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strength. These latter measurements were taken in both the sagittal and 
lateral planes. 

Measurement results were used to establish parameter values for the 
MVMA-2D Crash Victim Simulator data set in an attempt to reproduce the 
dynamic response of these volunteers to -Gx sled acceleration at 6 and 
15 G's. Procedures used for computing the various parameter values and 
comparisons between predicted and experimental results are presented. 
In addition, measurement data for 18-24 year females taken previously have 
been utilized to predict the dynamic response that would be expected if 
these subjects were tested at 6 and 15 G's. 

Further work in studying the significance and relation of various 
physiological and biomechanical parameters and of stimulus and experi- 
mental test conditions to the dynamic response is planned using both 
model ing and correlation techniques. Measurement data for other segments 
of the adult population will be used to extend the NAMRL results to the 
general adul t occupant popul ation. 

Unclassl f l ~ d  
. . 

SECURITY CLASSIFICATION OF  THIS PAGE(Whan D a t a  Ent r rad)  



ACKNOWLEDGEMENTS 

The research work reported on herein was supported 

by the Office of Naval Research, Medical and Dental 

Division and was conducted with the cooperation and 

supervision of the Naval Aerospace Medical Research 

Laboratory (NAMRL), Michoud Station, New Orleans. 

The authors would like to acknowledge the pro- 

fessional assistance and advice offered during the 

past year by Dr. Channing L. Ewing, Dr. Daniel J. 

Thomas, and Mr. Leonard Lustick of NAMRL and of Dr. 

Hurley Robbins, Head, Biomathematics Department, HSRI 

and Dr. Don Chaffin, Professor of Industrial Engineering, 

The University of Michigan, The authors are also grate- 

ful for the professional assistance of Dr. Herbert M. 

Reynolds, physical anthropologist, HSRI, who took the 

anthropometry measurements, for the time and effort of 

those personnel at NAMRL involved with the preparation 

of the experimental data, and for the expert and unique 

talents of Dan Golomb, programming analyst, who per- 

formed all of the computer programming for data handling 

and graphical displays of results used in this study 

and report. 





TABLE OF C(NIENTS 

Page 

.................................................. LIST OF TABLES v i  i 

................................................. LIST CF F I ~  i x  

1 . INTRODUCTION AND OBJECTIVES .............................. 3 

A . Statemat  of Project Goal ............................ 3 

B . Background ........................................... 3 

C . Objectives ........................................... 7 

A . General .............................................. 11 

B . Anthropcmtry ........................................ 1 4  
1 . b t h c d s  .......................................... 1 4  
2 . Results .......................................... 1 4  

C Range of kbtion ...................................... 19 . 
1 . t h  .......................................... 19 
2 . Results .......................................... 21 

D . &flex T i m s  and Strength ............................ 23 
1 . Methds .......................................... 23 

a . Reflex Time .................................. 23 
b . Strength ..................................... 2 6  

2 . Results .......................................... 28 

E . Canparison of Measurmt Results w i t h  IIHS Study 
Results .............................................. 29 
1 . Anthropanetry .................................... 29 
2 . Range of m t i o n  .................................. 29 
3 . Reflex Times and mscle Strength ................. 32 

3 . COMPUTER SIMULATIONS OF NAMRL SLED TESTS ........ 34 

A . The MVPIA-2D Crash/Vict im S i m u l a t o r  .......... 34 

iii 



.............. . B Determination of Model Parameters ..................... . 1 Segment ~pecifications .................. a . Torso and ~xtremities 
b . Head and Neck Mass and Moment of 

Inertia ................................ 
c . Neck Length and Location of Head c.g ... .............. . 2 Head and Neck Range of Motion ...... . 3 Passive Joint Torques and Joint Stops .......................... . 4 Neck Muscle Model .... . 5 Neck Stretch and Compression Parameters ............... . 6 Neck and Head Initial Angles ........................... . 7 Restraint System ............................... . a Lap Belt ........... . b Upper and Middle Torso Belts ....................... . c Chest Compliance 

Page 

36 
37 
37 

C . NAMRL Simulations .............................. 61 
1 . General .................................... 61 
2 . Results Using TI Acceleration Input ........ 62 

a . General ................................ 62 
b . Effects of Muscle Tension .............. 67 

3 . Results with Sled Acceleration Input and ........................... Restraint System 72 
a . General ................................ 72 
b . Neck Forces and Torques ................ 81 
c . Belt Forces ............................ 84 
d . Effect of Increasing Joint Stop 

Stiffness .............................. 84 ............. . e Effect of Chest Compliance 84 
f . Effect of Reducing Condyle Joint Stop 

Stiffness in Extension ................. 90 
g . Effect of Adding Upper Torso Flexion ... 101 

4 . SIMULATIONS FOR 18-24 YEAR FEMALES ................. 105 

..................... A . 18-24 Year Female Data Set 105 
1 . Segment Specifications ..................... 105 .................. . a Torso and Extremities 105 

b . Head and Neck Mass and Moment of 
Inertia ................................ 106 

c . Neck Length and Location of Head Center 
of Gravity ............................. 106 .............. 2 . Head and Neck Range of Motion 107 ...... 3 . Passive ~oint Torques and Joint Stops 107 

4 . Neck Muscle Parameters ..................... 108 .... 5 . Neck Stretch and Compression Parameters 109 ............... . 6 Head and Neck Initial Angles 109 ...... 7 . Restraint System and Chest Compliance 109 

B . Simulations for 18-24 Year Females ............. 110 



P a g e  

.................... 5  . D I S C U S S I O N  AND RECOMMENDATIONS 1 1 9  

REFERENCES ............................................... 1 2 3  

APPENDIX A CROSS REFERENCE TABLES FOR MEASUREMENT 
CODE NAMES ................................... 1 2 7  

............... APPENDIX B MEASUREMENT RESULTS BY SUBJECT 1 3 3  

............... APPENDIX C EXPERIMENTAL SLED TEST RESULTS 1 5 3  





LIST OF TABLES 

Table No. Title Paqe 

13 HSRI and NAMRL Subject Numbers 

Anthropometry Statistics 

Three Space Coordinates for Upper Torso 
and Head Landmarks 

Sequence of Range-of-Motion Positions 

Range-of-Motion Statistics 

Average Euler Angles for 18 NAMRL 
Subjects 

Reflex Time and Strength Statistics 

Comparison of NAMRL and IIHS Study 
Range-of-Motion Results 

Comparison of Means and Standard 
Deviations of Range-of-Motion Results 
for NAMRL Subjects and 18-24 Year Males 
from IIHS Study 

Comparison of NAMRL and IIHS Study Reflex 
Time and Strength Results 

Selected Measurements for 5 NAMRL Subjects 

Selected Measurement Statistics for 5 
Navy Subjects 

Torso and Extremity Segment Specifica- 
tions for NAMRL Data Set 

Muscle Parameter Values Used in NAMRL 
Simulations 

Torso and Extremity Segment Specifica- 
tions for 18-24 Year Female Data Set 

Muscle Parameter Values Used in 18-24 
Year Female Data Set 

Anthropometry Code Name Cross Reference 



Table No. 

LIST OF TABLES (CONTINUED) 

Upper Torso and Head Landmark Code 
Name Cross-Reference 

Range-of-Motion Code Name Cross 
Reference 

Reflex Times and Strength Code Name 
Cross Reference 

Anthropometry Subject 

Three-Space Locations of Upper Torso 
and Head Landmarks by Subject 

Range-of-Motion Angles by Subject 

Reflex Time and Voluntary Strength 
Results by Subject 

Page 

130 



LIST OF FIGURES 

Title Figure No. Page 

Anthropometry Measurements 

NAMRL Subject Performing Range-of- 
Motion Testing 

Euler Angle Reference Frame and Angle 
Directions 

NAMRL Subject Ready for Sagittal 
Reflex Time Test 

Typical EMG and Acceleration Signals 
in Response to Reflex Test Weight 
Prop 

NAMRL Subject Performing Isometric 
Strength Testing in Flexion (Top), 
Extension (Middle), and Lateral 
Bending (Bottom) 

Typical EMG and Force Results from 
Isometric Strength Tests 

MVMA-2D Simulated Sled-Test Subject 
Showing Approximate Body Segment 
Lengths and Ellipses, Centers of 
Masses, and Joint Locations. 

Range-of -Motion "Stop" Angles 
Used in Crash Victim Simulator. 

Muscle Element 

Simplified Free-Body Diagram of 
Head and Neck Showing Major Forces 
Involved During Isometric Strength 
Testing 

Front and Side Photographs of NAMRL 
Subject in Sled Chair Showing 
Restraint System 

MVMA-2D Simulated Occupant Showing 
Simulated Restraint System Con- 
figuration 



LIST OF FIGURES (CONTINUED) 

Figure No. Title 

3.7 Force Deflection Specifications for 
Upper Torso Belts 

3.8 Averaged Experimental T1 Accelerations 
from Five NAMRL Subjects at 6 G I s  

3.9 Averaged Experimental T1 Accelerations 
from Five NAMRL Subjects at 15 G ' s  

3.10 Simulation Results Using 6 G T1 
Accelerations - Muscle Tension = 33% 
Maximum 

3.11 Simulation Results Using 15 G T1 
Accelerations - Muscle Tension = 33% 
Maximum 

3.12 Simulation Results Using 6 G T1 
Accelerations - Muscle Tension = 0% 
Maximum 

3.13 Simulation Results Using 6 G T1 
Accelerations - Muscle Tension = 100% 
Maximum 

3.14 Simulation Results Using 15 G T1 
Accelerations - Muscle Tension = 0% 
Maximum 

3.15 Simulation Results Using 15 G T1 
Accelerations - Muscle Tension = 100% 
Maximum 

3.16 6 and 15 G Sled Acceleration Profiles 

3.17 Simulation Results for 15 G Sled 
Acceleration - Muscle Tension = 33% 
Maximum, Chest Compliance = 1750 N/cm 

3.18 Simulation Results for 6 G Sled 
Acceleration - Muscle Tension = 33% 
Maximum, Chest Compliance = 1750 N/cm 

3.19 Neck Joint Torques in 6 G Simulation 

Page 

6 0 

63 

6 4  



LIST OF FIGURES (CONTINUED) 

Figure No. 

3.20 

Title 

Neck Joint Torques in 15 G 
Simulation 

Longitudinal Neck Forces in 6 and 
15 G Simulations 

Belt Forces from 6 and 15 G Simu- 
lations 

Simulation Results for 15 G Sled 
Acceleration - Muscle Tension = 
33% Maximum, Joint Stop Coeffi- 
cients increased 

Simulation Results with 15 G 
Sled Acceleration - Muscle Tension = 
33% Maximum, Chest Compliance = 
3500 N/cm 

Simulation Results with 15 G Accel- 
eration - Muscle Tension = 33% 
Maximum, Chest Compliance = 875 N/cm 

Simulation Results for 15 G Sled 
Acceleration - Muscle Tension = 33% 
Maximum, Chest Compliance - 1750 N/cm, 
Condyle Joint Stop Stiffness in Ex- 
tension Decreased to .0261 N-m/deg2 

Head/Neck Angle Versus Time for Con- 
dyle Joint Stop Stiffness of .0261 
N-m/deg2 and 1.0 N-m/deg2 

Simulation Results for 15 G Sled 
Acceleration - Muscle Tension = 33% 
Maximum, Chest Compliance = 1750 N/cm, 
Condyle Joint Stop Stiffness = .0261 
N-m/deg2, Joint 3 Linear Stiffness 
Coefficient Reduced to 75 ~-m/deg~ 

6 G Simulation Results for 18-24 
Year Females 

15 G Simulation Results for 18-24 
Year Females 

Page 

83 

85 

86 



Page Fisure No. Title 

6 G Experimental Head Angular 
Acceleration Curves for Five NAMRL 
Subjects 

6 G Experimental Head Angular 
Velocity Curves for Five NAMRL 
Subjects 

6 G Experimental Head Angular 
Position Curves for Five NAMRL 
Subjects 

6 G Experimental Head Resultant 
Acceleration Curves for Five 
NAMRL Subjects 

6 G Experimental T1 Resultant 
Acceleration Curves for Five 
NAMRL Subjects 

15 G Experimental Head Angular 
Acceleration Curves for Five NAMRL 
Subjects 

15 G ~xperimental Head Angular 
Velocity Curves for Five NAMRL 
Subjects 

15 G Experimental Head Angular 
Position Curves for Five NAMRL 
Subjects 

15 G Experimental Head Resultant 
Acceleration Curves for Five 
NAMRL Subjects 

15 G Experimental TI Resultant 
Acceleration Curves for Five NAMRL 
Subjects 

xii 



Physical characteristics of the head and neck were 

measured on 18 young adult male Navy volunteers who had 

previously undergone tests on the NAElRL sled facility 

in New Orleans. Measurements taken include 55 standard 

anthropometric measures, 32 anthropometric measures of 

the seated subject, three dimensional head and neck range 

of motion, neck muscles reflex times in response to head 

jerks, and neck muscle voluntary isometric strength. The 

reflex time and strength tests were performed in both the 

sagittal and lateral planes. The range of motion results 

for this group of 18 NAMRL subjects were in good agree- 

ment with results for 18-24 year males and females from 

the general population. In the sagittal plane, the 

average range of motion angles in extension were 79.0 and 

60.5 degrees respectively as measured from the Frankfort 

Plane position. Reflex times were similar for flexion, 

extension, and lateral bend, being 53.5, 55.5, and 51.5 

msec respectively. In strength, the group of NAMRL 

subjects was similar to 35-44 year males of the general 

population. The greatest strengths were in extension 

where the average is about 33% greater than in flexion 

or lateral bend. 

Where appropriate, these measurement results for 5 of 

the 18 subjects were utilized in establishing a data set 

for the MVMA-2D Crash Victim Simulator. Simulations of 

NAMRL sled tests at -Gx impact accelerations of 6 and 15 

GIs were made using either the experimental TI accelera- 

tions as input to the neck or experimental sled accelera- 

tion profiles as input to the sled. Simulation results 

for head angular acceleration, head angular velocity, head 

angular position, head resultant acceleration, and T1 

resultant acceleration are compared with average experi- 

mental results out to 300 msec for the group of five 



subjects. Results to date indicate reasonably good 

agreement between experimental and simulation curves 

at both 6 and 15 G's. Further work is needed, however, 

to improve certain aspects of the model such as joint 

stop characteristics, passive tissue modeling, and 

restraint system modeling. Effects of changing muscle 

tension, chest compliance, joint stop stiffness co- 

efficients, and upper torso joint stiffness (i.e., amount 

of torso flexion) have also been examined using the E1VEIA- 

2D model. Results obtained with varying amounts of 

muscle tension indicate that muscle effects are more pre- 

dominant at 6 GIs than at 15 G's. 

Simulations for 18-24 year females at 6 and 15 G's 

were made using measurement data obtained in previous 

studies at HSRI. Results were not dramatically different 

from the NAMRL simulations, the primary difference being 

an increase in the maximum flexion angle of the head by 

about 40 and 25 percent at 6 and 15 GIs respectively. 



Chapter  1 

INTRODUCTION AND OBJECTIVES 

A .  Sta tement  of P r o j e c t  Goal 

Measurements of dynamic responses  t o  impact a c c e l e r -  

a t i o n s  which have been taken on a s e l e c t e d  male m i l i t a r y  

popu la t ion  a t  t h e  Naval Aerospace Medical Research Labora- 

t o r y  (NAMRL) a t  Michoud S t a t i o n ,  New Or leans ,  r e p r e s e n t  

t h e  most comprehensive source  of in fo rmat ion  a v a i l a b l e  

r e l a t e d  t o  t h e  dynamic response  of t h e  human head and 

neck. To what e x t e n t  t h e s e  d a t a  r e p r e s e n t  t h e  t o t a l  a d u l t  

U.S. popu la t ion  i s  unknown, however. I n  r e c e n t  s t u d i e s  

sponsored by t h e  Insurance  I n s t i t u t e  f o r  Highway S a f e t y  

( I I H S )  and conducted by t h e  Highway S a f e t y  Research I n s t i -  

t u t e  (HSRI), b a s i c  in fo rmat ion  which i s  be l i eved  t o  be r e -  

p r e s e n t a t i v e  of neck p h y s i c a l  c h a r a c t e r i s t i c s  f o r  t h e  a d u l t  

U.S. popu la t ion  from 18 t o  75 y e a r s  has  been ob ta ined .  

Inc luded i n  t h e s e  d a t a  a r e  anthropometry,  head/neck range 

of motion,  neck muscle s t r e n g t h ,  and neck muscle r e f l e x  

time measurements. The primary purpose of t h i s  s tudy  i s  

t o  de termine  t o  what e x t e n t  t h e s e  d a t a  may be used w i t h  

mathematical  modeling techniques  i n  o r d e r  t o  extend and 

p r o j e c t  t h e  NAMRL dynamic response  r e s u l t s  t o  t h e  g e n e r a l  

a d u l t  U.S. popula t ion .  

B, Background 

Response of t h e  human head and neck t o  impact 

a c c e l e r a t i o n s  i s  a m a t t e r  of major concern i n  t h e  des ign  

The r i g h t s ,  we l fa re  and informed consent  of t h e  
v o l u n t e e r  s u b j e c t s  who p a r t i c i p a t e d  i n  t h i s  s tudy were 
observed under q u i d e l i n e s  e s t a b l i s h e d  by t h e  U.S. 
Department of ~ e a l t h ,  Education and ~ e l i a r e  p o l i c y  on 
p r o t e c t i o n  of human s u b j e c t s  and accomplished under 
medical  r e s e a r c h  d e s i g n -  p r o t o c o l  s t a n d a r d s  approved by 
t h e  Committee t o  Review Grants  f o r  C l i n i c a l  Research and 
I n v e s t i g a t i o n  Involving Human Beings, Medical School ,  
The U n i v e r s i t y  of Michigan. 



of biomechanical models, anthropomorphic dummies, and 

occupant c r a s h  p r o t e c t i o n  dev ices .  

There a r e  a l a r g e  number of s t u d i e s  which have 

at tempted t o  de termine  t h e  r e l a t i o n s h i p s  of head i n j u r y  

and concussion t o  impact f o r c e s ,  bu t  only  r e c e n t l y  has  

a t t e n t i o n  been g iven t o  t h e  r e s p e c t i v e  i n f l u e n c e s  of t h e  

e f f e c t s  o f  head motion upon i n j u r y .  I t  i s  s t i l l  u n c l e a r  

what t h e  r e s p e c t i v e  e f f e c t s  of r o t a t i o n a l  and t r a n s l a t i o n a l  

f o r c e s  may be. R e s u l t s  of experiments  r epor ted  by 

r e s e a r c h e r s  such a s  Holbourn ( 1 4 ) ,  Pudenz, e t  a l .  ( 1 9 ) .  

Martinez (16), and Ommaya (18) have i n d i c a t e d  t h a t  r o t a t i o n  

a lone  can cause  b r a i n  i n j u r y  and concussion i n  whiplash. 

However, Hodgson (13) , Gurdjian (12) and o t h e r s  contend 

t h a t  o t h e r  f a c t o r s  such a s  r e s u l t a n t  i n t r a c r a n i a l  p r e s s u r e  

g r a d i e n t s  may cause  trauma by high shea r  stress concent ra-  

t i o n  i n  t h e  b r a i n  stem and upper s p i n a l  cord.  Young, e t  a l .  

(26) have r e c e n t l y  demonstrated concussion t o  t h e  f i x e d  

pr imate  head wi thout  t r a n s l a t i o n a l  movement. Clarke ( 4 )  , 
s tudying human v o l u n t e e r s  i n  dynamic t e s t s  of a d u l t  males 

a t  peak s l e d  v e l o c i t i e s  of  2 6 . 2  f t / s e c  and 7.8 t o  10 G I  

concluded t h a t  peak head angu la r  a c c e l e r a t i o n s  and l i n e a r  

r e s u l t a n t s  may have less t r aumat ic  consequences than  t h e  

degree  of head-neck hyperextens ion.  

Th i s  disagreement  among r e s e a r c h e r s  a s  t o  t h e  mecha- 

nisms of  i n j u r y  i n  head impact and whiplash i s  a l s o  seen 

i n  c o n s i d e r a t i o n  of c r i t i c a l  va lues  of r o t a t i o n a l  v e l o c i t y  

and a c c e l e r a t i o n  a t  which concussion occurs  i n  man. Recent 

work by Ewing and Thomas (8 )  us ing  male human v o l u n t e e r s  

i n  dynamic s l e d  t e s t s  found no c l i n i c a l l y  obse rvab le  e f f e c t s .  

due t o  a c c e l e r a t i o n  on a s u b j e c t  i n  which t h e  peak mouth 

angu la r  v e l o c i t y  exceeded 30 rad/sec  ( a t  10 G I  250 G/sec) ,  

a l though  t h i s  l e v e l  had been p rev ious ly  cons idered  by 

Mahone, e t  a l .  (15) and Omrnaya t o  be t h e  c r i t i c a l  l e v e l  

f o r  human concussion.  



S i m i l a r l y ,  a l though t h e r e  has  been c o n s i d e r a b l e  

e f f o r t  t o  r e a l i s t i c a l l y  s imula te  t h e  human neck i n  

v a r i o u s  v e r s i o n s  of an "improved" anthropomorphic dummy, 

t h e  l a c k  of v a l i d  human bioengineer ing  d a t a  has remained 

a  major problem and much con t roversy  i n  t h i s  a r e a  

con t inues  . 
Thus t h e  con t inu ing  s e r i e s  of impact a c c e l e r a t i o n  

t e s t s  being conducted by Ewing, e t  a l .  (5-10) us ing  human 

v o l u n t e e r  s u b j e c t s  have been of p a r t i c u l a r  s i g n i f i c a n c e  

s i n c e  t h i s  e f f o r t  has r e s u l t e d  i n  an e x t e n s i v e  body of 

k inemat ic  exper imenta l  d a t a  under dynamic cond i t ions .  

This  work, which has  involved p r e c i s e  measurement of t h e  

complete i n p u t  a c c e l e r a t i o n  t o  t h e  head and neck (measured 

a t  t h e  f i r s t  t h o r a c i c  v e r t e b r a ) ,  p r e c i s e  measurement of 

t h e  dynamic response  of t h e  head and neck t o  t h e  i n p u t  

a c c e l e r a t i o n ,  and development of d a t a  a c q u i s i t i o n  and 

automat ic  process ing  systems,  must be c h a r a c t e r i z e d  a s  

producing t h e  most e x t e n s i v e  dynamic d a t a  us ing  t h e  most 

s o p h i s t i c a t e d  exper imenta l  techniques  and p r e c i s e  i n s t r u -  

menta t ion  t o  d a t e  f o r  t h e  impact range under s tudy.  

Primary o b j e c t i v e s  of t h e  NAMRL r e s e a r c h  e f f o r t  a r e  

t o  a c q u i r e  d a t a  t h a t  can be used t o  1) develop des ign  

c r i t e r i a  f o r  c o n s t r u c t i o n  of dummies which w i l l  c l o s e l y  

reproduce man's response  t o  c r a s h  a c c e l e r a t i o n  , and 

2 )  d e f i n e  t h e  envelopes of impact a c c e l e r a t i o n  which 

r e s u l t  i n  t h e  i n j u r y .  I f  t h e s e  r e s u l t s  a r e  t o  inc lude  

concern f o r  t h e  t o t a l  popu la t ion  who may be involved i n  

c r a s h  s i t u a t i o n s  i n  both  m i l i t a r y  and non-mil i ta ry  v e h i c l e s ,  

then  it becomes impor tant  t o  be a b l e  t o  extend t h e s e  

dynamic response d a t a  t o  t h e  g e n e r a l  U.S. a d u l t  popula t ion .  

I n  two s t u d i e s  by Snyder,  e t  a l .  (22 ,23)  and repor ted  

by FOust, e t  a l .  (11) and Schneider ,  e t  a l .  ( 2 1 )  , b a s i c  

d a t a  concerning p h y s i c a l  c h a r a c t e r i s t i c s  of t he  head and 

neck were obta ined on a  sample of s u b j e c t s  designed t o  

r e p r e s e n t  t h e  a d u l t  v e h i c l e  occupant popula t ion .  These 



s t u d i e s  were, t o  our  knowledge, t h e  most comprehensive 

a t t empt  t o  r e l a t e  such p h y s i c a l  measurements such a s  

muscle i s o m e t r i c  s t r e n g t h ,  muscle r e f l e x  time, c e r v i c a l  

range of  motion,  and anthropometry t o  t h e  age ,  s e x ,  and 

s t a t u r e  of  a  popu la t ion  r e p r e s e n t a t i v e  of U.S. a d u l t s .  

While s u b j e c t s  were t e s t e d  i n  both s a g i t t a l  and 

l a t e r a l  p l a n e s ,  t h e  g e n e r a l  r e l a t i o n s h i p s  of t h e  measured 

p h y s i c a l  c h a r a c t e r i s t i c s  t o  age and sex were t h e  same i n  

both.  C e r v i c a l  range of motion was g r e a t e s t  i n  t h e  

r o t a t i o n a l  p lane  and s m a l l e s t  i n  t h e  l a t e r a l  p l a n e ,  and 

showed an average  d e c r e a s e  wi th  age of  20-45 p e r c e n t  from 

young t o  e l d e r l y  s u b j e c t s .  Neck muscle r e f l e x  times 

ranged from about  30 t o  75 msec, were g e n e r a l l y  s m a l l e r  f o r  

l a t e r a l  head movements, showed an i n c r e a s e  w i t h  s u b j e c t  age ,  

and were s l i g h t l y  s h o r t e r  on t h e  average f o r  females.  

Muscle s t r e n g t h  was found t o  be about  33% g r e a t e r  i n  ex- 

t e n s i o n  than  i n  f l e x i o n  o r  l a t e r a l  bend, showed a d e c r e a s e  

wi th  age ,  and was on t h e  average  1-1/2 t o  2 times g r e a t e r  

i n  males t h a n  i n  females.  No s i g n i f i c a n t  c o r r e l a t i o n s  

between t h e s e  measurements and s u b j e c t  anthropometr ic  

measures were found. 

A b a s i c  assumption under ly ing  t h e  a p p l i c a t i o n  of 

t h e s e  d a t a  t o  s t u d i e s  on human impact t o l e r a n c e  i s  t h a t  

t h e r e  i s  a r e l a t i o n s h i p  between t h e  d i f f e r e n c e s  i n  

p h y s i c a l  c h a r a c t e r i s t i c s  of i n d i v i d u a l s  and d i f f e r e n c e s  

i n  dynamic response  t o  impact.  I f  t h i s  assumption i s  

v a l i d ,  a  p o t e n t i a l l y  p roduc t ive  r e s e a r c h  program would 

invo lve  b r i d g i n g  t h e  gap between t h e  dynamic s t u d i e s  of 

a h i g h l y  s e l e c t e d  popu la t ion  on t h e  one hand, and t h e  

e s s e n t i a l l y  s t a t i c  measurements r e p r e s e n t a t i v e  of t h e  

U.S. a d u l t  popu la t ion  on t h e  o t h e r .  The p r e s e n t  s tudy  

was undertaken o u t  of t h e s e  c o n s i d e r a t i o n s .  



C .  O b j e c t i v e s  

I n  o r d e r  t o  accomplish t h e  g o a l s  of t h i s  s tudy ,  

two p r i n c i p a l  o b j e c t i v e s  must be achieved.  F i r s t ,  it 

must be shown t h a t  t h e  s t a t i c  measurements can be  u t i l i z e d  

i n  a  mathematical  model t o  g i v e  a c c u r a t e  s i m u l a t i o n s  of 

exper imenta l  impact r e s u l t s ,  and t h a t  t h i s  v a l i d a t e d  model 

can  be used a c r o s s  a  range  of impact a c c e l e r a t i o n s  and 

c o n d i t i o n s .  Secondly, it must be demonstrated t h a t  

r easonab le  c o r r e l a t i o n s  e x i s t  between measured p h y s i c a l  

p r o p e r t i e s  and exper imenta l  dynamic response c h a r a c t e r i s t i c s .  

I n  o r d e r  t o  a t t a i n  t h e s e  o b j e c t i v e s ,  t h e  fo l lowing t a s k s  

were e s t a b l i s h e d .  

1) Conduct a l l  of t h e  HSRI s a g i t t a l  p lane  and 

l a t e r a l  p l a n e  t e s t i n g  on a  group of NAMRL s u b j e c t s  who 

have p r e v i o u s l y  undergone a c c e l e r a t i o n  impact t e s t i n g  

over  a  range of a c c e l e r a t i o n  l e v e l s .  Data c o l l e c t e d  

would i n c l u d e  s t andard  anthropometry, s e a t e d  anthropo- 

metry ,  t h r e e  dimensional  v o l u n t a r y  range of motion of 

t h e  head and neck, neck muscle s t r e t c h  r e f l e x  times and 

a c c e l e r a t i o n  i n  response  t o  head j e r k ,  and maximum 

v o l u n t a r y  neck muscle i s o m e t r i c  s t r e n g t h .  

2 )  Compare NAMRL measurement r e s u l t s  wi th  r e s u l t s  

from t h e  U.S. a d u l t  popu la t ion  ob ta ined  i n  t h e  IIHS 

s a g i t t a l  and l a t e r a l  p lane  s t u d i e s  (11, 2 1 )  . 
3 )  Use t h e  NAMRL measurement r e s u l t s  t o  e s t a b l i s h  

parameter  v a l u e s  where a p p r o p r i a t e  i n  t h e  d a t a  set of 

t h e  MVMA-2D Crash Victim Simula tor .  

4 )  Run t h e  MVMA-2D model wi th  t h i s  d a t a  s e t ,  

a p p r o p r i a t e  i n i t i a l  c o n d i t i o n s ,  and s t imulus  i n p u t s  i n  

an a t t empt  t o  reproduce t h e  exper imenta l  r e s u l t s  from 

NAMRL s u b j e c t s  a t  s e v e r a l  a c c e l e r a t i o n  l e v e l s .  Adjust  
o r  " tune"  o t h e r  parameters  f o r  which no d a t a  a r e  a v a i l a b l e  

i n  o r d e r  t o  o b t a i n  opt imal  matching t o  exper imenta l  curves .  



5. Determine i f  and when any r e l a t i o n s h i p s  e x i s t  

between s t a t i c  measurements and dynamic response ,  and 

confirm t h a t  t h e s e  r e l a t i o n s h i p s  a r e  suppor ted  by t h e  

model by: 

a )  c o r r e l a t i n g  v a r i o u s  s t a t i c  measurements 

w i t h  v a r i o u s  peak parameter  v a l u e s  i n  exper imenta l  

response  curves  f o r  t h e  group of NAMRL s u b j e c t s  

measured. 

b )  examining changes i n  response  curves  f o r  

s u b j e c t s  w i t h  d i f f e r e n t  p h y s i c a l  c h a r a c t e r i s t i c s  

and us ing  t h e s e  d i f f e r e n t  measurements i n  t h e  

model t o  s e e  i f  t h e  changes a r e  p r e d i c t e d .  

6 .  Use t h e  measurements ob ta ined  i n  t h e  IIHS 

s t u d i e s  t o  p r e d i c t  t h e  dynamic response  r e s u l t s  t h a t  

would be ob ta ined  i f  o t h e r  segments of t h e  popu la t ion  

were t e s t e d  a t  t h e  NARML s l e d  f a c i l i t y .  

7 .  Use t h e  v a l i d a t e d  MVMA-2D model t o  p r e d i c t  t h e  

response  of occupants  s u b j e c t e d  t o  more r e a l i s t i c  and 

p r a c t i c a l  c r a s h  s i t u a t i o n s .  

8 .  Use t h e  v a l i d a t e d  MVMA-2D model t o  p r e d i c t  

t h e  response  o f  NAMRL s u b j e c t s  t o  s l e d  tests where t h e  

a c c e l e r a t i o n  v e c t o r  i s  of a  g r e a t e r  magnitude t h a n  can 

be s a f e l y  used wi th  v o l u n t e e r  s u b j e c t s .  

A t  t h e  t ime of t h i s  r e p o r t ,  t a s k s  1 through 3 have 

been completed f o r  a  group of 18 NAMRL s u b j e c t s  who 

have undergone s l e d  t e s t s  up t o  15  G's i n  t h e  -Gx 

d i r e c t i o n .  Considerable  p rogress  has  been made with 

t a s k  4 a l though  f u r t h e r  work and improvements i n  t he  
model are needed. Measurement procedures  and r e s u l t s  

a r e  p resen ted  i n  Chapter 2 whi le  Chapter 3 d e s c r i b e s  t h e  

procedures  and r e s u l t s  t o  d a t e  concerned wi th  t a s k s  

3 and 4 .  Chapter 4 g i v e s  t h e  r e s u l t s  ob ta ined  by us ing  

t h e  IIHS d a t a  t o  p r e d i c t  s l e d  test  responses  a t  6 and 



1 5  G I s  f o r  18-24 yea r  f ema les  ( t a s k  6 ) .  Chapter  5 c o n t a i n s  

a  b r i e f  d i s c u s s i o n  of  t h e  r e s u l t s  t o  d a t e  and s u g g e s t i o n s  

f o r  f u t u r e  work on t a s k s  4 t h rough  8. 





Chapter  2  

MEASUREMENT OF PHYSICAL CHARACTERISTICS 

A. Genera l  

E igh teen  male Navy personnel  who had p r e v i o u s l y  

undergone t e s t i n g  on t h e  NAMRL s l e d  f a c i l i t y  were brought  

t o  t h e  Highway S a f e t y  Research I n s t i t u t e  (HSRI) f o r  two t o  

t h r e e  days  f o r  measurements of p h y s i c a l  c h a r a c t e r i s t i c s  

r e l a t e d  t o  t h e  head and neck. The s u b j e c t s  were brought  

t o  HSRI i n  t h r e e  groups  of  7 ,  6 ,  and 5 over  a  p e r i o d  of  

one month. They were ass igned  s u b j e c t  i d e n t i f i c a t i o n  

numbers c o n s i s t i n g  of a  p r e f i x  code deno t ing  t h e  s e x ,  age ,  

and s t a t u r e  of t h e  i n d i v i d u a l  and a  c h r o n o l o g i c a l  t e s t i n g  

number from 1 t o  18.  Table  2 . 1  i s  a  l i s t  of t h e s e  HSRI 

s u b j e c t  codes  t o g e t h e r  w i t h  t h e  corresponding NAMRL s u b j e c t  

number. The l e t t e r  N deno tes  NAMRL male s u b j e c t  ( t o  d i s -  

t i n g u i s h  from o t h e r s  p r e v i o u s l y  t e s t e d ) ;  A i n d i c a t e s  t h a t  

t h e  s u b j e c t  was between 18-24 y e a r s ;  w h i l e  S ,  M ,  and T 

correspond t o  s h o r t ,  medium, and t a l l  according t o  t h e  

1-20th ,  40-60th, and 80-100th p e r c e n t i l e s  of s t a t u r e  f o r  

t h i s  age and sex .  

While t h e  immediate concern i n  t h i s  s t u d y  was t o  

measure t h o s e  p h y s i c a l  c h a r a c t e r i s t i c s  which r e l a t e  t o  

head and neck movement i n  t h e  s a g i t t a l  p l a n e  ( s i n c e  NAMRL 

s l e d  t e s t i n g  i s  w i t h  -Gx a c c e l e r a t i o n ) ,  t h e  c a p a b i l i t y  

e x i s t e d  from prev ious  s t u d i e s  t o  tes t  i n  l a t e r a l  bending 

and t h e s e  measurements were a l s o  t a k e n  on each s u b j e c t  f o r  

f u t u r e  use .  Measurements t aken  i n c l u d e  s t a n d a r d  an th ro -  

pometry, anthropometry of t h e  s e a t e d  s u b j e c t ,  head and 

neck range  o f  motion,  neck muscle s t r e t c h  r e f l e x  times, 

and neck muscle i s o m e t r i c  s t r e n g t h  c a p a b i l i t y .  The 

fo l lowing  s e c t i o n s  d e s c r i b e  b r i e f l y  t h e  t e s t i n g  procedures  

used ( t h e s e  a r e  d i s c u s s e d  i n  d e t a i l  i n  r e f e r e n c e s  2 2  

and 2 3 )  and a l s o  p r e s e n t  t h e  measurement r e s u l t s  f o r  t h i s  

group of 18  Navy s u b j e c t s .  





TABLE 2 . 1  

H S R I  AND NAMRL SUBJECT NUMBERS FOR 1 8  NAVY SUBJECTS 

HSRI 

NAMOl 

NAM02 

NATO3 

N A M O ~  

NAMO 5 

N A M O ~  

NAS07 

NAMO 8 

NAM09 

NAMlO 

NATll 

NAM12 

NAM13 

N A T ~ ~  

NAT 1 5 

~ ~ 1 6  

NAT 17 

N A T ~ ~  

NAMRL 

H-39 

H-46 

H-49 

H-42 

H-48 

H-44 

H-38 

H-32 

H-52 

H-47 

H-51 

H-50 

H-53 

H-43 

H-35 

H-3 3 

H-40 

H-37 



B. Anthropometry 

1. Methods. A t o t a l  of 87  anthropometr ic  measure- 

ments were ob ta ined  on each s u b j e c t  dur ing  t h e  i n i t i a l  

phase of t e s t i n g .  F igure  2.1 i s  a  l i s t  of  t h e s e  measure- 

ments d i v i d e d  i n t o  two groups. Group I c o n t a i n s  55 

measurements t aken  by s t andard  techniques  t o  d e s c r i b e  t h e  

g e n e r a l  body c h a r a c t e r i s t i c s ,  t h e  head and neck, l o c a t i o n  

and s i z e s  of body masses,  and body somatotypes. Group I1 

c o n t a i n s  32 measurements taken t o  d e s c r i b e  t h e  p o s i t i o n  of  

t h e  s e a t e d  occupant.  Of t h e s e  32, 7 were taken wi th  

s t andard  equipment whi le  25 a r e  measures t aken  o r  d e r i v e d  

from or thogonal  photogrammetry techniques .  The photo- 

grammetry s e t u p  c o n s i s t s  of a  s e t  of  t h r e e  Pentax cameras 

o r i e n t e d  o r thogona l ly  t o  each o t h e r  and aimed toward t h e  

s u b j e c t  from t h e  f r o n t ,  l e f t  s i d e ,  and top .  The cameras 

a r e  a l i g n e d  such t h a t  t h e  c e n t e r s  of t h e i r  f o c a l  p lanes  

i n t e r s e c t  a t  a  common o r i g i n  w i t h i n  t h e  s u b j e c t .  The 

l o c a t i o n s  of high c o n t r a s t  markers placed on t h e  s u b j e c t ' s  

head and upper t o r s o  and v i s i b l e  i n  a t  l e a s t  two cameras,  

may be determined i n  t h r e e  dimensions by geometric  

r e l a t i o n s  and measurements from t h e  f i l m s .  The f i l m s  a r e  

p r o j e c t e d  on to  a  t a b l e t  d i g i t i z e r  and t h e  p o i n t s  a r e  

d i g i t i z e d  i n  a  s p e c i f i e d  sequence on to  paper  t ape .  The 

t a p e s  a r e  l a t e r  analyzed by computer programs which com- 

pu te  t h e  3-dimensional l o c a t i o n  of  t h e  p o i n t s .  

2 .  R e s u l t s .  Table 2.2 p r e s e n t s  t h e  s t a t i s t i c s  of 

t h e  anthropometric  measurements f o r  t h e  18 NAMRL s u b j e c t s  

measured whi le  Table 2.3 g i v e s  t h e  s t a t i s t i c s  f o r  t h e  t h r e e -  

space l o c a t i o n  of t h e  head and t o r s o  of t h e  s e a t e d  s u b j e c t .  

I n  many c a s e s ,  t h e  names of  measurements have been abbre-  

v i a t e d  f o r  compactness and t h e s e  a b b r e v i a t i o n s  may be 

c r o s s  r e fe renced  wi th  a  more complete measurement name i n  

Appendix A. Tables  B . l  and B.2 i n  Appendix B c o n t a i n  t h e  

i n d i v i d u a l  d a t a  for each s u b j e c t  from which t h e s e  s t a t i s -  

t i c s  were de r ived .  





TABLE 2 . 2  ANTHROPOMETRY STATISTICS 

i u I  ( K G )  
id1 (LE) 
S T A Z  (CE) 
P O N C I N C X  
EtiSI?F' i  
t E A L C l f i  
E ; E A C E L F S  
E I T f i C C I  
t I E A L E 5  
h L A L L G  
S A G A E C  
C C d A  h C  
B I ' I l i C G L B  
B I T I i G i l E h  
EITfiCihh 
FbCEt.1 
L A T b t ( E h  
APNKbb 
SUE h K C i E  
i N F h K C I k  
E C S ' i b K i G  
E I A C b E F  
E I C E L ' I E Z  
C E E S l k T  
CBES' IEL 
ChES'iCIlr 
WAIS'6ET 
kAIS2Eh 
Y A I S T C I f ;  
h I P h l  
H l P E t i S l L  
H I P C 3 1 i  
A C h b h D t G  
A B M C I i A X  
A R d C i b E L  
E i C l l C l 1 ~  
liADSIY LG 
FbAEil".CIb 
WkIS' ICIE 
H A N C L G  
T6CEEMLG 
U C I M I C I K  
L i r l ' B I C I P  
E X E C i L A L G  
I I E U L A H I  

N ELAN 5IC D E V  i4 iNIt iUd M A X I M U M  - ---- ------- ------- ------- 
18 76.3 lie 5 61.1 1US. 2 
18 169.1 27. 6 134.5 L31.5 
1 177.0 4. 5 165.5 1 d 4 , 4  
18 3 2 . 2  1.6 2 d . 7  3 4 .  j 
18 32.5 3. t b 5 . 3  9 3 .  8 
18 57. ci 1.9 5 + * 6  tj1. 5 
1 tl 65.6 i. 4 6 2 . 2  7 3 . 5  
lt3 13. s 6 . 6  13, 1 14.8 
18 15. d C e  4 14.4 15.9 
1 d 19.6 C . E  1s.; 23. tr 
17 35.1 1.3 32.1 3 7 , o  
18 35. i 1. C' 3 3  , Q 3 ~ .  7 
18 29. t 1,C 27.7 31. 3 
18 31.5 1 0 5 29.q 34.5 
I a 28.5 2. u 24, d 3 2 . 3  
18 13 .  2 C . E  11.0 14. o 
18 12. 3 2 e 3  11.3 1 3 . 8  
18 11.4 G . 6  lG.4 12.9 
18 37.4 2.7 34.9 3 4 . 3  
18 39. b L. - E 35,b 43.9 
18 16.7 1.3 14.9 13.5 
16 e)b, 8 1 7 3 d . 2  44.3 
18 4b. 4 2.5 4 2 . 3  54.2 
18 132.2 j . 8  122.1 13d.3 
1 @ 31.6 2.1 28.6 34.7 
18 95.0 6 .  1 bYeL 1 1 l a d  
I b  106.7 2.e L r . 8  1 1  1 .3  
18 2 9 . 5  3.3 26 5 37.0 
18 83.9 E .  3 73.0 lrJ3.3 
16 92.7 2.7 b b . 6  90.7 
16 33 .6  2.2 31.2 3 7 . 5  
18 36.5 6 . 3  89 . 2 112,3 
18 32. E 1.6 3 3 . L  35. d 
18 32.5 3.3 27.6 39.6 
18 26. 1 3.7 l4.d 32, 4 

* .- 
18 33.1 1. L 17.d 39 .8  
1 t3 26. 1 C.9 ~ 4 . 9  Ld. 2 
18 26.4 1. E 26.2 32,4 
I ti 17.4 6.8 1b.3 13. 3 
18 18.9 L. 4 10.1 19.9 
I &  41.2 1.5 3 e . 4  43.0 
18 57.5 5.5 46.3 6 9 . 2  
I b  39.3 3.7 3 4 . 1  46. 9 
18 40.6 1.6 3 d .  1 43.3 
16 45.7 1. E 41.6 49.6 



TABLE 2.2 ( c o n t i n u e d )  

E L A N  S I C  DLV M I i i i M U L  M h X I M U Z  ---- - -  l P I I I I I  ------- 
3b.7 3 0 4  3'; w6 4 4 . 3  
~ 2 . 5  1 . 4  13.6 25.1  
ic. 6 c, . b ~ 5 .  L 2 b . 2  
1C . 1  C{ . 6 9 .  1 1 1 . 1  

7.1 C . 3  6.5 7.5 
S , t j  2.5  3 .3  11.2  

14.6 7 wd 5 . 7  39.5 
15.9 8 .4  7.C 34.3 
16.5 8 .3  6 . L  j d . 3  
13 .1  v ,  3 11 ,'4 14.7  
1 3 . 5  1 * L )  1 1 . 7  14.9  
L l  . 5 1 * 7  1b.b 2 3 . 9  
d 5 . d  3 . b  62 .5  97.0 
7 t . 4  3 . 1  - I J . ,  L aL, 3 
-i  ,7 6 .4  - * . 9  3.6 
81 .3  3 . 3  7 3 . 3  36 .1  
5.5 2.3 5 . t  14.2 

7b.U 3 . 2  7 2 . L 1  83.5 
7 . 6  ~ . 4  3 . 4  12.Q 
3 . 3  i~ 3 L. 8 3.6 

0 2 . 3  2 . 8  0 . r L  7 C . 3  
. -S , 1 1.7 - 1 2 . 6  - 7 . 1  
5 7 . 1  L . 4 52.3 6 2 . 7  
2 , ~  1 .tl - 1 . 7  5.2 

5 6 . 9  2 .7  S L r  L 6 1 . 3  
- 4 .7  1 . 4  - 8 .  6 - 1 . 2  
31.4 2.1 30. d 47.G 
15 .5  IJ 3 I d .  2 2 1 . 2  
1O.S 1 w c  9 . 3  12.9 
2 5 . j  1.4 2 3 .  L 26 .2  

Y . 2  1 .3  7 .1  11.7  
1 L . o 1.4 7 . 6  13 .1  
32.1  1 .3  L Y .  3 34.2 
37.7 5 . 4 33.7 46.C 
i . 3  1 . 5  -$; 7 1.0 
b . 2  J . t r  7.4 1C.7 

1 1 . 1  1.3 u .J  13.7 
k.4 1 .2 6.7  11.1 
3 . ;  u . 7 L O  b 5.1  

1 L . i  -7 a 5 5. 1 12.7 
1.3 1 * 5  C . 0  L. 5 
6 . i  0 * 6 7.7 11.6 
1.5 9 . 5  t w  b 2 . 5  
7 .4  > . t i  0. 6 10.0 



TABLE 2 . 3  UPPER TORSO AND HEAD LANDMARK 
COORDINATE STATISTICS  ( re  SRP) 

VABIAELE H MEAN S I L  DEV MINZMUii H A X P B U H  

ShLCfiSX 
2HLC.RSY 
SH'LCRSZ 
C7 S X  
C7 SY 
C7 SZ 
SSTfiNSX 
SSTENSY 
SS? hNSZ 
' I R A G  SX 
T f i n G  SY 
T h A G  SZ 
CEEI'ISX 
C5BI';SY 
CRBITSX 
G L A E L S X  
GLBBLSY 
G L A B L S Z  
EY ZLFSX 
EYELESY 
E Y E L Y S Z  
E C C A N S X  
E C C A N S Y  
E C C A N S S  



C. Range of Motion 

1. Msthods. As described in references 21 and 2 2 ,  

orthogonal photogrammetry was also used to determine the 

subject's head and neck range of motion. Immediately fol- 

lowing the seated anthropometry measurements the subjects 

were asked to perform the sequence of head movements shown 

in Table 2 . 4 .  In each position when the subject attained 

the limit of his voluntary movement, photographs were 

taken simultaneously by the three cameras. Figure 2.2 

shows a subject performing the head and neck extension 

movement. The Euler angles describing each position 

Figure 2.2 NAMRL Subject Performing Range-of-Motion Tests 

relative to the Frankfort plane position were computed by 

digitizing the points on the coordinate system head piece 

worn by the subject throughout these movements. The vec- 

tors describing the orientation of these coordinate axes in 

space were determined in a manner similar to the seated an- 

thropometric measures and the Euler angles computed by ap- 

propriate equations (see appendix E of reference 22  ) .  



TABLE 2.4 

SEQUENCE OF RANGE-OF-MOTION POSITIONS 

Frankfor t  Plane 

Normal 

Extension 

Flexion 

Right Rotat ion 

Lef t  Rotat ion 

Right Lat e r a 1  Bend 

Lef t  L a t e r a l  Bend 

Lef t  Rotat ion Plus Bend Toward Lef t  

Lef t  Rotat ion Plus Bend Toward Rear 

Right Rotat ion Plus  Bend Toward Left 



I n  computing t h e  Eu le r  a n g l e s ,  t h e  o r d e r  of movements t o  

a t t a i n  a  g i v e n  p o s i t i o n  i s  assumed t o  be yaw ( r o t a t i o n ) ,  

p i t c h  ( f l e x i o n  o r  e x t e n s i o n ) ,  and t h e n  r o l l  ( l a t e r a l  

bend) and t h e  Eu le r  a n g l e  r e f e r e n c e  frame a x e s  a r e  a s  

shown i n  F igure  2 . 3  where p o s i t i v e  x  i s  forward ,  p o s i t i v e  

y i s  toward t h e  r i g h t ,  and p o s i t i v e  z i s  down. 

~%?k~<~< FRAME > 
ANKFORT PLANE 

I 

EULER ANGLE 
COORDINATE SYSTEM 

K 
-- 

Figure 2.3 Euler Angle Reference Frame and Angle 
Directions 

2 .  R e s u l t s .  While t h e  measures of s a g i t t a l  p l a n e  

range  of motion a r e  o f  primary s i g n i f i c a n c e  t o  t h i s  s t u d y ,  

p r e s e n t a t i o n  of a l l  t h e  r e s u l t s  i s  g i v e n  h e r e  f o r  com- 

p l e t e n e s s  and f u t u r e  r e f e r e n c e .  Table  2 .5  g i v e s  t h e  

s t a t i s t i c a l  summary f o r  t h e s e  1 8  s u b j e c t s  showing t h e  mean, 

s t a n d a r d  d e v i a t i o n ,  and minimum and maximum v a l u e  f o r  

each Eu le r  a n g l e  a t  each p o s i t i o n .  The s i g n i f i c a n t  num- 

b e r  i s  t h e  v a l u e  f o r  t h e  a n g l e  r e l a t e d  t o  t h e  p lane  of  

primary movement ( e . g . ,  t h e  p i t c h  a n g l e  i n  f l e x i o n )  b u t  

t h e  o t h e r  a n g l e s  g i v e  an i n d i c a t i o n  of t h e  d e v i a t i o n s  

from t h i s  p l a n e  which might  be caused by performing t h e  



TABLE 2.5 RANGE-OF-MOTION STATISTICS 

VAHIABLE N Y E B N  SIL C E V  M ~ N 1 d U i l  B A X i d U H  



movement i n c o r r e c t l y  o r  fo rc ing  a g a i n s t  t h e  phys io log ica l  

" s tops . "  AS wi th  t h e  anthropometry, t h e  abbrevia ted names 

can be c r o s s  referenced wi th  t h e  l i s t  i n  Appendix A .  Table 

2 .6  i s  an a t tempt  t o  s impl i fy  t hese  r e s u l t s  and shows only 

t h e  average Euler  ang les  f o r  t h e  group. Ind iv idua l  range- 

of-motion r e s u l t s  can be found i n  Table B.3 of Appendix B. 

D. Reflex Times and S t rength  

1. Methods. 

a .  Reflex t i m e .  Neck muscle r e f l e x  times were 

measured by recording both head a c c e l e r a t i o n  and neck 

muscle electromyograph (EMG) s i g n a l s  i n  response t o  a 

head je rk  produced by dropping a 1 l b .  weight approxi- 

mately 6 t o  8 inches.  The set-up f o r  t e s t i n g  of t h e  

extensor  muscles ( sp l en ius  c a p i t u s )  i s  shown i n  Figure 

2 . 4 .  A l i n e  a t tached  t o  a band placed about t h e  s u b j e c t ' s  

Figure 2 . 4  NAMRL Subject  Ready f o r  S a g i t t a l  Reflex Time Test  

head i s  draped over a pu l ley  and threaded through the  drop 

weight which i s  held i n  p o s i t i o n  by an electromagnet.  When 

a switch on a c o n t r o l  console i s  depressed,  t h e  weight i s  

r e l ea sed  and caught by t h e  small  p re tens ion  o r  s t o p  weight 



TABLE 2.6 

AVERAGE ELJLER ANGLES FOR 18 NAMRL SUBJECTS 

AVERAGE EULER ANGLE RE FRANKFORT POSITION 

POSITION YAW PITCH ROLL 

Normal 

Extension 

Flexion 

R .  Rota t ion 

L. Rota t ion  

R .  L a t e r a l  Bend 

L. L a t e r a l  Bend 

L. Rot. + Flexion 

L. Rot. + LLB 

R .  Rot + Extension 



producing a  " tug"  t o  t h e  s u b j e c t 1  s head. Two su r f ace  

e l e c t r o d e s  placed over t he  muscle group of i n t e r e s t  ( t h e  

sp l en ius  c a p i t u s  f o r  ex tensors ,  t h e  s ternamastoids  f o r  
f l e x i o n  and l a t e r a l  bend) measure t h e  e l e c t r i c a l  a c t i v i t y  

r e s u l t i n g  from t h e  s t r e t c h  r e f l e x  response of t h e  muscle 

produced by t h e  j e rk .  Head acce l e ra t i on  was measured by a  
s e t  of 4 l i n e a r  accelerometers  which were o r i e n t e d  i n  t h e  

plane of t h e  head j e rk  i n  a  conf igura t ion  which al lows f o r  

c a l c u l a t i o n  of r e s u l t a n t  head angular  and l i n e a r  acce le ra -  

t i o n s .  These accelerometers  a r e  mounted t o  a  bar and 

f ixed  t o  a  b i t e  p l a t e  held  i n  t h e  s u b j e c t ' s  mouth during 

t e s t i n g .  The p l a t e  i s  f i t t e d  t o  each sub jec t  us ing a  

thermoplas t ic  moldable d e n t a l  compound. 

Each sub jec t  was t e s t e d  i n  s a g i t t a l  f l e x i o n  (extensor  

muscles) , s a g i t t a l  extension ( f l e x o r  muscles) , and l a t e r a l  

f l e x i o n  t o  t h e  l e f t .  A s e r i e s  of s i x  o r  more drops were 

performed i n  each p o s i t i o n  and t h e  average r e f l e x  t ime 

computed. P r i o r  t o  each t e s t  t h e  s u b j e c t  was i n s t r u c t e d  

t o  r e l a x  and c l o s e  h i s  eyes ,  but  t o  a t tempt  t o  mainta in  

h i s  head e r e c t  when t h e  tug was f e l t .  

Figure  2 .5  shows a  t y p i c a l  r e s u l t  produced by t h e  

weight drop where only  one accelerometer s i g n a l  i s  needed 

and used t o  compute t h e  r e f l e x  time. The beginning of 

muscle e l e c t r i c a l  a c t i v i t y  i s  i nd i ca t ed  by a  sharp sp ike  

i n  t h e  re laxed EMG s i g n a l ,  followed by i n t e r m i t t e n t  

e l e c t r i c a l  a c t i v i t y .  The time from onse t  of head acce l e r -  

a t i o n  t o  t h i s  f i r s t  sp ike  i s  c a l l e d  t h e  muscle r e f l e x  

time. I t  i s  no t ,  however, t h e  time requi red  t o  develop 

maximum muscle f o r c e  which must include a  con t r ac t ion  t ime 

of approximately 100 msec. The t o t a l  t ime from i n i t i a l  
head movement t o  maximum muscle fo rce  i s  t h e r e f o r e  t h e  

sum of t h e  r e f l e x  t ime and the  con t r ac t ion  time and 

could be c a l l e d  a r e a c t i o n  time. 



reflex time - 56 msec 

W 
-: T-- - -- - 

Figure 2.5 Typ ica l  EMG and Acce le ra t ion  S igna ls  i n  
Response t o  Ref lex  Test  Weight Drop. 
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b. S t r e n g t h ,  Maximum vo lun ta ry  i somet r i c  neck 

muscle s t r e n g t h  was measured on each s u b j e c t  a s  a  measure 

of t h e  s t r e n g t h  c a p a b i l i t y  of t h e  neck muscles f o r  res- 

t r a i n i n g  t h e  head dur ing  impact,  Tests were performed i n  

ex tens ion ,  f l e x i o n ,  and l e f t  and r i g h t  l a t e r a l  bend exer-  

t i o n s  wi th  t h e  s u b j e c t  sea ted  i n  t h e  same test  s e a t  a s  

used f o r  range  of motion and r e f l e x  t e s t i n g .  F igure  2.6 

shows a  s u b j e c t  being t e s t e d  f o r  f l e x o r ,  ex tensor ,  and 

l a t e r a l  muscle s t r e n g t h s .  A band placed about  t h e  head i s  

a t t a c h e d  by a n  a d j u s t a b l e  l e n g t h  i n e l a s t i c  rope  t o  t h e  

r i g i d  t e s t  frame v i a  a  f o r c e  t r ansducer  ( i . e . ,  a  s t r a i n  

r i n g ) .  The s u b j e c t  was i n s t r u c t e d  t o  p u l l  on t h e  rope 

us ing  on ly  h i s  neck muscles ,  t o  b u i l d  r a p i d l y  b u t  smoothly 

t o  a maximum l e v e l ,  and t o  hold t h a t  l e v e l  f o r  a  count of  

4 seconds. The s u b j e c t ' s  f e e t  were placed f l a t  on t h e  
f l o o r  and t h e  s u b j e c t  was n o t  allowed t o  r i s e  up from t h e  

s e a t  o r  use  h i s  t o r s o  except  t o  mainta in  h i s  p o s i t i o n .  
Three maximum e x e r t i o n s  were made i n  each of t h e  f o u r  

- 

Time 
)c 



Figure 2.6 NAMRL Subject Performing   so metric Strength 
Testing in Flexion (Top), ~xtension (~iddle) , 
and Lateral Bending (Bottom) . 



d i r e c t i o n s  w i th  2 minutes  of rest  between t r i a l s ,  and t h e  

average  f o r c e  of each s e t  computed. F igure  2 . 7  shows t y p i -  

c a l  f o r c e  curves  and t h e  EMG s i g n a l  r e s u l t i n g  from t h e s e  

tests.  

0. 

a 
C 

j m -  
40 - trial 1 trial 2 trial 3 

Time 
- . . - . - - - --- . . .... - -- -- 

Figure 2.7 EMG and Force Signals Resulting from 
Isometric Strength Tests 

2 .  Resu l t s .  Tab le  2.7 g i v e s  t h e  s t r e n g t h  and r e f l e x  

time s t a t i s t i c a l  r e s u l t s  f o r  t h e  18 Navy s u b j e c t s .  The 

abb rev i a t ed  v a r i a b l e  names may be cross r e f e r enced  i n  

Appendix A f o r  a  more complete t i t l e .  

TABLE 2.7 

R E F L E X  TIME AND STRENGTH STATISTICS 

V A E I A B L E  
m-oo..-.. 

RFL LB'I  
RFL F L X B  
E F L  EXlR 
E F L  B Y G  
S?k RTL 
S'ih LTL 
S l R L A ' i A V  
S l t i  E X T B  
STB F L X R  
S T R S A G A V  
SAGLATAV 

N M E A N  S 3 L  C E V  - -.....I 

18 5 1 . 5  7.5 
17 5 5 . 5  5.6 
18 53 e 3 E *  6 
18 5 3 r  b t t  1  
18 3 5 . 7  9.9 
18 3 5 , s  E.4  
18 35 .e  6.9 
18 4 6 .  C 5.2 
1 8  3 4 . 2  6 . 7  
18 4 0 r 2  5 . 1  
1 8  38.4 7.6 

MAXI M U  8 



I t  w i l l  be noted t h a t  t h e  average  r e f l e x  times f o r  t h e  

t h r e e  p u l l  d i r e c t i o n s  a r e  n e a r l y  t h e  same, be ing between 

51 and 56 msec, w h i l e  t h e  range  i n  r e f l e x  times i s  from 37 

t o  70 msec.This  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  of two pre-  

v i o u s  s t u d i e s  ( 2 2  and 23) where t h e  d a t a  sugges ted  t h a t  

t h e  r e f l e x  t imes  i n  l a t e r a l  bending were s i g n i f i c a n t l y  

less than  i n  s a g i t t a l  bending. The s t r e n g t h  r e s u l t s  i n d i -  

c a t e  n e a r l y  i d e n t i c a l  v a l u e s  f o r  r i g h t  and l e f t  l a t e r a l  

p u l l s  and t h e s e  a r e  n e a r l y  t h e  same a s  t h e  r e s u l t s  f o r  

f l e x i o n ,  a l though  t h e  maximum f o r c e s  achieved i n  l a t e r a l  

bending a r e  s i g n i f i c a n t l y  h igher  t h a n  achieved i n  f l e x i o n  

( 5 6 . 0  l b f .  t o  42.0 l b f . ) .  The g r e a t e s t  s t r e n g t h s  were i n  

ex tens ion  where t h e  average  of 46.0 l b f .  i s  about  33% 

g r e a t e r  t h a n  t h e  average  i n  l a t e r a l  bend o r  f l e x i o n .  The 

maximum s t r e n g t h  i n  ex tens ion  was s i m i l a r  t o  t h a t  f o r  

l a t e r a l  bend, however. Table B . 4  i n  Appendix B shows t h e  

i n d i v i d u a l  s t r e n g t h  and r e f l e x  v a l u e s  from which t h e s e  

s t a t i s t i c s  were d e r i v e d  where each s t r e n g t h  v a l u e  i s  t h e  

average  of  t h r e e  t r i a l s  and each r e f l e x  t ime i s  t h e  average  

of a t  l e a s t  6  tests. 

E.  Comparison of Measurement R e s u l t s  wi th  IIHS Study 
R e s u l t s  

1. Anthropometry, A s  i n d i c a t e d  by t h e  t h i r d  l e t t e r  

i n  t h e  p r e f i x  code of t h e  HSRI s u b j e c t  numbers (S,M, o r  T), 

e leven  of t h e  e i g h t e e n  s u b j e c t s  t e s t e d  a r e  of medium 

s t a t u r e ,  s i x  a r e  t a l l ,  and on ly  one i s  s h o r t  according t o  

U.S. popu la t ion  d a t a  on s t a t u r e  f o r  18-24 yea r  males.  

Thus, t h e  group of s u b j e c t s  used i n  t h i s  s tudy  i s  b i a s e d  

toward t a l l  i n d i v i d u a l s .  The mean s t a t u r e  f o r  t h e  group 

i s  177.0 cm a s  compared t o  174.86 cm and 174.95 cm f o r  

young male medium s t a t u r e  s u b j e c t  groups  i n  t h e  s a g i t t a l  

and l a t e r a l  s t u d i e s  r e s p e c t i v e l y .  

2. Range of Motion. Table  2.8 summarizes t h e  average  

range  of motion r e s u l t s  f o r  t h e  primary E u l e r  a n g l e s  i n  t h e  
p l a n a r  head movements and compares t h e s e  r e s u l t s  wi th  
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average  r e s u l t s  from t h e  d i f f e r e n t  s u b j e c t  groups  i n  t h e  

IIHS l a t e r a l  p l a n e  s tudy .  I t  can  be seen t h a t  f o r  eve ry  

p o s i t i o n ,  t h e  average  range  of motion f o r  t h e  NAMRL sub- 

j e c t s  i s  g r e a t e r  t h a n  f o r  a l l  o t h e r  g roups  and t h i s  

d i f f e r e n c e  i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  ex tens ion .  A s  

expec ted ,  t h e  r e s u l t s  a r e  most s i m i l a r  t o  t h e  18-24 yea r  

male and female groups .  A t- test  f o r  comparison of  popu- 

l a t i o n  means shows t h e  NAMRL r e s u l t s  t o  be  n o t  s i g n i f i c a n t -  

l y  d i f f e r e n t  from t h e  18-24 y e a r  male r e s u l t s  a t  t h e  .10 

l e v e l  o f  s i g n i f i c a n c e .  I t  i s  i n t e r e s t i n g ,  however, t h a t  

t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  E u l e r  a n g l e s  i s  c o n s i s -  

t e n t l y  and c o n s i d e r a b l y  s m a l l e r  f o r  t h e  NAMRL p o p u l a t i o n  

t h a n  f o r  t h e  IIHS s t u d y  popu la t ion .  T h i s  i s  i l l u s t r a t e d  

i n  Tab le  2.9 which compares t h e  NAMRL r e s u l t s  wi th  t h e  

r e s u l t s  from 18-24 y e a r  males from t h e  IIHS l a t e r a l  s tudy .  

Perhaps t h i s  i s  due t o  t h e  d i f f e r e n c e  i n  s u b j e c t  motiva- 

t i o n ,  l e v e l  of t r a i n i n g ,  and s u b j e c t  c o n d i t i o n i n g  which 

r e s u l t s  from exper ience  a s  s u b j e c t s  f o r  human exper iments .  

Table 2.9 

Comparison of Means and Standard  Dev ia t ions  
of Range-of-Motion R e s u l t s  f o r  NAMRL S u b j e c t s  
and 18-24 Year Males From IIHS Study. 

Primary E u l e r  Angle (degrees )  
I IHS L a t e r a l  Study NAMRL 

P o s i t i o n  Mean S.D. Mean S.D. 

Extens ion 72.8 18.2 79.0 6.6 

F lex ion  56.2 11.6 60.5 5.4 

R. Ro ta t ion  73.2 9.4 76.1 5.8 

L .  R o t a t i o n  76.2 7.2 77.5 5.9 

R. L a t e r a l  Bend 41.7 12.6 47.1 6.4 

L .  L a t e r a l  Bend 44.6 11 .3  45.0 7.5 



3 .  Reflex Times and Muscle S t reng th .  Table 2 . 1 0  

compares t h e  average NAMRL r e s u l t s  f o r  measured muscle 

r e f l e x  times and i somet r i c  p u l l  f o r c e  with averaged 

r e s u l t s  from t h e  IIHS l a t e r a l  and s a g i t t a l  s t u d i e s .  With 

regard  t o  r e f l e x  times, t h e r e  i s  no p a r t i c u l a r  group t h a t  

t h e  NAMRL s u b j e c t s  match p a r t i c u l a r l y  w e l l  o r  c o n s i s t e n t l y  

f o r  a l l  p lanes .  A s  mentioned p rev ious ly  t h e  NAMRL d a t a  

show s i m i l a r  r e f l e x  times f o r  a l l  d i r e c t i o n s  whi le  I IHS 

s tudy r e s u l t s  show longer  times f o r  s a g i t t a l  movements 

than  f o r  l a t e r a l  movements. This  d iscrepancy i s  unex- 

p la ined  a t  t h i s  time. I n  l a t e r a l  bending, t h e  NAMRL 

r e s u l t s  match b e s t  wi th  t h e  62-74 yea r  females,  t h e  18-24 

year  males ,  and t h e  35-44 year  males.  I n  s a g i t t a l  bending, 

NAMRL average  r e f l e x  times a r e  c l o s e s t  t o  t h e  young and 

middle aged females.  

Concerning s t r e n g t h  r e s u l t s ,  i t  i s  seen t h a t  t h e  

NAMRL s u b j e c t s  match extremely wel l  wi th  t h e  35-44 year  

males. A t - test  f o r  comparison of popula t ion  means f o r  

t h e s e  two groups shows no s i g n i f i c a n t  d i f f e r e n c e  a t  a  

s i g n i f i c a n c e  l e v e l  of .05. 





Chapter 3 

COMPUTER SIMULATIONS OF NAMRL SLED TESTS 

T h i s  c h a p t e r  i s  d iv ided  i n t o  t h r e e  major s e c t i o n s ,  

I n  Sec t ion  A, a b r i e f  d e s c r i p t i o n  of  t h e  c h a r a c t e r i s t i c s  

and c a p a b i l i t i e s  of t h e  MVMA-2D model i s  given.  I n  

s e c t i o n  B I  t h e s e  c h a r a c t e r i s t i c s  a s  they  apply t o  t h i s  

s tudy a r e  developed f u r t h e r  i n  a  d e s c r i p t i o n  of how t h e  

measurement d a t a  desc r ibed  i n  Chapter 2 have been used t o  

determine model parameter va lues  and how o t h e r  parameters  

f o r  which t h e r e  a r e  no d a t a  a v a i l a b l e  were determined. 

S e c t i o n  C p r e s e n t s  t h e  s imula t ion  r e s u l t s  f o r  6 and 15  G 

s l e d  tests and i s  d iv ided  i n t o  two p a r t s .  The f i r s t  p a r t  

d e s c r i b e s  s imula t ion  r e s u l t s  obta ined by us ing  experimental  

T~ a c c e l e r a t i o n  s i g n a l s  a s  d i r e c t  i n p u t  t o  TI.  I n  t h e  

second p a r t ,  r e s u l t s  obta ined by us ing  s l e d  a c c e l e r a t i o n  

d a t a  and i n c l u d i n g  r e s t r a i n t  system and t o r s o  c h a r a c t e r i s -  

t i c s  a r e  presented .  

The MVMA-2D Crash Victim Simulator  

A l l  s imula t ion  work i n  t h i s  s tudy has u t i l i z e d  t h e  

MVMA-2D Crash Victim Simula tor ,  Version 111. This  model, 

i n  i t s  c u r r e n t  form, i s  a r e s u l t  of H S R I  ex tens ions  and 

improvements made upon t h e  o r i g i n a l  CAL 2-D model (1966), 

l a t e r  modified t o  t h e  ROS (Revised Occupant Simula t ion)  i n  

1971 and MODROS (Modified Revised Occupant Simula t ion)  i n  

1972. P e r t i n e n t  t o  t h e  modeling i n  t h i s  s tudy  i s  t h e  use 

of a  two- jo in t  e x t e n s i b l e  neck, The human occupant i s  

cons t ruc ted  of 9 body segments (head, neck, upper t o r s o ,  

middle t o r s o ,  p e l v i s  o r  lower t o r s o ,  upper l e g ,  lower l e g ,  

upper arm, and lower arm) d iv ided  by 8 p i v o t  j o i n t s  as 

shown i n  F igure  3 .1 .  For each segment except  t h e  neck, 

t h e  mass, l o c a t i o n  of  t h e  c e n t e r  of  mass, and mass moment 

of i n e r t i a  a r e  s p e c i f i e d .  For t h e  neck, t h e  mass i s  d i s -  

t r i b u t e d  a s  d e s i r e d  a t  t h e  upper and lower neck p i v o t  

p o i n t s .  
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F i g u r e  3.1 MVMA-2D Simula ted S led-Test  S u b j e c t  
Showing Approximate Body Segment Lengths and E l l i p s e s ,  
Centers  o f  Masses, and J o i n t  Loca t ions .  



The equat ion  of motion d e s c r i b i n g  t h e  dynamic be- 

hav io r  of t h e  a r t i c u l a t e d  occupant were d e r i v e d  

us ing  Lagrangian fo rmula t ions .  Energy d i s s i p a t i o n  a t  t h e  

j o i n t s  may be through t h e  mechanisms of f r i c t i o n  and/or 

v i s c o s i t y  whi le  t h e  moments a c t i n g  a t  each of t h e  s imula ted  

j o i n t s  may be de r ived  from up t o  f i v e  sources  inc lud ing  

biodynamic muscle t e n s i o n ,  e l a s t i c i t y ,  v i scous  damping, 

coulomb f r i c t i o n ,  and non- l inear  ene rgy-d i s s ipa t ing  

m o t i o n - r e s t r i c t i v e  s t o p s ,  I n t e r a c t i o n  of t h e  occupant  

wi th  v e h i c l e  s t r u c t u r e s  and r e s t r a i n t  systems may be es -  

t a b l i s h e d  by spec i fy ing  c o n t a c t  e l l i p s e s  wi th  d e s i r e d  

m a t e r i a l  p r o p e r t i e s  ( i n c l u d i n g  f o r c e  deformation and energy 

absorbing c h a r a c t e r i s t i c s )  and c o n t a c t i n g  s u r f a c e s  and 

b e l t s  w i t h  s p e c i f i e d  p r o p e r t i e s .  The r e s t r a i n t  system can 

u t i l i z e  up t o  f o u r  b e l t s  - two a t t a c h i n g  t o  t h e  h i p  

segment, one t o  t h e  upper t o r s o ,  and one a t t a c h i n g  a r b i -  

t r a r i l y  t o  any t o r s o  segment. I n  a d d i t i o n ,  o p t i o n s  f o r  

f r e e  s l i p  between b e l t  p a i r s  ( f o r c e  e q u a l i z a t i o n )  o r  f o r  

percentage  f o r c e  limits of one b e l t  r e l a t i v e  t o  ano the r  

f o r  s imula t ing  f r i c t i o n  a r e  a l s o  a v a i l a b l e .  A more de- 

t a i l e d  d e s c r i p t i o n  of t h e s e  f e a t u r e s  may be found i n  

r e f e r e n c e s  2 and 2 0 .  

B. Determinat ion of Model Parameters  

A v a l u a b l e  f e a t u r e  of  t h e  MVMA-2D model a s  it r e l a t e s  

t o  t h i s  s tudy  i s  t h a t  it has been developed based upon 

a t t empts  t o  cons ide r  and s imula te  t h e  i n d i v i d u a l  p h y s i c a l  

f a c t o r s  which have an i n f l u e n c e  on t h e  dynamic response 

of t h e  occupant .  For example, i n s t e a d  of lumping a l l  

neck p r o p e r t i e s  i n t o  a  g e n e r a l  v i s c o - e l a s t i c  element w i t h  

two parameter c o n s t a n t s ,  t h e  model i s  g e n e r a l  enough t o  

a l low s e p a r a t i o n  of some of t h e  f a c t o r s ,  such as muscle 

v e r s u s  p a s s i v e  t i s s u e ,  which p h y s i c a l l y  a c t  t o  a f f e c t  

t h e  response.  Thus, it i s  p o s s i b l e  t o  use  exper imenta l  
d a t a  where a v a i l a b l e  t o  s imula te  t h e s e  f a c t o r s  and t o  



g a i n  a  b e t t e r  unders tand ing  through t h e  model of t h e  re- 

l a t i v e  importance of  each.  

A t  t h e  beginning of t h e  modeling phase of t h e  p r o j e c t ,  

it was dec ided  t o  match s i m u l a t i o n  r e s u l t s  w i t h  t h e  s l e d  

t e s t  r e s u l t s  from a  c l o s e l y  matched subgroup of  t h e  18 sub- 

j e c t s  r a t h e r  t h a n  t o  match wi th  a l l  18 s u b j e c t s  o r  w i t h  an  

i n d i v i d u a l  s u b j e c t .  An examinat ion of t h e  an th ropomet r i c  

and s t r e n g t h  measurements f o r  t h o s e  p r o p e r t i e s  judged t o  

have t h e  most s i g n i f i c a n t  e f f e c t s  on head and neck dynamic 

response  i n  s a g i t t a l  f l e x i o n  was made and r e s u l t e d  i n  a  

s e l e c t i o n  o f  5 s u b j e c t s  (NAMO1, NAM04,  NAM06, NAM08, and 

NAT18) whose measurement d a t a  would be  used f o r  e s t a b l i s h -  

ing  model parameter  v a l u e s  and whose s l e d  t e s t  r e s u l t s  

would be  used f o r  comparison. Tab les  3 .1  and 3.2 g i v e  t h e  

i n d i v i d u a l  d a t a  and group s t a t i s t i c s  f o r  s e l e c t e d  measure- 

ments used i n  e s t a b l i s h i n g  t h e  d a t a  s e t  of t h e  NAMRL simu- 

l a t i o n s .  While t h e s e  r e s u l t s  were used t o  e s t a b l i s h  model 

parameter  v a l u e s ,  t h e  manner i n  which t h e s e  d a t a  a r e  used 

depends upon c e r t a i n  modeling assumptions and o t h e r  non- 

obvious procedures .  I n  a d d i t i o n ,  f o r  o t h e r  parameters  

used i n  t h e  model t h e r e  a r e  no exper imenta l  d a t a  from 

which t o  d e r i v e  r e l i a b l e  parameter  c o n s t a n t s .  For  t h e s e  

r e a s o n s ,  t h e  fo l lowing  s u b s e c t i o n s  a r e  inc luded  t o  docu- 

ment t h e  procedures  used t o  d a t e  i n  t h i s  s tudy .  

1. Segment s p e c i f i c a t i o n s  - l e n q t h s ,  masses,  

c e n t e r s  of masses,  and moments of i n e r t i a .  

a .  Torso and E x t r e m i t i e s .  Torso  l e n g t h  was 

computed a s  t h e  d i s t a n c e  from t r o c a n t e r i o n  h e i g h t  t o  c e r -  

v i c a l e  h e i g h t  a s  measured i n  t h e  s e a t e d  p o s i t i o n .  A s  

shown i n  F i g u r e  3 .1 ,  t h e  t o r s o  is  d i v i d e d  i n t o  t h r e e  

segments.  I n i t i a l l y ,  t h e  l e n g t h s  of t h e s e  i n d i v i d u a l  

segments were determined by p r o p o r t i o n i n g  them t h e  same 

r e l a t i v e  t o  t o t a l  t o r s o  l e n g t h  a s  i s  used i n  t h e  MVMA-2D 







TABLE 3 . 2  

WT (KG) 
S T A T  (Cd)  
EYSITR? 
E E A C C I F  
EACEHC 
AEIKSE 
SUFNKCIf i  
I N F 8 K C I E  
A C f i B A D L G  
RADSTY IG 
f i A N D L G  
TRCf EMLG 
FIBULALG 
NPMSi11tiT 
IHBGBT S 
G L A B L H ' I S  
C 7 H 1  S 
TliCSCHHTS 
C 7  S X  
c7  SZ 
?3AG S X  
T F A G  SZ 
5FL B Y G  
5TR T J T F  
STR F L X E  
E 2 N E C l T E  
F3EXTF 
F4FLEXF 
F S A G B C H  

S I C  D E V  
-..-.I-..).. 

4.1 
2 . 3  
1.3 
2.7 
0. i3 
0.5 
1.2 
1.1 
1 . 3  
0.7 
i.6 
1.4 
1.5 
1.5 
1.4 
1.6 
1.7 
C. 8 
2.6 
1.7 
3.4 
1.4 
6 .  3 
3 .6  
2. 3 
2 . 5  
4.2 
5.3 
9.0 



b a s e l i n e  d a t a  s e t 1  f o r  50th p e r c e n t i l e  males.  I n  t h i s  d a t a  

s e t  t h e  lower-most segment corresponds t o  t h e  p e l v i c  mass 

and i s  20% of t h e  t o r s o  l eng th .  The middle and upper t o r s o  

segments a r e  about  25 and 55 pe rcen t  of t h e  t o r s o  l e n g t h  

r e s p e c t i v e l y .  These p ropor t ions  a r e  somewhat a r b i t r a r y ,  how- 

e v e r ,  and were l a t e r  changed i n  t h i s  s tudy t o  4 4  and 36 per-  

c e n t  r e s p e c t i v e l y  i n  o r d e r  t o  provide  f o r  t o r s o  bending 

above t h e  c h e s t  r e s t r a i n t  b e l t .  I n  most of t h e  r e s u l t s  

presented  l a t e r  i n  t h i s  c h a p t e r ,  however, t h e  upper and 

middle t o r s o  j o i n t s  ( j o i n t s  3 and 4 )  have been made essen-  

t i a l l y  r i g i d  s o  t h a t  t h e  t o r s o  bends only  a t  t h e  h i p  j o i n t  

( s e e  s e c t i o n  7 )  . 
Extremity segment l e n g t h s  were determined d i r e c t l y  from 

t h e  averaged anthropometric  measures taken i n  t h i s  s tudy.  

I n i t i a l l y ,  t rocanter - femoral  l e n g t h  was used f o r  upper l e g  

l e n g t h ,  f i b u l a  l eng th  f o r  lower l e g ,  r a d i a l e - s t y l i o n  p l u s  

hand l e n g t h  f o r  lower arm, and acromion-radiale  f o r  upper 

arm leng th .  A t  a  l a t e r  p o i n t  i n  t h e  s tudy ,  t h e  arm segments 

were removed and one h a l f  of t h e  upper arm mass was added t o  

t h e  upper t o r s o  mass. This  was done when it was r e a l i z e d  from 

t h e  h igh speed f i l m s  t h a t  t h e  arms were r e s t r a i n e d  by s t r a p s .  

Mass and moment of i n e r t i a  va lues  f o r  t h e  t o r s o  were 

a l s o  s c a l e d  i n  p ropor t ion  t o  segment v a l u e s  i n  t h e  b a s e l i n e  

d a t a  r e l a t i v e  t o  t o t a l  body mass minus t h e  mass of t h e  head 

and neck. Segment masses were sca led  i n  d i r e c t  p ropor t ion  

t o  segment l e n g t h  whi le  moments of i n e r t i a  were s c a l e d  t o  

t h e  b a s e l i n e  d a t a ,  by p ropor t ions  of mass times segment 

l eng th  squared. 

Dis tances  from l i n k  ends ( i . e . ,  j o i n t s )  t o  segment 

c e n t e r s  of mass were s c a l e d  t o  t h e  b a s e l i n e  d a t a  propor- 

t i o n s .  These va lues  were a l l  ad jus ted  a p p r o p r i a t e l y  when 

- - - -  - -  -- 

' ~ h i s  b a s e l i n e  d a t e  set f o r  t h e  MVMA-2D model has been es- 
t a b l i s h e d  and modified over  t h e  y e a r s  from e x i s t i n g  and newly 
acquired  d a t a  and cont inues  t o  be updated and improved a s  t h e  
model i s  used. 



t h e  upper t o r s o  j o i n t  ( j o i n t  3) was moved u p .  The 

va lues  shown i n  Table 3.3 a r e  t h o s e  used i n  t h e  NAMRL 

d a t a  set f o r  t h e  r e s u l t s  of t h i s  r e p o r t .  

Table 3.3 

Torso and Extremity Segment S p e c i f i c a t i o n s  
For NAMRL Data S e t  

End of Link t o  IYY 2 
Segment Length(cm) Center of Mass (cm) Mass (kg) (Kg-m ) 

Upper t o r s o  20.3 10.15 
( i n c l u d e s  
1/2 upper 
arm mass) 

Middle t o r s o  23.9 8.8 9.5 .1343 

Hip 10.8 4.2 8.4 ,1995 

Upper l e g  40.7 18 .5  17.62 ,2705 

Lower l e q  40.7 28.8 9 .5  ,3412 

b. Head and Neck Mass and Moment of I n e r t i a .  A 

c o r r e l a t i o n  of anthropometric  dimensions wi th  head mass 

and moment of i n e r t i a  measurements on f i v e  male cadavers  

from a  s tudy  by Chandler,  e t  a l . ,  1975 ( 3 )  showed t h a t  

head mass i s  h igh ly  c o r r e l a t e d  wi th  head circumference and 

t h a t  moment of i n e r t i a  i s  h igh ly  c o r r e l a t e d  wi th  t h e  
2 q u a n t i t y  [ (menton t o  v e r t e x )  + (head l e n g t h )  I x [head 

c i rcumference] .  Accordingly,  t h e s e  anthropometric  

measures from t h e  f i v e  NAMRL s u b j e c t s  were used wi th  t h e s e  

measures from cadavers  t o  o b t a i n  e s t i m a t e s  f o r  head mass 

and head moment of i n e r t i a .  Neck mass was obta ined by 

s c a l i n g  t o  t h e  head mass i n  p ropor t ion  t o  t h e  MVMA base- 

l i n e  d a t a ,  and was d i s t r i b u t e d  w i t h  33 pe rcen t  a t  t h e  

condyles and 67 pe rcen t  a t  t h e  lower neck j o i n t .  To t h e  

head mass and moment of i n e r t i a  were added t h e  mass and 

moments of  i n e r t i a  due t o  t h e  ins t rument  packages g iven 
2  a s  .522 kg and ,0075 kg-m r e s p e c t i v e l y  by Ewing and 

Thomas ( 9 ) .  These c a l c u l a t i o n s  r e s u l t e d  i n  t h e  fo l lowing 



v a l u e s  f o r  t h e  NAMRL d a t a  set.  

Instrumented Head Mass = 4.615 Kg 

Instrumented Head Iyy  = .024 Kg-m 
2 

Neck Mass = 1.194 Kg 

c .  Neck l e n g t h  and l o c a t i o n  of head c.g.  While 

x-rays of t h e  NAMRL s u b j e c t s  were no t  a v a i l a b l e ,  a n  

e s t i m a t e  of neck l e n g t h  and l o c a t i o n  of t h e  head c e n t e r  of  

g r a v i t y  r e l a t i v e  t o  t h e  o c c i p i t a l  condyles  was ob ta ined  

by u s i n g  x-ray f i l m s  from young male s u b j e c t s  of t h e  IIHS 

s t u d i e s .  The X and Z d i s t a n c e s  from t r a g i o n  t o  t h e  con- 

d y l e s  were measured and s c a l e d  and added t o  t h e  average  

d i s t a n c e s  o f  t r a g i o n  t o  head c e n t e r  o f  g r a v i t y  determined 

by Ewing, e t  a l .  ( 8 ) ( i . e . ,  t h e  head c .g .  l i e s  2 .1  cm 

above and 1 .3  cm forward of t r a g i o n ) .  To t h i s  was added 

t h e  d i s t a n c e  t h e  head c .g .  i s  s h i f t e d  by t h e  instrumen- 

t a t i o n  package which i s  g iven  by Ewing and Thomas (9) a s  

.35 cm forward and .2 cm down. Neck l e n g t h  was es t ima ted  

by us ing  anthropometry r e s u l t s  f o r  t h e  f i v e  NAMRL s u b j e c t s  

i n  o r d e r  t o  l o c a t e  t r a g i o n  and c e r v i c a l e  i n  two dimensions. 

X-ray measurements from t h e  IIHS young males were u t i l i z e d  

i n  o r d e r  t o  l o c a t e  t h e  condyles  and C7-T1 r e l a t i v e  t o  

t h e s e  e x t e r n a l  anatomical  p o i n t s .  The neck l e n g t h  was t h e n  

computed a s  t h e  s t r a i g h t  l i n e  d i s t a n c e  from C7-Tl t o  t h e  

o c c i p i t a l  condyles .  The r e s u l t s  of t h e s e  measurements and 

c a l c u l a t i o n s  gave t h e  fo l lowing va lues :  

x  d i s t a n c e  condyles t o  head c .g .  = 2.47 cm 

z d i s t a n c e  condyles t o  head c . g .  =-4.16 cm 

neck l e n g t h  =11.2 cm 

where t h e  p o s i t i v e  x a x i s  i s  forward i n  t h e  F r a n k f o r t  

p l a n e  and p o s i t i v e  z i s  down. 



2 .  Head and Neck Range of  Motion. S ince  t h e  p h y s i c a l  

s i t u a t i o n  being s imula ted  involved p r i m a r i l y  s a g i t t a l  p lane  

movements,only t h e  s a g i t t a l  p lane  range  of motion r e s u l t s  

need t o  b e  cons idered  he re .  These r e s u l t s  g i v e  a  measure 

f o r  t h e  maximum head ang le  forward ( f l e x i o n )  and maximum 

head ang le  rearward ( e x t e n s i o n )  from t h e  F r a n k f o r t  p lane  

p o s i t i o n  achieved v o l u n t a r y  e f f o r t .  

a r e  t h e  cumula t ive  r e s u l t  of bending a t  

While t h e s e  a n g l e s  

s e v e r a l  a r t i c u l a -  

t i o n s  a long t h e  l e n g t h  of  t h e  neck ( i . e . ,  a t  each c e r v i c a l  

d i s k )  and a t  t h e  condyles ,  t h e  MVMA-2D model c o n s i d e r s  on ly  

two neck j o i n t s  connected by a  s t r a i g h t - l i n e  segment neck. 

While t h e s e  j o i n t s  may be  p o s i t i o n e d  a s  d e s i r e d ,  i t  was 

cons idered  most r easonab le  t o  i n i t i a l l y  cons ide r  t h e  upper 

neck j o i n t  t o  be a t  t h e  o c c i p i t a l  condyles and t h e  lower 

neck j o i n t  t o  be a t  t h e  C7-T1 d i s k .  For range-of-motion 

i n p u t  s p e c i f i c a t i o n s ,  t h e n ,  t h e  model r e q u i r e s  t h a t  j o i n t  

s t o p  a n g l e s  f o r  movement of t h e  neck r e l a t i v e  t o  t h e  t o r s o  

and movement of t h e  head r e l a t i v e  t o  t h e  neck be s p e c i f i e d .  

F igure  3 .2  i l l u s t r a t e s  t h e s e  r e q u i r e d  s t o p  ang les  where t h e  

V E R T I C A L  

NEUTRAL 

EXTENSION FLEXION 

I2 TORSO L I N E  

F igure 3.2 Range-of-Motion "Stop" Angles used i n  MVMA- 
2D Crash V i c t i m  S imu la to r .  



maximum f l e x i o n  and e x t e n s i o n  of t h e  neck r e l a t i v e  t o  t h e  

t o r s o  a r e  l a b e l e d  y and 6 r e s p e c t i v e l y ,  and t h e  maximum 

a n g l e  of t h e  head beyond t h e  neck a n g l e  i n  f u l l  f l e x i o n  

and ex tens ion  a r e  a and 6 r e s p e c t i v e l y .  The problem, t h e n ,  

i s  t o  de termine  t h e s e  ang les  from t h e  range-of-motion 

r e s u l t s .  Two p o s s i b l e  s o l u t i o n s  were cons idered .  

The f i r s t  approach cons idered  was t o  measure a ,  6 ,  y ,  

and 6 d i r e c t l y  from y-camera photographs. The d i f f i c u l t y ,  

of c o u r s e ,  i s  t o  l o c a t e  t h e  condyles and t h e  C7-T1 d i s k .  

These p o i n t s  were e s t i m a t e d ,  however, by us ing  average  

measures of t h e  x  and z d i s t a n c e s  from C7-T1 t o  c e r v i c a l e  

and t r a g i o n  t o  t h e  condyles ob ta ined  from x-rays  of young 

males i n  t h e  IIHS s tudy.  These d i s t a n c e s  were then  s c a l e d  

a p p r o p r i a t e l y  and marked o f f  from c e r v i c a l e  and t r a g i o n  on 

t h e  p r o j e c t e d  NAMRL range-of-motion photographs. I n  t h i s  

way, t h e  ang le  of t h e  neck r e l a t i v e  t o  t h e  t o r s o  l i n e  

(assumed t o  be  v e r t i c a l )  was measured d i r e c t l y  i n  f l e x i o n ,  

e x t e n s i o n ,  and F r a n k f o r t  p o s i t i o n s .  The ang le  of t h e  head 

r e l a t i v e  t o  t h e  neck was measured a s  t h e  ang le  between 

t h e  pe rpend icu la r  t o  t h e  F r a n k f o r t  p l a n e  and t h i s  neck 

a n g l e  l i n e .  While t h e r e  i s  some inaccuracy i n  t h e  

measurements due t o  t h e  d i f f i c u l t y  i n  l o c a t i n g  c e r v i c a l e  

i n  ex tens ion  and t h e  u n c e r t a i n t y  of t h e  change i n  o r i e n -  

t a t i o n  of C, d u r i n g  f l e x i o n  and e x t e n s i o n ,  some cons i s -  

t e n c y  i n  t h e  method was found and average v a l u e s  f o r  a ,  

B , y and 6 were determined t o  be:  

C1 - - -3.5O 

6 - - 64 .9 '  

Y - - 64.4' 

6 - - 19. 0° 

The sum of t h e s e  a n g l e s  should equal  t h e  t o t a l  s a g i t t a l  

range of motion and i s  144.8 degrees  compared t o  144.5 

degrees  determined by or thogonal  photogrammetry techniques  

f o r  t h e s e  f i v e  s u b j e c t s .  



When t h e  j o i n t  s t o p  ang les  a r e  determined i n  t h i s  

way (where t h e  o r i e n t a t i o n  of t h e  neck i s  cons idered  t o  

be t h a t  of t h e  s t r a i g h t  l i n e  segment connect ing C7-T1 t o  

t h e  condyles)  some of t h e  range of motion due t o  a r t i c u -  

l a t i o n s  a t  neck j o i n t s  i s  a t t r i b u t e d  t o  t h e  upper neck 

j o i n t  i n  t h e  model. While t h i s  may be a r easonab le  way 

of d i v i d i n g  t h e  range of motion between t h e  two j o i n t s ,  

it does have some drawbacks. I f  t h e  upper neck j o i n t  i s  

t o  r e p r e s e n t  t h e  o c c i p i t a l  condyles ,  which is  an impor tant  

a r t i c u l a t i o n  between t h e  l a r g e  mass of t h e  head and t h e  

r e l a t i v e l y  smal l  e x t e n s i b l e  neck, then i t  i s  perhaps more 

impor tant  t h a t  t h e  j o i n t  s t o p  ang le  s p e c i f i c a t i o n  f o r  t h i s  

j o i n t  be  c o r r e c t  even though t h i s  means t h a t  t h e  lower 

j o i n t  assumes t h e  cumulat ive range of motion f o r  a l l  o t h e r  

neck j o i n t s .  

A s  a r e s u l t  of t h e s e  c o n s i d e r a t i o n s ,  a second 

approach was used t o  determine t h e  j o i n t  s t o p  ang les  needed 

i n  t h e  model. I n  t h e  IIHS s a g i t t a l  s tudy ,  x-rays were 

t aken  whi le  s u b j e c t s  performed f u l l  f l e x i o n  and f u l l  ex- 

t e n s i o n  movements. From t h e s e  x- rays ,  t h e  change i n  

anq le  of C,  ( t h i s  i s  n e a r l y  t h e  same a s  t h e  ang le  of C, - L 
- I 

and e a s i e r  t o  measure) r e l a t i v e  t o  t h e  v e r t i c a l  was used 

f o r  t h e  lower neck j o i n t  range of motion, whi le  t h e  change i n  

head ang le  ( a s  determined by t h e  Frankfor t  p lane)  r e l a t i v e  

t o  C2 was used f o r  t h e  condyle range of motion. The 

r e s u l t s  of t h e s e  measures gave: 

While t h e s e  v a l u e s  were no t  determined from t h e  NAMRL 

s u b j e c t  d a t a ,  t h e  t o t a l  range of motion which i s  t h e  sum 

of t h e s e  ang les  i s  144.3 degrees  compared t o  144.5 f o r  t h e  

f i v e  NAMRL s u b j e c t s .  Also,  a t - t e s t  between t h e  I IHS 



s a g i t t a l  s tudy  range-of-motion r e s u l t s  and t h e  NAMRL range- 

of-motion r e s u l t s  showed no s i g n i f i c a n t  d i f f e r e n c e  a t  t h e  

.10 l e v e l  of  s i g n i f i c a n c e .  

The primary d i f f e r e n c e  i n  t h e s e  ang les  from t h o s e  

d e r i v e d  by t h e  f i r s t  method i s  i n  ex tens ion  where t h e  

head-neck ang le  i s  2 5 . 5 O  compared t o  64.g0 and t h e  neck- 

t o r s o  a n g l e  i s  53.3' compared t o  19'. For t h e  f i r s t  

method,the t o t a l  head f l e x i o n  from v e r t i c a l  i s  a + y = 60.9' 

whi le  f o r  t h e  second it i s  66O. I n  e x t e n s i o n , t h e  f i r s t  

method g i v e s  B + 6 = 83.9' a s  compared t o  78.3' f o r  t h e  

second method. 

While NAMRL s i m u l a t i o n s  us ing  s t o p  a n g l e s  determined 

by both  of t h e s e  techniques  have been used,  s i m u l a t i o n s  

p resen ted  i n  t h i s  r e p o r t  use  t h e  r e s u l t s  of t h e  second 

approach. Di f fe rences  i n  occupant response due t o  t h e  two 

sets of  d a t a  depend upon s t i f f n e s s  v a l u e s  of t h e  j o i n t  

s t o p s ,  however. A s  w i l l  be d i scussed  i n  t h e  next  s e c t i o n ,  

t h e  v a l u e s  f o r  j o i n t - s t o p  s t i f f n e s s  be ing used a t  t h i s  

t ime r e s u l t  i n  on ly  smal l  d i f f e r e n c e s  i n  t h e  model o u t p u t  

from t h e  two s e t s  of d a t a .  

3. Pass ive  J o i n t  Torques and J o i n t  S tops .  There 

a r e  v i r t u a l l y  no d a t a  a v a i l a b l e  from which t o  de termine  

reasonab le  e s t i m a t e s  f o r  p a s s i v e  j o i n t  r e s i s t a n c e  and 

j o i n t  s t o p  c h a r a c t e r i s t i c s  of t h e  head and neck. While 

t h e  MVMA-2D modcl has t h e  c a p a b i l i t y  t o  s imula te  t h e s e  

to rques  by s e v e r a l  s o u r c e s ,  i n i t i a l l y  a l l  pass ive  

r e s i s t a n c e  c o e f f i c i e n t s  w i t h i n  t h e  range-of-motion a n g l e s  

were s e t  t o  zero  and to rques  due t o  movement beyond t h e  

j o i n t  s t o p s  were represen ted  by a  c o n s t a n t  t imes  t h e  

square  of t h e  angu la r  deformation of t h e  s t o p .  Values 

which have been used p rev ious ly  i n  t h e  MVMA-2D model f o r  

t h i s  q u a d r a t i c  angu la r  d e f l e c t i o n  c o e f f i c i e n t  a r e  2.82 

and 5.5 ~ - m / d e ~ ~  f o r  both  neck j o i n t s  a t  f l e x i o n  and 

ex tens ion  s t o p s  r e s p e c t i v e l y .  When t h e  model was run 



under these conditions (with muscle effects included) , 
however, the results showed sharp peaks of acceleration 

produced by the joint stops which were clearly not present 

in the experimental sled test results (see Figure 3.23). 

~t was clear that the joint stops were too stiff but 

intuitively the values used did not seem excessive for the 

range-of-motion angles measured on the subjects. 

An attempt to remedy this problem was made by reducing 

the joint stop angular deflection coefficients by a factor 

of 100 and also adding some appreciable viscous damping to 

the joints throughout the range of motion. The results 

were much more reasonable. While little justification can 

be offered at this time for these values other than the 

fact that good results are obtained, the explanation per- 

haps lies in the inappropriateness of the term "joint 

stops." For the purposes of this study, the joint stop 

angles were defined to be those angles at which a human 

subject is unable or unwilling to move his head any 

further in a given direction. No measurements have been 

made, however, of the forces it took to achieve this final 

position. There is little doubt that for motivated sub- 

jects the torques required to go beyond their voluntary 

effort are compatible with the magnitude of the stiffness 

coefficients used in the MVMA-2D model, and that the 

assumption that the torque is proportional to the square of 

the angle beyond the stop is reasonable. But it is also 

reasonable to expect that the joint torques have been 

increasing in some manner up to this final position. By 

reducing the quadratic coefficients and adding the viscous 

damping constant, it was possible in some suitable but 

still inexact way, to model the complex characteristics of 

the physiological joint. In addition, by adding the vis- 

cous damping coefficient, the resistive torque is made 

sensitive to angular velocity which also seems to be a 

reasonable attempt to model effects of passive tissue such 



as ligaments. There is no doubt, however, that further 

research and study is needed in this area before confidence 

in this aspect of the model will be achieved. In any case, 

for the results presented, neck viscous damping coeffi- 

cients have been set to ,01 and .03 N-m-sec/deg. for the 

upper and lower neck joints respectively. For the joint 

stop quadratic deflection coefficients which become 

effective when the joint stop angles are exceeded, the 

following values have been used: 
- - 

(flexion and extension) = ,0087 N-m/deg 2 K ~ 7 - ~ 1  

(flexion) = .0261 N-m/deg 2 Kcondyles 

Kcondyles (extension) 

In choosing the value for the condyles in extension, con- 

sideration was given to the fact that the subject is 

initially positioned very close to his measured head-neck 

joint stop angle in extension (see sections 2 and 6) where 

the resistive torques are significant. Consequently, this 

constant was maintained reasonably close to the MVMA 

baseline value. 

4. Neck Muscle Model. There are several models in 

the literature which attempt to simulate muscle based upon 

experimental observations, all of which have limitations 

and deficiencies and are simplified approximations of a 

complex mechanism. The MVMA-2D simulator models the active 

element by a spring and dashpot in series as shown in 

Figure 3.3 .  

Figure 3 .3  Muscle Element 



F igure  3.4 S i m p l i f i e d  Free-Body Diagram o f  Head and 
Neck Showing Major  Forces Invo lved  Dur ing I s o m e t r i c  
S t reng th  Tes t ing .  



Here the coefficients K(M) and C (M) are considered simple 

functions of the voluntary static moment, M (i.e., of the 

"tightness" of the muscles), as given by the following 

equations: 

From these equations it is seen that when the muscles are 

relaxed (i.e., M = O), the muscle has no effect on joint 

torque since C = 0. The muscle tension is time-dependent 

and is input to the model in tabular form. 

The values of a l l  a2, and a3 in the above equations 

are joint parameters and are dependent on the particular 

muscle strengths of the occupant and the particular joints 

involved. Baseline data for these values have been deter- 

mined by Bowman (1) and are derived from experimental data 

on the knee joint obtained by Moffatt, Hassis, and Haslam (17). 

For the lower neck joint and IM( max = 27.73 N-m, Bowman gives: 

- 1  
a2 = .153 deg 

For the NAMRL population, the actual forces in the neck 

muscles at the upper and lower neck joints were estimated from 

the measured isometric pull forces by summing moments about 

the condyles and C7-T1 respectively as shown in Figure 3.4. 

The distance R 2  was estimated from measurements taken from 

tragion to the head band during strength tests and by x-ray 

measurements from the condyles to tragion. Average values 

used for the NAMRL population were 3.32 cm and 2.1 cm res- 

pectively giving an R 2  distance of 5.42 cm. The value for 

Rn was the neck length as computed in Section 1. For the 

extensor muscles, R 1  and R 3  were estimated at 2" or 5.08 cm. 
from x-ray and skull measurements. 



Using these values and the average muscle pull force 

for the five subjects in extension (48.28 lbf.), the values 

of TE and Ti were calculated as: 

T~ = 51.5 lbf. = 229.1 N 

= 157.96 lbf. = 702.6 N 

While the baseline values for al, a2, and a3 were 

computed assuming a maximum joint torque of 2 7 . 7 3  N-m due 

to muscle, these values were used for the lower neck joint 

muscle model where the maximum estimated torque in extension 

is 5.08 cm times 702.6 N or 35.7 N-m and they were scaled to 

the condyle joint where the maximum estimated torque in 

extension is 11.6 N-m. Bowman (1) has shown that al, a2, and 

a3 may be reasonably scaled as follows from joint to joint in 

an individual or from individual to individual: 

where the subscripts I and I 1  refer to t h e  two joints involved. 

Since the distances through which the extensors act are assumed 

the same for both neck joints, the only constant that is 

altered for the condyles is al. This is scaled by the ratio 

of the maximum muscle tensions which is: 



Table 3.4 gives the muscle parameter constants used in 

simulations of this report based upon these assumptions and 

calculations. 

Table 3.4 

Muscle Parameter Values Used in NAMRL Simulations 

Parameter 
100% Muscle 

Joint al (N-m/deg) a2 (deg-') a3 (sec/deg) Torque (N-m) 

Occ . Condyles .053 .I53 .0129 11.6 

For neck stretch, these constants were converted to 

lineal coefficients (as opposed to angular) and scaled appro- 

priately by considering the total muscle tension due to flex- 

ors and extensors. For computing flexor muscle tension a 

similar technique of taking moments about C7-T1 was used con- 

sidering the primary muscle group (the sternomastoids) to act 

at an average distance of about 1" (R4) relative to the lower 

neck joint. For the average flexion pull strength for the 5 

NAMRL subjects of 36 lbf. and the same values of !L2 and in as 

for extension (see Figure 3.4), a maximum flexor tension of 

235.5 lbf. or 1047.5 N is calculated. When added to the maxi- 

mum extensor muscle tension of 702.6 NI the total neck muscle 

tension is estimated to be 1750.1 N or 393 lbf. Bowman (1) 

has shown that the muscle parameter constants in neck stretch, 
R R R 
al, a2, and a3, are related approximately to the angular 

coefficients used above - a11 a21 a3 - by: 



where R is the moment arm distance for the angular constants, 

taken in this study to be the average for extension and 

flexion or 1.5". Using all a2, and a3 from the baseline data 

gives : 

In addition to these parameter values which the model 

uses to compute K(m) and C(m), values for the maximum muscle 

tension and torque are required. In previous studies (22,23) 

it has been assumed that for the situation where there is 

prior warning of impact, an individual will be able to pre- 

tense his neck muscles to 100% or more of the tension 

measured in an isometric laboratory exertion. On further 

examination of this question in this study, it appears that 

this may be an inaccurate assumption. Rased upon subjective 

feelings and a h r i c i  s t  w l y  of' 15MG s i c j n ; ~  I: ; ,  i t dppcars  that an 

individual is only able to develop about 1/4 to 1/2 of his 

maximum isometric pull strength when tensing without an ex- 

ternal reacting surface. Thus, even for the NAMRL subjects 

who are fully prepared for the impact and are aware of the 

exact time it will occur, it is questionable whether they 

can be "fully" tensed at time t = 0. As a result of these 

considerations, muscle tensions and torques were set at 33% 

of maximum and maintained constant throughout the simulations. 

Whether the constant tension assumption is reasonable is un- 

known at this time. It may be that the muscles build quickly 

(in 50 msec or less) to their maximum tension once the head 



begins to angulate, and this time may be even shorter than 

the reflex times measured in this study since the muscles are 

already in an active state. It may also be, however, that 

the muscle is somehow "cut out" by the violent stretching pro- 

duced by the impact. The problem requires further study and 

experimental testing. 

In any case, rather than attempting to guess some time- 

dependent muscle input function, a constant muscle tension or 

torque of 3 3 %  of maximum was used. This resulted in the 

following values for the five NAMRL subjects: 

Maximum muscle torque about condyles = 3 .87  N-m 

Maximum muscle torque about C7-T1 = 11.9 N-m 

Maximum muscle force in neck stretch = 5 8 3 . 4  N 

5. Neck Stretch and Compression Parameters. The MVMA- 

2D model simulates the stretch and compression characteristics 

of the neck due to passive tissue by a spring-damper combination. 

von Gierke (24) has reported that the undamped natural frequency 

of the head caused by z-excitation of the upper torso is about 

30 Hertz. A first-order spring rate for the neck can be 

approximated by: 

Ks = 4n2f * ( M ~  + 1/3 Mn); 
0 

where Mh = head mass and Mn = neck mass. 

For NAMRL subjects Mh = 4.093 Kg and Mn = 1.533 Kg. Using 

fo = 30 Hz gives Ks = 1636 N/cm. 

For a mass-spring-damper model of the human body with 

spinal column, von Gierke ( 2 4 )  gives a range of .221 to .266 

for the damping ratio for the composite spinal column. For 

lack of better data, an estimate of one fourth of this has been 

assumed reasonable for the cervical spine alone. 



Using a value of . 2 4 3  from von Gierke's data, and with the 

critical damping value given by 2 4  K(Mh + 1/3 Mn) the 

damping coefficient is given by: 

6. Neck and Head Initial Angles. Initial neck angle 

was based upon the results of Ewing, et al., 1975 (10) in which 

the neck angle was calculated from the coordinates of the head 

anatomical and TI anatomical origin locations at first sled 

motion. By this procedure, the neck angle is estimated by a 

line drawn from the anterior-superior corner of TI through 

tragion. For the five NAMRL subjects the average neck angle 

is approximately 20 '  to the vertical. 

Head angle is determined by the pitch orientation of the 

Frankfort plane relative to the vertical. Initial head angle 

was determined from the sled test experimental curves for head 

pitch angle at time t = 0.  For the 6 G runs the average head 

angle for the five subjects was calculated to be 95.54 degrees 

(head back) while for the 15 G runs the average head angle was 

calculated as 93.64 degrees (head back). 

7. Restraint System. One of the most difficult 

aspects of the sled test simulation was in modeling the 

restraint system. While complete satisfaction in this 

area has still not been achieved, some reasonable progress 

has been made as reported in the results in Section C of 

this chapter. As an initial step, two pieces of the 

webbing material used in the restraint system were tested 

for stress-strain characteristics under static loading 



c o n d i t i o n s .  From t h e s e  tes t s  a  v a l u e  of  K = 112,000 N 

pe r  u n i t  s t r a i n  was determined and used i n  t h e  model. 

Because of t h e  manner i n  which t h e  b e l t s  a r e  p laced 

dur ing  t h e  s l e d  tests and because a c t u a l  b e l t  load ing  

curves  a r e  n o t  measured, it i s  d i f f i c u l t  t o  determine 

e x a c t l y  how t h e  b e l t  f o r c e s  i n t e r a c t  w i t h  t h e  t o r s o  ( i . e . ,  

where t h e  b e l t s  g r a b  o r  push on t h e  t o r s o ) .  F igure  3 .5  

shows t h e  a c t u a l  b e l t  c o n f i g u r a t i o n  whi le  F igure  3 .6  shows 

t h e  f i n a l  b e l t  c o n f i g u r a t i o n  used i n  t h e  s imula t ions  pre-  

sen ted  i n  t h i s  r e p o r t  and desc r ibed  below. 

a .  Lap b e l t .  The l a p  b e l t  was a t t a c h e d  t o  t h e  

a n t e r i o r - s u p e r i o r  p a r t  of t h e  h i p  segment and anchored t o  

t h e  s l e d  behind and below t h e  p o i n t  of at tachment  t o  t h e  

occupant .  The f o r c e  s t r a i n  c h a r a c t e r i s t i c s  were doubled 

from t h a t  determined above s i n c e  t h e r e  a r e  e f f e c t i v e l y  

two l e n g t h s  of webbing r e s t r a i n i n g  t h e  s u b j e c t  ( i . e . ,  

t h e  b e l t  wraps around t h e  s u b j e c t  and i s  anchored a t  two 

p o i n t s  on t h e  s l e d ) .  

b. Upper and Middle Torso b e l t s .  From repea ted  

o b s e r v a t i o n s  of high speed f i l m s ,  t h e  impression was ga ined 

t h a t  t h e  primary r e s t r a i n i n g  of  t h e  t o r s o  i s  a  r e s u l t  of 

b e l t  f o r c e s  a p p l i e d  t o  t h e  c h e s t  i n  t h e  reg ion  of o r  j u s t  

below t h e  sternum, and t h a t  t h e  f o r c e s  r e s t r a i n i n g  a t  T1 

and t h e  shou lde r s  a r e  n o t  s u f f i c i e n t  t o  prevent  some 

f l e x i o n  of t h e  t o r s o  above this p o i n t .  I n i t i a l l y  it was 

thought  t h a t  t h e s e  f o r c e s  a t  t h e  c h e s t  were due t o  t h e  

c h e s t  b e l t  which wraps around from behind and passes  j u s t  

beneath t h e  arms. L a t e r  i n  t h e  s tudy ,  D r .  Thomas i n d i c a t e d  

t h a t  t h i s  b e l t  i s  on ly  a  backup s a f e t y  b e l t  and has too  

much i n i t i a l  s l a c k  t o  be of major importance,  This  p o i n t  

i s  academic t o  t h e  s imula t ion ,  however, s i n c e  i t  only  

means t h a t  t h e  shou lde r  b e l t s  have t h e i r  primary r e s t r a i n i n g  

a c t i o n  on t h e  c h e s t  r a t h e r  t h a n  t h e  shoulders .  With t h e s e  

p o i n t s  i n  mind, t h e  t o r s o  r e s t r a i n t  system was modeled a s  

shown i n  F igure  3 .6 .  



Figure 3.5 Front and Side Photographs of NAMRL Subject in 
Sled Chair Showing Restraint System. 



F igure  3.6 MVMA-ED Simulated Occupant Showing R e s t r a i n t  
System C o n f i g u r a t i o n .  



The shoulder  b e l t s  a r e  s imula ted  by one b e l t  ( b e l t  2 )  

which anchors s l i g h t l y  above and behind t h e  shou lde r s  and 

a t t a c h e s  t o  t h e  s u p e r i o r - a n t e r i o r  r eg ion  of t h e  upper 

t o r s o  segment, and a  second b e l t  ( b e l t  3 )  which a t t a c h e s  

j u s t  below t h i s  b e l t  on t h e  upper t o r s o  and anchors 

v e r t i c a l l y  below near  t h e  h i p .  The c h e s t  r e s t r a i n i n g  

f o r c e s  a r e  s imula ted  by a  r i g i d  c o n t a c t  sur face1 ( l i n e  4 ) 

which i s  s p e c i f i e d  such t h a t  it i s  i n i t i a l l y  i n  c o n t a c t  

w i t h  a  c o n t a c t  e l l i p s e  on t h e  s u p e r i o r - a n t e r i o r  p a r t  of 

t h e  middle t o r s o  segment, j u s t  below j o i n t  3 .  

I n  o r d e r  t o  s imula te  s l i p p i n g  of t h e  shou lde r s  r e l a -  

t i v e  t o  t h e  shoulder  b e l t s ,  two t echn iques  were used. 

F i r s t ,  a  model o p t i o n  was implemented f o r  b e l t s  2 and 3 

which l i m i t s  t h e  t e n s i o n  i n  b e l t  t h r e e  t o  50% of t h e  

t e n s i o n  i n  b e l t  2 .  Second, i n  o r d e r  t o  s imula te  s l i p p i n g ,  

t h e  b e l t  m a t e r i a l  p r o p e r t i e s  of b e l t  two were a l t e r e d  from 

t h e  measured webbing p r o p e r t i e s  f o r  t h e  f i r s t  5 c e n t i m e t e r s  

of  Tl  movement a s  shown i n  F igure  3 . 7 .  A s  i l l u s t r a t e d ,  

ACTUAL BELT 
STIFFYESS 

DEFLECTION (cm) 

-- - - -- --  

F igure 3.7 Force-Defl e c t i  on Spec i f i ca t i ons  f o r  Upper 
Torso Be1 t s .  

' s ince t h e  b e l t  system i n  t h e  MVMA-2D model i s  n o t  
s u f f i c i e n t l y  g e n e r a l  t o  r e p r e s e n t  t h e  complex r e s t r a i n t  sys-  
t e m  used i n  t h e  NAMRL t e s t i n g ,  a  f a k e - b e l t  was needed t o  
s i m u l a t e  t h e  c h e s t  r e s t r a i n t .  



the slipping force is set equal to 70 N for the belts 

on the two shoulders. At 5 centimeters of slip, the 

measured belt properties (considering lengths and numbers 

of webbings) take effect. 

As discussed in Section B.1, the option to include tor- 

so flexion resulting from belt slip at the shoulders is pro- 

vided for by placing joint 3 just above the chest restrain- 

ing belt. For most runs in this report, however, the stiff- 

ness coefficient of joint 3 is set to a value which makes 

the torso essentially rigid from joint 2 to joint 5. 

c. Chest Compliance. In comparison to the chest 

compliance, the belt material may be considered essentially 

rigid and so, for simplicity, the contacting surface used 

to simulate the belt acting on the chest was made rigid. 

Values of chest compliance in the literature cover a wide 

range depending on the condition of the cadaver, the rate 

of force application, and the size and mass of the deform- 

ing disk. Most experiments use a disk of about 6" dia- 

meter applied to the sternal area of the chest, and it is 

doubtful that the compliance factor arrived at in this 

manner would agree with that obtained by using a belt of 

low mass which contacts a substantial surface of the chest. 

As a result of these considerations, a value for the chest 

compliance of 1000 lb./in. or 1751 N/cm was arbitrarily 

specified for the middle torso contacting ellipse. Effects 

of this varying compliance factor will be illustrated. 

C. NAMRL Simulations 

1. General. This section contains the graphical 

comparisons of the MVMA-2D simulations and experimental 

results for 6 and 15 G sled runs. Unless otherwise noted, 

the simulations use the data set described in Section B of 

this chapter developed from physical measurements on the 

5 NAMRL subjects (described in Chapter 2) and other avail- 

able data and assumptions. ~ b r  each run the time dependent 



variables of head angular acceleration, head angular 

velocity, head angular position, head resultant acceler- 

ation, and where appropriate, T1 resultant acceleration 

are plotted and compared with experimental results. In 

all cases, a dashed line is used for simulations while a 

solid line is used for the average experimental curves. 

These average curves are shown by the dashed lines in each 

plot of Appendix C which illustrate the individual response 

curves from which these averages were obtained. Except for 

the TI resultant accelerations at 15 GIs, it is seen that 

all 5 subjects show very consistent and similar responses. 

2. Results using T I  acceleration input. 

a. General. Initial attempts to simulate the NAMRL 

sled tests at 6 and 15 GIs were less than satisfactory. 

Because of the uncertainty in modeling the restraint 

system, it was difficult to know whether adjustments 

were needed in occupant parameters or in the restraint 

system. In order to separate these two factors and allow 

"tuning" of head and neck parameters for optimal matching 

to sled test results, it was decided to fix TI rigidly to 

the sled and use the experimentally determined linear TI 

accelerations in the x and z directions as sled acceleration 

input curves. Use of T I  angular acceleration was also 

considered but a review of the NAMRL results for this 

signal and for T1 angular position suggested that this 

was not always a reliable measurement. Figures 3.8 and 

3.9 illustrate these TI acceleration curves obtained by 

averaging the data for the five NAMRL subjects. 

Figures 3.10 and 3.11 illustrate the simulation 

results for head angular acceleration, velocity, and 

position, and head resultant linear acceleration in compa- 

rison to the averaged sled test results at 6 and 15 G's 

respectively. These results were obtained after some 
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Muscle Tension = 33% Maximum. 
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F i g u r e  3.11 S imu la t i on  Resu l ts  Using 15  G TI Acce le ra t i ons -  
Muscle Tension = 33% Maximum. 



ad jus tments  i n  parameters  such a s  j o i n t  v i scous  f r i c t i o n ,  

j o i n t  s t o p  s t i f f n e s s ,  and muscle t e n s i o n  a s  d i s c u s s e d  i n  

S e c t i o n  B of t h i s  Chapter .  The i n i t i a l  neck a n g l e  i s  

70 d e g r e e s  from t h e  h o r i z o n t a l  i n  bo th  c a s e s  and t h e  i n i -  

t i a l  head a n g l e s  a r e  95.4 and 93.6 degrees  from t h e  h o r i -  

z o n t a l  (head s l i g h t l y  back) f o r  t h e  6  and 1 5  G runs  r e s -  

p e c t i v e l y .  From t h e s e  c u r v e s ,  it i s  seen t h a t  t h e  simu- 

l a t i o n s  match t h e  exper imenta l  cu rves  q u i t e  w e l l .  I n  bo th  

s i m u l a t i o n s ,  however, t h e  i n i t i a l  s p i k e  i n  head angu la r  

a c c e l e r a t i o n  i s  s m a l l e r  and more rounded t h a n  i n  t h e  ex- 

pe r imenta l  r e s u l t s  and t h e  head a n g u l a r  p o s i t i o n  curves  

r ise e a r l i e r  b u t  a t  s i m i l a r  s l o p e s .  A t  6 G ' s  t h e  a n g u l a r  

v e l o c i t y  shows a  p l a t e a u  on t h e  downward s l o p e  b u t  t h i s  

occurs  l a t e r  t h a n  i n  t h e  exper imenta l  curve .  While t h e s e  

r e s u l t s  could  perhaps be improved by f u r t h e r  ad jus tments  

i n  t h e  parameters ,  t h i s  was n o t  cons ide red  j u s t i f i e d  due 

t o  t h e  u n c e r t a i n t y  of t h e  Tl  s i g n a l s  themselves ( i . e . ,  

review o f  t h e  high-speed f i l m s  i n d i c a t e  t h a t  t h e  T1 

acce le romete r s  have c o n s i d e r a b l e  movement r e l a t i v e  t o  T l ,  

e s p e c i a l l y  i n  1 5  G t e s t s ) .  

b. E f f e c t s  of Muscle Tension. The q u e s t i o n  of 

t h e  importance of  muscle mechanics on t h e  dynamic response  

of t h e  head and neck has been o f  i n t e r e s t  i n  r e c e n t  y e a r s .  

While t h i s  s t u d y  has  n o t  completely reso lved  t h e  q u e s t i o n ,  

some p r e l i m i n a r y  i n s i g h t  has been gained and a l s o  t h e  

v a l i d i t y  of t h e  assumption of  33% maximum muscle t e n s i o n  

has  been t e s t e d  by running t h e  model whi le  changing on ly  

t h e  l e v e l  of  muscle t e n s i o n .  F igures  3.12 through 3.15 

i l l u s t r a t e  t h e  r e s u l t s  ob ta ined  i f  muscle t e n s i o n  i s  s e t  

and mainta ined a t  0% and 1 0 0 %  of maximum. The g e n e r a l  

c h a r a c t e r i s t i c s  of t h e  curves  a r e  n o t  changed a p p r e c i a b l y ,  

excep t  f o r  head angu la r  p o s i t i o n .  

A t  0% of muscle t e n s i o n  ( i . e . ,  no muscle i n p u t )  t h e  

a n g u l a r  p o s i t i o n s  a r e  uncon t ro l l ed  and become u n r e a l i s t i c ,  

whi le  a t  100% muscle t e n s i o n  t h e  a n g u l a r  p o s i t i o n  i s  
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Figure 3.12 Simulation Results Using 6 G TI Acceleration- 
Muscle Tension = 0% Maximum 
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g r e a t l y  reduced.  I t  i s  i n t e r e s t i n g  t h a t  a t  15  G's t h e  

e f f e c t s  of changing t h e  muscle t e n s i o n  a r e  cons ide rab ly  

less than  a t  6 G I s .  A t  1 5  G ' s ,  t h e  a n g u l a r  a c c e l e r a t i o n ,  

a n g u l a r  v e l o c i t y ,  and head r e s u l t a n t  a c c e l e r a t i o n  curves  

a r e  changed l i t t l e  a t  100% muscle t e n s i o n  and f i t  t h e  

exper imenta l  d a t a  ext remely  w e l l  a t  0 %  muscle t e n s i o n .  

A t  6 G ' s  t h e  e f f e c t s  of muscle t e n s i o n  a r e  more d ramat ic  

i n  head a n g u l a r  a c c e l e r a t i o n  and p a r t i c u l a r l y  head angu la r  

v e l o c i t y .  

These r e s u l t s  sugges t  t h a t  f o r  t h e  6 G r u n s ,  t h e  

muscles p l a y  a  major r o l e  and t h a t  t h e  assumption of 

33% muscle t e n s i o n  i s  reasonab le .  A t  1 5  G ' s ,  t h e  muscular 

e f f e c t s  a r e  less impor tant  and they  may i n  f a c t  be e l i m i -  

na ted  by some p r o t e c t i v e  r e f l e x .  The f a c t  t h a t  t h e  angu- 

l a r  head p o s i t i o n  i n c r e a s e s  g r e a t l y  a t  0% muscle t e n s i o n  

should n o t  be a  major c o n s i d e r a t i o n  a t  t h i s  time s i n c e  t h e  

j o i n t  s t o p  r e s i s t a n c e  c o e f f i c i e n t s  used probably do n o t  

r e p r e s e n t  t h e  t r u e  p h y s i o l o g i c a l  s i t u a t i o n .  F u r t h e r ,  t h e  

c o n d i t i o n  of 0 %  muscle t e n s i o n  i s  a l s o  u n r e a l i s t i c  and 

has  been used on ly  t o  d ramat ize  t h e  e f f e c t s .  

3 .  R e s u l t s  wi th  Sled  A c c e l e r a t i o n  Inpu t  and R e s t r a i n t  

System. 

a .  General .  S ince  s a t i s f a c t o r y  r e s u l t s  were 

ob ta ined  from t h e  model s i m u l a t i o n s  w i t h  Tl f i x e d ,  it was 

assumed t h a t  e s t a b l i s h e d  parameter v a l u e s  f o r  t h e  occupant  

head and neck were a t  l e a s t  " i n  t h e  b a l l  park".  There fo re ,  

a t t e m p t s  a t  s imula t ing  t h e  complete occupant  wi th  appro- 

p r i a t e  t o r s o  and r e s t r a i n t  system modeling were undertaken.  

The f i n a l  c o n f i g u r a t i o n  of t h e  r e s t r a i n t  system used i n  t h e  

model i s  d i scussed  i n  s e c t i o n  B .7  of  t h i s  c h a p t e r  w h i l e  

F i g u r e  3 .16 shows t h e  s l e d  a c c e l e r a t i o n  p r o f i l e s  used 

f o r  6 and 15  G runs .  1 

-- -- 

l ~ h e s e  p r o f i l e s  are f o r  NAMRL's high r a t e  of o n s e t ,  
long d u r a t i o n  a c c e l e r a t i o n  p u l s e s .  
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F i g u r e s  3,17 and 3.18 show t h e  s i m u l a t i o n  r e s u l t s  

and averaged exper imenta l  r e s u l t s  a t  15  and 6 G I s  res- 

p e c t i v e l y  us ing  a  c o n s t a n t  3 3 %  maximum muscle t e n s i o n ,  

a  n e a r l y  r i g i d  t o r s o  ( i . e . ,  no bending a t  j o i n t  3 )  and 

a  c h e s t  compliance f a c t o r  of 1750 N/cm (1000 l b / i n )  . I n  

a d d i t i o n  t o  t h e  four  v a r i a b l e s  shown p r e v i o u s l y ,  T1 r e s u l -  

t a n t  a c c e l e r a t i o n s  a r e  a l s o  compared. 

A t  15  G ' s ,  t h e r e  i s  good agreement between exper i -  

mental  and s imula ted  r e s u l t s .  For angu la r  a c c e l e r a t i o n ,  

t h e  i n i t i a l  p o s i t i v e  s p i k e s  match extremely w e l l  i n  

magnitude a l though  i n  t h e  s i m u l a t i o n  t h i s  s p i k e  occurs  

about  1 0  msec t o o  soon. The i n i t i a l  n e g a t i v e  s p i k e  i s  

of cons ide rab ly  l a r g e r  magnitude i n  t h e  s imula t ion .  For 

angu la r  v e l o c i t y ,  t h e  magnitudes of t h e  peak v e l o c i t i e s  

match well a l though t h e  s i m u l a t i o n  curve  reaches  a  peak 

about  5 msec e a r l i e r  t h a n  t h e  exper imenta l  curve  and 

d e c r e a s e s  t o  ze ro  w i t h  a  g r e a t e r  s l o p e ,  r each ing  ze ro  

about  25 msec e a r l i e r .  The angular  p o s i t i o n  curves  peak 

a t  t h e  same t ime wi th  t h e  s imula t ion  peak being abou t  

,15  r a d i a n s  o r  8.5 degrees  g r e a t e r .  The two curves  rise 

t o  t h e i r  peaks w i t h  approximately t h e  same s l o p e s  a l though 

t h e  s i m u l a t i o n  curve  precedes  t h e  exper imenta l  cu rve  by 

about  10  msec. The T1 r e s u l t a n t  cu rves  match extremely 

wel l  cons ide r ing  t h e  f a c t  t h a t  t h e r e  i s  probably some 

e r r o r  i n  t h e  exper imenta l  curve  (due t o  t h e  i n a b i l i t y  t o  

a t t a c h  t h e  acce le romete r s  r i g i d l y  t o  T I )  and t h e  f a c t  t h a t  

t h e s e  curves  a r e  a  r e s u l t  of t h e  complex i n t e r a c t i o n s  of 

t h e  r e s t r a i n t  system w i t h  t h e  t o r s o  and dynamic feedback 

from t h e  head. Both curves  show t h e  bimodal n a t u r e  w i t h  

peaks of s imilar  magnitude a t  s i m i l a r  t imes .  The head 

r e s u l t a n t  a c c e l e r a t i o n s  do n o t  match q u i t e  a s  well b u t  both  

curves  a r e  of  a  similar bimodal n a t u r e  matching w e l l  i n  

magnitudes b u t  n o t  a s  w e l l  i n  times. 
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A t  6 G I s ,  t h e  matching i s  a reasonable  f i t ,  though not  

a s  c l o s e  a s  t h e  15 G r e s u l t s .  The s imula t ion  curve  f o r  an- 

g u l a r  a c c e l e r a t i o n  shows a p o s i t i v e  peak s l i g h t l y  l a r g e r  

and about  20 msec e a r l i e r  than  t h e  experimental  cu rve ,  b u t  

t h e r e  i s  e x c e l l e n t  agreement on t h e  n e g a t i v e  a c c e l e r a t i o n  

p o r t i o n  of t h e  curve.  The angular  v e l o c i t y  cu rves  match 

less w e l l  wi th  t h e  s imula t ion  having a l a r g e r  peak and,  a s  

w i t h  t h e  15 G t e s t ,  dec reas ing  t o  ze ro  a t  a  g r e a t e r  r a t e .  

The s imula t ion  curve  a l s o  does n o t  show t h e  p l a t e a u  a t  about  

150 msec al though t h e r e  i s  a s l i g h t  change i n  t h e  s l o p e  a t  

t h i s  p o i n t .  The angular  p o s i t i o n  curves  match wel l  i n  

magnitudes, b u t  aga in  t h e  s imula t ion  curve  peaks about  

4 0  msec sooner than  t h e  experimental  curve .  Head r e s u l -  

t a n t  and Tl r e s u l t a n t  a c c e l e r a t i o n  s imula t ion  curves  show 

t h e  bimodal c h a r a c t e r i s t i c s  and a r e  of s i m i l a r  magnitude 

t o  t h e  experimental  curves  b u t  t h e  second s p i k e s  occur  

e a r l i e r  ( i . e . ,  t h e  frequency i s  h igher )  f o r  t h e  s imula t ion  

curves .  

On t h e  angu la r  p o s i t i o n  curves ,  t h e  symbols i n d i c a t e  

t h e  t imes  a t  which t h e  s u b j e c t  has reached t h e  j o i n t  s t o p s  

a s  determined by t h e  procedures i n  Sec t ion  B.2. I n  bo th  

c a s e s  t h e  s u b j e c t  i n i t i a l l y  c o n t a c t s  t h e  j o i n t  s t o p  a t  t h e  

condyles wi th  t h e  head/neck j o i n t  i n  ex tens ion  ( i . e . , a n g l e ~  
i n  F i g u r e  3 . 2  i n i t i a l l y  i n c r e a s e s ) .  A t  1 5  G ' s  t h e  s u b j e c t  

r eaches  t h e  condyle j o i n t  s t o p  i n  f l e x i o n  a t  about 1 2 3  msec 

and then  reaches  t h e  lower neck j o i n t  s t o p  i n  f l e x i o n  a t  

about  132 msec. A t  6 G ' s  t h e  s u b j e c t  r eaches  t h e  condyle 

j o i n t  s t o p  i n  f l e x i o n  a t  about  156 msec and does no t  reach 

t h e  lower neck j o i n t  s t o p .  

b. Neck Forces  and Torques. F igures  3.19 and 

3.20 show t h e  magnitudes of t h e  neck j o i n t  to rques  c o n t r i -  

buted by v i s c o u s ,  muscular ,  and j o i n t  s t o p  mechanisms i n  

t h e  s imula t ions  a t  6 and 15  G ' s  r e s p e c t i v e l y .  I t  w i l l  be 

noted t h a t  t h e  c o n t r i b u t i o n s  due t o  j o i n t  s t o p s  a r e  r e l a t i v e -  
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l y  smal l  ( excep t  f o r  t h e  condyles  i n  e x t e n s i o n )  due t o  t h e  

smal l  v a l u e s  of q u a d r a t i c  d e f l e c t i o n  c o e f f i c i e n t s  used.  I t  

i s  a l s o  seen  t h a t  t h e  muscle p rov ides  t h e  major  r e s t r a i n i n g  

t o r q u e  a t  bo th  j o i n t s  and a t  b o t h  G l e v e l s ,  t h e  p r o p o r t i o n  

t o  v i s c o u s  t o r q u e s  be ing g r e a t e r  f o r  t h e  6 G s imula t ion .  

F i g u r e  3.21 i l l u s t r a t e s  t h e  neck f o r c e s  i n  t e n s i o n  

( n e g a t i v e )  and t h e  compression ( p o s i t i v e )  c o n t r i b u t e d  by 

muscle,  v i s c o u s ,  and e l a s t i c  components a t  6 and 1 5  G I s .  

I t  i s  seen  t h a t  t h e  p r o p o r t i o n a l  c o n t r i b u t i o n  of t h e  f o r c e  

due t o  muscle i s  g r e a t e r  a t  6 G I s  t han  a t  15  G ' s .  

c .  B e l t  Forces .  F i g u r e  3.22 i l l u s t r a t e s  t h e  b e l t  

f o r c e s  developed v e r s u s  t i m e  f o r  each run.  S i n c e  t h e  de- 

f l e c t i o n  of t h e  upper t o r s o  b e l t  does  n o t  exceed 5 cm 

(it r e a c h e s  about  3.5 cm a t  15  G I s )  t h e  f o r c e s  i n  t h i s  

b e l t  ( b e l t  2) and b e l t  3  ( s e e  F i g u r e  3.6)  do  n o t  exceed 

7 0  N .  A s  one might e x p e c t ,  t h e  f o r c e  t ime-curve f o r  t h e  

f a k e  c h e s t  b e l t  shows t h e  same multi-peak c h a r a c t e r i s t i c s  

a s  t h e  Tl r e s u l t a n t  a c c e l e r a t i o n  c u r v e s .  

d. E f f e c t  of I n c r e a s i n g  Neck J o i n t  S top  S t i f f n e s s .  

F i g u r e  3.23 i l l u s t r a t e s  t h e  e f f e c t  on t h e  15  G r e s u l t s  of 

i n c r e a s i n g  t h e  j o i n t  s t o p  q u a d r a t i c  d e f l e c t i o n  c o e f f i c i e n t s  

t o  what would seem t o  be more r e a l i s t i c  v a l u e s  of - 
2  2.0 ~ - m / d e ~ *  a t  t h e  condyles  and 1 . 0  N-m/deg a t  C7-Tl. 

The primary e f f e c t  (compare w i t h  F i g u r e  3.18) i s  t h e  l a r g e  

n e g a t i v e  s p i k e s  on t h e  head a n g u l a r  a c c e l e r a t i o n  curve  

which r e s u l t  from t h e  head suddenly c o n t a c t i n g  t h e  more 

r i g i d  s t o p s .  I t  w i l l  be  n o t i c e d ,  however, t h a t  t h e  peak 

head a n g l e  p o s i t i o n  i s  n o t  reduced s i g n i f i c a n t l y  from t h a t  

which r e s u l t e d  from t h e  s o f t e n e d  s t o p s  used i n  a l l  o t h e r  

s i m u l a t i o n s .  

e .  E f f e c t  of Chest  Compliance. F i g u r e s  3 .24  

and 3.25 i l l u s t r a t e  t h e  e f f e c t s  of changing t h e  c h e s t  

compliance f a c t o r  t o  3500 N/cm and 875 N / c m  r e s p e c t i v e l y .  

A s  expected ,  t h e  primary change i s  i n  t h e  f requency o r  
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times of occurrence  of t h e  peaks and v a l l e y s .  With a  

s t i f f e r  c h e s t  t h e  curves  a r e  sha rpe r  and peaks occur  

e a r l i e r .  I f  one c o n s i d e r s  t h e  T1 r e s u l t a n t  a c c e l e r a t i o n  

t o  be t h e  b e s t  measure of c h e s t  compliance, then  it would 

appear  t h a t  1751 N/cm (F igure  3.17) i s  t h e  b e s t  v a l u e .  The 

r e s u l t s  f o r  875 N/cm (F igure  3.25) a r e  compl ica ted ,  however, 

by t h e  f a c t  t h a t  t h i s  lower c h e s t  compliance allowed 

g r e a t e r  than  5  cm d e f l e c t i o n  of t h e  upper t o r s o  b e l t  and 

t h e  r e a l  b e l t  p r o p e r t i e s  came i n t o  p l a y  a t  about  96  msec. 

( s e e  F igure  3.7)  Th i s  r e s u l t e d  i n  a  sudden a d d i t i o n a l  

a c c e l e r a t i o n  t o  t h e  c h e s t  and head caus ing  t h e  curves  t o  

change shape more than  would have been produced by changing 

c h e s t  compliance a lone .  I t  i s  c l e a r  t h a t  f u r t h e r  work i s  

needed t o  improve t h i s  p a r t  of  t h e  r e s t r a i n t  system modeling. 

f .  E f f e c t  of  Reducing Condyle J o i n t  S top  S t i f f -  

n e s s  i n  Extens ion.  A s  i n d i c a t e d  i n  S e c t i o n  B.3, t h e  con- 

d y l e  j o i n t  s t o p  s t i f f n e s s  c o e f f i c i e n t  i n  e x t e n s i o n  was 

mainta ined reasonably  c l o s e  t o  t h e  MVMA-2~ b a s e l i n e  v a l u e s  at 

1 .0  N-m/deg2 whi le  o t h e r  j o i n t  s t o p  c o e f f i c i e n t s  were 

reduced s u b s t a n t i a l l y .  The reason ing  behind t h i s  was t h a t  

i n  t h e  i n i t i a l  p o s i t i o n  t h e  s u b j e c t ' s  head/neck ang le  i s  
v e r y  c l o s e  t o  t h e  maximum head/neck a n g l e  i n  e x t e n s i o n  

determined by t h e  procedures  o u t l i n e d  i n  S e c t i o n  B.2. S ince  

c o n s i d e r a b l e  e f f o r t  i s  e x e r t e d  by t h e  s u b j e c t s  t o  achieve  

t h i s  p o s i t i o n  dur ing  range-of-motion t e s t i n g ,  t h e  MVMA-2D 

c o e f f i c i e n t s  seemed a  more reasonab le  approximation t o  

model t h e  i n i t i a l  j o i n t  t o r q u e  s i t u a t i o n .  I n  an e f f o r t  

t o  de termine  t h e  a p p r o p r i a t e n e s s  of t h i s  assumption,  a  

s i m u l a t i o n  run  was made w i t h  t h i s  j o i n t  s t o p  c o e f f i c i e n t  

reduced t o  .0261 N-m/deg a s  i s  used f o r  t h e  condyles  i n  

f l e x i o n .  F igure  3.26 shows t h e  r e s u l t s  of t h i s  run.  I n  

comparing t h e s e  curves  wi th  those  of F igure  3.18, it i s  

seen  t h a t  t h e  o n l y  s i g n i f i c a n t  change i s  t h a t  t h e  i n i t i a l  

peak of t h e  angu la r  a c c e l e r a t i o n  curve  i s  reduced s l i g h t l y  

b u t  more impor tan t ,  it i s  delayed i n  t ime s o  t h a t  it i s  
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more i n  phase wi th  t h e  experimental  curve. Figure 3 . 2 7  

i l l u s t r a t e s  t he  head/neck angle  curves  f o r  t h e  two cases .  

The d i f f e r e n c e  i s  small  but  s i g n i f i c a n t  i n  terms of t h e  

time s h i f t  i n  t h e  peak of t h e  angular  a c c e l e r a t i o n  curve.  

For t h e  smal ler  j o i n t  s top  s t i f f n e s s  c o e f f i c i e n t ,  t he  head 

i s  allowed t o  extend backward r e l a t i v e  t o  t h e  neck an 

a d d i t i o n a l  2-3 degrees ,  r e s u l t i n g  i n  a  time de lay  of about 

8 msec before  t h e  head begins  t o  r o t a t e  forward. The 

e f f e c t  t h a t  t h i s  change would have on improving t h e  6 G 

s imula t ions  has not  ye t  been determined,  hu t  it i s  ev iden t  

t h a t  f u r t h e r  work i s  needed i n  modeling t h e  j o i n t  s t o p  

c h a r a c t e r i s t i c s .  

15 G SIMULATION 
MUSCLE TENSION = 33% hlAXIMUM 

fl CONDYLE JOINT STOP STIFFNESS 
\ COEFFICIENT IN EXTENSION 

TIME (msec) 

F i g u r e  3.27 Head/Neck Angle versus Time f o r  Condyle J o i n t  Stop 
S t i f f n e s s e s  o f  ,0261 ti-rn/degf (dashed 1 i n e )  and 1.0 N-m/deg: 
( s o l i d  l i n e ) .  



g. Effect of Adding Upper Torso Flexion. As 

described in section B.1, the torso segment lengths were 

changed from the proportions of the MVMA-2D baseline data 

set so that the upper torso joint (joint 3 of Figure 3.1) 

is above the chest restraint belt. In this way, some 

amount of torso flexion which is observed in the high 

speed movies may be added by adjusting the stiffness of 

this joint. In the runs presented so far, this stiffness 

was maintained sufficiently high (500 N-m/deg) so that 

almost no torso flexion occurred. This was done primarily 

because the maximum head angle of the simulations was al- 

ready greater than the experimental results and adding 

torso flexion would increase this angle further. In 

addition, the parameters established by using T1 accelera- 

tions as the input were based upon no rotation of TI. It 

is considered important, however, that this feature be 

eventually included in the model. Figure 3 . 2 8  shows the 

results obtained at 15 G's by reducing the linear stiffness 

coefficient of joint 3 from 500 to 75 N-m/deg while 

maintaining the reduced joint stop coefficient of the con- 

dyles in extension (Figure 3.26). Again, the changes are 

not dramatic but are informative. The angular acceleration 

curve is seen to be further improved in that the initial 

peak is increased in magnitude slightly and is a better 

fit to the experimental curve in the time following this 

peak. The angular velocity curve no longer has the 

plateau at 150 msec and crosses zero slightly later in 

time. While the angular position curve reaches a greater 

maximum angle by about 6 degrees (the upper torso angle 

now flexes by about 6 degrees) it does not show the 

tendency to curve up again at 275 msec. While these 

changes represent improvement in the simulations, it is 

curious that the T1 and head resultant acceleration curves 

match less well to the experimental results when this 

torso flexion is allowed. 
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Chapter 4 

SIMULATIONS FOR 18-24 YEAR FEMALES 

A. 18-24 Year Female Data S e t .  

While t h e r e  a r e  s e v e r a l  a s p e c t s  of t h e  NAMRL d a t a  

s e t  and s imula t ion  which can be improved by f u r t h e r  work 

and i n v e s t i g a t i o n s ,  an  a t tempt  was made a t  t h i s  time t o  

p r e d i c t  t h e  s l e d  t e s t  r e s u l t s  t h a t  might be expected i f  

young females were t e s t e d  a t  6 and 15  G ' s .  The d a t a  

s e t  f o r  t h e s e  s u b j e c t s  was obta ined by s c a l i n g  t h e  NAMRL 

d a t a  s e t  parameter va lues  us ing  s i m i l a r  procedures t o  

those  d iscussed i n  Chapter 3,  Sec t ion  B and t h e  measure- 

ment d a t a  obta ined f o r  t h e s e  s u b j e c t s  and presented  i n  

r e f e r e n c e s  22 and 23. 

1. Segment S p e c i f i c a t i o n s  

a .  Torso and Ex t remi t i e s .  Torso l e n g t h  was 

computed i n  t h e  same manner a s  f o r  t h e  NAMRL s u b j e c t s  

and t h e  segment l e n g t h s  taken i n  t h e  same percentages  

of t o t a l  t o r s o  l eng th .  Extremity l e n g t h s  were taken 

from t h e  same anthropometric  measurements and aga in  

t h e  arms were removed and one ha l f  of t h e  upper arm 

mass was added t o  t h e  upper t o r s o  mass. Values of 

mass, moment of i n e r t i a ,  and d i s t a n c e s  t o  c e n t e r s  of 

mass from j o i n t s  were computed by s c a l i n g  t o  t h e  

NAMFU, d a t a  s e t  va lues  i n  a  manner s i m i l a r  t o  t h a t  

used f o r  s c a l i n g  NAMRL d a t a  t o  t h e  MVMA b a s e l i n e  d a t a .  

The r e s u l t  of t h e  c a l c u l a t i o n s  gave t h e  parameter 

v a l u e s  shown i n  Table 4 . 1 .  



Table 4 . 1  

Torso and Extremi ty  Segment S p e c i f i c a t i o n s  
For 18-24 Year Female Data S e t  

End of Link t o  
Segment 2  ~ e n g t h ( c m )  Center  of  Mass (cm) Mass(kg) I Y Y ( X ~ - m  ) 

Upper Torso 17.78 8.89 1 1 . 4  ,087 

Middle Torso 22.95 8 . 5  7.9 .095 

Hip 9.95 3.84 6.55 ,133 

Upper Leg 41.88 19.03 13.7 ,222 

Lower Leg 40.5 25.47 7.4 .208 

b. Head and Neck Mass and Moment of I n e r t i a .  

Head mass f o r  t h e  females was es t ima ted  by assuming t h a t  

head mass i s  p r o p o r t i o n a l  t o  [Head Length x  Head Breadth]  

and s c a l i n g  t o  t h e  Navy d a t a  based on t h e  r a t i o  of t h e s e  

v a l u e s  f o r  bo th  d a t a  s e t s .  By t h e s e  c a l c u l a t i o n s ,  t h e  

female head mass i s  ,885 t imes  t h e  NAMRL head mass g i v i n g  

an  ins t rumented  head mass of  4.164 kg f o r  t h e  females.  

A s  w i th  t h e  NAMRL s u b j e c t s ,  female head moment of  i n e r t i a  

was c a l c u l a t e d  from t h e  male cadaver  d a t a  of Chandler ,  e t  

a l .  (3 )  u s i n g  t h e  r e l a t i o n s h i p  t h a t  head moment of i n e r t i a  
2 i s  p r o p o r t i o n a l  t o  [(Menton t o  v e r t e x )  + (head l e n g t h )  1 

x [Head c i rcumference] .  This  g i v e s  an  ins t rumented  head 
2 moment of i n e r t i a  f o r  young females of .0211 Kg-m . 

Female neck mass was s c a l e d  t o  t h e  NAMRL neck mass 

by assuming t h a t  mass i s  p r o p o r t i o n a l  t o  volume and t h a t  

t h e  neck i s  a  c y l i n d e r  whose c i rcumference  i s  e q u a l  t o  

t h e  average  of s u p e r i o r  and i n f e r i o r  neck c i rcumference  and 

whose l e n g t h  i s  p r o p o r t i o n a l  t o  e r e c t  s i t t i n g  h e i g h t .  

Th i s  g i v e s  a female neck mass of 1.194 Kg. of which 33% 

was p laced a t  t h e  condyles and 67% a t  C7-T1. 

c .  Neck Length and Locat ion  of Head Center  of 

Gravi ty .  The l o c a t i o n  of  t h e  head c e n t e r  of g r a v i t y  r e l a -  

t i v e  t o  t h e  condyles  was determined by measuring d i s t a n c e s  



from t r a g i o n  t o  t h e  condyles on x-rays from young females 

i n  t h e  IIHS s a g i t t a l  s tudy.  This  gave average d i s t a n c e s  

f o r  t r a g i o n  of ,987 cm forward and 1.966 cm above t h e  con- 

d y l e s .  The d i s t a n c e s  given by Ewing, e t  a l .  ( 8 )  f o r  t h e  

l o c a t i o n  of t h e  c . g .  r e l a t i v e  t o  t r a g i o n  and t h e  s h i f t  i n  

t h e  c .g .  due t o  t h e  ins t rument  package ( 9 )  on young males 

were assumed f o r  t h e  females a l s o ,  and were added t o  t h e  

d i s t a n c e s  of t r a g i o n  t o  condyles t o  g i v e  t h e  l o c a t i o n  of 

t h e  head c e n t e r  of g r a v i t y  r e l a t i v e  t o  t h e  condyles.  This  

gave : 

x  d i s t a n c e  condyles t o  head c .g .  = 2.3 cm. 

y  d i s t a n c e  condyles t o  head c .g .  = -4.07 cm. 

Neck l e n g t h s  f o r  young females were obta ined by 

d i r e c t  measurement on x-rays of t h e  l i n e a r  d i s t a n c e  from 

t h e  condyle t o  C7-Tl d i s k .  A f t e r  a p p r o p r i a t e  s c a l i n g  

t h i s  g i v e  an  average neck l e n g t h  of 10.6 cm. This  i s  i n  

good agreement wi th  t h e  va lue  of 1 0 . 4  cm which would be ob- 

t a i n e d  i f  neck l e n g t h  were sca led  t o  t h e  NAMRL neck l e n g t h  

by t h e  p ropor t ions  of e r e c t  s i t t i n g  he igh t  [ i . e . ,  

(female s i t .  ht./NAMRL s i t .  h t . )  x  NAMRL neck l e n g t h  = 

(86.24/92.88) x  11.2 = 10.4 cm]. 

2 .  Head and Neck Range of Motion. Values of a ,  B I  

y ,  6 ,  were determined f o r  t h e  NAMRL d a t a  s e t  from x-rays 

of young males i n  t h e  IIHS s a g i t t a l  s tudy  ( s e e  Sec t ion  B.2). 

The mean ranges of motion i n  f l e x i o n  and ex tens ion  f o r  

t h i s  group were 62.5 and 79.6 degrees  r e s p e c t i v e l y .  For 

t h e  young females t h e  mean v a l u e s  f o r  f l e x i o n  and ex tens ion  

were 60.9 and 77.1 degrees  r e s p e c t i v e l y .  S ince  t h e s e  

va lues  do no t  d i f f e r  s i g n i f i c a n t l y  from t h e  va lues  f o r  t h e  

males,  t h e  same va lues  f o r  a ,  B ,  y ,  and 6 were used f o r  t h e  

female d a t a  s e t .  

3 .  Pass ive  ~ o i n t  Torques and J o i n t  Stops.  S ince  t h e  

j o i n t  s t o p  q u a d r a t i c  d e f l e c t i o n  c o e f f i c i e n t s  used f o r  t h e  



NAMRL, subjccts h a v e  l i t t l c  ~~hysioloqical basis, the same 

values were used for the young females. Viscous co- 

efficients, however, were scaled to the NAMRL data set 

values of .O1 N-m-sec/deg and .03 N-m-sec/deg for the 

upper and lower neck joints respectively by the propor- 

tion of neck cross-sectional areas. The average of superior 

and inferior neck circumferences was used to determine neck 

radius which was computed to be 5.99 cm for the NAMRL 

subjects and 5.49 cm for the females. This gave a scaling 

factor of .84 which gives values of .0084 and ,0252 N-m- 

sec/deg for the female upper and lower neck viscous co- 

efficients. 

4. Neck Muscle Parameters. Neck muscle parameters 
R R R a l, a2, a 3 ,  and a 1, an, a 3 were scaled to the NAMRL para- 

meters using the relations given in equations 1 through 4 

of section B.4 of Chapter 3. Distances R1, R2, R3, and 

R 4  (see Figure 3.4) were assumed to be the same for the 

young females as were estimated for the NAMRL subjects. 

The neck length of 10.6 cm was used for Ln. In extension, 

the average pull force for young females was 27.04 lbf 

compared to 48.3 lbf for the NAMRL subjects. In flexion 

the average pull force for young females was 19.4 lbf 

compared to 36 lbf for NAMRL subjects. Using these 

values and the procedures outlined in section B.4. of 

Chapter 3 and in greater detail in reference 1, the muscle 

parameter values shown in Table 4.2 for the young female 

data set were calculated. 



Table 4.2 

Muscle Parameter Values Used in 18-24 Year Female Data Set 

Parameter 
100% Muscle 

Location al (N-m/deg) a2 (deg-') a3 (sec/deg) Torque (N-m) 

Occ. Condyles .03 .086 .007 6.51 

R at (~/cm) a! (cm-l) a3 (sec/cm) 100% Muscle 
Tension (N) 

Neck Stretch 7 3 . 7  1.29 .15 938.5 

As with the NAMRL subjects the muscle torques and 

tensions were maintained constant at 33% of maximum through- 

out the simulation. 

5. Neck Stretch and Compression Parameters. The 

elastic and viscous coefficients which describe the visco- 

elastic properties of the neck in stretch and compression 

were maintained at Cs = 10.55 N-sec/cm and Ks = 1636 ~ / c m  

for the young female subjects. Variations of these values 

in simulations of NAMRL subjects showed the model to be 

relatively insensitive to changes in these parameters. 

6. Head and Neck Initial Angles. The initial 

position of the head and neck were maintained the same as 

for the NAMRL subjects. 

7 .  Restraint System and Chest Compliance. The 

restraint system configuration was maintained the same as 

for NAMRL subjects except for repositioning the anchor 

points and attachment points due to the change in body 

segment sizes. Chest compliance was maintained at 1751 N/cm 

or 1000 lb/in. 



B. S imula t ions  f o r  18-24 Year Females. 

F igures  4 . 1  and 4.2 show t h e  s i m u l a t i o n  r e s u l t s  

(dashed l i n e s )  i n  comparison t o  t h e  NAMRL exper imenta l  

r e s u l t s  ( s o l i d  l i n e )  and NAMRL s i m u l a t i o n  r e s u l t s  ( d o t t e d  

l i n e )  f o r  6 and 15  G s l e d  t e s t s .  I n  g e n e r a l ,  t h e  r e s u l t s  

a r e  n o t  markedly d i f f e r e n t  from t h e  NAMRL r e s u l t s .  The 

primary d i f f e r e n c e  i s  i n  t h e  angu la r  p o s i t i o n  curves  where 

t h e  maximum head r o t a t i o n  i s  approximately 4 0  and 25 per-  

c e n t  g r e a t e r  i n  t h e  6 and 15 G r u n s  r e s p e c t i v e l y .  T h i s  

i n c r e a s e  i n  peak head a n g l e  i s  probably l a r g e l y  due t o  

t h e  weaker neck muscles and consequent  changes i n  neck 

muscle model parameters .  A second probable  consequence 

of t h e  weaker muscles i s  seen i n  t h e  angu la r  v e l o c i t y  

cu rve  a t  6 G I s  where t h e  curve  i s  seen t o  r e t u r n  t o  ze ro  

more s lowly  (and i n t e r e s t i n g l y  i n  c l o s e r  approximation 

w i t h  t h e  NAMRL exper imenta l  c u r v e ) .  A t  1 5  G I s  t h i s  p o r t i o n  

of t h e  angu la r  v e l o c i t y  cu rve  i s  n o t  changed a s  much and 

t h i s  i s  perhaps ano the r  i n d i c a t i o n  t h a t  t h e  r o l e  of neck 

muscles i s  l e s s  impor tant  a t  h igher  G l e v e l s .  

A t  6 G ' s  t h e  i n i t i a l  peak i n  t h e  angular  a c c e l e r a t i o n  

curve  i s  n e a r l y  i d e n t i c a l  i n  magnitude and time t o  t h e  

NAMRL s i m u l a t i o n ,  bu t  bo th  occur sooner i n  t ime t h a n  t h e  

exper imenta l  r e s u l t s .  A t  1 5  G I s  t h e  i n i t i a l  peak f o r  t h e  

females i s  s l i g h t l y  l a r g e r  and occurs  s l i g h t l y  e a r l i e r  

than  t h e  NAMRL s imula t ion .  This  e a r l i e r  peaking may be a  

consequence of t h e  s m a l l e r  head mass and moment of i n e r t i a  

f o r  t h e  females.  A t  both  6 and 15  G ' s  t h e  i n i t i a l  n e g a t i v e  

peak i s  reduced from t h e  NAMRL s i m u l a t i o n s  and t h i s  may 

a l s o  be a  consequence of t h e  reduced muscle s t r e n g t h .  The 

r e d u c t i o n  i n  t h e s e  n e g a t i v e  peaks i s  seen t o  be g r e a t e r  

a t  6 G I s  t h a n  a t 1 5  G I s .  

Concerning t h e  r e s u l t a n t  a c c e l e r a t i o n ,  it i s  seen t h a t  

a t  6 G I s  t h e  frequency of t h e  bimodal p o r t i o n  of t h e  curves  

i s  i n c r e a s e d  from t h e  NAMRL s i m u l a t i o n s  a l though  t h e  



i n i t i a l  s p i k e  o c c u r s  a t  about  t h e  same t ime.  A t  1 5  G ' s  

t h e  i n i t i a l  s p i k e  o c c u r s  sooner  b u t  t h e  f requency  i s  

n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
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Chapter 5 

DISCUSSION AND RECOMMENDATIONS 

Ideally, the fulfillment of the objectives of this 

research effort will ultimately result in 1) a better 

understanding of the relationships and importance of 

various physical chara.cteristics to the dynamic response 

(and therefore injury susceptibility) of the head and neck, 

and 2) a mathematical model which utilizes these parameters 

and which will enable accurate and reliable predictions of 

head and neck responses over a large range of conditions 

and variations in subject physical characteristics. The 

results and accomplishments of the initial 12 months of 

this study have been satisfying and encouraging toward 

achieving these goals. 

The simulation results of Chapter 3 illustrate 

excellent reproductions of NAMRL sled test results for 

head angular acceleratlion, head angular velocity, head 

angular position, and head and TI resultant acceleration 

curves. Indeed, it might be concluded that these results 

are sufficient and that the model can now be used to obtain 

reasonable predictions for tasks 6 through 8 (see section C, 

Chapter 1). It is believed, however, that there are sig- 

nificant improvements which can still be made in the model 

validation which will both add to our understanding of the 

mechanisms involved in a dynamic situation and improve the 

capability and credibility of the model. 

One area of particular concern in the simulations 

presented to date is in the modeling of joint stops and 

passive tissue resistance, and the manner in which measured 

voluntary range-of-motion limits relate to these phenomena. 

While the simulations presented in Chapter 3 are reasonable 

fits to experimental results, there is considerable 

question as to the values of joint stop parameters used. 



This question must be resolved if the model is to be a 

reliable predictor for persons with smaller ranges of 

motion (e.g., elderly persons) or for higher G levels 

where the stop plays a more significant role in res- 

training the head. A more complete resolution of the 

problem will require experimental measurements on humans 

and animals, but it is also likely that further attempts 

at simulating these characteristics will lead to more 

suitable and realistic simulation results and a better 

understanding of this area. 

The importance of muscle forces in the dynamic 

response of the human neck has been investigated to some 

degree in this study, but there is more to be done. 

Results so far suggest that muscle effects are more sig- 

nificant at 6 G's than at 15 G's on the NAMRL sled tests 

but that subjects may not be using their muscles to the 

maximum extent possible even during the 15 G sled runs. 

While an increase in muscle tension above the 33% of 

maximum used would improve the simulation head angular 

position curve by reducing the peak, it would also result 

in a more rapid decline of head angular velocity which 

is already too steep. Further work with this aspect of the 

model should prove useful in understanding the role of 

muscle and improving the model performance. The use of 

EMG signals during dynamic testing and experiments with 

animals would provide useful information for understanding 

the action of muscle under dynamic conditions. 

For the NAMRL sled test simulations and predictions, 

further work with the restraint system is needed, especially 

with regard to the apparent slipping of the shoulders 

relative to the shoulder belts and the consequent torso 

bending. Measurements of belt forces during sled tests 

would be extremely useful to improving this aspect of the 

model which is essential if sled test results are to be 

accurately extended to the general adult population. 



In Chapter 1, section C, eight tasks were listed which 

would lead to achievement of the project goals. Of these, 

the first three have been completed and a substantial and 

promising start has been made on task four. In view of these 

achievements and the results to date, it is recommended that 

efforts toward completing task four (as outlined in the above 

discussion) be continued, and where appropriate and feasible 

that experiments be conducted to assist with the model vali- 

dation. As an additional part of this validation, it is 

also recommended that efforts be included to: 

1) extend simulations to include 3, 10, and greater 

than 15 G (if available) sled tests. 

2) include simulations of sled tests with accelera- 

tion profiles of different rates of onset and 

different durations. 

3) include simulations of sled tests with different 

head/neck initial positions. 

At the same time work on task five can be started. This 

will involve : 

1) studying experimental results of NAMRL subjects 

whose physical characteristics differ from the 

group used for simulations of this report. 

2) extending simulations to these other NAMRL 

subjects. 

3) performing statistical correlations of physical 

measurement results with peak parameter values of 

sled tests for the 18 NAMRL subjects measured. 

Upon completion of these tasks, work on tasks six 

through eight can be undertaken with the expectation that 

the predictions will be reliable extrapolations. The results 

will therefore be useful toward defining the envelopes of 

impact acceleration which result in injury. In addition, 



by these procedures which combine physical measurements, ex- 

perimental data, and mathematical modeling, an increased 

understanding of the factors influencing dynamic responses 

during impact can be achieved. This will provide important 

information for design of improved dummies for impact 

investigations. 
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APPENDIX A 

CROSS REFERENCE TABLES FOR MEASUREMENT CODE NAMES 

Tab le s  A . l  th rough A . 4  p rov ide  a c r o s s  r e f e r e n c e  f o r  

t h e  a b b r e v i a t e d  measurement names used i n  t h e  t a b l e s  of 

s t a t i s t i c a l  r e s u l t s  i n  Chapter  2 and i n  t h e  t a b l e s  o f  

measurement r e s u l t s  by s u b j e c t  i n  Appendix B.  



TABLE A. 1 ANTHROPOMETRY CODE NAME CROSS REFERENCE 

CODE NAME 

WT(KG) 
WT (LB) 
STAT ( CM) 
PONDINDX 
ERSITHT 
HEADC I R 
HEADELPS 
BITRGDI 
HEADBR 
HEADLG 
SAGARC 
CO RARC 
B ITRGGLB 
BITRGMEN 
BITRGINA 
FACEHT 
LATNKBR 
APNKBR 
SUPNKCIR 
INFNKCIR 
POSTNKLG 
BIACRBR 
BIDELTBR 
CHESTHT 
CHESTBR 
CHESTCI R 
WAI STHT 
WAISTBR 
WAISTCIR 
HIPHT 
HIPBRSTD 
HIPCIR 
ACCRRADLG 
ARMC I RAX 
ARMC I REL 
BICFLCIR 
RADSTY LG 
FRARMC I R 
WRISTCIR 
HANDLG 
TRCFEMLG 
UPTHICIR 
LWTHICIR 
FIBULALG 
F I  BULAHT 

MEASUREMENT 

Weight i n  kg 
Weight i n  1b 
S t a t u r e  
Ponderal Index 
E r e c t  S i t t i n g  H e i g h t  
Head C i  rcumference 
Bennet t  E l  1 i pse Circumference 
B i  t r a g i  on Diameter 
Head Breadth  
Head Length 
S a g i t t a l  Arc Length 
Coronal Arc Length 
B i  t r a g i  on-Gl abel  1 a Arc Length 
B i  t ragion-Menton Arc  Length 
B i  t r a g i o n - I n i o n  Arc Length 
F a c i a l  H e i g h t  
L a t e r a l  Neck Breadth  
A n t e r i o r - P o s t e r i o r  Neck Breadth  
Super io r  Neck Circumference 
I n f e r i o r  Neck C i  rcumference 
P o s t e r i o r  Neck Length 
B i  acromi a1 Breadth  
Shoulder Breadth  (Bide1 t o i d )  
Chest H e i g h t  
Chest Breadth  
Chest Circumference 
Wais t  H e i g h t  
Waist  Breadth  
Waist  Circumference 
H i p  He igh t  
H i p  Breadth (Stand ing E r e c t )  
H i  p Circurnference 
Acromion-Radi a1 e Length 
Upper Arm C i r c ,  ( a t  A x i l l a )  
Upper Arm C i  r c ,  (above ~l bow) 
B i  ceps F lexed Circumference 
Radia l  e-Sty1 i o n  Length 
Forearm C i  rcumference 
Wri s t  Circurnference 
Hand Length 
Trochanter-Femoral Condyle Length 
Upper Th igh Circurnference 
Lower Th igh  Circurnference 
F i  bu l  a Length 
F i b u l a  H e i g h t  



TABLE A. 1  ( c o n t i n u e d )  

CODE NAME 

CALFC I R 
ANKLECIR 
FOOTLG 
FOOTBR 
HUMD I A 
FEMDIA 
TRICPSF 
SUBSCPSF 
SUPILSF 
LTIL-SYM 
RTIL-SYM 
ASISBR 
NRMSITHT 
TRAGHTS 
TRAGDPS 
GLABHTS 
BLABDPS 
EYELPHTS 
EY ELPDPS 
EY ELPWDG 
C7HTS 
C7DPS 
SSTRNHTS 
SSTRNDPS 
SHLDRHTS 
SHLDRDPS 
SHLDRBR 
I LCSPHTS 
ILCSPDPS 
BISPNBR 
TRCHHTS 
TRCHDPS 
BITRCHDI 
HIPBRSIT 
ORBHTT 
ORBDPT 
TRAGHTC7 
TRAGDPC7 
GLABHTT 
GLABDPT 
EY ELPHTT 
EYELPDPT 
ECTCNATT 
ECTCNDPT 

MEASUREMENT 

Cal f C i  rcumference 
Ank le  Ci rcumference 
Foot  Length  
B a l l  - o f -Foo t  Breadth  
Humeral B i e p i c o n d y l a r  D ia .  
Femoral B i e p i  condy l  a r  Di  a. 
T r i c e p s  S k i n f o l  d  (mm) 
Subscapular  S k i n f o l d  (mm) 
Supra i  1  i ac Sk i  n f o l  d  (mm) 
L e f t  As i s  t o  Symphysion 
R i q h t  As i s  t o  Symphysion 
A n t e r i o r  S u p e r i o r  I 1  i a c  Sp ine  ( A s i  s )  B read th  
Normal S i t t i n g  H e i g h t  ( r e  SRP) 
T rag ion  H e i g h t  ( r e  SRP) 
T r a g i o n  Depth ( r e  SRP) 
G l a b e l l a  H e i g h t  ( r e  SRP) 
G l a b e l l a  Depth ( r e  SRP) 
Eye E l l i p s e  P o i n t  H e i g h t  ( r e  SRP) 
Eye E l l i p s e  P o i n t  Depth ( r e  SRP) 
Eye E l l i p s e  P o i n t  Wid th  ( r e  G l a b e l l a )  
C e r v i c a l e  H e i g h t  ( r e  SRP) 
C e r v i c a l e  Depth ( r e  SRP) 
Sup ras te rna le  H e i g h t  ( r e  SRP) 
Sup ras te rna l  e  Depth ( r e  SRP) 
Shou lder  H e i g h t  ( r e  SRP) 
Shoulder  Depth ( r e  SRP) 
Shoulder  Breadth  
A n t e r i o r  S u p e r i o r  I 1  i a c  Spine H t  ( r e  SRP) 
A n t e r i o r  S u p e r i o r  I l i a c  Spine Depth ( r e  SRP) 
B i  s p i  nous Breadth  
T rochan te r  He igh t  ( r e  SRP) 
T rochan te r  Depth ( r e  SRP) 
B i  t r o c h a n t e r  Diameter  
H i p  Breadth  (Seated E r e c t )  
I n f r a o r b i  t r a l e  H e i g h t  ( r e  T rag ion )  
I n f r a o r b i  t r a l e  Depth ( r e  T rag ion )  
T r a g i o n  H e i g h t  ( r e  C e r v i c a l  e )  
T r a g i o n  Depth ( r e  C e r v i c a l e )  
G labe l  l a  H e i g h t  ( r e  T rag ion )  
Gl abel  l a  Depth ( r e  T rag ion )  
Eye E l l i p s e  P o i n t  H t  ( r e  T r a g i o n )  
Eye E l l i p s e  P o i n t  Depth ( r e  T rag ion )  
Ectocanthus H e i g h t  ( r e  T rag ion )  
Ectocanthus Depth ( r e  T rag ion )  



TABLE A . 2  UPPER TORSO AND HEAD LANDMARK CODE NAME CROSS REFERENCE 

CODE NAME 

SHLDRSX 

SHLDRSY 

SHLDRSZ 

C7 SX 

C7 SY 

C7 sz 
SSTRNSX 

SSTRNSY 

SSTRNSZ 

TRAG S X  

TRAG SY 

Trag SZ 

ORBITSX 

ORBITSY 

ORB ITSZ 

GLAB SX 

GLAB SY 

GLAB SZ 

EY ELPSX 

EYELPSY 

EY ELPSZ 

ECCANSX 

ECCANSY 

ECCANSZ 

MEASUREMENT 

Shoulder P o i n t  

Shoulder P o i n t  

Shoulder P o i n t  

C e r v i c a l  e  

C e r v i c a l  e  

C e r v i c a l  e  

Supras terna l  e  

Supras terna l  e  

Supras te rna l  e  

T r a g i  on 

T rag ion  

T rag ion  

I n f r a o r b i  t a l  e  

I n f r a o r b i  t a l  e  

I n f r a o r b i  t a l e  

G l  abel  1  a  

Glabel  l a  

G l  abel  1  a  

Eye E l l i p s e  P o i n t  

Eye E l l i p s e  P o i n t  

Eye E l l i p s e  P o i n t  

Ectocan thus 

Ectocanthus 

Ectocanthus 

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- Y  D i  r e c t i  on 

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  

- X  D i r e c t i o n  

- Y  D i r e c t i o n  

-Z D i r e c t i o n  



TABLE A.3 RANGE-OF-MOTION CODE NAME CROSS REFERENCE 

CODE NAME 

P2NEUTY 
P2NEUTP 
P2NEUTR 
P3EXTY 
P3EXTP 
P3EXTR 
P4FLEXY 
P4FLEXP 
P4FLEXR 
P5RTROTY 
P5RTROTP 
P5RTROTR 
P6LTROTY 
P6LTROTP 
P6LTROTR 
P7RLBNDY 
P7RLBNDP 
P7RLBNDR 
P8LLBNDY 
P8LLBNDP 
P8LLBNDR 
P9LROFLY 
P9LROFLP 
P9LROFLR 
PI  OLROBY 
P l  OLROBP 
P l  OLROBR 
P l l  RROXY 
P l l  RROXP 
Pl  1  RROXR 
PSAGROM 

PROTROM 

PLAT ROM 

MEASUREMENT 

Photo 2--Neutra l  Head Posi ti on--Yaw 
Photo 2--Neutra l  Head Posi t i on--Pi t c h  
Photo 2--Neutra l  Head Posi t ion--Ro1 1  
Photo 3--Extension--Yaw 
Photo 3--Extension--Pi  t c h  
Photo 3--Extension--Rol l  
Photo 4--Flexion--Yaw 
Photo 4- -F lex ion- -P i  t c h  
Photo 4 - -F lex ion -Ro l l  
Photo 5- -R ight  Rotation--Yaw 
Photo 5- -R ight  Ro ta t i on - -P i t ch  
Photo 5- -R ight  Ro ta t i on - -Ro l l  
Photo 6 - - L e f t  Rotation--Yaw 
Photo 6 - - L e f t  Rota t ion- -P i  t c h  
Photo 6 - - L e f t  Ro ta t i on - -Ro l l  
Photo 7--Ri g h t  L a t e r a l  Bend--Yaw 
Photo 7- -R ight  L a t e r a l  Bend--Pi t c h  
Photo 7- -R ight  L a t e r a l  Bend--Roll 
Photo 8 - - L e f t  L a t e r a l  Bend-Yaw 
Photo 8 - - L e f t  L a t e r a l  Bend--Pitch 
Photo 8 - - L e f t  L a t e r a l  Bend--Rol l  
Photo 9 - - L e f t  Ro ta t i on  + Flexion--Yaw 
Photo 9 - - L e f t  Ro ta t i on  + F l e x i o n - - P i t c h  
Photo 9 - - L e f t  Ro ta t i on  + F l  exion--Rol 1  
Photo 10 - -Le f t  R o t a t i o n  + L e f t  L a t e r a l  Bend--Yaw 
Photo 10 - -Le f t  Ro ta t i on  + L e f t  L a t e r a l  Bend--Pitch 
Photo 10 - -Le f t  R o t a t i  on + L e f t  L a t e r a l  Bend--Rol 1  
Photo 11--Right  Ro ta t i on  + Extension--Yaw 
Photo 11 - -R ight  Ro ta t i on  + Extension--Pi  t c h  
Photo 11 - -R igh t  Ro ta t i on  + Extens ion- -Ro l l  
S a g i t t a l  Range o f  Mot ion  f rom Photogrammetry 

(P3EXTP + P4FLEXP) 
Ro ta t i ona l  Range o f  Mot ion  f rom Photogrammetry 

(P5RTROTY + P6LTROTY) 
L a t e r a l  Bend Range o f  Mot ion  f rom Photogrammetry 

(P7RLBNDR + P8LLBNOR) 



TABLE A.4 REFLEX TIMES AND STRENGTH CODE NAME CROSS REFERENCE 

CODE NAME 

RFL LAT 

RFL PLXR 

RFL EXTR 

RFL AV 

STR RTL 

STR LTL 

STRLATAV 

STR EXTR 

STR FLXR 

STRSAGAV 

SAGL ATAV 

MEASUREMENT 

R e f l e x  Time I n  L a t e r a l  F l e x i o n  

R e f l e x  Time o f  F l e x o r  Muscles 

R e f l e x  Time o f  Extensor Muscles 

Average of A1 1 R e f l e x  Times 

P u l l  Force From R i g h t  L a t e r a l  F l e x o r s  

P u l l  Force From L e f t  L a t e r a l  F l e x o r s  

Average P u l l  Force From L e f t  and R i g h t  L a t e r a l  F l e x o r s  

P u l l  Force From Extensor  Muscles 

P u l l  Force From F l e x o r  Muscles 

Average P u l l  Force From Extensors  and F lexo rs  

Average P u l l  Force From L a t e r a l  and S a g i t t a l  Tes ts  



APPENDIX B 

MEASUREMENT RESULTS BY SUBJECT 

Tables B.l through B.4 give the measurement results 

by individual subject for anthropometry, head and torso 

landmarks, range of motion, and strength and reflex time 

results respectively. The abbreviated measurement names 

may be cross referenced in the Tables of Appendix A. 
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APPENDIX C 

EXPERIMENTAL SLED TEST RESULTS 

F i g u r e s  C . l  th rough C . 5  show t h e  6 G exper imenta l  

time t r a c e s  f o r  head a n g u l a r  a c c e l e r a t i o n ,  head a n g u l a r  

v e l o c i t y ,  head angu la r  p o s i t i o n ,  head r e s u l t a n t  a c c e l e r a -  

t i o n ,  and T1 r e s u l t a n t  a c c e l e r a t i o n  f o r  t h e  f i v e  NAMRL 

s u b j e c t s  used i n  t h e  s i m u l a t i o n s  o f  Chapter  3 .  The dashed 

l i n e  i n  each  f i g u r e  i s  t h e  average  of t h e  f i v e  cu rves  and 

cor responds  t o  t h e  s o l i d  l i n e  shown i n  t h e  s i m u l a t i o n  com- 

p a r i s o n s  o f  Chapters  4 and 5 .  F i g u r e s  C . 6  th rough C.10 

show s i m i l a r  exper imenta l  cu rves  f o r  15  G s l e d  tes ts .  



HEAD ANGULRR RCCELERRT I ON 
6G RUNS 

F i g u r e  C . 1  6 G Exper imenta l  Head Angu lar  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL S u b j e c t s .  Dashed L i n e  i s  Average Curve. 



HERD RNGULAR VELOCITY IRM20X/FI 
6G RUNS 

0.05 0.10 
T I M E  !&&oSI 0.20 0.25 

I 
0.30 

F i g u r e  C.2 6 G Exper imenta l  Head Angu lar  V e l o c i t y  Curves f o r  F i v e  
NAMRL Sub jec ts .  Dashed L i n e  i s  Average Curve. 



HEAD RNGULRR POSIT I ON (PM202S/F) 
6G RUNS 

F i g u r e  C.3 6 G Expe r imen ta l  Head Angu la r  P o s i t i o n  Curves f o r  F i v e  
NAMRL S u b j e c t s .  Dashed L i n e  i s  Average Curve. 



RESULTANT HERO ACCELERATION 
6G RUNS 

F i g u r e  C.4 6 G Exper imenta l  Head R e s u l t a n t  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL S u b j e c t s .  Dashed L i n e  i s  Average Curve. 



RESULTflNT flCCELERflT ION OF T 1 
6G RUNS 

F i g u r e  C.5 6 G Exper imenta l  TI R e s u l t a n t  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL S u b j e c t s .  Dashed L i n e  i s  Average Curve. 



HEAD ANGULAR ACCELERRT I ON (QM20XS/FI 
2 2 0 0 . ~  15G RUNS + LXC 

--c LXC 
--c LXC 

' + LXC 
--e LXC, . ---. RVERFlGE 

1800.0 

F i g u r e  C.6 15 G Exper imenta l  Head Angu la r  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL S u b j e c t s .  Dashed L i n e  i s  Average Curve. 



HEAD ANGULAR VELOCITY (RM20XS/F) 
1SG RUNS 

++ U(0865 
A UO957 
+ U0917 
-u- U0937 . + U093rl --. FlVERAGE 

F i g u r e  C.7 15  G Exper imental  Head Angular  V e l o c i t y  Curves f o r  F i v e  
NAMRL Sub jec ts .  Dashed L i n e  i s  Average Curve. 



HEAD RNGULRR POSITION IPM202S/F) 
15G RUNS 

F i g u r e  1.8 15 G Exper imenta l  Head Angu la r  P o s i t i o n  Curves f o r  F i v e  
NAMRL Sub jec ts .  Dashed L i n e  i s  Average Curve. 



O ~ C I  II Tnh1-r u c n n  n r r r l  r o n t  r n Y nLJuL I nlv I I lLnu nLLLLLnn I UI 

15G RUNS 
-+ LXO! 

F i g u r e  C.9 15 G Exper imenta l  Head R e s u l t a n t  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL Sub jec ts .  Dashed L i n e  i s  Average Curve. 



RESULTRNT ACCELERATION OF T 1 
15G RUNS 

F i g u r e  C.10 15  G Exper imenta l  TI R e s u l t a n t  A c c e l e r a t i o n  Curves f o r  
F i v e  NAMRL Sub jec t s .  Dashed L i n e  i s  Average Curve. 








