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Foreword—Human mechanical impact response is defined as the reaction of a body segment in terms of
measurable engineering parameters such as forces, accelerations, and deflections due to direct or indirect impact
loading. The impact response of a body region can depend upon the test conditions used to generate the data
(such as impactor shape, stiffness, mass, and body region boundary conditions) and thus, in most cases, can only
be defined in terms of those conditions. Accordingly, the impact response of a test dummy component must be
evaluated under test conditions similar to those used to obtain the defined response data.

A number of problems need to be addressed in defining human impact response characteristics, since most
impact response studies use cadaver or animal surrogates to obtain data at severe impact levels. The impact
response of surrogates can differ from that of living humans due to lack of physiological effects, such as muscle

tone in the cadaver subject, and lack of geometric similitude with animal subjects.
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1.1

Purpose—This is one of a series of reports which define human mechanical impact response characteristics

for specific body regions. These reports update SAE J1460 which is intended for use by anthropomorphic test
dummy designers and analytical modelers who need quantitative definitions of human mechanical impact
behavior. These reports do not discuss criteria for assessing human impact injury potential, which are the
subject of SAE J885. Each document in the series covers material specific to a body region and will be
independently updated when new response data become available. The goal of this report is to characterize
the response of human neck due to head inertial loading when the occupant is sitting in an automotive posture.
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3. Introductjon<ln“automotive collisions, the neck plays an important role in controlling the kinematics of the
head. The-primary neck characteristics affecting the resulting head kinematics are its Igngth, range of
articulation relative to the automotive seated posture and degree of bending resistance produced by active and
passive muscle reactions and by ligament stretch. For a crash test dummy to have human-like head motion,
its neck structure must be designed to mimic these important characteristics. In addition, the crash test
dummy needs to be instrumented to measure internal neck loads to assess the potential for neck injury. This
report will provide a summary of studies conducted to quantify neck response characteristics produced by fore,
aft, and lateral head inertial loading. Performance requirements for judging neck biofidelity based on these
data will be given. The SAE sign convention defined in SAE J211 and SAE J1733 is used in this report (see
Appendix A). Response of the neck to pure tension, compression, torsion, shear, or direct impact will not be
discussed.
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4. Neck Anatomy—The primary load-carrying structures of the neck are the cervical spine, intervertebral disks,
ligaments, and muscles. The cervical spine consists of seven bony vertebrae commonly referred to as C1
through C7 (see Figure 1). The top two vertebrae have unique shapes and functions. The top vertebra, C1, is
called the atlas, and is shown in Figure 2. It supports the head at two bony articular surfaces called the
occipital condyles which are symmetrically located on the base of the skull on each side of the foramen
magnum, the hole through which the spinal cord passes, (see Figure 3). This joint allows the head to nod fore-
aft relative to C1 without unduly stretching the spinal cord. The second cervical vertebra, C2, is called the axis
and is shown in Figure 4. It is characterized by a bony protuberance, the odontoid process, which extends
upwards into the atlas. The odontoid process forms an axis for head rotation as in the “no” gesture. The third
through seventh cervical vertebrae, C3 through C7, are similar to the other vertebrae of the spine with their
size increasing as one proceeds down the spine, (see Figure 5). These vertebrae have smooth superior and
inferior bopy surfaces called facefs which form arficular joinis with adjacent vertebrae. |hé bodies of C2
through CT are separated by fluid-filled fibrous pads called intervertebral disks. The amountof|relative motion
that can ogcur between adjacent vertebrae is limited by the articular joints and interveriebral disks as well as
by fibrous tissue called ligaments which bind adjacent vertebrae together. Figure 6 js‘a)lateral cross-sectional
view of the base of the skull and of C1 and C2 which shows various ligaments, articdlar jointg, intervertebral
disks, and|the spinal cord canal. Figure 7 is a posterior cross-sectional view of the/base of the |skull and of C1
and C2 shpwing the ligamentous connections.

SAE J1460-2 Revised NOV97
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FIGURE 1—LATERAL VIEW OF THE CERVICAL VERTEBRAE SHOWING
THE LOCATIONS OF THE ARTICULAR JOINTS
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Voluntary movements of the head and the cervical spine are produced by action of the neck muscles. Neck
muscles occur in pairs which are symmetric with respect to the sagittal plane, the plane of symmetry of the
body, and are attached to the head, individual cervical vertebrae, and/or the torso, (see Figures 8, 9, and 10).
It is primarily the forces developed by the neck muscles, active and passive, that produce the bending stiffness
of the neck within its voluntary range of motion. The neck ligaments contribute little to the bending resistance
within this range. At the extremes of voluntary head-to-torso articulation, significant passive forces are
developed in the ligaments which then add to the bending resistance produced by the muscles. Since the
majority of the neck muscles are located posterior to the cervical spine (see Figure 11), the neck’s bending
stiffness is about three times greater in resisting forward bending than rearward bending. The neck’s bending
stiffness will vary with the degree of active muscle force and the rate of deformation of the muscle tissues
which are viscoelastic. Without active or passive muscle force, the neck has very little bending resistance
within the yoluntary range of motion.

BASILAR PART OF OCCIPITAL BONE RECTUS CAPITIS ANTERIOR

OCCIPITAL BONE %% A
- \g\;._ /i
///,,” u‘U é/

"y V4 RECTUS CAPITIS LATERALIS
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SCALENUS ANTERIOR

SCALENUS POSTERIOR

1ST RIB
) 1ST RIB
2ND RIB /
? D RIB
LONGUS COLLI 3RD THORACIC VERTEBRA

FIGURE 8*—ANTERIOR VIEW OF THE PREVERTEBRAL CERVICAL MUSCLES
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FIGURE 9—ANTEROLATERAL VIEW OF THE MUSCLES OF THE NECK
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5. Studies df Inertial Loading of the Neck

5.1 Mertz and Patrick Results—Mertz and Patrick (see 2.1.3.(1), 2.1.3.(2), 2.1.3.(3), and 2.1.3.(4)) conducted a
series of dled tests using a single human volunteer and six embalmed cadavers to characterize the responses
of their nefks to head inertial loads that produced either flexion or extension of the neck. The volunteer was 49
years old and was fairly representative in height (1.73 m =5'8”) and mass (72.7 kg = 160 poupds) of the 50th
percentile[adult male. Tests-were conducted with the volunteer seated in a rigid chair that simulated a typical
automotive seated posture. It had a 15-degree seat back angle and a 5-degree seat pan angle. He was
restrained|by a lap beltand two shoulder belts that crisscrossed his chest. The belts were 50 lnm wide. This
restraint system, minimized the amount of torso motion relative to the seat during the test. Accelerometers
were affixed to<his head using a tightly-fitting, light-weight skull cap and bite plate. Outputs from these
transducefscalong with estimates of the inertial characteristics of his head were used to calculgte the resultant
loading of i ; i i f he head at the
head-neck interface consisted of orthogonal fore-aft shear and axial forces and a bending moment about a
lateral axis which is tangent to the inferior surfaces of the occipital condyles. A photographic target and biaxial
accelerometers were mounted to a bracket that was tightly strapped to his back at the level of the first thoracic
vertebra. A target was also attached to the skull cap. These targets were used to determine the change in
head position and orientation relative to the torso.
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5.1.1

FLEXION TESTS—Tests were conducted at increasing levels of average sled deceleration, ranging from 3.0 G
to 9.6 G. The volunteer was instructed to assume either a tensed or relaxed muscle state prior to sled
deceleration. The neck’s reaction on the head was characterized in terms of an internal bending moment
acting on the head calculated about the occipital condylar axis as a function of the change in the angular
position of the head relative to the torso. This characterization is independent of time and provides the
relationship between two important response parameters, neck muscle loading and head angular position.
Time histories of various parameters were not used to characterize the neck’s response because they are
very sensitive to the test set-up conditions. However, for the 9.6 G test, the peak neck tension was 789 N
and occurred prior to the peak resultant resistive moment (—88.2 Nm) and peak shear force (—789 N). These
latter two resultants include the effect of the chin’s interaction with the chest.

Momentiangle responses for various sled deceleration levels that produced flexion are show
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“relaxed’
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FOR TWO 4 G SLED TESTS OF AxHUMAN VOLUNTEER.
ONE CONDUCTED WITH NECK MUSCLES “TENSED” TO MINIMIZE
HEAD MOTION ANDTHE OTHER WITH NECK MUSCLES “RELAXED”
ALLOWING HEAD TO TORSO MOTION (SEE 2.1.3.(4))

ere also conducted with lead masses attached symmetrically to the skull cap worn b

1, for a given average sled.deceleration level, the maximum moment applied to the hg¢

occurred when the-lead masses were attached below the center-of-gravity of the I
of the masses, the maximum shear forces applied to the head by the neck were the s
4 are curves 0of the resultant bending moment developed by the neck acting on
of the change of head to torso angle for various sled deceleration levels for the c
positioned above the center-of-gravity of the head and neck muscles tensed. Agai

anticipa

occurreT earlyrin the event is not shown.

ed the'sled deceleration by rotating his head rearward and the negative moment-

y the volunteer.

| mass added was 1.36 kg. The masses were positioned either above, below, or gt the center-of-
f the head to determine the neck’s response to the added mass and its center-of-grayity location. As

pad by the neck
hllest maximum
ead. For each
ame. Shown in
the head as a
bnditions of the
N, the volunteer
angle data that

Mertz and Patrick also conducted similar sled tesis using instrumented embalmed cadavers. They noted
that the bending resistance of the cadaver’s neck was dependent on the degree of stiffness remaining in the
embalmed neck muscle tissue. Figure 15 shows the moment-angle responses for a cadaver with a very stiff
neck and a cadaver with a very flaccid neck. Note in the flaccid cadaver, appreciable bending stiffness is
only developed at the extreme of the articular range where the neck ligaments are loaded.
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5.2 Patrick anfl Chou Results

5.2.1

5.2.2

EXTENSION TESTS—The neck extension tests of Mertz and Patrick (see 2.1.3.(1) and 2.1.3.(2)) were
conducted by rotating the rigid seat that was described previously 180 degrees on the sled so that neck
extension would be produced when the seat was decelerated from a prescribed initial velocity. Again, the
neck’s response was characterized in terms of the internal bending moment acting on the head calculated
about the occipital condylar axis as a function of change in angular position of the head relative to the torso.
Figure 16 shows the response of the tensed volunteer for the most severe test condition, 3.2 G sled
deceleration, and the response of an embalmed cadaver with a flaccid neck for a 5.4 G sled deceleration.

MOMENT ABOUT
OCCIPITAL CONDYLES — N-m

—40 3 ," /'
.2 G LMP
] / !

-30

/o of

—-104

[ o 20 ' 4I0 60 80 " 100
HEAD TO TORSO ANGLE — DEGREES

FIGURE 16—MOMENT-ANGLE NECK FLEXION RESPONSES OF A VOLUNTEER
WITH TENSED MUSCLES AND A CADAVER WITH FLACCID MUSCLES

FLEXION TESTS—Pairick and Chou (see 2.1.3.(5)) conducted a follow-up program to the Meftz and Patrick
study using the same seat and restraint fixture. Fifty-four tests were conducted in the flexion mode involving
four volunteers/with sled deceleration levels ranging from 0.8 G to 11.7 G. Figure 17 shows the neck
moment-pngle responses of three volunteers to various sled deceleration levels. These curvefs are similar in
shape f equal decelerations with those gi\/nn hy Mertz_and Patrick, (an Fignm 19), ahd extend the
response data to higher sled deceleration levels. The neck moment-angle response curve for the most
severe sled deceleration level (11.7 G) was not provided by Patrick and Chou.

LATERAL BENDING TESTS—Eighteen tests were conducted that produced neck response data for lateral head
inertial loading. For these tests, a side board was added to the seat and the seat was mounted sideways on
the sled. Two volunteers were involved in these tests. Figure 18 shows the neck moment-angle responses
of the volunteers for sled deceleration levels ranging from 2.8 G to 6.7 G. For lateral loading, the internal
neck moment acting on the head was calculated about a fore/aft axis lying in the midsagittal plane at the
level of the occipital condyles. Note that the volunteer LMP anticipated the sled deceleration by tilting his
head away from the direction of the impending head motion. The negative moment-angle response that
occurred early in the event was not reported by Patrick and Chou.
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FIGURE 17—COMPARISON OF MOMENT-ANGLE NECK FLEXION RESPONSES
OF THREE VOLUNTEERS FOR VARIQUS SLED DECELERATION LEVELS.
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FIGURE 18—COMPARISON OF MOMENT-ANGLE NECK LATERAL BENDING
RESPONSES OF TWO VOLUNTEERS FOR VARIOUS SLED
DECELERATION LEVELS. NECK MUSCLES TENSED (SEE 2.1.3.(5))
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5.2.3 EXTENSION, OBLIQUE EXTENSION, AND OBLIQUE FLEXION TESTS—Patrick and Chou conducted a single exten-
sion test at 4.8 G. The moment-angle response of the volunteer LMP is shown on Figure 19. They also con-
ducted two oblique extension tests (45 degrees from pure extension) at 3.3 G and 4.8 G and six oblique
flexion tests (45 degrees from pure flexion) ranging from 1.9 G to 5.2 G. They did not publish any neck
moment-angle curves for these oblique tests. They did note that the volunteer LMP had commented that the
4.8 G oblique extension test was the most severe exposure for the given level of sled deceleration
40 MOMENT ABOUT e
OCCIPITAL CONDYLES — N'm /
/o
07 z261Mp / /
ssoWP 7’ :
5.4 G CADAVER (FLACCID NECK) / ” /
-20- / | /
A1
—-10 4
0 T ]
0 80 100
HEAD TQTORSO ANGLE — DEGREES
FIGURE 19—COMPARISON OF MOMENT-ANGLE NECK EXTENSION
RESPONSES OF A VOLUNTEER WITH TENSED NECK MUSCLES
AND A CADAVER WITH FLACCID MUSCLES (SEE 2.1.3.(1), 2.1.3.(2) AND 2.1.3.(5))
5.3 Ewing et gl., Results—Ewing_et al., (see 2.1.3.(6), 2.1.3.(7), 2.1.3.(8), 2.1.3.(9), 2.1.3.(10), 2.1.3.(11),

2.1.3.(12),

rigid chair
volunteers
crotch strg
sideways d

and 2.1.3.(13)) have conducted numerous human volunteer sled tests that produged forward or
lateral bengling of the neek:" In their tests, the volunteers, all young, physically-fit military men, were seated in a

in an ereek posture (thoracic spine vertical and thighs horizontal).

For the flekion tests, the

were restrained by a standard military aircraft harness, which consisted of a lap belt with inverted-V

ps and left and

right shoulder belts.

For the lateral neck bending tests, the seaf was mounted

n-the sled and a lightly padded vertical plate was added to restrict sideways motion qf the torso and

legs.

The head of each volunteer was instrumented with a rate gyro in addition to linear accelerometers attached to
a tightly-fitting, lightweight skull cap and a bite plate, in order to measure linear and angular head motion. This
resulted in a bite plate instrumentation with greater mass compared to that used by Mertz and Patrick. An
instrumentation package, consisting of linear accelerometers and a rate gyro was also strapped over the
posterior region of the first thoracic vertebra. All tests were conducted on a Hyge sled that was accelerated to
a prescribed velocity. Both the rate of sled acceleration and peak sled acceleration were used to specify test
severity. Figure 20 shows the resultant bite-plates accelerations of six volunteers subjected to 10 G, 250 G/s
sled tests that produced neck flexion. The large variation in peak resultant accelerations is probably due, in
part, to the differences in head size and shape of the volunteers which produced different locations of the bite
plate accelerometers relative to the centers of gravity of their heads.
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FIGURE 20—COMPARISONS OF MOUTH‘RESULTANT ACCELERATIONS
FOR 10 G, 250 G/S HYGE SLED TESTS-THAT PRODUCED NECK FLEXION
OF SIX VOLUNTEERS WITH TENSED NECK MUSCLES AND ERECT
SEATED POSTURE (SEE 2.1.3.(7))

Ewing et al., (see 2.1.3.(8)) used the technique developed by Mertz (see 2.1.3.(1)) to calculate the internal
neck moments about the lateral occipitaleondylar axis for a number of the flexion tests. The|moment-angle
responses| of two of these subjects arexshown in Figures 21 and 22 for various sled accelerafion levels, and
show two glifferences compared to these of Mertz and Patrick (see Figures 12 and 14). For the|higher severity
tests, Ewing et al., volunteers demonstrated 20 to 25 degrees more rotation of the head relat|ve to the torso
prior to thg point where neck stiffness increased. A second difference is that the response curvies for Ewing et
al,. volunteers show a mote)pronounced initial negative moment than in the Mertz and Patrick volunteer
curves.

The Ewind et al., test.results also show a different kinematic response, such that forward rotation of the head is
delayed, grodueing a “chin-out” type of movement. A review of numerous high-speed films pf sled tests of
volunteers|and cadavers seated in an automotive posture and restrained by a conventional 3-p¢int belt system
indicates that.this “chin-out” response is not characteristic of volunteers seated in the automotive posture. The
heads of these volunteers were not sufficiently instrumented to allow the calculation of internal neck forces.
However, kinematic analysis of head-to-torso motion is being done and will be included later as an addendum
to this report.

There are three possible reasons for these differences in kinematic and kinetic responses between the Ewing
et al., volunteers and those of other studies - seating posture, instrumentation mass, and level of voluntary
muscle activity. The greater flexion range of motion in the Ewing et al., tests may be due, in part, to the fact
that the subjects were seated upright compared to the 15-degree reclined posture used in the Mertz and
Patrick tests. The increase in flexion angle is approximately equal to the difference in thoracic spine angles for
the two test series.
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AND ERECT SEATED POSTURE (SEE 2.1.3.(8))
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The heavier instrumentation mass attached to the bite plates in Ewing et al., tests would tend to increase the
rotational inertia of the head and move the center-of-gravity of the combined head and instrumentation mass
forward and downward. This would increase the initial negative moment acting on the head about the occipital
condyles and delay forward head rotation. A similar effect was noted by Mertz and Patrick (see 2.1.3.(3))
when the added mass was attached to the skull cap so that it was located below the occipital condyles of the
subjects.

Finally, it appears that Ewing et al., volunteers may have learned, through previous low-impact tests, to
produce higher neck muscle force and thereby better control their head movement to prevent the bite plate
from impacting the chest. Considerable neck muscular reaction is evident in the films of the tests. Such
learned responses may not provide appropriate response data for anthropomorphic test devices that should

5.4

simulate p

Zaborowski Results—Zaborowski (see 2.1.3.(14)) conducted 87 lateral deceleration sled-te

sts on 57 male

volunteers| the average age being 23.6 years. A modified aircraft ejection seat with~a 12-dIgree seatback

angle was|mounted to the sled sideways to the direction of travel. The subjects weresrestrain
and a shojplder harness which consisted of two 76-mm wide straps that were aftached at one
belt, passdd over each shoulder, and were sewn together behind the shoulders'with this end bg
the seatbalck. The seat had a side plate which allowed 30 degrees of torsorotation prior to sub!
Triaxial accelerometer packages were strapped over the sternum and the.side of the head. |
motions were recorded with high-speed movies. Sled decelerations ranged from 4 G to
incrementg with pulse durations from 220 ms to 90 ms. The testing'was terminated after the se
test when fhe subject experienced bradycardia (slowing in heart.fate) and fainted immediately g
1 is a summary of the averages and ranges of the peak chest accelerations, head acceleration
torso anglgs for the various sled deceleration levels. Note the wide dispersion of responses for
deceleratign level. Of particular interest is the large range of peak head-to-torso angles which
subjects’ gnticipation of the sled deceleration level and variations of neck muscle strength. F
the 10 G dled tests, the average peak head-to-torsetangle was —33.3 degrees with a range of
—63 degrees. These wide variations make it difficult to select a set of peak responses from
characterize the average lateral neck response for a given sled exposure.

TABLE 1—SUMMARY OF.LATERAL SLED TEST RESULTS OF HUMAN VOLUNTE
EXPERIMENTS REPORTED BY ZABOROWSKI (SEE 2.1.3.(14))

d by a lap belt
end to the lap
ing attached to
ect interaction.
Head and torso
12Gin2G
cond 12 G sled
ost test. Table
5, and head-to-
any given sled
may reflect the
br example, for
11 degrees to
his data set to

ER

Sled
Deceleration
(G)

Peak Chest Peak Chest Peak Head Peak Head
Acceleration (G) Acceleration (G) Accleration (G) Accleration (G)
Average Range Average Range

Peak Head/
Torso

Angle (Degrees) A

Average

Number
of
Subjects

Peak Head/
Torso

gle (Degrees)
Range

4 20
6 20
8 25

5.9
8.9
12.6

4.7106.8
5.41t013.7
9.41t014.8

71
10.1
15.0

5.51t010.2
4.41021.2
9.6t0 24.8

-15.8
-29.0
-32.0

3to-32
-8 to 57
—-19to -57

10 20
12 2

10.0

221

15.0 10 £5.0

17.6 t0 26.7

9.9

21.7

12.010 40.9

18.6 to 24.7

—00.0

-38.0

—-11 to 63
(1

1. Data available for only 1 subject.
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5.5 Hu et al., Results—Hu et al., (see 2.1.3.(15)) conducted six unembalmed cadaver sled tests that were to
simulate a 51.4 km/h (19-20 G) rear-end collision of two cars of equal mass. The cadavers were seated on an
automotive bench seat and restrained by a 3-point harness. The head restraint was adjusted to its lowest
position. For three of the cadavers, the seatback was rigidly supported. For the other three cadavers, the
seatback was allowed to deform rearward due to the subjects’ inertial loading. The heads of the cadavers
were instrumented with accelerometers from which the peak accelerations and HIC values were 25.4 G and
229 for the deforming seatback tests and 46.5 G and 292 for the rigidly supported seatback tests, respectively.
All three cadavers in the deformable seatback tests and two of the cadavers in the rigidly supported seatback
tests experienced significant neck damage (subluxation, fracture, and/or disk ruptures). The sixth cadaver had
no significant damage post test. Because the values of peak resultant head acceleration and HIC were low for
these tests, neither appears to be an appropriate indicator for assessing the potential for neck injury. Hu et al.,
also calculated internal reactions between the head and neck at the level of the occipitalcggndyles. These
calculations are in error since they did not include the load applied to the head by the head-resfraint.

5.6 Tarriere Results—Tarriere (2.1.3.(16)) conducted five cadaver sled tests to obtaindata on the neck’s lateral
bending r¢sponse. One cadaver was exposed to 6.6 G sled deceleration which is similar in| severity to the
maximum/(sled exposures of the human volunteers of Patrick and Chou, and Ewing et al. [The other four
cadavers ere exposed to higher sled deceleration levels (12.2 G, 14.2 G{44.0 G, and 14.6( G). For these
higher levgl exposures, the maximum lateral rotation of the head with respect to the torso rgnged from —36
degrees t@ —78 degrees, (see Table 2). This large spread in head to torsoe,angle is probably dug to differences
in the degfee of stiffnesses left in the neck muscles of the cadaver specimens.

TAB|E 2—RESULTS OF HIGH G-LEVEL CADAVER-TESTS OF TARRIERE (SEE 2.1.3.(16))

Tests Tests Tests Tests

MS249 MS297 MS 361 | MS 359
Peak Slg¢d Deceleration - G 12.2 14.2 14.0 14.6
Initial Slg¢d Velocity - m/s 6.08 6.19 6.25 8.61
Peak Hqrizontal Acceleration at T1 Level - G 20.0 44.0 315 34.4
Peak Hdrizontal Acceleration of the Head C.G~-'G 36.0 17.3 8.2 9.7
Head Lateral Flexion - Degrees 78 36 59 78
Peak Hgad Torsion - Degrees 42 30 70 102
Maximuin Horizontal Displacementiefithe Head C.G. Relative to the Sled - mm 294 445 260 415
Maximuin Vertical Displacementiof the Head C.G. Relative to the Sled - mm 79 78 64 110

Maximuin Horizontal Velocity ofthe Head C.G. Relative to the Sled - m/s 4.3 5.3 4.8 5.7



https://saenorm.com/api/?name=3bcff273cf12f963e56e2db582817193

SAE J1460-2 Stabilized FEB2011 Page 22 of 35

6. Voluntary-Range-of Motion Studies—The determination of the range-of-motion is an important parameter
for surrogate neck designs. At the extremes of voluntary range-of-motion, the neck ligaments (and/or muscles)
are loaded passively, resulting in a marked increase in the neck’s bending resistance. This non-linear
characteristic in neck bending response needs to be incorporated in any surrogate neck design.

A number of investigators have conducted studies to determine the range-of-motion of the head with respect to
the torso (see 2.1.3.(1), 2.1.3.(2), 2.1.3.(3), 2.1.3.(4), 2.1.3.(5), 2.1.3.(17), 2.1.3.(18), 2.1.3.(19), 2.1.3.(20), and
2.1.3.(21)). The results given in Tables 3, 4, 5, 6, 7, and 8A indicate that (1) there is a large variation in the
voluntary range of motion of the head relative to the torso within the adult population, (2) the range-of-motion
dramatically decreases with age, and (3) neither sex nor size has a large influence on range-of-motion.
Ranges-of-motion for fore/aft bending given by Foust et al., and Schneider et al., (Tables 6 and 7) are 20
degrees legs than the ranges obtained by other investigators (see Tables 3 and 5). Meriz et al., (2.1.3.(22))
provided a|curve of voluntary trajectory of the center-of-gravity of the head of subject LMP for, fore/aft bending
of the neck|(see Figure 23). Noted on the curve are the angular positions of the head relative to the torso. The
total fore/alt excursion was 120 degrees which is 13 degrees less than the excursion measured oy Patrick and
Chou for the same volunteer (see Table 8A). This points out the large variation that cah occur and the need to
restrict torgo motion when conducting these types of tests.

27N HORIZONTAL INITIAL A-P| AXIS
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FIGURE 23—VOLUNTARY TRAJECTORY OF THE CENTER-OF-GRAVITY
OF THE HEAD OF VOLUNTEER LMP (SEE 2.1.3.(22))
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TABLE 3—FORE/AFT VOLUNTARY RANGES-OF-MO TION OF THE HEAD
RELATIVE TO THE TORSO AS MEASURED BY FERLIC (SEE 2.1.3.(17))

Average + Standard

Age Deviation
(Years) (Degrees)
15-24 139+ 19
25-34 127 + 22
35-44 120 + 19
AL, B4 120 - 15
55 - 64 116 + 22
Average 127 + 20

TABLE 4—VOLUNTARY RANGES-OF-MOTION OF THE HEAD
REALTIVE TO THE TORSO FOR FLEXION AND EXTENSION,
AGES 18 TO 23, BUCK ET AL. (SEE 2.1.3,(18))

Subjects Number of Flexion Extension Combined
Sex Subjects (Degrees) (Degrees) (Degrees)
Male 47 -66+8 73.+'9 139

Female 53 —-69 81 150

TABLE 5—VOLUNTARY RANGES-OF-MOTION OF THE HEAD
RELATIVE TO THE TORSO/FOR FLEXION AND EXTENSION,
AGES 20 TO 40, GRANVILLE AND KREEZER (SEE 2.1.3.(19))

Subjects Numbef of Flexion Extension Combined
Sex Subjects (Degrees) (Degrees) (Degrees)
Male 10 —60 + 12 61 + 27 121

TABLE 6—VOUNTARY RANGES OF FORE/AFT HEAD-TO-TORSO MOTION,
FOUST ET AL. (SEE 2.1.3.(20))

Range-of- Range-of- Range-of- Range-of- Range-of- Range-of-
Motion by Motion by Motion by Motion by  Motion by Motion by
Percentile Percentile Percentile Percentile  Percentile Percentile
1-20 1-20 40-60 40-60 80-99 80-99
Mean S.D. Mean S.DT Mean SO Average
Age Sex (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees)
18-24 Male 133 16 139 9 140 13 137
35-44 Male 105 13 109 18 118 25 109
62 - 72 Male 101 10 83 22 103 19 94
18-24 Female 132 15 136 18 147 15 138
35-44 Female 117 16 123 20 130 15 122
62— 72 Female 106 15 104 17 98 22 99
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TABLE 7—VOLUNTARY RANGES OF HEAD-TO-TORSO MOTION,
SCHNEIDER ET AL. (SEE 2.1.3.(21))

Total Range Total Range Total Range

of Motion of Motion of Motion

Fore/Aft Lateral Rotational

Age Sex (Degrees) (Degrees) (Degrees)
18-24 Male 129 86 150
35-44 Male 103 73 137
62 -74 Male 77 48 114
18-24 Female 124 86 150
35-44 Female 105 74 144
62 -74 Female 84 56 124
All Females 104 72 139
All Subjects 104 71 137

TABLE 8A—VOLUNTARY RANGES OF HEAD-TO-TORSO MOTION OF
HUMAN VOLUNTEERS OF PATRICK AND CHOU-(SEE 2.1.3.(5))—
FORE/AFT BENDING MODE (DEGREES)

Volunteer Flexion Extension Total Range
LMP -51 82 133
KJD —65 73 138
SAT —63 69 132

TABLE 8B—VOLUNTARY RANGES OF HEAD-TO-TORSO MOTION OF
HUMAN VOLUNTEERS' OF PATRICK AND CHOU (SEE 2.1.3.(5))—
LATERAL FLEXION MODE (DEGREES)

Volunteer Flexion Extension Total Range
LMP —42 43 85
SAT -35 39 74

TABLE 8C—VOLUNTARY RANGES OF HEAD-TO-TORSO MOTION OF
HUMAN VOLUNTEERS OF PATRICK AND CHOU (SEE 2.1.3.(5))—
45 DEGREES FORWARD FLEXION MODE (DEGREES)

Volunteer Flexion Extension Total Range
LMP 35 56 91

TABLE 8D—VOLUNTARY RANGES OF HEAD-TO-TORSO MOTION OF
HUMAN VOLUNTEERS OF PATRICK AND CHOU (SEE 2.1.3.(5))—
135 DEGREES REARWARD EXTENSION MODE (DEGREES)

Volunteer Flexion Extension Total Range
LMP 35 56 91
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Guidelines for Assessing Neck Bending Response Biofidelity—The data presented in the preceding
sections have been used by various investigators to develop guidelines for assessing the biofidelity of the
bending responses of surrogate neck structures. The human response data of Mertz et al., (see 2.1.3.(1),
2.1.3.(2), 2.1.3.(3), and 2.1.3.(4)) and Patrick and Chou (see 2.1.3.(5)) are directly applicable to the automotive
collision environment since all of their testing was done for the automotive seated posture. The human
response data of Ewing et al., (2.1.3.(6), 2.1.3.(7), 2.1.3.(8), 2.1.3.(9), 2.1.3.(10), 2.1.3.(11), 2.1.3.(12), and
2.1.3.(13)) are not directly applicable to the automotive environment. All their volunteer testing was done with
an upright, spine-vertical posture. That produced a “chin-out” kinematic response that is not characteristic of
the kinematic response for the automotive posture. A dummy neck structure designed to be used in both
postures would have to be adjustable to obtain the different initial positions and ranges of motion. Since
assessing the biofidelity of dummy neck structures for the automotive seated posture is the primary focus of
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FIGURE 24—MOMENT-ANGLE NECK FLEXION CORRIDOR AND LOADING
ZONE FOR THE MID-SIZE ADULT MALE SEATED
IN AUTOMOTIVE POSTURE (SEE 2.1.3.(4) AND 2.1.3.(22)).

bnt-angle responses of relaxed and tensed volunteers are compared to the corridgr in Figure 25.
compares the moment-angle response of two Ewing et al., volunteers (see 2.1.3.(8)) to the Mertz
and Patrigk corridor. The Ewing et al., curves were shifted to account for the differences in

seated posture

(15 degregs) and the assumed differeénces in range-of-motion of the younger subjects tested by Ewing
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FIGURE 25—MOMENT-ANGLE NECK FLEXION-RESPONSES OF VOLUNTEERS
WITH TENSED AND RELAXED NECK MUSCLES COMPARED TO THE NECK
FLEXION CORRIDOR FOR THE MID-SIZE ADULT MALE SEATED IN AUTOMOTIVE POSTURE
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FIGURE 26—MOMENT-ANGLE NECK FLEXION RESPONSES OF EWING ET AL. VOLUNTEERS (REF. 8)
COMPARED TO THE NECK FLEXION CORRIDOR FOR THE MID-SIZE ADULT MALE SEATED
IN AUTOMOTIVE POSTURE. EWING DATA SHIFTED BY 20 DEGREES TO ACCOUNT FOR
POSTURAL DIFFERENCES (15 DEGREES) AND DIFFERENCES IN RANGE-OF-MOTION
OF YOUNGER SUBJECTS (5 DEGREES)
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Mertz et al., (see 2.1.3.(22)) also defined a trajectory requirement (see Figure 27) in terms of the change in
position of the center-of-gravity of the head that was observed in the 9.6 G sled test of Figure 14, their most
severe human volunteer flexion test with the added mass above the center-of-gravity of the head. In addition
to the moment-angle and the trajectory requirements, the head and neck of the surrogate should meet the
geometric constraints of the mid-size adult male and the neck structure should have sufficient degrees of
freedom to approximate the flexion curvature of the neck.

o

o HORIZONTAL INITIAL A-P AXIS
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FIGURE 27—HEAD C.G. TRAJECTORY FOR 9.6 G NECK FLEXION SLED TEST
OF MERTZ AND PATRICK (SEE 2.1.3.(4))
ADDED MASS ABOVE C.G. OF HEAD

7.2 Extensioh Response Requirements—Mertz and Patrick (see 2.1.3.(4)) defined requirements for assessing
the biofidelity of rearward bending responses of surrogate neck structures designed to represg¢nt the mid-size
adult malg¢. Using their dynamic human volunteer and cadaver data and their strength pull tgst results, they
constructgd an extension corridor defined by the solid lines of Figure 28. This corridor| constrains the
relationshjp betweemnthe internal neck bending moment acting on the head taken with respect|to a lateral axis
passing through the occipital condyles and the change in angular position of the head relativg to the torso for
the autonotive‘seated posture. Later, Mertz et al., (see 2.1.3.(22)) defined a “loading zone” for the extension
corridor, glso,Shown in F|gure 28 The plateau was chosen based on static neck strength dpta for resisting
extension{see C SS—W dtary articulation
range of the volunteer when seated in an automotlve posture The maximum stiffness slopes represent the
increase in stiffness that occurs at the end of the voluntary articulation range when the ligaments begin to add
to the bending resistance. The lower portion of the corridor reflects the elastic behavior of the ligaments and
muscles, and energy dissipation of the muscles that occurs during rebound. Since the volunteer whose
responses were used to construct the corridor was representative of a mid-size adult male, Mertz and Patrick
concluded that the resistive portion (—My) of the moment-angle response of a surrogate neck structure would
have to lie within the corridor to be considered representative of the response of the 50th percentile adult male.
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