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"!7)6. A,-f.cMechanisms of head/neck dynamic response were investigated for NBDL
volunteer data in - Gx and '+ Gy acceleration vectors with the MVMA 2-D and VOM
3-D Crash Victim Simulation models. Computer simulation of human subject
response yielded mechanical constants pertinent to the design of a Biofidetic

!I Manikin (BFM). Improved biofidelity for a two-joint neck model was achieved by
relocating the lower neck pivot point inferior and posterior to anatomic Ti. In
-Gx, the magnitude and duration for condyles extension, in particular, was
improved while satisfactory acceleration response was maintained. Exercising the
neck model at - 6Gx and - 15Gx showed that it was necessary to use nonlinear
stiffnesses for the lower neck joint in flexion.

Two modes of extension motion at the occipital condyles were seen in the
• "volunteer subjects. The first mode was extension with rebound (some subjects

demonstrating flexion). The second mode was peak extension followed by further
increase in the extension motion. The two modes of condyles extension appear to
depend on some pre-test condition - probably muscle tensing - since the short
duration of the head and neck motion in a test (300 ms) should not allow muscular
reaction beginning after the onset of the test to be a factor. Simulations with a
model that has passive neck elements give only the extension with rebound
response, i.e., mode one response. Thus, on the basis of simulations, it can
probably be said that mode one response results for subjects who are not pretensed
and mode two response results for pre-tensed subjects.K-.
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I. INTRODUCTION

The Biosciences Division of the Transportation Research Institute has

completed Phase III of a study conducted in cooperation and conjunction with the

444 Naval Biodynamics Laboratory: "Analysis of Head and Neck Dynamic Response of

the U.S. Adult Military Population" (Contract No. N00014-81-K-0603).

This study has two primary goals:

1) to develop a better understanding of the mechanisms involved in head
and neck dynamic response;

2) to develop guidance for the design of the neck module for a Bio-Fidelic
Manikin (BFM).

The basic methodology applied in this study is computer simulation of

human subject response in sled tests carried out at the Naval Biodynamics

Laboratory.
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II. BACKGROUND

The program of impact acceleration tests being conducted at NBDL (1-10)

has been of particular importance among efforts over the past twenty-five years to

gain an understanding of human impact response. This effort has resulted in the

most extensive body of experimental data that exists for human head/neck dynamic

4 response. The work has involved precise measurement of the dynamic response of

the head, neck, and first thoracic vertebra. A significant part of the total effort was

the development of data acquisition and data processing systems.

Study of NBDL experimental data through application of simulation models

has made possible the determination of biomechanical properties of the neck

. structure of human test subjects (11-20). This approach has made it possible to

establish relationships that exist between dynamic response and the mechanical

parameters of the neck.

The MVMA 2-D and VOM 3-D Crash Victim Simulation models (20-23) were

exercised with NBDL data to refine neck model parameters in each phase of this

work. In Phases I and II of this study, methods and required computer codes were

established for investigation of data provided by NBDL. Phase I effort utilized pre.

1976 data for -Gx vector tests. Initial investigations of +Gy data were carried out

as well. Phase 11 effort utilized NBDL data of improved quality for both - Gx and

• .+Gv and led to refined analysis methods and refined results. In Phase 111, NBDL

data of still better quality have been used and better analysis methods have been

* - developed, building upon the methods established in the earlier work. Important

questions relating to the mechanisms of head/neck dynamic response and resulting

-.. from Phase 11 work have been investigated in Phase III.

Because of funding delays and time required by NBDL for processing of

- requested data, Phase III effort was not begun until approximately eighteen months

* °after the end of primary Phase II work. In the interim, UMTRI prepared and

presented a technical paper on Phase II findings (19).

5



* Si' III. METHODS AND PROCEDURES

The following tasks were defined for Phase III effort.

Task 1. Determine the nature of nonlinearities in the biomechanical properties of

the human neck.

Task 2. Simulate +Gz tests being run at NBDL.

Task 3. Refine understanding of head/neck biomechanics through continued

simulation analysis of NBDL tests in all vector directions.

* Task 4. Investigate, to the extent possible, the relationship between injury

potential, dynamic response levels, and dynamic response mechanisms.

Task 5. Carry out a formal parameter sensitivity study for the established

"baseline" analytical neck model.

Task 6. Establish a maximally simplified set of model parameters which can serve

as a design plan for a neck for an anthropomorphic dummy. .

Work on the above tasks was begun only after a considerable amount of

effort given to "restart" activities. Because of the funding discontinuity between

Phase II and Phase I, a staff member who had been instrumental in the earlier

work was no longer available and a new staff member had to be trained in the

" ." various specific aspects of data handling, computer simulation, and analysis of
simulation results. Additionally, a not insignificant effort was required in

*reconstituting data and program files and re-establishing techniques developed in

the course of Phase II work.

A brief summary of Phase IIl activity relevant to the above tasks is given

"*'- below. Presentation of results is given in Section V.

SUMMARY OF ACTIVITY:

on Task I - Simulations were designed and carried out for the purpose of

S :determining whether nonlinear material properties need to be represented in

manikin neck design. Nonlinear material properties at C71Tl were necessary to

* . improve the biofidelity of simulation results at - 6Gx and - 15Gx.

on Task 2 - Simulations in the +Gz vector were not carried out because data

were not provided by NBDL.

7
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on Task 3 - Response mechanisms were investigated through simulation of -Gx -'

and +Gy tests. Of major importance was achieving a condyles extension of

sufficient magnitude and duration in simulations. Modification of the joint

parameter data provided only small improvements in the condyles extension

motion. Relocating the upper and lower pivot points, however, provided a

significant modification of motion and moments at the neck joints. A two-joint

model is described which has the upper pivot point at the occipital condyles and the .

lower pivot point inferior and posterior to anatomic T1. -. r

on Task 4 - At the request of NBDL, no effort was expended toward an attempt to -

determine information relevant to injury thresholds. Since no NBDL tests with -

human subjects are at high enough impact levels to cause injury, such a study could

at best have determined lower bounds on injury thresholds. *

on Task 5 - A formal parameter sensitivity study was not carried out since a -.

"baseline" neck model has not been established. Such a study will be meaningful

only after +Gz data have been investigated and further investigation is done in

parallel in the -Gx and +Gy vectors. Nonetheless, parameter sensitivity -

information of some usefulness is determined as an implicit part of every series of

computer simulations carried out with non-final (i.e., "non-baseline") neck model

data."1
,9.

on Task 6 - Recommendation of a maximally simplified set of model parameters

similarly cannot be given until after a "baseline" neck model is established.

Simulation effort has proceeded, however, with a goal of establishing a

parsimonious neck model in mind. Parameter sensitivity information and study of

response mechanisms are both pertinent to this goal.
:.. ;
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IN'. DATA PREPARATION

I.
NBDL Time-Averaged Data for - Gx and + Gy

NBDL data for multi-vectorial acceleration response was received for

subjects H00118 through H00142 in September, 1985. Test data were selected for

-Gx and + Gy for forcing inputs and impact reponse data. The volunteer test data

were plotted for all test subjects for -6Gx, - 10Gx, - 15GX, and +5Gy to assess the
data for anomalies and outlier response characteristics. Examples of the volunteer

. data are presented below prior to the averaging of results to illustrate

characteristics of the experimental data.

-GGx Volunteer Response Data. In Figures 1-10, the response data for

-6Gx impacts of subjects H00118 and H00130 are shown. TI x- and z-axis

accelerations (Figures 1-2) are averaged for forcing inputs for simulations of -Gx

tests. In some tests, however, large acceleration spikes were observed in the time

history data. The TI z-axis acceleration-time histories in Figure 2, for example,

show large positive spikes. Acceleration peaks that exceeded the average peak

accelerations by a factor two or more in the TI.x and T1.z acceleration forcing

inputs were considered anomalous. Tests that demonstrated this response were not

included in time averaging.

Figures 3-6 show the response data for the head angular position, head

angular velocity, head angular acceleration, and head resultant acceleration for

subjects H00118 and H00130, respectively. Head angular motion and linear

acceleration response data were used in Phase II to assess the biofidelity of the

neck model response for volunteer TI forcing inputs. In Phase III, response data

were determined for the head origin x-and z-axis displacement relative to T1

(Figures 7-8), and the joint relative angles at the condyles and Ti (Figures 9-10).

The condyles relative angle is defined as neck angle minus head angle. Ti relative

angle is torso angle minus neck angle. Since all motion takes place in the

midsagittal plane, negative relative angles are seen when the head angle is greater

than neck angle at the condyles or the neck angle is greater than torso angle at T1.

For -6Gx simulations, data used as forcing input to the, models and for

-" comparison with model predicted dynamic responses were obtained by averaging

the time histories of 15 individual tests of NBDL volunteers. The tests used were:

LX3856 (Subject 118), LX3S75(118), LX3880 (118), LX3851 (120), LX3852 (127),

LX3854 (130), LX3876 (130), LX3857 (131). LX3885 (131), LX3858 (132), LX3887 (132),

9IP
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LX3869 (133), LX3870 (134), LX3871 (135), LX3872 (136). These tests were selected

from the eighteen -6Gx runs on Vomputer tapes prepared for UMTRI by NBDL in

September 1985. Although there was more than one run for some subjects, no

subject was represented more than once in final averaged results. An intermediate

averaging step produced an "average run" for each subject so that the ten subjects

could be represented with equal weight.

With the approach of averaging across runs, responses that may reflect

individual differences in the test subjects were weighted against the responses of all

other subjects. Anomalous response characteris,-s were therefore de-emphasized

by averaging. It is felt that neck model parameters determined from simulations

with averaged subject response data will successfully model a hypothetical subject

who is "average" for the group in terms of strength and anthropometry.

-1OGx Volunteer Response Data. In Figures 11-20. the response data for

-1OGx impacts of subjects H00132, H00133, and H00135 are shown. The time

histories for NBDL volunteer response at - 1OGx show the following types of

response. Large Ti z-acceleration spikes, both positive and negative, are present at

-1OGx (Figure 12). The bimodal head angular acceleration shown in Figure 15 is

an "atypical" test subject response for subject H00132, test LX3989. It should be p
noted that an "atypical" response is seen only for head angular acceleration, i.e.,

the time histories for test LX3989 are similar to other subjects' with the exception of

head angular acceleration. In Figure 19, subject H00133 displays two distinct

modes of condyles extension. Subject H00133 displayed extension with rebound in

test LX3913, while no significant rebound occurred in test LX3998. It seems

unusual that the condyles extension angle becomes increasingly negative after the

first peak in test LX3998. (This response, i.e., extreme extension, was seen in other

subjects as well at - lOGx and - 15Gx and a discussion of condyles extension in the

volunteer response is given below in the section "-Gx NBDL Volunteer Data: Two

Modes of Condyles Extension.")

For - 1OGx simulations, data were obtained by averaging the time histories

of 14 individual tests of NBDL volunteers. The tests used were: LX3903 (Subject

118), LX3985(118), LX3906 (120), LX3995 (120), LX3904 (127), LX3928 (130), LX3991

(130), LX3908 (131), LX3999 (131), LX3909 (132), LX3998 (133), LX3913 (133), LX3916

(135), LX3918 (136).

10110 '
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-15Gx Volunteer Response Data. Volunteer data for subjects H00127,

H00132. and H00133 are shown for - 15Gx in Figures 21-30. In Figures 21 and 22,

large positive and negative spikes are observed in both the Tl-x and Tl.z

acceleration responses. It is difficult identify the source of the acceleration spikes

in the -Gx data, but it is present in the data at -6Gx, -IOGx, and -I5Gx for

certain tests. These data were eliminated from the time-averaged volunteer data.

Subject H00133 once more demonstrated two modes of condyles extension at - 15Gx

(Figure 29), similar to the subject's response at - lOGx (Figure 19). In test LX3986,

the extension at the condyles exceeds 100 degrees for subject H00133 at - 15Gx. It

.. is interesting to note that there is a larger range of variation among test zubjects in

joint relative angles than in inertial head angles, which have a relatively narrow

*i corridor (Figure 23).

For - 15Gx simulations, data were obtained by averaging the time histories

of 13 individual tests of NBDL volunteers. The tests used were: LX3958 (Subject

118), LX3969(118), LX3972 (120), LX3987 (131), LX3990 (131), LX3959 (127), LX3982

(132), LX3957 (132), LX3963 (133), LX3986 (133), LX3983 (134), LX3965 (135), LX3970

(135).

+5Gv Volunteer Response Data. The volunteer data for subjects H00130,

H00131, H00132, and H00133 are shown for +5Gy in Figures 31-39. The forcing

inputs for Ti are shown in Figures 31-33. The components of the head linear

* acceleration response and the Euler angles for head yaw, pitch, and roll are shown

in Figures 34-39, respectively.

The forcing inputs for simulations of NBDL +5Gy tests were obtained by

averaging the time histories of eight tests of NBDL volunteers. The averaged tests

were: LX4088 (Subject 130), LX4089 (131), LX4093 (133), LX4100 (139), LX4094

(141), LX4097 (134), LX4095 (135), and LX4098 (138). In general, there was a greater

amount of variation in the +Gy response variables than in the corresponding data

" . for -Gx.

Stick Figure Plots for 3-D Motion. A new feature was added to the VOM CVS

2 post-processor prior to Phase III startup. A Fortran program was written for

obtaining "stick figure" printer plots of the head/neck motion predicted by the VOM

model. Up to five views of a 3-D stick figure are plotted at a minimum time interval

of 10 ms between plots. The program calculates the 3-D rotation matrix for the

head and projects contours and landmarks onto a 2-D view plane defined by the

user. Each view plane is normal to a vector from the Ti origin. An example of 3-D

11
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stick figure plotting is shown in Figure 40. The view plane is normal to the

laboratory x-axis for a +5Gy simulation. Head contours and eyes, cars, and nose

provide information for assessing both planar and nonplanar head motion. The ;r.'

neck cord extends from anatomic Ti to the occipital condyles. A triaxial head
S.'

target on the top of the head (visible in two frames) further aids in following

nonplanar head motion.

-Gx NBDL Volunteer Data: Two Modes of Condvles Extension

The data shown in Figures 1-30 for the volunteer response in -Gx generally

demonstrate a high degree of similarity in waveform for the time histories for

different subjects. One notable exception to the marked similarity of the results

was the time histor" for the condyles relative angle.

It was observed for - Gx tests that the waveform of condyles relative angle

response differed significantly after the first peak. At - 6Gx and - 10Gx, a majority

of the subjects show condyles extension with rebound, but a few subjects show

extension with little or no rebound. At - 15Gx, the extension with rebound motion

and extension with no rebound are both more pronounced. The two modes of

extension are of interest in that a two-joint passive neck model simulates one mode

of extension response (extension with rebound), but it does not simulate the other

mode (no rebound). In addition, the pattern of these two types of extension motion

suggest that it is controlled by the subject, probably by pre-test muscle tensing.

Condyles Extension at -6Gx. In Figures 41-46, the time histories of -6Gx

joint relative angles are plotted. The condyles joint displays an extension motion in

all cases followed by largely varying amounts of rebound from extension. In Figure

41, subject H00118 shows no significant rebound from extension in test LX3875

(solid line) while the same subject shows a significant rebound in tests LX3856 and

LX3880. In Figure 43, subject 131 (LX3857) demonstrates no rebound after the peak

extension. The other tests in Figure 43 all show a peak extension with rebound.

The TI joint relative angle in Figure 44 shows that the subjects experiencing the

largest angulations for condyles extension also show large TI joint angulations.

The converse is also shown in that smaller condyles angulation is paired with

smaller Ti angulation. In Figure 45, subject 134 (LX3870) shows no rebound after

peak extension while the other four tests show rebound. (It is interesting to note
that only subject 127 shows flexion at the end of the impact in Figure 45.)

12
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at -6Gx for NBDL Subjects 118 and 130. History at -BGx for NBDL Subjects 118 and 130.
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History at -6Gx for N8DL Subjects 118 and 130. History at -G x for NBDL Subjects 118 and 13C I
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Figure 11. TI X-Axis Acceleration-Time History Figure 12. T! Z-Axis Acceleration-Time History
at -IOGx. NBOL Subjects 132. 133, and 135. at -lOGs, NBDL Subjects 132, 133, and 135.
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Figure 13. Head Angular Position-Time History Figure 14. Head Angular Velocity-Time History
at -IOGx. NOOL Subjects 132. 133, and 135. at -lOGx. NBDL Subjects 132, 133, and 135.
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History at -lOGx. NBDL Subjects 132. 133, and 135. His tory at -lO~x. NBDL Subjects 132, 133, and

135.

7-HEROD X-OISPL. REL. TO TI 8-NERO Z-OLSPL REL. To Ti
N8OL SUBJECTS 132. 1351 -CX AT 10.3 C'S NBCL SUBJ.ECTS 132. 13 3zGxAT 10.3 C'S

TiTI FORCED IMTO RE

Iilt TOcui MWU MM CU1111 lii are FAAe AMl Pam 1. 3

M107



22-CONOTLES RELATIVE ANGLE 23-TI RELATIVE NECK ANGLE &
N1OL SUBJECTS 132, 133. 135: -Ox T 10.3 G'S NDIL SUBJECTS 132. 133. 135: -GX AT 10.3 C'S

TI NOtION FORCED 11 NOTION rOnCED

IrN I FM MMMU3111119, SLII 132 On?"i rMq H IM LX]3, MEET[€ t32 II
-0 M1 FOR lOM MM LOW01 SgMAtI -32 M11 Au FOG. lMMA 113909, SAECI 132

01: FOR M MUN LMN 3UL9 , MUI.T 133 DRT FO1 MMG Lft l)*913, MlYCT 133
U.U ~~~ ~ ~ ~ II ton IM MMLIIMJd s0130 4l LI3AU MOAC! 13312.0' D TA FOR NMeL M L3IM: RIBJCT 133 0.00 OlAFi Ha lJqL~m l C =

OR OW M111 L) JEC1 13S OM a M MM316, C

6.0 0.00

-011.611.0

-as..

,U.. .-. :,

4.06 11.011 ctsi.11 9 0.18 M0 . 34 9EA ? 6.3 .0 1.01 0.0 0.11l 0.111 9.1 0.22 a III

TIM~ ISECUSI5 TllR IfdC0Y3)

Fiur 19 Codye R- 0

IN

18

,.- 5-- :



I-T1 X-ACCELERATION 2-TI Z-ACCELERATION
* NBIX. SUBJECTS i27.0132. 133t -OX AT 15.1 G'S NBOL SUBJECTS 1713.133s -OX Al 15.1 G*CS

TI IO010N FORCED 11 OT ION FORCEO

M. -t ORIN FOU RI.M Wll. WAACT 32Mt Yen aUPU m L. IEEt Il
- 46 PIm 4. HIM UIN, 3"Cl to 1111 FOR P RIM LZW UU, T 5Z1 I

10 FDA Ma NMX Lxiii. 3"C' I. I 411 SIX AU M L131M7 PA*CT IN

LUN U.

14.00

-ILIA

-a-.

-26.4

-RUI _48.40

40.19 4064

.4 L6. Z6.4 . 1.4 LI 1. i L L .11U9 &'W LU 0.1 L IS LI1I Let L.U Let &W
TIME ISECOIDS) TIME aiCOMM

Figure 21. 71 X-Axis Acceleration-Time History Figure 22. T1 Z-Axis Acceleration-Time History
at -l5Gx. NBDL Subjects 127, 132. arnd 133. at -i5Gx, NBDL Subjects 127. 132. and 133.
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Figure 23. Head Angular Position-Time History Figure 24. Head Angular Velocity-time History
at l5SGx. NBOL Subjects 127, 132, and 133. at -15Gx. NBDL Subjects 127, 132, and 133.
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Figure 37. Head Yaw Angle-Time History at +5Gy Figure 38. Head Pitch Angle-Time History at
for NBDL Subjects 130, 131, and 132. + 5Gy for NBDL Subjects 130, 131, and 132.
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Figure 39. Head Roll Angle-Time History at +5Gy
for N60L Subjects 130. 131. and 132.
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At -6Gx, the majority of the test subjects displayed an extension peak at the

occipital condyles followed by greater or lesser amounts of rebound from peak
extension. In four out of fifteen tests, the subjects showed no significant rebound

after the extension peak.

Condyles Extension at - lOGx. At - 1OGx, the test subjects in Figure 47 show

a peak condyles extension similar to - 6Gx extension, but the rebound is not as

pronounced as for - 6Gx. In Figures 47 and 48, it is seen that the two tests showing

the largest condyles angulations also have the largest Ti joint angulations. (The

neck chord for subject 118 (LX3903) and (LX3985) is thirty degrees below the

horizontal at peak T1 joint relative angulation.)

In Figure 49, three subjects in - iOGx tests show extension with rebound

(subject 136 shows flexion at the condyles after approximately 180 ms) and subject -.

H00130 shows a continuously increasing extension motion. The corresponding

lower joint relative angle in Figure 50 reaches 30 to 40 degrees below the horizontal

and remains near this condition for the duration of the test. Figure 49 illustrates

clearly the two modes of subject response that will be c;fled, respectively,
"extension with rebound" and "no-rebound" extension. In the rebound mode of

condyles extension, the initial extension is followed by rebound at both the condyles

joint and the Ti joint after 180 milliseconds.

The - 1OGx test subjects in Figures 51 and 52 show "no-rebound" extension

in only one test (LX3998) and extension with rebound in the remaining four. It is

interesting to note that subject H00133 shows condyles extension with rebound in

test LX3913 (resulting in flexion) and "no-rebound" extension in test LX3998. The

condition for extension with rebound occurs at - iOGx in 10 cases and "no-rebound"

extension occurs in five cases. This is similar to the ratio seen for -6Gx (11:4).

Condyles Extension at - 15Gx. At - 15Gx, the two modes of condyles

extension motion are more definite than at -6Gx and - iOGx. In addition, the

numbers of subjects showing extension rebound and "no-rebound" extension are

more nearly the same at - 15Gx: seven tests show extension with rebound and six

show "no-rebound" extension. In Figure 53, subject 120 displays a significant

rebound followed by condyles flexion. Subject 120 also experienced the smallest

angulation at the TI joint and the largest rebound from flexion among the test -,

subjects. At the other extreme, subject 131 (LX3987) shows a significant angulation
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in extension that approaches ninety degrees relative to the horizontal. At the end

of the impact event, little rebound for the TI joint deflection has occurred (Figure

54).

In Figure 55, three - 15Gx tests show extension with rebound and two tests

show "no-rebound" condyles extension. In Figures 57, subjects 134 and 135 show

the "no-rebound" extension response in all three tests. At - 15Gx, the extension

with rebound motion shows tests with the condyles joint proceeding into flexion.

The no-rebound mode of condyles extension was also more pronounced for test

S"subjects at - 15GX than at -6Gx and - 1OGx.

Significance of Condyles Extension Modes. There does not appear to be any

strong pattern involved in the subject response for these two modes of condyles

extension. At -6Gx and - iOGx, "no-rebound" condyles extension is "atypical" in

the sense that only one-third of the reponses are of this type. At - 15Gx, however,

* nearly half of the tests show the "no-rebound" response. The two modes of

condyles rebound seem to depend on some pre-test condition of the subject, since

• ." one subject can display both modes; e.g., subject H00133 at - 10Gx and - 15Gx.

Muscle tensing prior to the impact may allow the subject to control the type

of extension rebound that is exhibited in the impact. It is felt that tensing before

onset of the impact is a factor for two reasons: 1) "no-rebound" response, when it

- occurs, becomes evident by about 150 milliseconds, which is much less than muscle

response time, and 2) two distinct response modes are seen, thus suggesting that

UR there is no condition intermediate between "tensed before onset" and "not tensed

" -before onset".

This raises a question of whether pretest muscle tensing is an infrequent

occurrence that is characterized by Subject H00132 in test LX3989 (- iOGx), which

shows a bimodal head angular acceleration, or whether muscle tensing is a

* relatively common phenomenon that is indicated by the condyles extension rebound

signature. Seemann has already considered this in simulations with a Becker

*linkage (12). (See Appendix.) It seems appropriate to repeat the simulations of

neck muscle tensing and bimodal head angular acceleration response with a two-

joint neck model other than the Becker neck to study the dynamic effect of a pre-

• . test "condyles lock-up" situation. Perhaps further insight could be gained by

simulation of pre-test neck muscle tensing with a neck model with the upper pivot

point at the occipital condyles. The "condyles locked" condition could then be met

for the upper pivot point by specifying a friction element that remains locked until
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sufficient force is applied to the head to free the condyles joint. It could be argued

that a bi~iodal head angular acceleration should appear for the neck model with

occipital condyles upper pivot point if the bimodal acceleration signature is

characteristic for the "condyles locked" pre-test condition.

With regard to the neck model, it is useful to identify in the volunteer data *,

two distinguishable modes of condyles angulation because the first mode can be

reproduced with a passive neck model whereas the second mode is not reproducible

without significant modification of the upper neck joint element by inclusion of

active elements.

- .

2..

p.-]

* p
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V. RESULTS AND DISCUSSION

In Phase II it was shown that a two-joint neck model could produce

satisfactory linear and angular acceleration response for -Gx and +Gy. It was

subsequently seen, however, that the neck model did not predict linear

displacements well. Also, neck relative angles were not well predicted. Therefore,

the modeling efforts in Phase III focussed on achieving better biofidelity in the neck

model for linear and angular displacements in simulations of -Gx data while

maintaining satisfactory acceleration response. In addition, preliminary

simulations for +Gy were carried out to test the biofidelity of neck models having

modified pivot point locations.

wihThe simulation results discussed in the following sections are concerned

with the improvement of the input model data for the - Gx vector. The input model

*data were modified by changes to 1) joint parameter values and 2) the location of the

pivot points.

Simulations made to date show that variation of a limited set of neck model

parameters is sufficient to tune several dynamic response variables. These

parameters are:

1. condyles stiffness (linear)
2. condyles damping
3. condyles energy restitution coefficient
4. C7/TI stiffness (linear and bilinear)
5. C7/T1 damping
6. C7'Tl energy restitution coefficient

. 7. neck length stiffness (linear and bilinear)
8. neck length damping
9. neck length energy restitution coefficient

* 10. coordinates of upper neck ("condyles") hinge point
11. coordinates of the lower neck hinge point

Neck joint parameters for bending stiffnesses, damping, and restitution

coefficients affect the peak, phase, and rebound for the head/neck dynamic

L' response. The location of the neck pivot points, however, also significantly affects
b-.2

the joint torques and simulation acceleration responses.

* .The two-joint neck of the MVMA 2-D model is shown in Figure 59. It is a

one-link element with articulation at the head and torso. In normal use in crash

*simulation research, the upper and lower neck joints are assumed to be at the

anatomic condyles and C7-T1 locations, as illustrated in the figure. There is no
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* -model constraint, however, that requires the articulations to be at these anatomic

locations, and in the current study the upper and lower neck articulations were

moved away from anatomic condvles and C7-T1 locations in various simulations.

Figure 60 illustrates the definition of upper neck and lower neck relative

angles used in this report. (In the figure they are labeled with "con" and "C7"

subscripts, but in general, as previously indicated, the articulation points in

simulations may be different from anatomic condyles and C7-T1.) Figures 61 and 62

illustrate the definitions used for flexion and extension at the neck joints.

The effect of modified neck joint data and neck linkages for -Gx simulations

with the MVMA 2-D model is discussed below.

-Gx Simulations with Phase II Neck Parameter Data

In Phase II work, experimental head angular motion and head linear

resultant acceleration were the only time history data used to assess the biofidelity

of the simulation results. On this basis, the Phase II simulations adequately

predicted head motion. It is appropriate to re-evaluate the neck model data by

considering additional response variables plotted in Phase III.

At the beginning of Phase III, the neck joint stiffnesses and damping data

determined for Phase II were used in simulations of the Phase III NBDL averaged

volunteer data at -6Gx, - 10Gx, and - 15Gx. Several plots not obtained during

Phase II were obtained in these simulations -specifically: head/neck relative

angles, linear head displacements, and the neck length. The simulation and

experimental response data are shown in Figures 63-72 for -6Gx, Figures 73-82

for - 10Gx, and Figures 83-92 for - 15Gx.

The - Gx simulations show that head angular velocity and acceleration

response are satisfactorily predicted by the neck model at all g-levels. However,

the head angular position shows increasing error in peak magnitude at - 1OGx and

- 15Gx. At - 6Gx, the low TI angulation and low condyles extension are in error by

compensating amounts that result in a peak head angle of the correct magnitude.

At - 10Gx and - 15Gx, the TI angulation is improved, so the error in condyles

angle also appears as an error in the head angle. Plotting additional response

variables, viz., linear head displacement and condyles and T1 relative angles, shows

that the condyles angul'- deflection is not adequately predicted in the simulation.

Specifically, far too little condyles extension is obtained.
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[ Figure 59. The Two-Joint Neck in the MVMA 2-0 CVS Model
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Frarlf Plane 7

Angular deflection at each joint =0

Flexion and extension at each joint
are zero, by definition, -at t=0.

41
Figure 60. 07-Ti and Condyles Angles at t0O.
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The load-deflection characteristics of the Phase II neck model data are

shown in Figure 93. The upper neck joint damping coefficients were .026 N.M sec/

deg in flexion loading and unloading (.50 energy restitution coefficient). Damping k,

was zero for extension loading and .026 N-m sec/deg for unloading (.95 restitution

coefficient). The lower neck joint damping coefficients were zero in flexion loading "

and unloading (.11 restitution coefficient), and .0034 N-m sec/deg damping in

extension loading and unloading (.11 restitution coefficient). Neck length damping r7

was 7.34 N-sec/cm in tension loading and 3.62 N-sec/cm in tension unloading.

Compression loading damping was 3.62 N-sec/cm; it was 7.34 N sec/cm in

compression unloading. The restitution coefficients for neck length tension and

compression were .99.

In initial modeling efforts, attention was focussed on the improvement of the

condyles extension motion through adjustment of the neck joint parameters. Three

simulations with modified neck data are discussed below for - 6Gx.

Joint Parameter Adjustment of Neck Model at - 6Gx

It was important to determine whether the linear displacements and relative

angle deflections of the neck (condyles extension in particular) could be

significantly improved by modifing the neck joint data. The simulation results at

-6Gx showed the largest error in condyles extension to be in peak and duration of

condylar extension motion. Therefore, neck model adjustrmient focussed on -6Gx

simulations.

The adjustment of the joint stop stiffness and joint stop angle for condyles

extension loading may seem appropriate to improve extension at the upper neck

joint. It was previously shown, however, that even the elimination of all resistance

to angulation at the upper pivot point was not sufficient to improve condyles

extension motion in the simulation for -Gx (14). Therefore, parameter adjustment

focussed on increasing the initial neck angulation to improve the simulation of

condyles relative angle.

The first trial neck model adjustment was to decrease C7 flexion stiffness

and thereby allow greater neck flexion at C7 during the onset of condyles extension

motion. With this modification, a larger condyles extension was anticipated. Figure

72 shows that Phase II neck model values for bending stiffness do not allow a

sufficient angular deflection at the lower neck joint for - 6Gx. The C7 stiffness was

decreased from 1.6 N-m/deg to .8 N-m/deg to allow the neck to achieve a larger
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angular deflection. The neck tension stiffness was also decreased to improve the ,

prediction of the resultant linear acceleration for the head. The stiffness was

changed from 1644 N/cm to 411 N/cm.

The results for this run are shown in Figures 94-103. The head z-

displacement peak and T1 relative angle peak are in better agreement with the

experimental data in Figures 99 and 103, but the condyles relative angle was only

slightly improved, displaying - 17.1 degrees maximum extension versus - 12.4

degrees in Figure 71.

The joint stop torques for the upper and lower pivot points are shown in

Figures 100 and 101, respectively. The flexion and extension stops are immediately

on either side of the time zero joint stop angle. In Figure 100, the peak condyles

loading for the extension joint stop corresponds to peak condyles extension and

peak head angular acceleration. The head subsequently rebounds from extension

rapidly and loads the flexion joint stop. At C7, the joint stop displays flexion

loading up to 240 ms (Figure 101).

Reducing the C7 flexion stiffness did not produce the desired improvement

in condyles extension motion. Furthermore, the resulting head angular excursion

(Figure 94) is significantly worse. The peak head angle in Figure 94 is thirty

degrees in error for the simulation due to the poor modeling of condyles extension

versus the improved TI relative angle peak. This result is seen in the simulation of

-1OGx and - 15Gx NBDL data with the Phase II neck model, where TI relative

angle is adequate but the condyles relative angle and head angle are not modeled

well.

A second attempt at improving the biofidelity of head/neck angular motion

,- was made by using a bilinear C7 flexion stiffness. The bilinear stiffness allows the

neck to rapidly angulate downward during condyles extension. The neck model

data were similar to the previous simulation except for decreased initial C7 flexion

stiffness. The loading curve had a slope of .5 N.m/deg over the first forty degrees

deflection and 1.8 N.m/deg after forty degrees of deflection. Figures 104-113 show

the simulation results for the bilinear C7 flexion stiffness data. Here, the condyles

relative angle displayed only minor improvement over the results shown in Figure

71. The head angular position, head angular velocity, and head z-displacement

were actually somewhat worse, as shown in Figures 104-105, than the first

simulation with decreased C7 bending stiffness.
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The forty degree bilinear breakpoint at C7 allowed rapid neck angulation for .,

the duration of the condyles extension action, but this was not sufficient to produce

the desired head/neck motion. With regard to the location of the breakpoint

between the first and second stiffness regions, forty degrees of angular excursion at

C7 is too much angulation prior to the second stiffness region. This is evidenced by

the spike in the head angular acceleration, which is due to joint stop deflection into

the second stiffness region at C7 (Figure 111). Subsequently it was found that a

breakpoint of approximately 20-25 degrees for C7 bilinear stiffness eliminates this .

type of undesirable acceleration response.

Another modification of the model input data tested the effect of including T1 -

angular acceleration. This allowed greater neck angulation early in the simulation

by delaying the joint stop loading for C7 flexion stiffness. Also, the lower pivot was

located 3 cm posterior to anatomic TI to improve the simulation of head x.

displacement. The neck model data were similar to the first -6Gx simulation with

decreased C7 bending stiffness except for the Ti angular driver. The results for

-6GX simulation with Ti angular acceleration input are shown in Figures 114-123.

The condyles relative angle decreased to five degrees excursion for peak extension

from eight degrees extension excursion seen in the previous simulation (Figure

112). Overall, the condyles extension motion was not of a satisfactory magnitude or U
duration when TI angular acceleration was used as a forcing excitation in addition

to Ti x- and z-acceleration.

Frisch and Cooper (24) have discussed the effect of TI angular acceleration

input for the simulation of - Gx NBDL data. In the current study it was found that

TI angular acceleration changes the character of the moment-time history at the

lower neck joint. The inclusion of Ti angular acceleration as a forcing excitation

results in a sequential no-load, load, and unload response at the C7 flexion joint

stop between 90 and 150 ms in the simulation. As shown above, the condyles

extension is actually decreased because the lower neck joint experiences a rapid C7

flexion loading at the same time that peak condyles extension occurs. This is

shown in plots of the lower neck joint stop torque for no T1 angular acceleration

input (Figure 101), and for T1 angular acceleration input (Figure 121). The effect of

TI angular acceleration input causes an earlier head angular acceleration peak, but

it also improved the resultant linear head acceleration (Figure 117). At -6Gx, TI

angular acceleration input did not have a significant positive effect for other
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responses nor did it lead to improved condyles extension response. These results

agree with Frisch and Cooper's finding (24) that simulation results are better

overall if the Ti angular acceleration input is not used.

Limitations of Occipital Condyles-Anatomic TI Neck Model. Thus, it was
r%

concluded that parameter value adjustment was insufficient to significantly improve

the magnitude and duration for condyles extension motion in - Gx simulations. The

head z.displacement and the Ti relative angle were improved at -6Gx by simple

adjustment of the C7 flexion stiffness, but the neck model was not able to achieve

significant condyles extension nor could it maintain the extension condition for the

duration seen in the experimental data.

It was clear that the neck model exhibited only a limited range of angular

deflection in extension and flexion when the upper neck joint was positioned at the

true anatomical location of the occipital condyles. The neck tension forces of the

model act on the upper pivot point such that a forward moment on the head cg does

not allow a significant condyles extension to develop. That moment, developed after

the peak condyles extension, pulls the head into flexion relative to the neck. This

observation indicated that it was necessary to consider alternate pivot points to

3improve head/neck angulation, and condyles extension in particular. In the - Gx

experimental data, condyles extension is observed in all tests. Condyles flexion

following peak extension is observed in only six volunteer tests out of a total of

forty-two tests examined.

Becker Neck Model at - 6Gx and - 15Gx. Becker (25) described a two-joint

neck with the head pivot point located 1.9 cm anterior and 3.4 cm superior to the

head center of mass for an instrumented head. In investigative simulations during

Phase III, a Becker-like pivot point was modeled. The upper pivot point (with

coordinates as described above) was 3.08 cm anterior and 6.32 cm superior to the

head origin. Since instrumentation moves the cg anteriorly by about .35 cm and

inferiorly by about .20 cm, it is a reasonable assumption that the "Becker pivot" for

. an uninstrumented head would be about 2.73 cm anterior and 6.52 cm superior to

1*"* the head origin. Becker provides new estimates of the pivot point locations in
reference (26), but we did not feel that results would differ significantly using upper

A,.. pivot point locations specified in (25) or in (26).

Simulations for which the upper neck pivot point is superior to the head

L center of mass resulted in good agreement for several response variables (Figures

124-132). The relative angles at the condyles and C7-T1 are in good agreement with
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NBDL data at -6Gx, as can be seen from Figures 131-132. (The relative angles are

determind from a neck chord between the occipital condyles and anatomic Ti.)
n

The x- and z-direction displacement of the head origin are satisfactory for the .:

Becker pivot as well. The experimental and simulation data are not in good

agreement, however, for the head angular acceleration. The peak head angular

acceleration is quite low in the simulation.

The upper pivot point is superior to the head cg for a Becker-type hinge. As

a result of the pivot location, neck tension forces rotate the head backward about

the cg and limit the head angular acceleration peak. The upper neck joint stop

torque displays extension loading (Figure 130). -

The neck model data determined for moment-deflection stiffnesses for the

Becker link are shown in Figure 133. The upper neck joint damping coefficients

were .026 N-m sec/deg in flexion loading and unloading (.50 energy restitution

coefficient). Damping was zero for extension loading and .026 N-m sec/deg for

unloading (.20 restitution coefficient). The lower neck joint damping coefficients

were zero in flexion loading and unloading (.11 restitution coefficient), and .0034 N-

m sec/deg damping in extension loading and unloading (.11 restitution coefficient).

Neck length damping was 7.34 N-sec/cm in tension loading and 3.62 N-sec/cm in q
tension unloading. Compression loading damping was 3.62 N-sec/cm; it was 7.34 N

sec/cm in compression unloading. The restitution coefficients for neck length

tension and compression were .99.

A simulation at - I5Gx was also made for the same Becker hinge point that

was used for the - 6Gx simulation. At - 15Gx, the Becker neck model required a

larger C7 flexion stiffness of 1.85 N-m/deg to limit the lower neck joint deflection in

the simulation. The simulation and experimental data are shown in Figures 134-

141. Overall, even with the larger C7 stiffness, the simulation results are not in

good agreement with experimental data at - 15Gx. The head angular acceleration

is quite low, similar to the head angular acceleration at -6Gx for the Becker hinge

point. The waveform of the condyles relative angle at - 15Gx is the same as in the

- 6Gx simulation, i.e., extension with rebound. The NBDL data for condyles *
extension, however, shows a rapid rebound followed by increasing extension at

- 15Gx - as opposed to extension with rebound at -6Gx. The signature for

extension motion produced by the Becker neck model did not differ for low-g and

high.g simulations in - Gx except for magnitude of peak extension.
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' The low peak head angular acceleration produced in the Becker model was

not considered a good result. It has been suggested (27) that the head angular

acceleration peak could be increased by setting the condyles joint stop rearward of

the "zero" position. The effect of this is to cause the head to be stopped abruptly as

it rotates in extension relative to the neck. As shown in Figures 142-149, the

simulation peak acceleration was improved, but the waveform of the simulation

curve no longer resembled the experimental acceleration time history. In addition,

it was difficult to model the condyles extension motion with the upper pivot

extension joint stop at a non-zero position and maintain a satisfactory head angular

acceleration peak. A large overshoot in condyles extension is shown in Figure 148.

Simulations at -Gx with a Long Neck Linkage. While the Becker hinge

improved the ability of the model to predict relative angle between the head and the

neck, its detrimental effect on the simulation of other dynamic response variables

was severe enough to cause us to look further for a satisfactory modeling approach.

A primary negative effect was to make it impossible to obtain head angular

accelerations of the proper magnitude and waveform. In addition, it was not

possible to model higher g levels with the Becker model with good agreement for

both - 6Gx and - 15Gx. The Becker hinge did free our thinking, on the other hand,

and we saw that there are good justifications for not adhering rigidly to a head/neck

model that has pivot points at the anatomical condyles and C7/T1.

We have found that it is possible to obtain satisfactory condyles relative

"" angle response without using an upper neck pivot point superior to the head center

of mass. This is an important result because a head-neck system for an

anthropomorphic dummy - particularly an omnidirectional dummy - will be much

easier to construct if the head-neck juncture is low on the head, i.e., at or near the

inferior external surface. For a hinge high in the head, interference between the

neck linkage and the head during angular motions (particularly non-sagittal plane

" .. motion) is a serious problem.

Two approaches were identified for modifying the extension response at the

upper neck joint for a pivot point inferior to the head cg. Both approaches make

use of a neck link that is longer than the Phase II neck chord (a chord defined by

anatomic TI and the occipital condyles). The "long neck model" retains the

desirable acceleration response associated with an occipital condyles pivot while

..' increasing the range of extension motion between the head and the neck chord.
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The first approach was to place the lower pivot at TI and the upper pivot

superior and anterior to the anatomic condyles. In the first simulation, the upper

pivot was located at the head origin, which is 2.92 cm inferior and 1.18 cm posterior

to the head center of mass. The lower pivot was 3 cm posterior to anatomic T1.

The load-deflection data were identical to the first modified simulation for -6Gx,

Figures 94-103, except for an increased C7 bending stiffness of 1.0 N.m/deg.

Moving the pivot point from the occipital condyles to the head origin produced a

larger extension at -6Gx, as shown in Figures 150-157. The increase in the

extension peak for Figure 156 was -36.7 degrees versus -19.6 degrees for a -6Gx

simulation that used occipital condyles and anatomic TI hinge points. The

magnitude of the extension peak was improved, but the head rebounded rapidly

from the extension peak and proceeded into flexion.

Although a larger extension peak was observed for the head origin pivot

point, a significant condyles moment pulled the head rapidly into flexion after the

extension peak. This linkage provided an extension peak of improved magnitude in

comparison to Phase II results, but the duration of extension was not sufficient. It

was seen that the neck link angulation was excessive during the onset of condyles

extension for the neck model with a head origin pivot. The low neck angle resulted

in the neck link pulling the head into flexion. The extension peak was followed by

rapid rebound from extension. The short duration for condyles extension could not

be improved through the adjustment of joint stiffnesses or restitution coefficients.

It was felt that locating the lower, pivot inferior and posterior to anatomic TI could

reduce the neck link angulation during condyles extension and thus prolong the

extension motion.

The second approach was to place the upper pivot at the occipital condyles

and locate the lower pivot point posterior and inferior to T1. Anatomic Ti was still

used for driving the head and neck system. A neck model that has the upper pivot -

point at the occipital condyles and the lower pivot point inferior and posterior to Ti

permits a larger range of possible pivot locations. A similar type of neck link has

been described by Spenny and Wismans (28), but their lower pivot point was located ,

via a graphical solution for the origin of a constant radius condyles trajectory. A

graphical solution such as this does not account for TI motion, however, and the

lower pivot location was greatly different for two graphical solutions in (28). In this

work, on the other hand, the location of the lower pivot point was varied

empirically to determine a suitable location. U
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A number of MVMA 2.D simulations were made with a long neck linkage as

a parsimonious approach to improving the condyles extension response. In Figures
158-165, a -6Gx simulation results are shown for a neck model with a lower pivot
point 5.12 cm posterior and 7.5 cm inferior to T1. The neck model data are similar

to the data used for results in Figures 94-103 with the exception of a C7 flexion

stiffness of 2 N-m/deg versus .8 N-m/deg. The results for this simulation are quite

-.good overall. The head angular position and displacement are in good agreement

with the experimental data. The head angular acceleration is only slightly early

and peaks at 470 rad/sec.sec versus 519 rad/sec-sec, and the waveform is

satisfactory. Significantly, the model achieved adequate condyles extension

angulation with an upper neck pivot at the anatomical location of the occipital

condyles. The waveform for condyles extension and rebound were not well

modeled, but a sufficiently large peak extension was achieved to produce

satisfactory angular deflections for both the head and neck.

The success of the long neck link in increasing upper neck extension derives

directly from the geometry of the linkage. Consider, for example, the approach in

which the condyles location is retained for the upper neck articulation but the

lower neck articulation is positioned inferiorly to T1. While the neck link

angulation in a simulation occurs from the inferiorly located pivot, the relative

angle for the lower neck is calculated for the line between anatomic Ti and the

condyles, i.e., in the same manner that the angle is calculated from the

experimental data. Since anatomic TI is nearer to the head trajectory arc than is

pR the relocated articulation point, the calculated relative angle for the lower neck is

larger than the angle resulting at the articulation, upon which lower neck torques

are based.

The joint parameter data for the first simulation of the long neck model were

suited only to -6Gx NBDL data inasmuch as the same model data did not provide

satisfactor, results for - 15Gx NBDL data. This was evidenced by the results for a

-15Gx simulation (Figures 165-173) using the same input data as the -6Gx

simulation discussed above. A significant overshoot of the head angle, head z-

direction displacement, and Ti relative angle are shown in the - 15Gx simulation

*- results. The head angular velocity peak and peak head angular acceleration are

both low in comparison to the experimental data.

47



IMP%

The primary drawback in using a long neck link is the difficulty in

controlling the angular excursion at the lower neck joint. The C7 flexion stiffness
must be sufficiently large to stop the neck link at some angular deflection less than l

90 degrees from the vertical in order to simulate satisfactorily the TI relative angle,

head angle, and head z-displacement. In addition, it was seen that the use of linear

stiffnesses at the lower neck joint did not provide satisfactory angular deflections at

both - 6Gx and - 15Gx.

A number of simulations were subsequently made to improve the long neck

model data at -6Gx and - 15Gx.

Bilinear Neck Joint Data for Long Neck Model. The simulation results for

two sets of long neck model data are discussed below that make use of bilinear C7

flexion stiffnesses and bilinear neck tension stiffnesses. The first set of neck model

data has a lower pivot point located at 5 cm posterior and 6 cm inferior to T1, i.e.,

T1(-5,6). The second set of neck model data has a lower neck pivot point 4 cm

posterior and 3 cm inferior to T1, i.e., T1(-4,3).

A 1:3 ratio between the slopes of the lower and upper segments of a bilinear

stiffness curve was used for the T1(-5,6) lower neck pivot point. The results for

the long neck model at - 6Gx are shown in Figures 174-181. The simulation of the 3
head angular position and head angular velocity are satisfactory, as seen in Figures

174-175. The simulation of the head angular acceleration is quite good. The joint

relative angles in the simulation are low in magnitude for both condyles extension

and T1 relative angle, but the waveform and peak alignment are satisfactory. The

key neck joint parameters that produced the desirable features of the simulation

results were a "soft" break in the bilinear C7 flexion stiffness and the bilinear neck

tension stiffness.

The identical neck model data were used in a simulation at - 15Gx. The

results of this simulation are shown in Figures 182-189. The head angular position,

head z-displacement, and TI relative angle show large errors that are characteristic

of excess angulation at C7 for the long neck model. In addition, the peak head

angular acceleration at - 15Gx is low and the peak is late compared to the

experimental data (Figure 184). The head resultant acceleration shows an improved

waveform at - 15Gx, but the peak values are in error. The condyles relative angle

and TI relative angles both display too much angulation at - 15Gx (Figures 188-

189), but the excess angular excursion are improved by relocation of the lower pivot

and adjustment of the C7 joint stop stiffness.
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The neck model data determined for moment-deflection stiffnesses for the
T1(-5,6) pivot neck are shown in Figure 190. The upper neck joint damping

coefficients were .026 N-m sec/deg in flexion loading and unloading (.95 energy

restitution coefficient). Damping was zero for extension loading and .026 N-m see/

deg for unloading (.5 restitution coefficient). The lower neck joint damping

coefficients were zero in flexion loading and unloading (.25 restitution coefficient),

-and .0034 N-m sec/deg damping in extension loading and unloading (.11 restitution

coefficient). Neck length damping was 5.19 N-sec/cm in tension loading and 5.19 N.

sec/cm in tension unloading. Compression loading damping was 1.81 N-sec/cm; it

*. was 3.67 N sec/cm in compression unloading. The restitution boefficients for neck

length tension and compression were .99.

A 1:5.33 ratio for the slopes of the bilinear C7 flexion loading curve was used

for the second set of simulations at -6Gx and - 15Gx. The lower pivot point was

. located at T1(- 4,3).

The simulation results for -6Gx are shown in Figures 191-198. The neck

link does not achieve an adequate peak angulation and the head z.displacement and

TI relative angle are low. The head angular position and head angular velocity

were similar to the TI(- 5.6) simulation, but the alignment of the peaks is slightly

worse. The peak head angular acceleration is significantly higher than in the first

bilinear simulation at -6Gx, which showed very good agreement for the head

angular acceleration. The condyles relative angle does not reach the same peak in

extension because of a slightly larger extension stiffness. Rebound from extension

at the condyles is more pronounced due to head angular excursion that result from

loading the second stiffnesses at C7.

At -15Gx, on the other hand, the T1(-4,3) bilinear neck data produced

satisfactory simulation results as shown in Figures 199-206. The large overshoot in

head angle, head z.displacement, and Ti relative angle are improved in comparison
to the T1(-5,6) neck model data. The peak head angular acceleration is

significantly improved at -15Gx fdr a pivot at T1(-4,3). The condyles relative

angle at - 15Gx also shows a satisfactory response (Figure 205).

The first set of bilinear neck model data show better agreement for

simulations of - 6Gx data. The second set of bilinear neck model data show better

agreement for the - 15Gx data. A comparison of the two sets of model input data

" indicate that a longer neck link and a "soft" break in C7 bilinear stiffness favors
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simulations at -6Gx over -15Gx data. A shorter neck link and a larger break in

the C7 bilinear stiffness values favors the simulation of - 15Gx data more than

- 6Gx data.

Overall, the set of bilinear neck data for a TI(- 4,3) pivot is recommended as

a preliminary base line neck model. The model with a T1(- 4,3) pivot point is

selected over the model with a T1(-5,6) pivot because satisfactory results were

obtained in simulations at -6Gx and - 15Gx with a Tl(-4,3) pivot. The -6Gx

simulation results for the T1(-4,3) pivot are not as good as the results for the

T1(-5,6) pivot point, but they represent an improvement over the Phase II -6Gx

simulation results (Figures 65-72).

The neck model data determined for moment-deflection stiffnesses for the

T1(-4,3) pivot neck are shown in Figure 207. The upper neck joint damping

coefficients were .026 N-m sec/deg in flexion loading and unloading (.95 energy

restitution coefficient). Damping was zero for extension loading and .026 N-m sec/

deg for unloading (.25 restitution coefficient). The lower neck joint damping

coefficients were zero in flexion loading and unloading (.20 restitution coefficient),

and .0034 N.m sec/deg damping in extension loading and unloading (.11 restitution

coefficient). Neck length damping was 5.19 N-sec/cm in tension loading and 5.19 N-

sec/cm in tension unloading. Compression loading damping was 1.81 N-sec/cm; it

was 3.67 N sec/cm in compression unloading. The restitution coefficients for neck

length tension and compression were .99.

Simulations at +5Gy a

Neck model constants for non-sagittal load-deflection data were determined

in Phase II +5Gy simulations of test LX2313 (19). The simulation results for

responses in + Gy were generally good, but significant problems existed for

downward (+Z) head displacement, velocity, and acceleration (Figures 208-210).

Also, the neck axial force (Figure 211) showed a large, completely unexpected peak

in compression prior to the onset of neck tension. Late in Phase II work it was

found that the anomalous neck compression force - and, in consequence, the

anomalous head z motion - resulted from a likely error in NBDL data for the

laboratory coordinates of TI. Specifically, Ti had an initial lateral offset of 3.75 cm

with respect to the head origin position. A 3.75 cm lateral offset for a 12 cm neck

length seemed unlikely, and subsequent simulations were made for initial condition

data with no lateral offset between the head origin and Ti. The complete
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elimination of lateral offset in the VOM 3-D input data is an arbitrary specification,

but it effectively removed the anomalies in head downward excursions noted above.

The hypothesized error in TI position data was subsequently verified by NBDL.

The neck model data determined for +5Gy in Phase 11 were used in Phase '

II in a simulation for averaged NBDL volunteer data of Subjects H00118 to

H00142. The VOM 3.D simulation results are shown in Figures 212-238. The

downward (+Z) head motion is much improved in the simulation in comparison to

the earlier simulation results (Figures 217, 221, and 224) because the lateral offset

between the head origin and Ti is negligible. All linear accelerations of the head

show generally good fit for the simulation and experimental data. The head Euler

angles for yaw and roll are satisfactory but a significant overshoot in head pitch is

seen in Figure 226. This simulation uses neck pivot points at the occipital

condyles and anatomical Ti.

The long neck model has been used to obtain improved results for -Gx. It is

therefore appropriate to determine whether the long neck model also performs

adequately in +Gy.

The effect of relocating the upper neck pivot point from the occipital

condyles to the head origin was investigated for +5Gy. The results of this

simulation are shown in Figures 239-265. Improvement in the head lateral (-X) and

downward (+Z) excursions results from using the head origin pivot point (Figures

• "246 and 248). The head pitch Euler angle peak is also improved for the head origin

pivot, but the yaw and roll Euler angles do not show improvement over the occipital

" condyles pivot point (Figures 252-254). The simulation results for head angular

velocity and head angular acceleration about the x. and z-axis are also improved for

* the head origin pivot point link in peak magnitudes. Overall, the results for the

simulation of +5Gy averaged NBDL data with the head origin pivot point are

improved over the occipital condyles pivot point with the primary exception of the

head yaw Euler angle.

"" The +5Gy simulation with a head origin pivot demonstrates that increased

neck length has beneficial effects for modeling the +Gy acceleration vector. This

neck model was not the only long neck link investigated, however. Results for - Gx

indicate that a long neck link with pivot points at at the occipital condyles and

anatomic TI provided better agreement with NBDL data than a neck model with a

L • [head origin pivot. Therefore, this second type of long neck model was investigated

for modeling lateral flexion.
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A simulation of + 5Gy averaged data was made using a long neck model that

has pivot points at the occipital condyles and 5 cm posterior and 6 cm inferior to

anatomic T1. There was no lateral offset from T1. The neck model data were

similar to the first simulation (occipital condyles and anatomic T1 pivot points) to

provide a comparison of the T1(-5,6) lower pivot point versus the anatomic TI

pivot. The neck twist stops were positioned at 45 degrees instead of 35 degrees to

improve head yaw.

The long neck model simulation results are shown in Figures 266-292. The

simulation of the TI(-5,6) pivot neck model stopped at 206 ms, however, due to a

singularity encountered in the calculation of head motion in the VOM 3-D model.

Results through 206 ms are valid. The long neck model displayed slightly improved

head lateral excursions, as shown in Figures 269, 273, and 276. The head yaw and

roll Euler angles are not as good for the long neck model as they are for the

anatomic TI pivot, but head pitch is in very good agreement with the experimental

data up to 206 ms. In addition, the long neck model demonstrates better angular

acceleration response about x- and z- directions than the simulation for the

anatomic Ti pivot (Figures 285-287).

The long neck model was used for the improvement of - Gx simulations, but

the preliminary results for +Gy also show improved agreement with the

experimental data. It was anticipated that the long neck model could demonstrate

satisfactory omni-directionality, but it was not clear whether head acceleration

response would show poorer results. This is not the case, however. The

acceleration response for x- and z-direction head excursions were slightly improved

for the long neck model simulations versus the Phase II neck model.
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VI. SUMMARY

Effect of Pivot Point for Neck Model Response. The Phase II version of the

two-joint neck was exercised with NBDL averaged volunteer data for - 6Gx, - 1OGx,

* - - 15Gx, and +5G%. The neck model produced satisfactory head angular velocities

and accelerations for each g level in -Gx, but x- and z-direction displacements,

*m head angle, and the neck joint relative angles were not satisfactory. It was

subsequently concluded that a two-joint neck with pivot points at the occipital

* condyles and at T1 cannot produce a condylar extension motion of satisfactory

=-- magnitude or duration in -Gx simulations. '1his result has also been reported by

Frisch and Cooper (24). Condyles extension coull not be improved significantly by

adjusting neck joint parameters to increase the neck link angulation. Removing all

joint stop resistance to extension at the upper pivat point did not improve the

t" extension motion (14). Therefore, an alternative neck linkage was sought to

improve the condyles articulation.

. Becket- has described a neck link that uses an upper pivot point superior to

the head center of mass (25). Simulations were made with the upper pivot point at

1.9 cm anterior and 3.4 cm superior to the head center of mass. The Becker model

provided very good results for head angular deflections and linear displacements at

- 6Gx, but the head angular acceleration response was not satisfactory. At - 15Gx,

the Becker neck linkage did not model any of the response variables well.

* A Becker-type link produces condyles extension motion through the use of a

- positive mechanical advantage to rotate the head backward about the cg in the - Gx

acceleration vector. The upper pivot is a theorized hinge point in the head that is

determined as that point which has the most nearly constant distance from the

articulation at the base of the neck. This approach for modeling the neck ignores

the moments and forces that drive the head/neck system, however. The upper pivot

in the Becker neck model provides sufficient extension of the head, but it directly

*interferes with the peak head angular acceleration. This is evident in the strong

.* negative influence the neck tension force has on the head angular acceleration for

the Becker neck in -Gx simulations.

.%.
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The long neck model was used as an alternative to the Phase II neck model

and the Becker neck model. The best results were obtained for a long neck model

used pivot points located at the occipital condyles and posterior and inferior

to T1. The neck model produced improved head/neck angulation while maintaining

satisfactory acceleration response.

Spenny and Wismans (28) describe a two-joint neck that resembles the long

neck model used in this investigation. Assuming a neck of fixed length, they
determined an "optimal" lower pivot point that best fit a radial displacement path of

the occipital condyles. Their pivot point at - 1OGx was approximately 2 cm

posterior and 4 cm inferior to Ti for subject H0093 and 2 cm posterior to T1 for

subject H0083. The lower pivot points determined by the authors show significant

variation for two subjects at - 1OGx. Indeed, ignoring TI translation at the lower

pivot introduced an unknown amount of error in the estimate of the pivot location

via the graphical technique (29).

Different pivot points were used to empirically assess the effect of lower

hinge location in this investigation. Values examined for the x- and z-offset from Ti

were (-3,0), (-4,3), (-2,6), (-5,6), and (- 5.12,7.5). A neck link 3 cm posterior

from anatomic T1 improved the agreement for only head x-displacement. When the

lower pivot was located inferiorly to Ti, the simulation results for condyles

extension and head angle were improved. A pivot point located at Ti(-4,3) yielded

the best results over all g-levels, but a best lower pivot point location has not

necessarily yet been established.

Increasing the inferior (+Z) location of the lower pivot point has beneficial

effect on the magnitude of condyles extension. For a lower pivot inferior to T1, it

is necessary to limit C7 angulation to avoid large overshoot in predicted head angle

and TI relative angle, and inadequate peak head angular acceleration. With regard

to posterior-anterior position of the lower pivot, it was found necessary to locate the

pivot posterior to T1 to maintain satisfactory agreement for head x-displacement.

At this time, the consequences of using a long neck link are still being investigated.

A long neck model maintains satisfactory results for the simulation of the

head angular acceleration while accomplishing an improvement in head origin x

and z motion and the relative angle response at condyles and Ti. Previously, it had

not been possible to get more than modest amounts of condyles extension in -Gx

simulations with a pivot at the occipital condyles. The improved results mean that .
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a dummy neck designed on the basis of long neck model data would be much more

capable of producing proper (human-like) neck moments while retaining the

parsimony of the Phase 11 neck model.

Neck Model Load-Deflection Properties. Modeling high-g and low-g NBDL

data for -Gx showed that a nonlinear C7 bending stiffness and a nonlinear neck

elongation stiffness improved the overall agreement for the simulation and

experimental data. Bilinear loading curves were used to introduce nonlinearity

because this made it simple to parameterize the nonlinearity.

r The load-deflection properties for the bilinear neck tension stiffness (Figure

207) are modeled such that - 6Gx neck elongation occurs within the first stiffness

region and - 15Gx neck elongation occurs over both the first and second stiffness

regions. A bilinear neck tension stiffness improved the simulation results

primarily for the resultant head linear acceleration and head x-displacement. The

neck deflection at -6Gx remained within the first stiffness region, but the neck

deflection at -15Gx proceeded through both stiffness regions. The bilinear

stiffness for - 15Gx produced better results than any linear stiffness curve.

Appropriate load-deflection properties of the lower hinge point were more

difficult to establish. The angulation at the lower pivot is only ten percent greater
in - 15Gx NBDL data than in - 6Gx NBDL data while head angular and linear ,

accelerations increase in proportion to the Ti driver acceleration. The load-

deflection curve for neck elongation has two stiffness regions to accommodate

different amounts of neck deflection at - 6Gx and - 15Gx. The angular deflections

at C7, however, are comparable at - 6Gx and - 15Gx. Linear C7 bending stiffnesses
were found inadequate to satisfactorily model both high-g and iow-g - Gx NBDL..

data. Damping was investigated for controlling the angulations at C7, but this also
proved inappropriate. Nonlinear stiffnesses are used for the loading-deflection

curve because a nonlinear stiffness came closest to providing model fidelity for

• high- and low.g impacts. The breakpoint between the two stiffness regions was

specified at twenty degrees for the C7 load-deflection curve (Figure 207). The early

breakpoint in the C7 bending stiffness corresponds to two events of significance in

the simulation: the peak head angular acceleration and peak condyles extension. It

was found that head angular acceleration and condyles extension were improved for

a breakpoint in the range of twenty to twenty-five degrees.
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VII. CONCLUSIONS

1. The iterative comparison of simulation results against NBDL test results for both
high-g and low.g tests yielded neck model data that exceeded the performance of
the Phase II neck model for - Gx.

2. Two modes of subject response for condyles extension can be characterized as:
1) extension with rebound, and 2) extension with no rebound. Most subjects
demonstrated extension with rebound at -6Gx and - 10Gx. At - 15Gx, more than
half the test subjects displayed no-rebound extension. This was notable because the
mode one extension is seen exclusively in passive two-joint neck models, i.e.,
extension with rebound. The extension motion after the peak does seem to be a
factor of the pretest subject tensing, but it is not characterized by the "atypical"
subject response described by Seemann, et al. (12).

3. Achieving an adequate condyles extension in - Gx was necessary to obtain
satisfactory prediction of head angle, neck angle, and head x- and z-displacement,
and head trajectory. To produce a satisfactory condyles extension, the lower pivot
point must be located inferior and posterior to the anatomical Ti point.

4. It is better to locate the upper pivot point of the two-joint neck at or near the
occipital condyles to preserve adequate acceleration and displacement response.
An omnidirectional head-neck system will be much easier to construct for an
anthropomorphic dummy if the head-neck juncture is low on the head, i.e., at or
near the inferior external surface. For a hinge high in the head, interference3 lbetween the head and the neck linkage during angular motions (particularly non-

I- sagittal plane motion) is a serious problem.

5. A nonlinear lower neck joint stiffness and neck elongation stiffness is necessary

to obtain satisfactory simulation results over the range 6-15 g's for - Gx tests.

6. The Phase II neck model simulations and simulations of the Becker neck model

demonstrate that the linear and angular displacement response and the acceleration
response can be decoupled.

*.' 7. Preliminary simulations in +Gy demonstrate that a long neck link can
adequately model non.sagittal plane motion as well as sagittal plane motion. In
+5Gy, a long neck link for T1(-5,6) showed improved results for downward (+Z)
and lateral (-X) head excursions versus a neck link with pivot points at the occipital
condyles and anatomic T1. The head pitch angle was significantly improved for the
long neck. Head yaw and roll were not modeled quite as well.

8. The neck joint parameters determined for mathematical models of the neck are
• "generally linkage specific. It is therefore necessary to reassess previously

determined model parameters when new or different data are available. Exercising
the mathematical model for different g levels and acceleration vectors is necessary

*. to ensure the generality of the neck model data.

9. Responses to impact in the different vectors are governed most strongly by
..4 different subsets of neck parameters, but significant coupling through "cross terms"

is present. It would be desirable to have +Gz data as well so that mechanisms in
this vector could be investigated in parallel with simulations in - Gx and + Gy.
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" VIII. RECOMMENDATIONS FOR ADDITIONAL RESEARCH

It is suggested that additional study of NBDL data be carried out through
modeling and simulation before simulation results are applied in the final design
specifications of the neck module of a Bio.Fidelic Manikin. Specifically, the
following tasks are recommended:

1) +Gz data should be studied. It is important that, to the extent possible, data be
used for the same subjects involved in simulations in the present study. The
primary goal of this task would be to ascertain the mechanism for the two
ba-sically different modes of response seen in +Gz sled tests. Implications are

-. expected to bear on neck design, torso-shoulder design, or initial conditions
"-" considerations.

.. 2) Simulations in -Gx and +Gy need to be carried out in parallel with the +Gz
simulations. Since neck model parameter changes resulting from examination
of simulations in any vector affect results in other vectors as well, all vectors
must be dealt with together in the procedure of refining the model.

3) Once a baseline neck configuration is established from simulations of -Gx,
* .+Gy, and +Gz data a parameter sensitivity study can be performed for the

neck model parameters. Results will have a bearing on mechanical design
tolerances. Additionally, the parameter sensitivity study would indicate which
neck model specifications can be modified to obtain a maximally simplified
neck design. The resulting parsimonious neck model will include only those
joint characteristics shown to be pertinent by the sensitivity study.
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* IX. APPENDIX

J Condyles Lockup

There was concern whether it was necessary to develop a neck model
mechanism for condyles lockup in Phase III.

* "Condyles lockup" has been described as an atypical test condition in which
.-. the subject "locks" the occipital condyles in anticipation of the impact event.

-Seemann, et al. (12), state that the condyles remain locked until a force of
significant magnitude forces an "unlocking" of the condyles. Spenny and Wismans
(28), however, use the term "condyles lockup" simply to describe a state of equal
angular velocity motion for the head and neck that occurs after the peak head
angular acceleration. - 1OGx condyles extension may give the appearance of
lockup when there is minimal angulation at the condyles in the rebound from the
extension peak, but the head and neck do not appear to be rigidly locked at any
time.

* . Seemann, et al. (12), modeled the atypical response with the Becker neck
model with the upper neck pivot point initially "locked". The Becker model was
shown to model head angular acceleration for both the lock-up condition and the
non-lockup condition. This was accomplished through the adjustment of the upper
pivot point stop angle. The "lockup" condition of the model has a low joint stop
angle of 1.61 degrees, whereas non-lockup has a joint stop angle of 9.1 degrees,
which is a significant difference in the head angular deflection. In the model,
however, bimodal angular acceleration response is a result of the pivot location and
may not have much bearing on the pre-test condyles "lockup" condition. A Becker

* hinge with the pivot point posterior and superior to the head center of mass,
analogous to the pivot location used by Seemann, et al., was found to yield a

- bimodal head angular acceleration peak of the type shown for the atypical
response. It is recommended that the pre-test "lock-up" condition at the upper neck
joint be tested for an occipital condyles joint location. This may yield more insight

* into the origin of the bimodal acceleration than simulations with a Becker hinge.
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Figure 67. Head Angular Acceleration for Phase Figure 68. Head Resultant Acceleration for
11 Neck Model Data at -5Gx. Phase 11 Neck Model Data at -6Gx.
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Figure 69. Head Origin X-Axis Displacement for Figure 70. Head Origin Z-Axis Displacement for%
Phase 11 Neck Model Data at -6Gx. Phase 11 Neck Model Data at -6Gx.
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Figure 71. Condyles Relative Angle for Phase II Figure 72. Ti Relative Angle for Phase 11 Neck
Neck Model Data at -6Gx. Model Data at -6Gx.
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Figure 75. Head Angular Position for Phase II Figure 76. Head Angular Velocity for Phase 11
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*Figure 77. Head Angular Acceleration for Phase Figure 78. Heed Resultant Acceleration for
I I Neck Model Data at -lOGx. Phase Il Neck Model Data at -lOGx.
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*.Figure 79. Head Origin X-Axis Displacement for Figure 80. Head Origin Z-Axis Displacement for
Phase 11 Neck Model Data at -lOGc. Phase 11 Neck Model Data at -lDGx.
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Figure 85. Head Angular Position for Phase 11 Figure 86. Head Angular Velocity for Phase 11
Neck Model Data at -I5Gx. Neck Model Data at -15Cr.
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*Figure 87. Head Angular Acceleration for Phase Figure 88. Head Resultant Acceleration for
11 Neck Model Data at 1ISGx. Phase 11 Neck Model Data at -I5Gx.
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400 N/cm

Figure 93. Neck Model Load-Deflection Data for
the Phase II Neck Model Data.
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Figure 94. Head Angular Position for Decreased Figure 95. Head Angular Velocity for Decreased
C7 Bending Stiffness at -6Gx. C7 Bending Stiffness at -6Gx.
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*Figure 98. Head Origin X-Axis Displacement for Figure 99. Head Origin Z-Axis Displacement for
Decreased C7 Bending Stiffness at -6Gx. Decreased C7 Bending Stiffness at -6Gx.
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Figure 102. CondylesSRelative Angle for Figure 103. Ti Relative Angle for Decreased C7
Decreased C7 Bending Stiffness at -6Gx. Bending Stiffness at -6Gx.
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Figure 104. Head Angular Position for Bilinear Figure 105. Head Anoular Velocity for Bilinear
*C7 Bending Stiffness at -6Gx. C7 Bending Stiffness'at -6Gx.
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Figure 108. Head Origin X-Axis Displacement for Figure 109. Head Origin Z-Axfs Displacement for
Bilinear C7 Bending Stiffness at -6Gx. Bilinear C7 Bending Stiffness at -SGx.
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Figure 110. Upper Neck Joint Stop Torque for Figure 111. Lower Neck Joint Stop Torque for
Bilinear C7 Bending Stiffness at -6Gx. Bilinear C7 Bending Stiffness at -6Gx.
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*Figure 114. Head Angular Position for Ti Figure 115. Head Angular Velocity for TI
Angular Acceleration Input at -6Gx. Angular Acceleration Input at -6Gx.
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tt*Figure 118. Head Origin X-Axis Displacement for Figure 119. Head Origin Z-Axis Displacement forTi Angular Acceleration Input at -6Gx. TI Angular Acceleration Input at -6Gx.
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*Figure 120. Upper Neck Joint Stop Torque for Ti Figure 121. Lower Neck Joint Stop Torque for Ti
Angular Acceleration Input at -6Gx. Angular Acceleration Input at -6Gx.
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23-CONDYLES RELATIVE ANGLE 24-TI RELATIVE NECK ANGLE
NOOL AVERAGED DATA. -GX AT 6.2 G*5 NOOL AVERAGED DATA, -GX AT 6.2 G'S

TI MOTION FORCED TI MOTION FORCED

Min 1636 MISS6. so C6WNI B A I

41.00 0.0

.1.

-46.0 7L3.

lip 0 -.0 30

.16.0 8.0

-66.00 LO.3

go. 06.63 9.0 LOS S. 12 6.15 6.36 L.EI 6.16 0.27 L352 .0 6.65 6.09 6.0 6..2 6.IS 6.16 0.2" L." 6.27 Cy~

Figure 122. Condyles Relative Angle for Ti Figure 123. TI Relative Angle for Ti
Angular Acceleration Input at -6Gx. Angular Acceleration Input at -66x. p
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3-HERO ANGLARV POSITION q-HEAO ANGULAR VELOCITY
NBOL AVERAGED DATA. -GX AT 6.2 G'S NBOL AVERAGED DATA. -GX AT 6.2 G*S

TI NOTION FORCED T1 MOTION FORCED

DUN OmR 86 h1LY

UULM

SOL,

-0.80t~

TIME MECCOSI TIME ISecQS

Figure 124. Head Angular Position for Becker Figure 125. Head Angular Velocity for Becker
Neck Model at -6Gx. Neck Model at -6Gx.

5-HEAD ANGULAR ACCELERATION 6-RESA.. LINEAR ACCEL. OF HERO ANATOMICAL ORIGIN
NBOL AVERAGED DATA. -OX AT 6.2 G*S NBOL AVERAGED D3ATA . -OX AT 6.2 G'S

TI NO7ION FORCED TI NOTION FORCED

064 S OU 3Mg L-aWI.P1n L

wm.0

IPS

*-in Lem

.. a.S .. LIS *.11 0.1 . 1 0.81 41t .11 a.? LOS go. *.0 .. 8.U 5.11 11.111i L11 S O 0.27 9.2
TIME 13jaGQS TIME iiECONesa

*Figure 126. Head Angular Acceleration for Figure 127. Head Resultant Acceleration for
Becker Neck Model at -6Gx. Becker Neck Model at -6Gx.
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7-NERO -OISPL. BEL. TO T1 8-ER Z-OIS. AEL.ATO TI
WMO AVERA0E DATA. -OX AT 6.2 G'S NBOL AVEIIGE DTA. -GX AT 6.2 G'S

TI NOTION FORCED TI MOTION FORICED

LODU -ULM

_1L &M W l 011 II 14 3 Ly 63

Beke Neck Moe t4Sx ekr ek.Uela 6

0.60.

0.0 ~ ~ ~ ~ O 6...121 .5 i Lt . i L IS 01 0L.2 1. LN LU 0.0 eA Li Lt U 62

Figure 128.ead Figugi 130, Uiplceet Neok Joigur S 29. HoqeadOii -xsDslcmn for
Becer eckModl a -Bx.Becker Neck Model at -66x..
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22-CONDYLES RELATIVE ANGLE 23-TI RELATIVE NECK ANGLE
*NBOL AVERAGED DATA. -GX AT 6.2 G*5 NBOL AVERAGED DATA. -GX AT 6.2 G'S

T1 NOTION FORCED 7I NOTION FORCED

Its."

-ILU

-0.0.

-3L IIL

- -MLI U.U

LU~~~~~~~~~~~ LO U.UL. .9L8LP &IVpL1 & UC WCTIEI:CN TM WC:
Fiure 1 1 od lsR lt v An l fo foFi ue 12 1R lt v ng e f r f rB c e

Beke NekMdlaLUG.Nc odla 6x
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_% W - W - L_ L -W.

NECK 1LbDEL LOAD-DEFLECTION DATA

CoNDYL-s BEN iw. STI FFNESS
Me~ (Nil)

2.5 N-m/deg

S(degrees

x-r EXTNsioN Fi.~i ot

1.0 N-m/deg

Me (Nm)
1.1 N-m/deg

____ ____ ___ ____ ___ ___ ___ ____ ___ ____ __ (degrees)

EXTENSION FL~xiON

.457 N-m/deg

NECK ELONGATI Ot STI FFNESS

F (N)
1644 N/cm

* *~CCOaPRESSI ON TENS I oN

400 N/cm

L Figure 133. Neck Model Load-Deflection Data for
the Becker Neck Model Data.
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4-HEAD MOC1LAR POSITION 5-HEA MOA EOCITY
NOLI AVERAGED DATA -OX AT 15.1 G'S NOL AVERAGE ATA~ -GX AT 1S. 1 G'S '

TI MOT1o6J FORCED TI MOTIO6i FORCED

lo

a.4 40..

6.0.60 0.60 0." 0.41 0.41L611 4.1 8.22WI Up G.6 0.60 90 8.12 0.9 9.10 0841 1."4 &.1

Figure 134. Head Angular Position for Becker Figure 135. Head Angular Velocity for Becker
Neck Model at -I5Gx. Neck Model at -l5Gx.

S-HEAD ANGLII3 ACCELERATION 7-REStL. LINEAR ACCEL. OF HEAD ANATOMICAL ORIGIN
NBO. AVERAGED DTA -GX AT 15.1 G'S NM AVERAGED DATA -OX AT 15. 1 G'S

TI MOT16t9 FORCED TI IIOTIWt FORCED

in..0

I408.0 U

40LI LW

9.0



B-HERO X-DISPL. REL. TO TI 9-HERO Z-OISPt.. REL. TO TI
NBOLAVEAGEDDAT -GXAT 5.1 -5 BDLAVERAGED DATA -OX RT 15.1 G'S

TIO HVE 71GE DA F OXRAC I.ED Ti MOT1D6i FORCED3
V~ ~~ ~ ~~~~~~~w r5 7I. 1OI SOCD-~5~.SD2,.U@~FIS8O.I

0"11,9 O=T to~~h WIN ISO...18~lI~ *RPM

11.0

Lw

I? %

n 74L

.~ 11.11 Lee L.U .11 0.II LUIS 11. 6.0 4.21, LIS 0 l LU0 0. U 0.0 L.0 9.1 LIS 0.1 .P0. 77 o . S8 3

*Figure 138. Head Origin X-Axis Displacement for Figure 139. Head Origin Z-Axis Displacement for
*Becker Neck Model at -15Gx. Becker Neck Model at -15Gx.

23-COiMYLES RELATIVE ANGLE 2'4-T1 HSLAT I E NECK ANGLENOM0 AVERAGED DATA -GX AlT 15.1 G'S NOO01 AVERAGEOR DAA -GX AlT 15.1 G'SI I OT I161 FORCED TI MOTIOIJ FORCED

Oi U DU Pon o' m II aU a

-1.01 U.0

0.0.

4L U..

Is.. -n.

-I., zz4.11, L .t I .... q 91 O .W IS 0 i .9 LS 01 C 1 1 0j
TIME ISCWS IM.SE M

Figur 140 Cod sR ltv n l o iu re 11.SR lt veAg e frB ce

Beke NekMdeUt-5G.NckMdlat-5

* 9.



* 3-lERO ANGULARi P~OSITION 4-HEAD AGUL.AR VELOCITY
NBL. AVERAGED DATA. -GX AT 6.2 G'S M30L AVERAGED DATA. -GX AT 6.2 G'S .

TI MOTION FORCED TI NOTION FORCED

MTN FOR m 9 "m mm at*M

3.3 in..

q' I~

n~m ito.

-03 -3.0

0.3 4LU 0.30 L LU ILg 15 1 6IS 39 La 087 @.a . MW5 MU LU &N1 0. 16 LIM. 64 L27 cm

TIME (SEOSI TimE tmap

Figure 142. Head Angular Position for Becker Figure 143. Head Angular Velocity for Becker
Neck Model with nonzero condyles joint stop at Neck Model with nonzero condyles joint stop at
-6Gx. -BGx.

5-HEAD ANGLAR ACCELERATION 6-RESUL. LINEAR ACCE(.. OF HEAD ANATOMICAL ORIGIN
14801 AVERAGED DATA. -GX AT 6.2 G5S M3OL AVERAGED DATA. -GX AT 6.2 G'S

TI MOTION FORCED 7 OINFRE

moo

La 00 .0.31 .1 .6 021 L .7 L 86. . . a 69 D LI LF .? 03

7310.7



7-HEAD X-DISPL. REL. TO TI 8-HEAD Z-OISPL. REL. TO I
NBOL AVERAGED DATA. -GX AT 6.2 G'S NBDL AVERAGED DATA. -GX AT 6.2 G'S

I MOTION FORCED I MOTJON FORCED

14-2.. IW- Sv m.

ILK .4.K

ClK -weK

LeeL

.K.4 0.42 L6 6.0 L.U c.is Lis C21II 6LU & OLA 0.30L u L C.U ILU Cl8 cis SIC9 C.i1 CO% 0.2 0.W
TIME (SECNM TIE 13ECmO

*.Figure 145. Head Origin X-Axis Displacement for Figure 147. Head Origin Z-Amcls Displacement for*Becker Neck Model with nonzero condyles joint Becker Neck Model with nonzero condyles join t
stop at -6Gx. stop at -6Gx.

22-COMY~LES RELATIVE ANGLE 23-TI RELATIVE NECK ANGLENOOL AVERAGED BAIA. -CX AT 6.2 0'S NB0L AVERAGED DATA. -GX AT 6.2 C'S
I MOTION FORCED TI MOTION FORCE

-U.K U.0

Sto a.K Gx -6U.

-U.K : UP

-U.K 93



3~~~~~ ~ ~ -HEAD ANGULAR OIIN4HR NALR VELOCITY

HI AVEAED DATA. -OX AT 6.2 G'S TIO AVORAGE FORCEDX T .2G
TI MOTION FORCED T O[NFRE

am "U om so am FOm mm G wvam~.n.

1%

a...

IF

LO -OLD.

I OM ISECONOM TIME WON=ma

F Figure 150. Head Angular Position for Neck Figure 151. Head Angular Velocity for Neck
Model with Head Origin Pivot at -6Gx. Model with Head Origin Pivot at -6Gx.

S-HERD AWALAR ACCELERATION 6-RESLL. LINEAR ACCEL. OF HEAD ANATOMICAL ORIGIN
NBOL AVERAGED DATA. -OX AT 6.2 0'S NOL AVERAGED DATA. -OX AT 6.2 G'S rTI NOTION FORCED TIMOTION FORCED

MOa FM " so W J 1m ~ MO-c arafm

N.U

no." LOS

-39L. 4.91

.0 0 .00 .0 Lft 6.10 *.1i 0.18 3.F!16.21 L17 L31 61;. 0. .5 .0 . 0.1% 0.16 CAi 0." 16.7
Il1W IECOMM) 7IOW IS(CVIMI

Figure 152. Head Angular Acceleration for Neck Figure 153. Head Resultant Acceleration for

Model with Head Origin Pivot at -6Gx. Neck Model with Head Origin Pivot at -6Gx.
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7-HERO X-OISPL. REL. TO 71 8-HERO Z-OISPL. REL. TO TI
NOOL AVERAGED DATA. -GX AT 6.2 G'S NBOL AVERAGED DATA. -GX AT 6.2 G'S

TI MOTION FORCED TI MOTION FORCED
WAIT 24 IIMEATIlam - 00 11 4 11014TJU

DATA FOR MI 10 W4A FOR Tam so ffaft

Ic" -ca

'II?

6..4.
1.0 -I...

-ULMU

.01 N 6.n 4.n 012 I 8.8 &VS.V .30a 0. LOW 9.0 0. t2 1.111 8.186 2 La 9.n 6.27 4.30

TIME 1 SECOM 0.102 .1 L . . . TIW tSECOM)s

Figure 154. Head Origin X-Axis Displacement for Figure 155. Head Origin Z-Axis Displacement for
Neck Model with Head Origin Pivot at -b~x. Neck Model with Head Drigin Pivot at -6Gx.

22-CONOTLES RELATIVE ANGLE 23-TI RELATIVE NECK( ANGLEtamUO AVERAGED DATA. -GX AT 6.2 G'S M AVRGDAT.-XT62GSTI NOTION FORCED 71O AVR MEDOTA.N FOCEDT .2
"ITS2 n~wu'U Ol 4SIATU
MR. 5110 "51 a. am no TIM a5 U

4.U5.

Z' M 01 A 11 a .%OS 4.30 L." a 1" 00 91 .i .1 .1 0 N . .3

TIME INO1I I IUC"

Fig. r 15 . C n y e R l t v n le f r N c iu r 15 . T Re a i e A g e f r N c Mo l

%:M de i h e d Or g n Pio.t.6 x wU ih H a r g n P v t a 6

-3.U ~ 95
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3-HERO ANGLIAR POSITION '-HEAD AN U R VELOCITY
11801 AVERAGED DATA. -GX AT 6.2 G*S NBlL AVERAGED DATA. -OX AT 6.2 G'S

TI MOTION FORCED TI MOTION FORCED

- mm SUILa 14Wm.4 mm " SIISZATI UM"U mu.!J 4
....

am AM -s

30.0 N.

4.J.

-. 9.. L W M, 01 n L. 1.ol 4oIN L 3 61
e  

1L LU 00 L it '$.O .l LID 8.1i Ln iti 9.m
TIME lIOM TIME I

Figure 158. Head Angular Position for Long Neck Figure 159. Heed Angular Velocity for Neck
Model with TI(-5.12. .5) Pivot at -6Gx. Model with Ti(-5.12,7.5) Pivot at -6Gx. -

5-EAD RKILU ACCELEITION 6-RESL.L NE! L. OF ANEAl iTOMIC.L ORIGIN
NBL RVEPIAGED DATA. -GX AT 6.2 G'S il. fWRGI DATA. X AT 6.2 'S

TI NOTION FORCED TI MOTION F0% '0 "

1101 PUP.U I m am U

Iw MOD,

UIL IL"IO,...
3LU

4.40.

9.0 0.9 9AU LIU 4 .2 e

7"

-... -.g* U LU O.U OL U t Oi OI LII O.i O Ni O U U .P*. I .E SIOl i il L i .
TIME ISEON~l TIME ISECII0I!%

Figure 160. Head Angular Acceleration for Neck Figure 161. Head Resultant Acceleration for '.. %.
Modx~el with T11-5.12.7.5) Pivot at -6Gi. Neck Model with TI(-5.12,7.5) Pivot at -6Gx.
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* 7 RODX-01S hREL. TOT I 84MEA0 O Rt.EL.TT
%NOM AVERAGED RI. -GXAT 6.2 G*S NOL AVERRG0 OTA-GAT6.71G'S

T1 MOTION FORCED TI NOTION FORCED

mom, .4.09

LOS -Ica

S.-u

1.110U 0.0 LOS Lm .1* 6.11 0.11 LIM LIS 0.27 5.5 LpO L.0 LU L .200 .5 .1OK 0 .
JT 13ECMa If IME XN

Figure 162. Head Origin X-Axis Displacemnt Figure 163. Head Origin Z-Axis Dlsplacenient
*Neck Model with TUS-.2,7.51 Pivot at -6Gx. Neck Model with Tf(-5.12,7.5) Pivot at -6Gx.

N 22 4M bTES RELATIVE ANGLE 23-TI RELATIVE NECK( ANGLE

AVGDOATA. -GX AT 6.2 GS - NOOL AVERAGED DATA. AG FT 6.2 C'S
-S" " IANTO a 91111 O

"ToFO ISI. to On FOR u am SO pow"

U ~ -.t0.IL

r.0K

-320.00

-13.0 O.K

N.L L".

*.U L63 Los .K 6.12 LIS2 0.10 0.21 . 0. 27 C 0.9 1.00 0.0) 0.0 LOS 0.12 L.IS 0.20 0.21 O.K% 0.2' 0.30

Figure 164. Condyles Relative Angle for Neck Figure 165. Ti Relative Angle for Neck Model
Model with Tl(-5.12.7.5) Pivot at -6Gx. with TI(-5. 12.7.5) Pivot at -6Gx.
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7-HEAD X-OlSFt.. REL. 7O TI S-NEAO Z-OISPL. REL. TO TI
NBOL AVERAGED DATA -GX AT IS.!1 0 'S N9DL AVERAGED DATA1 -GX AT IS. I *S

TI1 MOT 169 FORCED TI MOTIMN FORCED

% 2.40 UU

11 U

LOSw -#LW

W .4 96. 0 .0 6.11 LOS 6. Lob .1 P L17 6 01 LUOB 4. U 6. .11 LIS1.18 &.11 .6 17 6.

Figure 170. Head Origin X-Axis Displacement Figure 171. Head Origin Z-Axls Displacement
Neck Model with T1(-5.12.7.5) Pivot at -iSGx. Neck Model with T1(-5.12,7.5) Pivot at l5Gx.

22-CONOTLES RELATIVE ANGLE 23-TI RELATIVE NE(ANL
NBOI. AVERAGED ATA -OX AT 15.1 G's WM AVERAGED DATA - X AT 15.1 G'SMCI FOREDTI MOTIR FORCED

____ A m I__ -.u am Sam in vum

.40

TIME. (SOOM N (.C

Figur 17.Cnye Rltv nlefrNc iur 17.T ReaieAgefrNc Mo l

-'GMde wihTi5Q75 ioat-5x wt l-.275 io t-5

-3.99

- ..0.0%



160. AVERAGED DATA. -GX AT 6.2 G'SNO AVI-ff) DAT.R &VLOCTY62 '

It MOTION FORCED NOTAER IONYAA.A 6. ED S

W" NO III NAM onto I5 Sma W~in

LU 0.6

-.. -in..

9.0L LU 0.0? 0.10 LIS 4611 4.0.2% L 939 so 0.0 G 4.11 L it U6I .2s 0.30 0.11 41.1 0.11
TIME (SECONDS TIME fSECE)51

*Figure 174. Head An ular Position for Long Neck Figure 175. He ad Angular Velocity for Neck
Model with Tl(-5,6) Pivot at -6Gx. Model with TI (-5,6) Pivot at -6Gx.

S-lEA AIGAR ACELCM!OI46-E. LI1%ARFQL. OF HEAD ANTOMfICAL ORIGINNBOOL AVERAGE DTA. - X AT 6.2 G'S N50.AVERG DATA. -CX AT 6.2 G'STMOTION F 0 I MOTION FORCED
SUN 11141.101 SLD MS

LOS

-20.611 "

0.11 9 % I 6. . 2 . 1 L I . 4 G .10 3
.40 4.1 .0 4 0 .1 9 11 9 1 .1 .4 0.7 6 9

TIEUxm

Figu e 17 . H~d A gul r Ac ele atio fo Nec Fiure 1 7 e d R s l at A c l r t o o

M o d e l wi h T ( 6 i o t - GLN cU M d l w t i - , ) P v t a 6 x

in.. L00

in7-



7;HIEAD X60ISt. ~.T 8-HEfM -OISPt.. REL.. TO TI
NBIX F1OE ATA. OEX A't'6.2 G'S NOBVLAVEHGD DATA, -GX AT 6.2 G*S

T O? ION FORE T1 MOTION FORCED

IIca

-LU

TIME [ U.TIE JC~
Fiure18 edOii -xsDslcmn FIigue19 ed rgnZAsDslcmn

Neck Moe ih-156UPvta..X ec oe ihT15,)Pvta 6x

IwoU

-a..0

6.n LIS 9.U0 LIS .IZ .II Lie0 .ii Sli 0.27 Lat 9.U1 1.11 U LU1 0I I .19 0.11 0.V4 0.7 5.3ra~ uc-es~TIME ISECOM

Figure 18. Headye ORg ativ XAng Dlemr ect Figure 171. T1eelOtigvn Aglfo DNeclaMee)NeModel with 11-5,6 Pivot at -6Gx. Nc e with T II-5,6) Pivot at - Bx.
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3-HEAD ARUON AR SITIONo.AVRG CX AT, 15.1 C'S NBOL AY I5. G'S
TI NDTolI FORCED 71 MOT16i9 FORCED

an..

MIND
U.. two~

11.1 41M.9

* I..LS

6.0410

.01 *. 0.33 1. . 0.113 I . 4 W"Oi 0.0 S7t L.30 L1 *.0 9.0 .0 0.11 L.Ib LIS 6-81 9.N -V7 930

Figure 182. Head Angular Position for Long Neck Figure 183. Head Angular Velocity for Neck
Model with T1(-5.61 Pivot at -156x. Model with TI 1-5.6) Pivot at -l5Gx.

WL 0" RACCEEATI04 6-RESIA.. LINEAR ACCEL. OF MEAD AATOMICAL ORIGIN

0~ ORT -Q~ AT CS.1NUOL AVERAGED DATA -CX AT IS. I G'S
TI HOT ICi FORC TI MO)T I& FORCED

no.#.

0m sminmo

I.E

0.5-

F igure 184. Head Angular Acceleration for Neck Figure 185. Head Resultant Acceleration forMdlwith T11-5,61 Pivot at l5SGx. Neck Mooel with Tl(-5.6) Pivot at -15Gx.
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p 7-HEAD X-OISPL'. REL. TO TI 8-HEAD ZDOISPL. REL. TO TI1
NBO. AVERAGED DATA -OX AT 15.1 G'S NOL AVERAGED DATA -OX AIT 15.1 G'S

71 MOTIGJ FORCED TI MDTIOI9 FORCED

11.1 O - m24SUOI

#.00

0-0 9. .1 ?.E & . .3 UV 03

0~~~~~~~ ~ ~ ~ LO 041L,11LtU o 1192 .q#V 4.0
IOU1ECMUIIM ED

Fiur 16.Hed riinX-xs islaemntFiur 17.HadOrgi ZAxs islaemn

4.00 z W" SIPIUITIN4PL

- 101111 01M 19 RoomW=..

-1.007

no."

** .IL L .U 1111 U Lii 0.15 LEOS IM S." OL2 9.1 .U 1.93 4101 4." 0.11 0.1 0.10 0.21 0.74 0.i 0.30
TIKi ISECUOM T I( E MU04011

*Figure 18. Headye OReltin Angles Diopa en Figure 187. TIHe ariine Agle DisplceMoet
* Nec Model with T 1I-5.6 Pivot at - l5Gx. Nc e with TI-5,6) Pivot at - l5Gx. l
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NECK PbODEL WAD.-DEFLECTION DAT A m

ComYLE s BE~ ING STI FFNESS
M(Nm)

/2.5 N-m/deg

S (decrees)

.5 N-rn/deg

U7 BEoiING STIFFNESS
Me (WN)

3. N-m/deg

N-rn/deg S~ (degrees)

EXTENSION 200 FL~xioN
.457 N-m/deg

NECK ELONGATION STIFFNESS

F(N)

1644 N/cm

411 'N/cncm

COMiPRESSION .8 cn TENSION

400 N/cm

Figure 190. Bilinear Load-Deflection Data for
Long Neck Model with TI(-5,6) Pivot.
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34fR AN~LARPOSIION4-HEAC ANGULAR VELOCITY
3- AEAGD DUATA. -GXSITI6.ON ' NOOL AVERAGED DATA. -OX AT 6.2 G'S

TI MOTION FORCED TIA 2OTIO W1ORCED11

WA.R-01 2 INRI

116.0
I.&

mnl

-M.

-1..

9. .. .2 01 ** 01 .3% 0.1 03 .6 LOS 0.11 0.6 0.12 A. Is 0.10 0.11 0.2S 0.r A.*
L.C L. *Is8129. UKC tS~cms,

Figure 191. Head Angular Position for Long Neck Figure 192. Head Angular Velocity for Neck
* ..-. Model with TI(-4,3) Pivot at -6Gx. Model with T1(-4,3) Pivot at -6Gx.

S-HERO ANGLAR ACCELERATION G-RIESI.L. LINEAR ACCEL.. OF HEAD ANTOMICAL ORIGIN
MODI. AVERAGED DATA. -OX AT 6.2 G'S NBDL AVERAGED DAITA. -OX AT 6.2 G'S

TI MOTION FORCED TI MOTION FORCED

61.u 0

-M0.6

-2.68

* .. 6 0.;; O.6 .0 0.2 11.111 9.19 0.20 011 0.17 1.0, I.. 00 0.6 . 0 .CI 0.02 0.15 0.0 0.2 0.1s 11.27 01.10o

Figure 193. Head Angular Acceleration for Neck Figure 194. Head Resultant Acceleration for

L M.odel with Tfl-4.3) Pivot at -6Gx. Neck Model with TI(-4,3! Pivot at -6x.

105



@~~-77. T--,- b- v.w Y' -r

"p
__"_ " 24 SAT ION U. - 1 =

2.1

i ia.u' 54.U

* *•

.m 14."

F" igure 195. Head Or igin X-Akxis Displacemet Figure 196. Head Origin Z-Axis Displacenrent"
""Neck Model with T1(-4,3) Pivot at -6Gx. Neck Model with Tl(-4,3 Pivot at -6Gx. i'
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Figure 197 Condlyles Relative Arngle for Neck Figure '98L Ti Relative Angle for NVeck Model"• 1
Model with T1(-4,3 Pivot at -6Gx . with Tl(-4 31 Pivot at -6Gx. m
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Figure 199. Head Angular Position for Long Neck Figure 200. Head Angular Velocity for Neck
Model with Tl(-4,3) Pivot at -15Gx. Model with T11-4,3) Pivot at -l5Gx.
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* .Figure 201. Head Angular Acceleration for Neck Figure 202. Head Resultant Acceleration for
Model with Tl- 4 .3) Pivot at -15Gx. Neck Model with T11-4,3) Pivot at -l5Gx.
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Figure 203. Head Origin X-Axis Displacement Figure 204. Head Origin Z-Axls Displacement
Neck Model with Tl(-4,3) Pivot at -15Gx. Neck Model with T11-4,3) Pivot at -15Gx.
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Figure 207. Bilinear Load-Deflection Data for
Long Neck Model with M1-4,31 Pivot.
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*Figure 208. Head Z-Acceleration for +5Gy with Figure 209. Head Z-Displacement for *5Sjy with*Initial Lateral Offset at T1, LX2313. Initial Lateral Offset at TI, LX2313.
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Figure 210. Head i-Velocity for *5Gy with Figure 211. Neck~ Tension Force for 45Gy withInitial Lateral Offset at Ti, LX2313. Initial Lateral Offset at TI, LX2313.
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Figure 212. NBOL Averaged Data for Ti X-Axis Figure 213. NBOL Averaged Data for TI Y-Axis
Acceleration at +5Gy. Acceleration at +5Gy.
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Figure 214. NBOL Averaged Data for TI Z-Axis Figure 215. Head Origin X-Accelerat lot for
Acceleration at -SGy. Phase 11 Neck Model Data at -5Gy.



5-HEAO ORIGIN Y-KC-EL. 6-IfIA ORIGIN Z-ACCEL.
NBOL SCI AVRGE GT AT 5.1 G'S M30L. SCI AVERAGE. *GT AT 5.1 C'S
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Figure 218. Head Origin Y-Acceleration for Figure 217. Head Origin Z-Accelertioi for
Phase II Neck Model Data at *SGy. Phase II Neck Model Data at *5Gy.
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Figure V8. Head Resultant Acceleration for Figure 219. Head X-Displacement for Phase II
Phase Il Neck Model Data at +5Gy. Neck Model Data at *5Gy.
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Figure 220. Head Y-Displacem~ent for Phase II Figure 221. Head Z-Displacement for Phase 11
*Neck Model Data at *5 Gy. Neck Model Data at *5Gy.
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Figure 224. Head Z-Veloclty for Phase 11 Neck Figure 225. Head Yaw for Phase 11 Neck Model
Model Data at *5Gy. Data at *5Gy.
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Figure 226. Head Pitch for Phase 11 Neck Model Figure 227. Head Roll for Phase 11 Neck Model
Data at *5Gy. Data at *SGy.
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Figure 228. Head X-Axis Angular Velocity for Figure 229. Head Y-Axis Angular Velocity for
Ohase 11 Neck Model Data at +5Gy. Phase II Neck Model Data at +50y.
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*Figure 230. Head Z-AxjS Angular Velocity for Figure 231. Head X-Axis Angular Acceleration
Phase 11 Neck Model Data at *5Gy. for Phase 11 Neck Model Data at +5Gy.
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Figure 236. Condyle Jloint Sinus Torque for Figure 237. C7-Ti Joint Sinus Torque for Phase
*Phase I] Neck Model Data at +5Gy. 11 Neck Model Data at -5Gy.
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Figure 238. Total Neck Twist Torque for Phase :I
11 Neck Model Data at *5Gy.
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Figure 241. NBDL Averaged Data for Ti Z-Axis Figure 242. Head X-Acceleration for Head Originb
Acceleration at *5Gy. Upper Pivot Point Data at *SGy.



S-HERO ORIGIN '1-RCCEL. 6-HERDORIGIN Z-RCCEL.
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*.Figure 243. Head 'f-Acceieration for Head Origin Figure 244. Head Z-Acceieratlon for Head Origin
Upper Pivot Point Data at *SGy. Upper Pivot Point Data at *5Gy.
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Fiue245. Head Resultant Acceleration for Figure 246. Head X-Oisplacement for Head Origin
Head Origin Upper Pivot Point Data at -5Gy. Upper Pivot Point Data at *5Gy.
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Figre 47 Hed -Diplcemntfor Head Origin Figure 248. Head Z-OiSplacement for Head Origin
*Upper Pivot Point Data at +5Gy. Upper Pivot Point Data at -5Gy.
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Figure 251. Head Z-Velocity for Head Origin Figure 252. Head Yaw for Head Origin Upper
Loper Pivot Point Data at +511y. Pivot Point Data at +5Gy.

15-WAD PITCH lO)16-HERO ROLL (yOMI
NBOL Scr RVERAGE. *GY T S ., G'S BOIL 5CT RVEAGE. *Gr RT 5.1 G-S

TI NOTION FORCED TI NOTION FORCED
amN W- Avemm U.N

1
~k am_ mm. MY A109= swi~mW. da

"Lm
U.N U.N

F q&.N6 V BLIND

wo 3.NU"

U.N -4,

11.0 .

N~t16.00

a." LOS S.N .U I 6. 56 I CCI S.1 0.8 011 0 6.21 6.s 0.U L. 99 La U 6. 15 a Cli 6.1 6 I 6.21 6.26 6.2 7 CU

7 uME fSECm" Tim rxctoumi

*Figure 252. Head Pitch for Head Origin Upper Figure 254. Head Roll for -Head Origin Upper
Pivot Point Data at -5Gy. Pivot Point Data at +5Gy.
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Figure 255. Head X-Axis Angular Velocity for Figure 256. Head Y-Axis Angular Velocity forHead Origin Upper Pivot Point Data at +5Gy. Head Origin Upper Pivot Point Data at +5Gy.
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Figure 259. Head Y-Axis Angular Acceleration Figure 260. Head Z-Axis Angular Acceleration
for Head Origin Upper Pivot Point Data at *5Gy. for Head Origin Upper Pivot Point Data at +5Gy. -
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Figure 261. Neck Length for Head Origin Upper Figure 262. Neck Tension Force for Head Origin
-0 Pvot ointDataat +Gy.Upper Pivot Point Data at *5Gy.
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Figure 268. NBDL Aver-aged Data for T1 Z-Axls Figure 269. Head X-Acceleration for Lon~g Neck
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Figure 270. Head Y-Acceleratioi for Long Neck Figure 271. Head Z-Acceleration for Long NeckModel with TI(-5,6) Pivot at *5Gy. Model with Tl(-5,6) Pivot at *5Gy.
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Figure 274. Head 'f-Displacement for Long Neck Figure 275. Head Z-Dlsplacement for Long Neck
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Figure 290. Condyle Joint Sinus Torque for Long Figure 291. C7-Tl Joint Sinus Torque for Long
Neck Model with T1(-5,6) Pivot at +5Gy. Neck Model with T1(-5.61 Pivot at -+5Gy.
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