neck
compression force, and positive and negative shear forces and flexion
and extension torques on the neck at the head and at the top of the
thoracic spine. These are all included either in the discussion or in
tables because all have a priori potential of correlating with degree
or 1ikelihood of injury. Unfortunately, there is not yet universal
agreement among researchers as to which measures are good injury pre-
dictors. For those measures for which there is some agreement, the

data substantiating tolerance limits are minimal and conflicting. The
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following discussion draws upon the 1imited available data in order to

establish injury tolerance levels for use in this study for those
dynamic response quantities generally agreed to be useful injury

indicators.

4.1 Head Injury Tolerance

Brain damage rather than skull fracture is the head injury to which
tolerance definition is generally keyed. Neither head load nor skull
fracture itself has been found to be a good indicator of cerebral
damage. There is a general relationship between disruption of the
skull and cerebral damage, but a great number of severely brain-damaged
victims have no skull fracture (Smith, 1979). Further, most patients
with fractured skulls have relatively mild and recoverable cerebral
injuries (Harwood-Nash, et al., 1971; Roberts and Shopfner, 1972). In
a study of two thousand cases of head injury, Kalyanaraman, et al. (1970)
found that concussion was associated with fracture only 21 percent of
the time.

The most accurate indicator of cerebral damage may be intracranial
pressure, but there is no consensus. Studies have found good correlation
between intracranial pressures and cerebral arteriolar or capillary
ruptures (Nahum, et al., 1977; Smith, 1979). On the otherhand, shear
strain of the brain stem is suggested by other researchers as the best
single indicator of brain injury (Got, el al., 1978; Hodgson and Thomas,
1979). Neither intracranial pressures nor brain stem shear strain,

however, can be predicted by a whole body motion model such as the
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MVMA 2-D CVS so it is necessary to examine alternative brain injury
indicators. Indeed, the difficulties in determining intracranial
pressures and brain stem shear strain both by experiment and by modeling
have led researchers to seek gross motion measures which correlate well
with brain injury. Gross motion measures, such as head accelerations,

are easier to determine both experimentally and with model simulations.

4.1.1 Head Injury Criterion (HIC). The Head Injury Criterion,

or HIC, is an integrated measure of exposure to linear acceleration;
i.e., its value is determined by considering magnitude of the accel-
eration, shape of the acceleration-time profile, and duration of ex-
posure. HIC has found wide acceptance as the quantity related to whole
body dynamics which best predicts degree and likelihood of brain damage.*
Many studies have indicated, however, that there is considerable
scatter of the HIC value which will produce experimental vascular
ruptures (Got, et al., 1978; Hodgson and Thomas, 1975; Nahum, et al.,
1977, Smith, 1979). Got, et al. (1978), using fresh, unembalmed, per-
fused cadavers, have also investigated correlation between HIC and
head AIS, an index of the severity of injury (AAAM, 1976). The AIS,
or Abbreviated Injury Scaling, system associates an integer from 1 to 6

with each injury in accordance with Table 4-1.

* The Head Injury Criterion is generally regarded as having signi-
ficance primarily for high acceleration exposures which result
from an impact. HIC is defined in Appendix A. Also, see: Code
of Federal Regulations, Title 49, Part 572, Section 208, U.S.
Government Printing Office, Washington, D.C., 1977.
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TABLE 4-1
ABBREVIATED INJURY SCALING SYSTEM

AIS Code Injury Severity

Minor

Moderate

Severe (not life-threatening)

Serious (1ife-threatening, survival probable)
Critical (survival uncertain)

Maximum (currently untreatable)

(o2& 3 B = ROV AN B

In that study, much scatter was observed also in the relationship of
AIS to HIC. Among seven free-fall, frontal (forehead) impacts, there
were two subjects that displayed severe injuries (AIS=3) and had HIC
values of only 700 and 1000. At the other extreme, there was no de-
tected brain injury for a subject that had a HIC greater than 2500.
For similar impacts, Nahum, et al. (1977) report a cadaver HIC of 3765
with only moderate injury (AIS=2) and Got, et al. (1978) determine from
the data of Stalnaker, et al. (1977) a case with a HIC of 3200 and an
AIS of 2. Got, et al., note that one of the two subjects for which
AIS 3 injuries occurred at low HIC values had a much thinner than
average skull and that medical prognosis was difficult in the second.
Got, et al., feel that the observed scatter of the relationship of
HIC to measures of injury severity is not of a nature to cast doubt on
value of the use of HIC. Their findings strengthen the prevailing views
that HIC is probably the most useful of the gross motion measures that
have been considered to date for prediction of brain damage. They note
that in the frontal impacts in their study there were no medium-skulled

cadaver subjects for which there was both an injury of degree AIS greater
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than 2 and a HIC of less than 1500. They note also that the brain of
a living person can be expected to be more tolerant to HIC exposure
than that of a cadaver. Thus, Got, et al., conclude that with regard
to frontal impact of the adult skull without fractures, the HIC toler-
ance limit for brain injury of severity no greater than "moderate"
(AIS=2) is in excess of 1500.*

For the current study, a HIC injury tolerance 1imit of 1500 will

be used for analyzing results of the motorcyclist impact simulations.

4.1.2 Peak Head Resultant Acceleration. The integrated acceler-

ation exposure index HIC has largely replaced other gross motion measures
for use in prediction of brain injury. Peak head angular acceleration
has been suggested by Ommaya, et al. (1967 and 1971) but has found

little support (e.g., Hodgson and Thomas, 1979; Mucciardi, et al., 1977).
Mucciardi, et al. (1977) used nonlinear Adaptive Learning Network
modeling methodology to identify various other dynamic response measures
as being useful in predicting Overall AIS in head impacts.** The
response data of that study were from 26 tests involving monkeys, and
sensitivity of injury to 34 dynamic response measures was investigated.

(HIC was not among the 34.) The response parameters which best mcdeled

* A HIC injury tolerance level of 1000 was set by NHTSA in June 1972 by
Department of Transportation NHTSA Docket Number 69-7, Notice 19,
Occupant Crash Protection Head Injury Criterion S6.2 of MVSS 208. In
addition to the study by Got, et al., other studies since 1972 indicate
that this tolerance level is probably somewhat low. There is further
discussion in Appendix A. The general findings of the current study

would not be affected by assuming a tolerance level of 1000 instead of
1500
) 1

** Overall AIS was calculated as [ ¢ (AISi)3]3 with the summation over
all observed impact injuries.
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Overall AIS were root-mean-square (RMS) resultant linear velocity of head
center of gravity, maximum resultant velocity, and the reciprocal of

the RMS resultant acceleration.* Data are not available which would
allow the results of Mucciardi, et al., to be used for defining an
injury-predicting function for human head impacts and the tolerance

value which should be associated with AIS 2 level injury. The results

of the study lend strong support, however, to the use of first and

second time derivatives of the translational position in predicting

brain injury resulting from blunt impacts of the head.

In the current study maximum head resultant acceleration js con-
sidered along with HIC in the assessment of likelihood of injury in
the situations simulated even though, as has been previously noted,
the integrated measure of acceleration exposure is currently con-
sidered more pertinent by most researchers in the area of human impact
injury tolerance. Also, as would be expected, tolerance to head re-
sultant acceleration has been less accurately defined in the literature.
Ranges rather than distinct values are normally given. In addition a
wide range of test conditions have been used in the reported studies
(e.g., impact, inertial loading, fracture, no fracture, short duration
acceleration, long duration acceleration).

It is felt that the head resultant acceleration tolerance value

most useful for this study is one derived by combining simulation

* Unconsciousness AIS was most sensitive to RMS resultant velocity,
maximum resultant velocity, and an integrated measure of angular
acceleration exposure. Time of unconsCiousness was most sensitive
to RMS resultant velocity, maximum resultant jerk (¥), and a ratio
parameter including both maximum angular acceleration and maximum
resultant acceleration.
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results and the previously defined HIC tolerance 1imit (1500). Simu-
lations (17 total) which produced HIC values in the range 900 to 2100
(i.e., bracketing HIC=1500) were used to obtain a linear regression of
maximum resultant acceleration on HIC. The result is the regression
line X(g's) = HIC/21.9 + 81.1, with a correlation coefficient of 0.58.*
The seventeen acceleration-HIC coordinate pairs from which this
result was obtained and also data for all other direct head impact
simulations are plotted in Figure 4-1. Chest-truck simulations are
omitted because HIC is generally regarded as having significance only
for acceleration exposures which result from direct head impact. Simu-
lations for which maximum HIC was evaluated over a duration of greater
than 20 msec (up to about 90 msec) are marked by triangles.** These
cases were all road impacts where the motorcyclist's body followed the
head in such a way that there were up to four primary peaks of the
force-time response for head contact, i.e., there was a closely-spaced
“pulsing." Resy];ant acceleration as a function of time exhibited less
definite cycling over the time range of HIC calculation for these sim-
ulations. It can be seen that without the longer duration impacts,

there would be much less scatter in the HIC-acceleration relationship.***

* The amount of scatter in simulation results of Figure 12 is typical
of HIC scatter from experimental tests.

** Appendix B includes a table giving HIC value and interval of HIC
evaluation for all simulations.

*** A correlation coefficient of 0.83 results if the four longer duration

HIC's in the range (900, 2100) are disregarded. The regression line
is X = HIC/12.9 + 46.6.
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The regression analysis of the MVMA 2-D CVS simulation data es-
tablishes a maximum head resultant acceleration tolerance that can at
the same time be used in assessing the likelihood of injury in impact
situations simulated in this current study and can also be applied
more broadly to situations and considerations outside of the current
study. The regression line shown in Figure 4-1, derived from all
impact simulations with HIC in the range 900 to 2100, gives a head
resultant acceleration of 150 g's for HIC equal to 1500.

Thus, with regard to frontal and crown (apex) impact of the adult
skull without fractures, the maximum head resultant acceleration toler-
ance 1imit for brain injury of severity no greater than "moderate"

(AIS=2) 1is established as 150 g's.

4.2 Neck Injury Tolerance

The neck injury tolerance data which will be used for interpreting
simulation results come from a study by Mertz and Patrick (1971). Their
work included 90 static neck strength tests on ten volunteers, a series
of dynamic hyperflexion tests with an impact sled which included 132
tests of four cadavers, and a less extensive series of dynamic hyper-
extension tests of cadavers and a volunteer subject.

Mertz and Patrick instrumented the head of each subject in the
impact sled tests in order to establish time histories for the trans-
lational and rotational acceleration responses of the head. Addition-

ally, data were obtained for each subject for the head mass, head mass

moment of inertia, and location of the head center of mass with respect




to the occipital condyles. With corrections to the inertia parameters

in order to account for instrumentation and added weight on the head,
it was then possible to calculate, as functions of time, neck torque
and shear and axial forces acting at the occipital condyles. After

testing, x-ray examination of the cadavers determined the presence or

absence of injury of the neck structure.

4.2.1 Condyles Flexion Torque Tolerance.* None of the cadavers

exposed to sled tests resulting in hyperflexion of the neck had any

observable ligamentous, disc, or bone damage as noted from the analysis
of x-rays. The maximum equivalent condyles flexion moment resulting
from any test was 1680 in-1b. Mertz and Patrick suggest this value as
in injury tolerance 1imit for a 50th percentile adult male.

For this study, then, a condyles flexion torque injury tolerance
1imit of 1680 in-1b will be used in the analysis of motorcyclist impact
simulations. This should be considered a conservative lower bound
since in the 1iving human tensing of the neck musculature will assist
the passive tissues (soft and hard) in resisting torsional load while

it did not in the Mertz/Patrick cadaver tests.

4.2.2 Condyles Extension Torque Tolerance. In hyperextension

tests, Mertz and Patrick were able to obtain ligamentous damage. On
the basis of a test in which a cadaver suffered minor 1igamentous damage,
they suggest 504 in-1b as the associated injury tolerance level for a

50th percentile adult male.

* The condyles flexion torque determined by Mertz and Patrick was an
"equivalent moment" which included any contribution from chin contact
against the chest (normally absent). This was accounted for in the
simulations since the Mertz/Patrick torque-deflection curve was

used (Section 2.2.3).
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For analysis of simulation results of the current study, the
condyles extension torque injury tolerance limit will be taken as

504 in-1b.

4.2.3 Lower Neck Torque Tolerance. No data have been found in

the Titerature which can be used to establish torque tolerance of the
Tower part of the neck structure, either for flexion or extension. Thus,
while torques at the seventh-cervical/first-thoracic vertebral level of
the spinal column are reported in Section 5, they cannot be discussed

in relation to C7-T1 injury tolerance limits.

4.2.4 Neck Shear and Axial Forces. Mertz and Patrick determined

in their study that shear and axial forces at the occipital condyles
do not correlate with degree of trauma. They therefore do not define

injury tolerance levels for these forces.

4.3 Summary of Injury Tolerance Levels

The values that have been established in this section for injury

tolerances are summarized in Table 4-2.

TABLE 4-2
INJURY TOLERANCE LEVELS

Injury Predictor Injury Tolerance Level
Head Injury Criterion (HIC) 1500 (AIS < 2)
Maximum Head Resultant 150 g's (AIS < 2)
Acceleration
Condyles Flexion Torque >1680 in-1b (1igamentous injury)
Condyles Extension Torque 504 in-1b (1ligamentous injury)
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5.0 RESULTS

5.1 Introduction

It would not be either feasible or of value to discuss in great
detail the large amount of data generated by this study. A1l of the
data have been reviewed, however, and the important results are dis-
cussed in some depth in Sections 5.2 and 5.3, which follow. The reader
who is more interested in a summary of the important findings is dir-
ected to Section 5.4, which presents tabular and graphical comparisons
of "helmet" and "no helmet" simulations, and to Section 6 (Discussion

and Conclusions).

5.1.1 Simulations. A total of 65 simulations, or "runs", were
made in this study. The configuration and conditions for each simu-
lation are described in the run matrices, Tables 3-1, 3-2, and 3-3 of
Section 3. The runs are described further by three tables which follow.
Tables 5-1a and 5-1b define a "key" used for assigning a name to each
run. Run names are used in several tables in this section and in appen-
dices of the report. Table 5-2 gives the "run number" and "run name"
for each simulation and briefly describes the primary variation from
standard run conditions. This table also 1ists plot and comparison
reference numbers pertinent to each simulation; these numbers will be
discussed in Section 5.1.2. Table 5-3 divides the 65 simulations into
the four basic types discussed in Section 3: 1) seated orientation
impacts with the head striking a vertical surface (truck); 2) seated
orientation impacts with the chest striking a vertical surface; 3)

impacts of the head against a road surface for a road-torso angle of

30°; and 4) head-road impacts for a road-torso angle of 70°.
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TABLE 5-1a

KEY TO RUN NAMES FOR
HEAD AND CHEST SEATED POSITION IMPACTS

AANNBBK.LCC = typical run name

AA = run type (HR, CR)
NN = horizontal impact velocity in mph (10, 20)
BB = helmet/no helmet (H, NH, HM)
K = muscle activity level (percentage of isometric maximum) x 1/10 (1, 5)

L = head, helmet, or chest coefficient of friction with struck surface
x 10 (1, 3)

CC = additional descriptor (F, 12, I3)

AA: HR = head (or helmet) impact against rigid truck
CR = chest impact against rigid truck
NN: 10 = 10 mph
20 = 20 mph
BB: H = helmet
NH = no helmet
HM = helmet but with head mass only
K: 1 =10% muscle activity level
5 = 50% muscle activity level
L: 1 =0.1 coefficient of friction (helmet vs. truck)
3 = 0.35 coefficient of friction (chest vs. truck)
3 = 0.3 coefficient of friction (head vs. truck)
CC: F = no additional descriptor
I2 = increased neck flexion
I3 = neck in extension
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TABLE 5-1b

KEY TO RUN NAMES FOR
ROAD IMPACTS

AABBNNDK.LCCC = typical run name

AA = run type (R)
BB = helmet/no helmet (H, NH, HM)
NN = horizontal impact velocity in mph (10, 20)
D = body orientation to road (H, V)
K = muscle activity level (percentage of isometric maximum) x 1/10 (1, 5)
L = head, helmet, or chest coefficient of friction with struck surface x 10
(0) ]a 2’ 43 63 89 ]0)
CCC = additional descriptor (F, I2, NR, NM, F-3)
AA: R = road impact by head (or helmet)
BB: H = helmet
NH = no helmet
HM = helmet but with head mass only
- NN: 10 = 10 mph
20 = 20 mph
D: H = 30° to road
V = 70° to road
K: 1 =10% muscle activity Tevel
5 = 50% muscle activity level
L: 0 = 0.0 coefficient of friction
1 = 0.1 coefficient of friction
2 = 0.2 coefficient of friction
4 = 0.4 coefficient of friction
6 = 0.6 coefficient of friction
8 = 0.8 coefficient of friction
10 = 1.0 coefficient of friction
CCC:  F = no additional descriptor
I2 = increased neck flexion
NR = no rotational velocity for impact conditions
NM = no mass (= 0) for body (helmet and head mass only)
F-3 = 3-foot fall height
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TABLE 5-3.

COMPUTER SIMULATIONS BY TYPE (Page 1 of 2)

Plot and Comparison

Type Run No. Run Name Reference Numbers
1 HR20NH5.3F 2,3
2 HR20HS.1F 2,32,42,51
3 HR20NH5.312 3
4 HR10HS.1F 29,32,58
5 HR1ONHS.3F 29
Head-Truck 5 HR20HT .1F 36,51
7 HR20NH1 .3F 36
8 HR20HMS.1F 42
54 HR1OH1.1F 58
9 CR20NHS.3 1
10 CR20H5.3 1,33,45,46,52
11 CR10H5.3 28,33,59
12 CRTONH5.3 28
13 CR20H1.3 37,52
Chest-Truck 14 CR20NH1.2 37
15 CR20H5.312 43,45,53
16 CR20NH5.312 43
17 CR20H5.313 44 ,46,53
18 CR2ONH5.313 44
55 CR10H1.3 59
19 RH20H5.2F 4,5,8,9,13,34,40,47,49,57,60,
20 RNH20H5.6F 4,6,7,10,14,17,61 64,65
21 RH20H5.6F 7,8 66,70
22 RNH20H5.2F 5,6
23 RH10HS.2F 30,34
24 PNH10HS.6F 30
25 RH20H1.2F 38,49
26 RNH20HT .6F 17,38
Head-Road 27 RH20HS5.10F 40
Horizontal 28 RNH20H5.10F -
(30° from Road) 29 RH20H5.212 13,15
30 RNH20HS5.612 14,15
31 RH20H5. 2NM 47
32 RNHZ20H5.6NM -
33 RH20H5.2NR 8,12
49 RNH20H5. 6NR 10,12
52 RNH20H5.6F-3 56,63
53 RH20H5.2F-3 56,57,62
56 RH20HS5.1F 64
57 RH20H5 . 3F 85
58 RH20HS.0F 66
60 RNH20H5 . OF -
64 RHM20H5.2F 70
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TABLE 5-3. COMPUTER SIMULATIONS BY TYPE (Page 2 of 2)

Plot and Comparison

Type Run No. Run Name Reference Numbers

34 RH2QV5.2F 18,20,22,26,35,41,48,50,55,60,
35 RNH20V5.0F 18,19,21,23,27,61 67,68,69,
36 RH20V5.6F 20,21 71,72
37 RNH20V5.2F 19,22
38 RH10V5.2F 31,35
39 RNH10V5.6F 31
40 RH20V1.2F 39,50
41 RNH20V1.0F 27,39
42 RH20V5.10F 41

Head-Road 43 RNH20V5.10F -

Vertical 44 RH20V5.212 25,69

(70° from Road) 45 RNH20V5.612 23,25

46 RH20V5. 2NM 48
47 RNH20V5 . 6NM -
48 RH20V5.2NR 26
50 RNH20V5.6F-3 54,63
51 RH20V5.2F-3 54,55,62
59 RH20V5.0F 72
61 RNH20V5. OF -
62 RH20V5.4F 67
63 RH20V5.8F 68
65 RHM20VS. 2F 71

69



5.1.2 Tables, Comparisons and Plots. In order to facilitate

studying the effects of varying parameter values and run conditions,
three types of computer-generated output were obtained to supplement
the standard printout of tabular time histories for dynamic response
variables. Appendix B contains a table from each computer run which
summarizes the positive and negative peak response values along with
times of occurrence for each of the seventeen dynamic response variables
described in Table 5-7. Values are also printed for the Head Injury
Criterion (HIC)* and average head and chest resultant accelerations
over a 3-msec wide range centered at the time of peak response as
illustrated in the example in Table 5-4. The second type of supple-
mentary output is contained in Appendix C, which consists of 69 pages
of tables comparing the peak positive and negative magnitudes for
dynamic responses for 69 pairs of contrasted runs. An example page
is shown here as Table 5-5. Finally, plots were obtained for each of
the seventeen response variables described in Table 5-7 and for each
of 63 pairs of contrasted runs. (Plots were not made for comparisons
64, 65, 66, 67,68, and 72). The 1071 plots comprise Appendix D.

The 69 pairs of runs which were compared in this study are identi-
fied and described in Table 5-6. The numbers in the first column are
the plot or comparison reference numbers mentioned above and included
in Tables 5-2 and 5-3. The largest number assigned for plots and peak
magnitude comparisons is 72 since three reference numbers were not used
either for plots or tabular comparisons. Within the text, a number
enclosed within brackets [ ] is the plot/comparison reference number for

the pair of simulations being contrasted.

* HIC is defined in Appendix A and discussed in Section 4.1.
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TABLE 5-4. PEAK MAGNITUDES OF DYNAMIC RESPONSES:
EXAMPLE PAGE FROM APPENDIX B 7
RH20H5 .6F
HIC= 1403. BETWEEN 2. AND 50.MSEC
3-MSEC AVG. FOR HEAD= 121, AT 4, MSEC
3-MSEC AVG. FCR CHEST= 47. AT 1l1. MSEC
MINIMUM AT MSEC MAXIMUM AT MSEC
1-HEAD ANG, POSITIGN -30.3 3. 80.5 82.
2-HEAD ANGe VELCCITY -825.9 96. 3165.9 18.
3-HEAD ANG. ACCEL. -5284.2 21. 6424,1 13,
4-HEAD RESUL. ACCEL. 1.0 Oe 125.2 4,
5-UPPER NECK STCOP TORQUE -385.0 47. 888.1 24,
6-LOWER NECK STCP TORQUE -1056.9 23. 440.9 49,
7-Z DIR. HEAD CCNT. FORCE -0.0 Oe 3489.9 14,
8=-X DIR. HEAD CONT. FORCE -0.0 0. 2094.0 14,
9-CCNDYLE JOINT ANGLE 1.9 47, T2.9 24.
10-C7-T1 JOINT ANGLE -60.1 23. 21.9 49.
11-FORCE ALONG NECK -1157.1 39. 4821.3 11.
12-SHEAR FORCE AT CONDYLES -435,.1 48, 732.4 23.
13-COMP. FORCE AT CCONDYLES -1045.2 39, 4715.2 11.
14-SHEAR FORCE AT C7-T1 -421.9 49, 749.6 23.
15-COMP. FORCE AT C7-T1 -1135.8 39. 4593, 4 11,
16-CONDYLE TOTAL TORQUE -601.7 47, 1288.5 24,
17-C7-T1 TOTAL TORQUE -1998.0 23, 1553,.1 48,
22
RNH20HS5, 2F
HIC= 4787. BETWEEN 0. AND T «MSEC
3-MSEC AVG. FOR HEAD= 310. AT 2. MSEC
3-MSEC AVG. FOR CHEST= 26. AT 73. MSEC
MINIMUM AT MSEC MAXTMUM AT MSEC
1-HEAD ANG. POSITION -30.1 le 59.6 58,
3-HEAD ANG. ACCEL. © =4365.0 30. 17203.4 3.
4-HEAD RESUL. ACCEL, l.0 O. 367.7 2e
5-UPPER NECK STOP TORQUE -302.9 88. 372.8 31.
6-LOWER NECK STQOP TORQUE =-305.6 100. 329.1 49.
7-2Z DIR. HEAD CONT. FCRCE -0.0 Ce 4770.0 3.
8-X DIR. HEAD CCNT. FORCE =00 C. 954,90 3.
10-C7-T1 JOINT ANGLE -32.7 100. 18.0 49,
11-FORCE ALONG NECK -644.8 12. 2882.2 Se
12-SHEAR FORCE AT CCNDYLES -314,3 45, 134.0 99.
13-COMP. FNDRCE AT CONDYLES =571.7 12. 2839.3 4e
L4-SHEAR FORCE AT C7-T1) ~-133.0 38. 121.2 100.
15-COMP, FORCE AT C7-T1 -635.6 12. 2789%9. 4% Se
16-CONDYLE TOTAL TORQUE -517.6 88. 659.2 3l
17-C7-T1 TOTAL TORQUE -869,7 99. 1003.5 49,
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¢l

-HCAD
2-HEAD
I-HFAD
4-HEAD

ANG.
ANG .,
ANG.
RES.

POSN .,

VELOC.
ACCFL.
ACCEL .

S-CONDYL STOP TNRQ

6-CT-TL

STNe TR0,

1-1 HEAD FORCF
R-X WFAD FORCF
I-CONDYLES ANGLF

10-c7-71
LLI-FORCE
12-SHE AR
13-CNMP,
1 6-SIIE AR
15-Crmp,
L6-COND,
17-c7-M

Hnic
HFAN
CHEST

NOTE :

ANGLE
ALONG HFECK
AT COHNOVLE
AT CONDYLE
AT CT7-T71
AT C7-T1
TOIAL TNORQ
TNTAL TORG

3I-MSF{ AVG.
A-NS5FC AVG

TABLE 5-%.

(+)A

219
60 50
14806
@©92
1209
1863
398
50138

()N

242
4741
8710

248
112¢
1667

113
ANAS

67
35
SRQ
29
1067
&4

937
1210
1924

33488
236
22

COMPARISON OF PEAK MAGNITUDES FROM RUNS A AND B:

A/D

0.857
1.276
1.70¢C
1.50¢
1.014
L.117
3.1350
1.29¢
1.021
1.068
1.273
0.97s
1.239
2.4C1
1.274
1.091
1.122

1.03¢
1.237
1.364

CCMPARISON AFTHFEEN PEAK MANNITUDES FOR RUNS A ANO B

B/A

1.115
0.704
0.5R8
0.504%
0.931
0.895
0.298
0.7712
0.910
0.736
0.785
1.022
N.208
0.416
0.785
0.917
0.e91

0.965
0.808
0.733

EXAMPLE PAGE FROM APPENDIX C

A= HR20NH1.2F

COMPARISON # 36

A IS X%
GREATER /LFSS
THAN B

10.13%
27.6%
70.0%
98. 6%
T.42
1. 77
235.0%
29.6%
2. 12
6.R%
27.32
2.1%
23.00
140. 172
27.4%
9.1%
12.38%

3.6%
23.77%
316,47

LESS

GREATER
GREATER
GREATER
GREATER
GREATER
GREATER
GREATER
GREATER
GREATER
GREATER
LESS

GREATER
GRFATER
GREATVER
GREATER
GREATER

GPEATER
GREATER
GREATER

AND B= HRZ20UL.ILF
B IS xt
GREATER/LESS
THAN A (-)a
11.5% GREATVER 0
21.6% LESS -1452
41.2T LESS ~12671
49.6% LESS 0
6.9T LESS -367
10.5% LESS o
70.2% LFSS -766
22.87 LESS o
2.0% LESS -5
6.4% LESS -30
21.5% LTSS -12138
2.2% GREATER  -S11
19.2% LESS ~1242
58.4¢ LFSS -322
21.5% LESS -1169
8.3% LESS -376
10.9% LESS -15
3.5% LFSS
19.2% LESS
26.7% LESS

Positive neck torques are for extension and negative

-10

-1044
-4416

-1703
-388

-36

-30
-~ 944
-529
-813
-507
-898
-1792

arh

0.0
l.39l
2.869
0.0
0.206

l.q"
o.o
0.146
1.000
1.312
0.965%
1.527
0.635
1.301
0.210
0.0

torques are for flexion.

/A7

IS x2

GREATER/LESS
THAN 787/

0.0%
39.1%
186.9%
0.0%
79.6%
0.0%
97.3%
0.0%
85.4%
0.0%
3t.22
3.5%
52.7%
36.5%
30.1%
79.0%
0. o'

LESS
GREATER
GREATER
LESS
LESS
LESS
GREATER
LESS
LESS
LESS
GREAVER
LESS
GREATER
LESS
GREATER
LESS
GREATER

/768/

Is xt

GREATER/LESS
THAN /A/

0.0¢
28.1%
65.1¢
0.0%X
390.5%
0. 0F%
49.3%
0.0%
585. 7%
0.0%
23.8%
3. 6%
34.5%
57.4%
23. 1%
375. 7%
i00.0%

GREATER
LESS
LESS
GREATER
GREA TER
GREATER
LESS
GREAVER
GRE A TER
GREATER
LESS
GREATEP
LESS
GREATER
LESS
GREATLR
LESS



TABLE 5-6

PLOTS AND COMPARISONS (Page 1 of 4)

Plot or
Comparison +
Number ** Comparison Run Nos. Parameter Variation/Run Conditions
1% CR20NH5.3 9 no helmet (chest-truck baseline)
CR20H5.3 10 helmet (chest-truck baseline)
2% HR20NH5. 3F 1 no helmet (head-truck baseline)
HR20H5.1F 2 helmet (head-truck baseline)
3 HR20NH5.3F ] head-truck angle = 20° (no helmet)
HR20NH5.312 3 head-truck angle = 40° (no helmet)
4 RNH20H5. 6F 20 no helmet (30° road baseline)
RH20H5.2F 19 helmet (30° road baseline)
5 RNH20H5.2F 22 no helmet (CFNH = .2)
RH20H5.2F 19 helmet (CFH = .2)
6 RNH20H5.6F 20 CFNH = .6 (no helmet)
RNH20HS.2F 22 CFNH = .2 (no helmet)
7 RNH20HS5.6F 20 no helmet (CFNH = .6)
RH20H5.6F 21 helmet (CFH = .6)
3 RH20H5.2F 19 CFH = (he1met)
RH20H5.6F 21 CFH = 6 (helmet)
9 RH20H5.2F 19 100 deg/sec (helmet)
RH20H5.2NR 33 0 deg/sec (helmet)
10 RNH20HS . 6F 20 100 deg/sec (no helmet)
RNH20H5.6NR 49 0 deg/sec (no helmet)
11° - - - -
12 RNH20H5.6NR 44 no helmet (0 deg/sec)
RH20H5.2NR 33 helmet (0 deg/sec)
13 RH20HS5.2F 19 head-road angle = 30° (helmet)
RH20H5.212 29 head-road angle = 60° (helmet)
14 RNH20H5 . 6F 20 head-road angle = 30° (no helmet)
RNH20H5.612 30 head-road angle = 60° (no helmet)
15 RNH20H5.612 30 no helmet (head-road angle = 60°)
RH20H5.212 29 helmet (head-road angle = 60°)
16~ - - - -
17 RNH20H5.6F 20 50% MT (no helmet)
RNH20H1 .6F 26 10% MT (no helmet)
18* RNH20V5.6F 35 no helmet (70° road baseline)
RH20V5.2F 34 helmet (70° road baseline)
19 RNH20V5.6F 35 CFNH = .6 (no helmet)
RNH20VS.2F 37 CFNH = .2 (no helmet)
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Table 5-6 (Page 2 of 4)

Plot or
Comparison :
Number** Comparison Run Nos. Parameter Variation/Run Conditions
20 RH20V5.2F 34 CFH = .2 (helmet)
RH20V5.6F 36 CFH = .6 (helmet)
21 RNH20VS.6F 35 no helmet (CFNH = .6)
RH20VS,6F 36 helmet (CFH = .6)
22 RNH20V5.2F 37 no helmet (CFNH = .2)
RH20V5.2F 34 helmet (CFH = .2)
23 RNH20VS.6F 35 head-road angle = 70° (no helmet)
RNH20V5.612 45 head-road angle = 90° (no helmet)
247 - - - -
25 RNH20V5.612 45 no helmet (head-road angle = 90°)
RH20V5.212 44 helmet (head-road angle = 90°)
26 RH20V5.2F 34 100 deg/sec (helmet)
RH20V5.2NR 48 0 deg/sec (helmet)
27 RNH20V5.6F 35 50% MT (no helmet)
RNH20V1.6F 41 10% MT (no helmet)
28 CR1ONH5.3 12 no nelmet (10 mph)
CR10HS5.3 11 helmet (10 mph)
29 HRTONHS5.3F 5 no helmet (10 mph)
HR1O0H5.1F 4 helmet (10 mph)
30 RNHT0HS5.6F 24 no helmet (10 mph)
RH10HS5.2F 23 helmet (10 mph)
31 RNH1QVS.6F 39 fo -helmet (10 mph)
RH10VS.2F 38 helmet (10 mph)
32 HR20HS.1F 2 20 mph (helmet)
HR10H5.1F 4 10 mph (helmet)
33 CR20H5.3 10 20 mph (helmet)
CR10H5.3 1 10 mph (helmet)
34 RH20H5.2F 19 20 mph (helmet)
RH10H5.2F 23 10 mph (helmet)
35 RH20V5.2F 34 20 mph (helmet)
RH10V5.2F 38 10 mph (helmet)
36 HR20MH1 .3F 7 no helmet (10% MT)
HR20H1.1F 6 helmet (10% MT)
37 CR20NH1.3 14 no helmet (10% MT)
CR20H1.3 13 helmet (10% MT)
38 RNH20H1.6F 26 no helmet (10% MT)
RH20H1.2F 25 helmet (10% MT)
39 RNH20V1.6F 4 no helmet (10% MT)
RH20V1.2F 40 helmet (10% MT)
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Table 5-6 (Page 3 of 4)

Plot or
Comparison +
Number** Comparison Run Nos. Parameter Variation/Run Conditions
40 RH20HS.2F 19 CFH = .2 (helmet)
RH20H5.10F 27 CFH = 1.0 (helmet)
41 RH20VS5.2F 34 CFH = .2 (helmet)
RH20V5.10F 42 CFH = 1.0 (helmet)
42 HR20H5.1F 2 helmet has helmet mass
HR20HMS5.1F 8 helmet has no mass
43 CR20NH5.312 16 no helmet (head-truck angle = 40°)
CR20H5.312 15 helmet (head-truck ang]g = 40°)
44 CR20NH5.313 18 no helmet (head back 10°)
CR20H5.313 17 helmet (head back 10°)
45 CR20H5.3 10 head forward 20° (helmet)
CR20H5.312 15 head forward 40° (helmet)
46 CR20H5.3 10 head forward 20° (helmet)
CR20H5.31I3 17 head back 10° (helmet)
47 RH20H5.2F 19 standard body mass (helmet, horizontal)
RH20HS5 . 2NM 31 body mass = 0 (helmet, horizontal)
48 RH20V5.2F 34 standard body mass (helmet, vertical)
RH20V5.2NM 46 body mass = 0 (helmet, vertical)
49 RH20HS5,2F 19 50% MT (helmet)
RH20H1.2F 25 10% MT (helmet)
50 RH20V5.2F 34 50% MT (helmet)
RH2QV1.2F 40 10% MT (helmet)
51 HR20HS.1F 2 50% MT (helmet)
HR20H1.1F 6 10% MT (helmet)
52 CR20H5.3 10 50% MT (helmet)
CR20H1.3 13 10% MT (helmet)
53 CR20H5.312 15 head forward 40° (helmet)
CR20H5.313 17 head back 10° (helmet)
54 RNH20V5.6F-3 50 no helmet (70° road, 3-ft drop)
RH20VS.2F-3 51 helmet (70° road, 3-ft drop)
55 RH20V5.2F 34 6-ft drop (helmet, 70° road)
RH20V5.2F-3 51 3-ft drop (helmet, 70° road)
56 RNH20H5.6F-3 52 no helmet (30° road, 3-ft drop)
RH20H5.2F-3 53 helmet (30° road, 3-ft drop)
57 RH20H5.2F 19 6-ft drop (helmet, 30° road)
RH20H5.2F-3 53 3-ft drop (helmet, 30° road)
58 HRI1OHS.1F 4 50% MT (10 mph)
HR1O0H1.1F 54 10% (10 mph)
59 CR10H5.3 1 50% MT (10 mph)
CR10H1.3 55 10% MT (10 mph)
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Table 5-6 (Page 4 of 4)

Plot or
Comparison .
Number ** Comparison Run. Nos. Parameter Variation/Run Conditions

60 RH20H5.2F 19 30° road (helmet, 6-ft drop)
RH20VS.2F 34 70° road (helmet, 6-ft drop)

61 RNH20H5. 6F 20 30° road (no helmet, 6-ft drop)
RNH20V5.6F 35 70° road (no helmet, 6-ft drop)

62 RH20H5.2F-3 53 30° road (helmet, 3-ft drop)
RH20V5.2F-3 51 70° road (helmet, 3-ft drop)

63 RNH20H5.6F-3 52 30° road (no helmet, 3-ft drop)
RNH20VS5 . 6F-3 50 70° road (no helmet, 3-ft drop)

64" RH20HS . 2F 19 CFH = .2 (helmet, 30° road)
RH20HS5.1F 56 CFH = .1 (helmet, 30° road)

65" RH20HS . 2F 19 CFH = .2 (helmet, 30° road)
RH20H5.3F 57 CFH = .3 (helmet, 30° road)

4

66" RH20H5.2F 19 CFH = .2 (helmet, 30° road)
RH20HS5.0F 58 CFH = 0. (helmet, 30° road)

67" RH20VS . 2F 34 CFH = .2 (helmet, 70° road)
RH20V5.4F 62 CFH = .4 (helmet, 70° road)

68" RH20VS . 2F 34 CFH = .2 (helmet, 70° road)
RH20V5.8F 63 CFH = .8 (helmet, 70° road)

69 RH20V5.2F 34 head-road angle = 70° (helmet)
RH20V5.212 44 head-road angle = 90° (helmet)

70 RH20H5,2F 19 helmet has helmet mass
RHM20H5.2F 64 helmet has no mass

Al RH20V5.2F 34 helmet has helmet mass
RHM20V5.2F 65 helmet has no mass

72t RH20VS.2F % CFH = .2 (helmet, 70° road)
RH20V5.0F 59 CFH = 0. (helmet, 70° road)

NOTES:

* Helmet/no helmet comparisons for the four baseline configurations of the
basic run matrix are made in plots 1, 2, 4, and 18.

* CFH = coefficient of friction for helmet, CFNH = coefficient of friction
for no helmet ; MT = muscle tension.

~ Reference numbers 11, 16, and 24 were not used.

. .
" A-B tabulations for peak values were made for reference numbers 64 through
68 and 72, but there are no plots.

** Tabular comparisons (A-B tabulations) are found in Appendix C and plots are
in Appendix D. Comparison/Plot numbers referenced in the text are bracketed
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5.1.3 Definitions. The dynamic response variables discussed in
the following sections are described in Table 5-7. Most of the seventeen
responses included in the table are ones which have a priori potential
of indicating likelihood or degree of injury to the head (brain) or neck.
Although most quantities and terms used in the table are adequately de-
fined there and in Section 4, several points are worthy of special
comment.

The terms "upper neck joint" and "occipital condyles" (or simply
"condyles") are used interchangeably throughout this report. Similarly,
the terms "lower neck joint" and "C7-T1" (seventh-cervical/first-thoracic
vertebral level) are used interchangeably. It should be understood, how-
ever, that the human neck has not two but eight primary articulations
between the skull, the seven cervical vertebrae, and the top of the
thoracic spine. It has been demonstrated by various studies using the
MVMA 2-D CVS model and other crash victim simulation models that a two-
joint representation of the human neck is adequate for accurate pre-
diction of head/neck dynamics, including head translational and rotational
accelerations and neck bending moments, shear loadings, and compression/
elongation force lTevels. The "upper neck joint" defined for a simulation
is normally located at or near the uppermost articulation of the anato-
mical structure; this is the occipital condyles, where the skull pivots
with the uppermost cervical vertebra (C1), the "atlas." Similarly, the
"lTower neck joint" is normally positioned at or near the intervertebral
disc at the C7-T] Tevel.

The terms "flexion" and "extension" are used throughout this report

to indicate the sense of sagittal-plane bending of the neck. "Flexjon"
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TABLE 5-7

OYNAMIC RESPONSE VARIABLES IN PLOTS
AND COMPARISONS

No. Variable (units) Sign Convention

1 Head Angular Position (deg) counterclockwise for increase
2 Head Angular Velocity (deg/sec) counterclockwise if positive
3 Head Angular Acceleration (rad/secz) counterclockwise if positive
4  Head Resultant Acceleration (g's) magnitude at CG

5 Upper Neck Torque (w/o muscle)(in-1b) positive for extension,

negative for flexion
6  Lower Neck Torque (w/o muscle)(in-1b) positive for extension,

negative for

flexion

7 Vertical Component of Head (Chest)
Contact Force (1b)

8  Horizontal Component of Head (Chest)
Contact Force (1b)

friction force for truck,
normal force for road

friction force for road,
normal force for truck

9 Condyles Joint Angle (deg) positive for extension,
negative for flexion
10 C7-T1 Joint Angle (deg) positive for extension,
negative for flexion
11 Force Along Neck (1b) positive for compression,
negative for elongation
12 Neck Shear Force at Condyles (1b) positive forward, normal

to neck line

13 Neck Compression Force at Condyles (1b) positive toward torso,

along neck line

14 Neck Shear Force at C7-T1 (1b) positive rearward, normal

to neck Tine

15 Neck Compression Force at C7-T1 (1b) positive toward head,

along neck line

positive for extension,
negative for flexion

16 Total Upper Neck Torque
(includes muscle)(in-1b)

17 Total Lower Neck Torque
(includes muscle)(in-1b)

positive for extension,
negative for flexion

NOTE: upper neck joint = condyles

Tower neck joint = C7-T1
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is the term used for forward bending, and it may be applied to either
the upper neck joint or the lower neck joint -- or to the neck as a
whole. Similarly, "extension" indicates rearward angulation of the head
and/or neck. Neck torques (moments) discussed in the text, given in
tables, and illustrated by plots are negative for flexion and positive
for extension.

Shear loads on the neck are components of the constraint forces at
the two neck joints. They are the components resolved normal to the
neck line (the line between the two joints). Positive neck shear loads
are those primary loads which would result from a chest impact causing
a forward motion of the head and neck, i.e., positive shear loads on the
neck are "forward" at the condyles and "rearward" at C7-T1. Along the
Tine of the neck, positive loads indicate "compression" and negative
Toads indicate "elongation" (or "tension").

Several points should be made with regard to head motion. First,
"head resultant acceleration" (always given in g's) is the magnitude of
the vector sum of the x- and z-components of head center-of-gravity
acceleration. (Out-of-plane, "y-" components of motion are not simulated
by the MVMA 2-D CVS model.) Angular responses -- velocity or acceleration --
are positive if counterclockwise, i.e., toward head/neck extension. With
regard to angular positions, the inertial (absolute) head angle is zero
when the inferior-superior head axis is horizontal, i.e., when the head
is pitched so that the eyes are "down" and the top of the head is "forward"
(toward positive x). This orientation may be visualized easily with the
aid of Figure 2-1. Relative angles between the head and neck at the

condyles and between the neck and the thorax at C7-T1 are zero for in-line
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orientation of head axis and neck 1ine or neck line and thorax line.

At each joint, a positive relative angle is for extension.

5.2 General Description of No-Helmet vs. Helmet Baseline Simulation Results

In Sections 5.2.2 through 5.2.5, which follow, all baseline simulations
are discussed. The no-helmet simulations for the head-truck, chest-truck,
30° road, and 70° road impacts (20 mph) are numbers 1, 9, 20, and 35,
respectively. The four corresponding helmet simulations are numbers 2,

10, 19, and 34. The reference numbers for the four sets of tabular com-
parisons (in Appendix C) and plots (in Appendix D) are [2], [1], [4], and
[18], respectively.

The discussion of comparisons of helmet and no-helmet simulations
in these sections is somewhat detailed. Tabular and graphical summaries
of these results may be found in Section 5.4.

5.2.1 Effect of Head/Helmet Mass on Helmet Simulations. As mentioned

in Section 3.2.3 the MVMA 2-D CVS helmet impact simulations of necessity
modeled the head and helmet with one combined mass constant. In the real
impact situation, however, the head and helmet masses would not act
together -- the head mass alone would impact against the liner material.
In order to investigate the seriousness of this compromise, three addi-
tional helmet runs were made, one for each baseline head impact condition,

with the combined head/helmet mass reduced to that of the head mass alone.

A1l other helmet parameters were maintained as in the helmet baseline
runs. In these new simulations, the head mass is more appropriate during
impact but less appropriate after unloading (when it should be head plus
helmet). Plot/comparison numbers [42], [70], and [71] compare the results
of these runs with those of the respective baseline runs for head-truck,

30° road, and 70° road impacts.
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The plots of Figures 5-1, 5-2, and 5-3 illustrate some of the most
basic response variables for the head-plus-heimet mass runs and for the
head-mass-only helmet impacts. It will be noted that the responses are
quite similar overall.

The simulation comparisons made during this study énd discussed in
the following sections can be separated into two distinct groups. One
group compares helmet and no-helmet results (Sections 5.2 and 5.4).

The other group compares simulations that are both for no-helmet impacts

or both for helmet impacts (Section 5.3). With regard to the latter
comparisons, the head/helmet mass compromise is of 1ittle consequence

and no concern since the purpose of those comparisons is to establish

the relative effects of varying impact conditions other than the helmet/
no-helmet condition (e.g., friction, fall height, impact angles, etc.).
With regard to the results for helmet vs. no-helmet comparisons, however,

it is important to establish that the differences between the results

for the two types of helmet simulations are small, or otherwise unimpor-
tant, in relation to the differences between helmet and no-helmet responses.

Tables 5-8 and 5-9 summarize the percentage increases for peak
response values for no-helmet runs relative to values for the two types
of helmet runs. These tables give results for baseline conditions for
all three types of head impacts investigated in this study, and the
response variables included in the tables are those most predictive of
injury potential. Table 5-8 is for the baseline helmet/no-helmet com-
parisons ([2], [4], and [18]) and includes some of the results discussed
in later sections of this report. Table 5-9 gives parallel results for

no-helmet impacts relative to head-mass-only helmet impacts. There are
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no Appendix C comparisons or Appendix D plots for the comparisons made
for Table 5-9; the numbers there are established by comparing peak re-
sponses from runs 2 and 42, 4 and 70, and 18 and 71 for the head-truck,
30°-road, and 70°-road configurations, respectively.

If Tables 5-8 and 5-9 are compared entry for entry, it will be
seen that there are three basic types of relationships between the
numbers. For those marked by "L", the relative benefit of the helmet
is large for both types of helmet simulations so that in the discussions
of baseline comparisons in the remainder of Section 5, qualitative state-
ments made regarding helmet benefits will be true regardless of differ-
ences between results from the two types of helmet simulations, and any
questions regarding the accuracy of quantitative statements are of little
importance. For those marked with "C", the magnitudes in Table 5-9 are
larger than in Table 5-8 so that any statements relating to helmet benefit,
if not completely accurate, must at least be conservative. Finally, for
all table entries marked with "S", values are similar for the two types
of comparisons, indicating responses for which it does not matter which
head/helmet mass is used. Since all entries of these tables can reason-
ably be placed in at lTeast one of these three groups, the conclusion is
reached that the usefulness of helmet vs. no-helmet baseline comparisons

is not significantly affected by the head/helmet mass compromise.*

* The two responses of greatest uncertainty are HIC and neck compression
force for the head-truck impact. These responses can be expected to
be less sensitive to the head/helmet mass for slightly different run
conditions, e.g., for different impact velocity or different initial
head/neck orientation.
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TABLE 5-8.

HELMET IMPACT RESPONSES (BASELINE)

NO-HELMET IMPACT RESPONSES RELATIVE TO

Head Head Neck Condyles |Condyles
Impact HIC |[Resultant | Angular | Contact | Compression | Extension | Flexion
Type Accel. | Accel.| Force Force Torque Torque
Head-Truck | + 5% +101% + 69% +29% +27% +19% -74%
S L C C S S S
30°-Road +502% +199% +434% +54% +80% +748% - 1%
L LS LCS C C L S
70°-Road +216% +145% +107% +48% + 4% +120% -20%
LC L C C C L S
TABLE 5-9. NO-HELMET IMPACT RESPONSES RELATIVE TO
HELMET IMPACT RESPONSES (HEAD MASS ONLY)
Head Head Neck Condyles | Condyles
Impact HIC |Resultant| Angular | Contact | Compression| Extension | Flexion
Type Accel. Accel. | Force Force Torque Torque
Head-Truck| - 12% + 7% + 98% +52% + 29% - 3% -72%
S L C C S S S
30°-Road +400% +160% +489% +78% +109% +661% + 1%
L LS LSC C C L S
70°-Road +317% +109% +174% +63% + 15% + 65% -19%
LC L C c C L S
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5.2.2 Head-Truck Baseline Impacts. The stick figure drawings in

Figure 5-4 illustrate the general motion of the cyclist's body and head
and neck during head-truck impacts. The plots in Figure 5-6 compare
some of the dynamic response variables for the helmet and no-helmet
head-truck baseline impacts at 20 mph [2]. It is seen that the helmet
reduces peak values of head angular acceleration and center of gravity
resultant acceleration by significant amounts, 41% and 50%, respectively.
Most significant is the head resultant acceleration reduction, from
nearly 500 g's to Tess than 250 g's. Peak impact force to the head is
reduced from over 5000 1bs to about 3900 1bs. HIC, however, is reduced
only slightly, from 3475 to 3317. The reduction of HIC caused by the
helmet is much less than might be expected a priori -- and it is much
less than the typical reduction seen for other simulations that will be
discussed in the following sections -- but the plots for head resultant
acceleration make it clear that HIC for the helmet impact (3317) will
be relatively large. While the peak head acceleration for this 20 mph
impact is reduced by about half by the helmet, the duration of the
acceleration pulse is doubled. Since duration is an element of the
definition of the Head Injury Criterion, the effect of the smaller peak
is nearly balanced by the effect of the broader pulse. For lower impact
velocities, the beneficial effect of the helmet on HIC is much greater
for the head-truck impact configuration.

Since the impact causes head and neck to rotate backward, the
primary torques at the lower neck joint are extension torques for both
helmet and no-helmet conditions. Peak torque is 13% greater for the
no-helmet condition (2240 in-1bs to 1980 in-1bs). At the upper neck

joint the torques peak initially in flexion as the body and neck continue
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to move forward prior to any significant rotation of the head. The

peak values for the helmet condition are nearly four times greater than
for the no-helmet condition, -1600 in-1bs to -400 in-lbs, but still less
than the injury tolerance limit for flexion at the occipital condyles,
(-) 1680 in-1bs. For both helmet and no-helmet conditions, these upper
neck torques are later reversed to extension torques, with the no-helmet
condition having the greater peak value (1240 in-1bs to 1040 in-1bs).
The‘extension torque for both conditions is much greater than the injury
tolerance 1imit, 504 in-1bs. Forces along the neck are initially com-
pressive but then become neck elongation forces.

The compressive force for the no-helmet run has the higher peak
value by almost 25% (1300 1bs to 1050 1bs). The peak elongation force
is also larger for the no-helmet condition, nearly twice that for the
helmet condition (-1440 1bs to -790 1bs). Peak shear forces are higher
for the helmet run at both the upper (614 to 512 1bs) and lower (578 to
373 1bs) neck joints.

Beneficial effects of helmets for protecting the head are evident
from these results for the 20 mph impact simulations. With regard to
neck torques, the helmet runs consistently show lower Qa]ues for ex-
tension torques,which are likely to be the most significant neck injury
mechanism in this type of impact. Flexion torques are higher for the
helmet runs but these peak values in all cases are below injury tolerance
Tevels. Compressive and elongation forces on the neck are also signi-
ficantly Tower for the helmet runs. Because of the shape of the head
resultant acceleration profiles, HIC is reduced only slightly by the
helmet in the 20 mph simulations despite significant reduction of the
peak acceleration, and both are much greater than the estimated injury

tolerance level, 1500.
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The helmet/no-helmet comparison for 10 mph impacts (Comparison/
Plot [29] in Appendices C and D) shows more clearly the benefits of
the helmet. Peak head resultant acceleration is reduced by 60%, from
nearly 300 g's to 120 g's, and HIC is reduced from 2573, much greater
than the injury tolerance level, to 564 -- much less. Peak upper neck
extension torques are greater than the injury tolerance level for this
typs of impact even at 10 mph, but fhey exceed the tolerance level by
26% less for the helmet case.

5.2.3 Chest-Truck Baseline Impacts. The stick figure drawings in

Figure 5-5 illustrate the general motion of the cyclist's body and head
and neck during chest-truck impacts. Figure 5-7 compares some of the
dynamic responses for the helmet and no-helmet baseline impacts at 20

mph [1]. It is seen that the initial motion of the head is quite sim-
ilar for helmet and no-helmet runs. Angulation of the lower neck proceeds
in flexion immediately after impact and plateaus at about 40 degrees of
flexion from the initial position. For the helmet case a second increase
of another 10 degrees flexion occurs at about 70 milliseconds. At this
time the angulation of the lower neck joint begins to differ substan-
tially for the two cases as the no-helmet ruﬁ shows earlier fendencies
toward rebound hyperextension. As a consequence of this neck/torso
flexion and the fact that the head does not rotate by any significant
amount for about 30 msec after impact, the upper neck joint rotation
begins with extension from the initial angle for the no-helmet and

helmet runs of 8 and 10 degrees, respectively. At about 40 msec, the
upper neck joint is beginning to go into flexion for both cases and

reaches flexion peaks of 46 and 55 degrees from the initial angle for
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the no-helmet and helmet cases, respectively. As with the lower neck
joint, the upper neck angulations begin to differ more after peak flexion,
with the no-helmet case again showing earlier tendencies to rebound
"extension.

Corresponding to the initial extension of the upper neck joint the
torques are quite low (Tess than 200 in-1bs) and similar in magnitude
with and without helmet. The flexion torques which follow are sub-
stantial, however, and are considerably greater for the helmeted con-
dition: 2936 in-1bs to 1869 in-lbs. Both are greater than the esti-
mated tolerance level for ligamentous tearing (1680 in-1bs), by 75%
and 11%, respectively. At the lower neck, peak torques in flexion of
2615 and 1832 in-1bs are reached for helmet and no-helmet runs, re-
spectively. Because of the helmet vs. no-helmet differences at the end
of the 100 msec simulations, these simulations were rerun to 200 msec
in order to examine the entire rebound phase of the motion. The peak
rebound extension angles and torques were significant and nearly equal
for the helmet and no-helmet conditions. At the upper neck joint both
peak extension torques were about 2200 in-lbs, which is well above the
tolerance limit of 504 in-l1bs. At the lower neck joint, peak rebound
extension torque was 2550 for the helmet case and 2740 for the no-helmet
case.

The largest axial forces on the neck are elongation forces with
peak values of 956 and 730 1bs for helmet and no-helmet runs. Com-
pressive forces occurring at about 60 msec are 227 1bs and 711 1bs for
helmet and no-helmet, respectively. Shear forces are of relatively

small magnitude. At the upper neck, forward (positive) shear forces
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on the neck reach peaks of 422 1bs and 317 1bs and rearward (negative)
shear forces reach peaks of 326 and 77 1bs, respectively, for helmet
and no-helmet runs. At the lower neck, rearward (positive) shear forces
reach peaks of 420 1bs and 347 1bs and forward (negative) shear forces
reach peaks of 363 and 129 1bs for helmet and no-helmet, respectively.
Head motion responses are small for these chest-truck runs com-
pared to direct head impact cases, and brain injury is unlikely in this
type of situation. Nevertheless, it is worth noting that the helimet runs
for 20 mph impacts show reduced peak head angular acceleration (7400
compared with 11100) and reduced HIC value (419 against 566). There is
increased Tikelihood of hyperflexion neck injury for the helmet case,
but the greatest potential for neck injury for this type of impact is
probably in rebound hyperextension, where the maximum torque levels are
equal for the helmet and no-helmet cases.
Chest-truck impact at 10 mph is not at all severe for either the
helmet or no-helmet case [28]. No dynamic response variable exceeds
its injury tolerance level for either case.

5.2.4 Head-Road Baseline Impacts for 30° Body Orientation. Figure

5-9 shows some of the plot comparisons for no-helmet and helmet 30° road
baseline simulations [4]. The helmet run has dramatic and significant
reductions in all response parameters. The helmet reduces HIC from 7621,
which is far in excess of the estimated injury tolerance Tevel (1500),

to 1266. Peak head angular acceleration is reduced from over 24000 rad/
sec2 to 4559 rad/secz. Peak head resultant is also reduced to below

estimated brain injury tolerance (150 G's) from 398 G's to 133 G's, and

peak normal contact force is reduced from 4827 1bs to 3139 1bs.
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As a result of the coefficient of friction differences, the head
and neck angular motions are considerably different for the helmet and
no-helmet conditions as illustrated in the stick figure drawings of
Figure 5-8. Without a helmet, the coefficient of friction is .6. This
results in a relatively high frictional force which simultaneously drives
the Tower neck joint angle into flexion and the upper neck joint into
extension in the first 10-15 msec after impact. At 25-30 msecs these
reverse, with the lower neck going into extension and the upper neck
going into mild flexion. In contrast, for the helmet run, where the
coefficient of friction is .2, the frictional force is not as signifi-
cant and the upward contact force dominates, driving the lower neck
into initial extension. As a consequence of this and the delay in any
rotation of the head itself, the upper neck joint goes into initial
flexion. The lower neck remains in extension (though varying) and the
upper neck reverses from flexion to extension at about 22 msec. Thus,
the torques associated with these angulations are nearly opposite in
direction for the helmet and no-helmet runs. Even so, it is significant
that the peak torques are much greater for the unhelmeted condition.

At the upper joint peak extension torques are 578 and 4908 in-lbs for
helmet and no-helmet ruhs, respectively, and peak flexion torques are

761 and 757, respectively. These flexion torques are far less than the
injury tolerance level (1680 in-1bs), but the upper neck extension torques
exceed the tolerance Tevel for ligamentous tearing. Significantly,
however, the extension torque is only 15% greater than the tolerance

level (504 in-1bs) for the helmet case but 10 times the tolerance level
for the no-helmet case, where severe injury would surely occur. At the

Tower joint, peak extension torques are 854 and 2418 1bs, and peak
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Figure 5-8a. 30° ROAD IMPACT - NO HELMET - C.F.= 6

Mabele L1

TIME (MSEC) —>—
Figure 5-8b . 30° ROAD IMPACT - WITH HELMET - C.F. =.2
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flexion torques are 220 and 1165 1bs, respectively, for helmet and no-
helmet runs. Peak compressive, elongation, and shear forces are simi-
larly much greater without a helmet (see Plot [4] of Appendix D).

It is clear, then, that in terms of protection from both head and neck
injury, the motorcyclist impacting the road at a low angle and with
some horizontal velocity, is benefited greatly by wearing a helmet.
The liner and added helmet mass cause the peak values of head injury
parameters to be decreased dramatically (e.g., HIC, resultant acceler-
ation, angular acceleration and head contact force). Peak values of
neck injury parameters are reduced by the helmet primarily because of
the lower coefficient of friction for the helmet-road contact. This
point is further clarified by examining Plots [5], [6], [7], and [8] of
Appendix D, where the coefficients of friction for he]metéd and unhelmeted
cases have been reversed and plotted in various combinations. From
these comparisons it is seen that the torques and forces in the helmeted
case are increased by increasing the coefficient to .6. Thus, it is
primarily the coefficient of friction which drives up the neck forces
and torques by providing the necessary resistance to translational
head motion to allow the body to drive into the neck.

5.2.5 Head-Road Baseline Impacts for 70° Body Orientation. Figqure

5-11 shows some of the plot comparisons for helmet and no-helmet 70° road
baseline simulations [18]. As with the 30° road impact, the helmet pro-
duces large decreases in those response variables related to head and
brain injury. HIC is reduced from 14000 to 4440, head resultant accel-
eration from 448 to 182 G's, head angular acceleration from 29400 to 14200

rad/secz, and peak head impact normal force from 4921 to 3335 1bs.
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At this higher angle of impact, the overall angular motions at
the neck joints are similar with and without a helmet in spite of the
coefficient of friction differences. Figure 5-10 illustrates the two
cases with stick figure drawings. The action is essentially a tumbling
over on the head because of the horizontal velocity at the time of
impact. For the helmet case, with smaller coefficient of friction (0.2),
the Tower neck flexes immediately and remains flexed throughout the
first 100 milliseconds. The upper neck joint does into initial extension
of about 40° from the initial position due to the initial impact force
on the head, which is primarily upward. The downward motion of the
body causes immediate flexion of the lower neck joint. At about 20-25
msec the upper neck also goes into flexion as the body rotates over.
The net result is a relatively slow forward rotétion of the head upon
impact followed by a faster forward rotation beginning at about 20 msec.
For the unhelmeted case, where the coefficient of friction is 0.6, the
Tower neck goes into flexion more quickly because of the larger com-
ponent of frictional force and reaches a larger peak angulation, at
about 38 msec. The upper neck joint initially extends a very small
amount (about 4° compared to 37° for helmeted case) and then goes into
flexion similar to the helmet case but about 10 msec sooner. At 90
to 100 msec the upper neck extension has become quite large (40°) for
the unhelmeted case.

Corresponding to these motions, the upper neck torgue initially
reaches about 500 in-1bs in extension for the helmet case compared to
near zero for the unhelmeted case. In flexion, the upper neck torque

reaches a peak of 5000 in-1bs for the helmet case and close to 4000
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Figure 5-10a. 70° ROAD IMPACT - NO HELMET - C.F.=.6

0 0 20 30 50 80

TIME (MSEC) —>
Figure 5-10b. 70° ROAD IMPACT - WITH HELMET - C.F.=.2
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in-1bs for the unhelmeted case. It may be significant that the upper
neck torque in extension is close to 1000 in-1bs and increasing rapidly
for the no-helmet run at 100 msec but appears to have 1eve1éd off near
zero for the helmet run. At the lower neck, the torques are primarily

in flexion, with the peak value for the no-helmet run being greater

than for the helmet run by 25% (10800 in-1bs to 8650 in-1bs). At 100
msec, the end of the run, the torques are in extension for both cases,
with the peak for the unhelmeted case again greater than for the helmeted
case (818 in-1bs to 489 in-lbs).

As one might expect for this type of impact, the primary loading
of the neck is in compression. The peak levels are comparable for un-
helmeted and helmeted cases, 3310 1bs for no helmet and 3207 1bs with
helmet. For both the helmet run and the no-helmet run, maximum shear
loading of the neck at the condyles is forw&fd while at C7-T1 it is
rearward.* At the condyles, peak forward shear forces are 1826 1bs and
2051 1bs and peak rearward shear forces are -492 and -255 1bs for helmet
and no-helmet runs, respectively. At the Tower neck joint, peak rear-
ward (positive) shear forces on the neck are 1905 and 2468 1bs and peak
forward (negative) shear forces are -321 and -305 for helmeted and un-
helmeted conditions, respectively. For the larger forces at each joint
(forward at upper, rearward at lower) the helmet run has the lower peak

values.

* Positive shear forces are forward on the neck at the upper joint
(condyles) and rearward on the neck at the lower joint (C7-T1).
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As with the 30° road impact, additional simulations were made to
examine the effects of coefficient of friction differences. Plots [19],
[20], [21], [22], and [41] in Appendix D compare results for various
helmet and no-helmet runs with these different coefficients of friction.
For the helmet case, increasing the coefficient of friction from .2 to
.6 has 1ittle effect on the peak values of head angular velocity and
angular and resultant accelerations although it reduces HIC signifi-
cantly, from 4440 to 1437, less than the estimated brain injury tol-
erance level. Peak normal contact force remains about the same but
decreases in duration. Neck torgues and forces show consistent decreases
when the coefficient of friction is increased to .6. For the unhelmeted
case, decreasing the coefficient of friction from .6 to .2 has little
effect on head acceleration peak values although it causes considerable
bouncing and spiking in these parameters. HIC decreases slightly from
14000 to 12600. Torques and forces on the neck tend to remain the same
or increase slightly for decreased coefficient of friction.

[t is clear from these results and from examination of plots and
tabular comparisons for 30° road impacts ([5] - [8]) and 70° road im-
pacts ([19]- [22]) and [41]) that the coefficient of friction is not
as critical a factor at higher angles of impact. [t is also clear that
values near .6 are more desirable than values near .2 at higher angles.
The roll-gver, tumbling action caused by the horizontal velocity together
with the head-road friction force is assisted by larger values of the
friction coefficient, and this reduces loading of the neck by the body.

With low friction forces, the body tends more to drive into the head
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and neck causing higher torques and forces much as would be the case

if there were little horizontal velocity to produce the rollover action.
Effects of the coefficient of friction between the head or helmet and
the road are discussed further in Section 5.3.1, but one additional
point should be made here. Simulation 59, with a friction coefficient
of zero, shows that the roll-over motion illustrated by Figure 5-10 for
70° impacts occurs only if the head-road friction force is non-zero.

In the similar helmet impact simulation (number 34) having a coefficient
of friction of .2, the typical rollover occurs. For some friction co-
efficient near to zero, but probably smaller than realistic for any
helmet, rollover will occur for slightly greater values and rollover
will not occur for slightly lesser values. (See Plots and Comparison
[41]. Note head angle position.*)

Finally, it should be noted that the head-road impact for the more
vertical (70°) body orientation is very clearly much more severe than
for the more horizontal (30°) orientation for both helmeted and un-
helmeted motorcyclists. Dynamic response variable peak values for 70°
are consistently much higher than for 30° (in the preceding section).
(30° and 70° road impacts are compared directly in Section 5.3.2.) HIC
response and upper neck flexion torque response are particularly severe
for a vertical body orientation at impact. While the no-helmet HIC of
14000 is reduced by 68% to 4440 for the helmet impact, the HIC value is
still much larger than the injury tolerance limit. Upper neck flexion

torques, about 5000 and 4000 in-lbs, respectively, for the helmet and

* The basically different nature of the response for the zero friction
case was noted from time-sequenced stick-figure "printer plots" gen-
erated by the MVMA 2-D CVS model.
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no-helmet cases are 3.0 and 2.4 times the injury tolerance level (1680
in-1bs). In addition, a peak upper neck extension torque greater than

twice the extension tolerance level results for the unhelmeted cyclist.

5.3 Results from Additional Simulations

The primary goal of this study was to determine what advantages or
disadvantages a helmeted motorcyclist has relative to an unhelmeted
motorcyclist in an impact situation. As such, the comparisons of the
baseline helmet and no-helmet simulations in the preceding section, to-
gether with the summary of helmet vs. no-helmet results in Section 5.4,
probably yield the most important findings of the study. The baseline
simulations cannot be assessed properly, however, without giving special
consideration to several aspects of the simulations not related to
whether a helmet condition or a no-helmet condition is modeled. Sections
5.3.1 through 5.3.7 discuss the effects of varying baseline conditions
for: 1) coefficient of friction for the head/helmet contact with truck
or road; 2) overall body orientation for road impacts; 3) head and neck
initial positions; 4) neck muscle tension level; 5) horizontal velocity
at impact; 6) fall height for road impacts, i.e., maximum trajectory
height; and 7) initial overall body rotational velocity. Simulations
for these conditions are important for two reasons. First, they determine
whether general statements regarding the effectiveness of helmet use can
be made on the basis of the specific, idealized baseline simulations dis-
cussed in Section 5.2. Secondly, they make clear the mechanisms for
various aspects of head/neck injury and dynamic response resulting for

different impact conditions.
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Most of the simulations discussed in this section relate to the
Expanded Run Matrix of Section 3.2.2, Table 3-2.

5.3.1 Effects of Coefficient of Friction. For the head-truck and

chestftruck simulations, only baseline values were used for coefficient
of friction between the truck surface and the head, helmet, or chest.
The effects of varying coefficient of friction for these simulations
could not be of significance since there is no initial component of
momentum parallel to the truck surface. For 30° and 70° road impacts,
however, friction was varied, and there were found to be significant
differences in dynamic responses resulting for the different friction
coefficients. This was not unexpected since for all such simulatjons
the initial horizonal momentum (for 10 and 20 mph velocities) was of
the same order of magnitude as the vertical momentum at impact.

Because of the significance of frictional force for the road
impacts, there has already been some discussion of this subject in
Sections 5.2.4 and 5.2.5. The importance of the frictional force is
perhaps made most clear by the fact that reducing it to zero completely
changes the overall character of the response for the 70° body orien-
tation impact from rollover (Figure 5-10) to dropping down into a prone
body impact more like the typical overall response in a 30° impact
(Figure 5-8). For realistic helmet-road friction coefficients, however,
rollover always occurs for 70° impacts, and the prone body impact always
occurs for the more horizontal, 30° initial body orientations. (For
the latter case, a helmet-road coefficient of friction much greater
than 1.0 would be necessary to cause rollover.)

Since, within 1imits, the smoothness and hardness of the helmet

shell can be modified by use of different material and/or manufacturing
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methods, it is of interest to establish what values of helmet-road
friction coefficient minimize injury-indicating dynamic responses for
the 30° road and 70° road impacts. For any given helmet shell, the
effective friction coefficient is, of course, a function of the road
surface, but it would not be unreasonable to optimize with respect to
a concrete or asphalt surface specifically.

For both 30° and 70° helmet-road impact simulations, results from
the baseline runs (coefficient of friction value, 0.2) were compared
against results from simulations for a range of coefficient of friction
values. Comparison numbers for the 30° road impacts are [66], [64], [65],
(8], and [40] for friction coefficients of 0., 0.1, 0.3, 0.6, and 1.0,
respectively. For 70° road impacts, the comparison numbers are [72],
(677, [20], [68], and [41] for values 0.0, 0.4, 0.6, 0.8, and 1.0,
respectively.* The plots in Figures 5-12 and 5-13 illustrate the effect
on some of the response variables of changing the coefficient of friction
from 0.2 to 0.6 for helmet impacts. Figure 5-12 is for the 30°-road
simulations and Figure 5-13 is for the 70°-road simulations.

Analysis of Comparisons [8], [40], [64], [65], and [66] shows that
for Tow angle (30°) impacts, a low coefficient of friction for the
road-helmet interface is in general advantageous. There is little
significant difference between values in the range 0 to 0.3, but the
value 0 is not optimal. HIC is minimized at 0.1 and head accelerations
and condyles extension and flexion torques are minimized at 0.3. Re-

sponses are worsened considerably by a coefficient of friction of 0.6,

* Appendix C includes tabular comparisons for all of these, but
Appendix D plots were not made for [64] through [68] and [72].
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HIC increasing relative to its value at 0.2 by 11%, head angular accel-
eration by 41%, and condyles extension torque by 122%. A coefficient
of friction of 1.0 is far worse still, increasing peaks relative to
0.2 by 570% for HIC, 130% for head resultant acceleration, 170% for
head aﬁgu]ar acceleration, and for condyles extension torque by 780%
to ten times the tolerance level.

Comparisons [20], [41], [67], [68], and [72] indicate clearly that
the optimal coefficient of friction for the road-helmet interface for
a 70° impact orientation is greater than that for a 30° orientation.
Again, however, there is a fairly broad range of friction coefficient
values for which there are no significant differences in peak values
of response variables that have the potential of indicating injury.
HIC and condyles extension torque are minimized at a coefficient value
of 0.6. Head angular acceleration and condyles flexion torgue are
minimized at 0.8 and 1.0, respectively. Head resultant acceleration
is minimized at 0. but is not much greater at 0.4. Response variables
are consistently low for a friction coefficient value of 0.4, and over-
all results for values in the range 0.4 to 0.8 are similar.

A helmet-road coefficient of friction in the range 0. to 0.3 has
been found to be optimal for a 30° impact orientation. Since the
range 0.4 to 0.8 is optimal for a 70° orientation, the range 0.3 to 0.4
is suggested as being optimal overall since impact angles are not, of
course, limited to any one value in real-world accidents.

5.3.2 30° Vs. 70° Road Impacts. Comparisons [60] and [61] were

made to examine in greater detail the differences between 30 and 70

degree road impact responses. Comparison [60] is for helmet impacts
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(small coefficient of friction), and Comparison [61] is for no-helmet
impacts (larger coefficient of friction). Except for magnitude differ-
ences, these comparisons for 6-foot fall heights are very similar to
those for 3-foot fall heights ([62] and [63]). The plots in Figure
5-14 illustrate some of the results of these comparisons.

Head/neck dynamic responses for the helmet and no-helmet conditions
have been previously described in Sections 5.2.4 and 5.2.5 for the 30°
road and 70° road baseline simulations. For low angle impacts the
overall body action is one of sliding while at higher angles the action
is one of tumbling (see Figures 5-8 and 5-10). These general differ-
ences cause neck response to be very different for the two impact
orientations. Frictional forces have a significant effect on sliding
and tumbling and on the resultant neck responses. For low angle impacts,
larger coefficients of friction are detrimental since they result in a
greater resistance to sliding and thereby allow the body mass to have
a greater effect by driving into the neck. At higher angles, the
larger coefficients of friction assist the tumbling action, which is
beneficial since it reduces the impact of body mass on the neck. The
opposite effects of friction in low angle and high angle impacts is
made evident by examination of the compressive forces on the neck. The
neck compression forces of an unhelmeted cyclist [61] are greater for
the 30 degree impact than for the 70 degree impact, while neck com-

pression of a helmeted cyclist [60] is greater for the 70 degree impact.*

* The role of the body mass in generating neck forces and torques is
also clearly demonstrated in Plots [47] and [48] of Appendix D, which
show that without the effect of body mass, torques and forces on the
neck are markedly reduced even though the reductions in peak head
contact forces are relatively small.
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For the unhelmeted cyclist, the 30 degree impact is also found to
be more serious with respect to upper and lower neck injury than the
70 degree impact. While condyles flexion torque is decreased to a
safe level at 30° from a value 2.4 times the tolerance level at 70°,
the effect of impact orientation angle on the condyles extension torque
is of overriding importance, for it is nearly ten times the tolerance
Tevel at 30° while only 2.4 times the tolerance at 70°. For the
helmeted cyclist, however, the 70 degree impact is found to be the more
severe if upper (or lower) neck torques are used as criteria. Peak
condyles extension torques are nearly equal for the 30 and 70 degree
impacts and only 15% and 11% greater than the injury tolerance level,
but the condyles flexion torque is three times the tolerance level for
the 70 degree impact while less than half for the 30 degree impact.

With regard to HIC response, the more vertical impact is more
severe for both the helmeted and unhelmeted motorcyclists. For helmet
impacts, HIC is 3.5 times as large at 70° as at 30°, and for unhelmeted
head impacts against the road, HIC is 1.8 times as large at the 70°
body orientation.

| It is interesﬁing to note, however, that the peak magnitudes of
normal head contact force are about the same for 30° and 70° impacts.
This is further indication that the magnitude of the impact force it-
self is primarily dictated by the head mass the head or helmet material
characteristics. The duration of the contact force may, however, be
influenced by the body mass as indicated by the comparison of 30° and

70° impacts for the helmet condition [60].
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5.3.3 Effects of Head and Neck Initial Position on Simulation
Results

5.3.3.1 Road Impacts: General. For the road impact simulations,

and especially the low angle (30°) road impacts, the response of the
head and neck were found to be dependent on the head/helmet-road co-
efficient of friction as discussed in Section 5.3.1 and in Sections
5.2.4 and 5.2.5. A part of this dependency has to do with the orien-
tation of the force vector on the head (i.e., the vector sum of normal
and frictional forces) relative to the positions of the head center of
gravity and upper and lower neck joints. Since the initial orientations
of the head and neck also bear on these geometric relations, an additional
computer run was made for both the Tow angle and high angle road impacts
in which the head and neck orientations at impact were chahged. In both
these cases the upper and/or lower neck joints were flexed further for-
ward so that the head/road angle was increased relative to the baseline
runs. These positions have been previously described and are illustrated
in Figures 3-8 and 3-9.

5.3.3.2 70° Road Impacts. In Appendices C and D, comparison [25]

gives the results for the helmet and no-helmet 70° road impacts with
increased neck flexion. Comparisons [23] and [69] show more clearly
the effects of initial neck flexion by comparing results from increased
neck flexion with results from baseline head/neck orientation for un-
helmeted and helmeted cases, respectively. Figures 5-15 and 5-16 show
some of the plots.

For the no-helmet case this new initial position results in little
significant change in normal head contact force, head resultant accel-

eration, HIC or total head rotation, but the initial spike in head
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