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~ T h k  r e p o r t  dea ls  w i t h  the  development and use o f  mathemat ical  models f o r  t h e  
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I INTRODUCTION 

 his repcrt  deals w i t h  the  development and use of a mathematical model 

for  the  simulation of automobile occupant kinematics i n  two dimensions i n  

event of ti col i i s ion.  The model was developed as a too l  t o  study advanced 

c o n c e ~ t s  and designs of seat  r e s t r a i n t  systems from the  v i m o i n t  of 

oc cupar,; protect  ion. 

A schematic for  the  two-diaensional model i s  shown i n  Figure 1. The 

three  par t s  of tk.e model a re  the occupant, the vehicle, and the  decelera- 

tior. ~ r 3 f i l e .  The occu~ant  i s  represented by eight mass elements located 

ir. the  head, upper torso ,  lOWer torso ,  uDDer l eg ,  lower l eg ,  umer  arm, 

arid lower arm. Attached t o  the various body elements a r e  geometric sur- 

faces serving t o  outl ine the  body i n  order tha t  contact between the 

occupant and the  in te r io r  or  exter ior  of a vehicle can be ~ r e d i c t e d .  The 

vehicle i s  rmresented by a se r ies  of ~ l a n a r  contact surfaces which can 

be arranged t o  r e ~ r e s e n t  e i the r  a vehicle in te r io r  for  occunant kinematics 

studies or the exterior  for  peGestrian studies. Belt r e s t r a i n t s  a r e  i n -  

cluded i n  the  model if t h e i r  use i s  desired. Forces a r e  applied t o  the  

body of the occupant whenever in teract ion i s  sensed between the  occu~an t  

and the  vehicle. In order t o  produce occupant motions, a front-end or rea r -  

end deceleration i s  applied t o  the  vehicle and the  resul t ing occu~an t  

motions l i s t e d  as computer program output. 

I n  addition t o  the analyt ica l  description of the  model i n  Part 11, 

a Users' Guide i s  included as  Part IV of t h i s  report,  Sections a r e  in-  

cluded describing preparation of input data deck8 and the aption8 avail-ab1.e 

ir. studying the output produced by the conmuter program. The techniques 

which can be used i n  operating the  model a t  a t e l e t y ~ e  terminal remote 

from The University of Michigan a r e  described i n  a T e l e t p e  Users' Guide. 

Documentation of the program includes an overall  program descript ion,  

subroutine d e s c r i ~ t i o n s  and flow diagrams, and a complete symbol dictionary. 

The c m a r i s o n  of the predictions of the  model w i t h  experimental 



Figure 1. Schematic of mathematical model showing 
occupant, possible contact surfaces, seat, and 
restraint system. 



impp%ct s l ed  t e s t s  i s  t he  subject  of Part  I11 sf the  report .  The complex 

problerr. of gathering a s e t  of input  da t a  descr ib ing  the  occupant and t h e  

vehicle  i s  discussed and t h e  techniques by which t h i s  i s  c a r r i e d  out 

a r e  described. The equal ly d i f f i c u l t  t a s k  of ob ta in ing  appropr ia te  ex- 

perimental  da t a  i s  a l s o  considered. Comparisons between a 30 mph impact 

s l ed  t e s t  involving a be l t - r e s t r a ined  50th p e r c e n t i l e  male dummy and the  

p red ic t ions  of t h e  model conclude Part  111, 

The model which i s  descr ibed i n  t h i s  r epo r t  i s  proposed a s  a powerful 

t 331 %r studying and designing advanced in t eg ra t ed  s e a t - r e s t r a i n t  systems. 

It has been exercised seve ra l  hundred times t o  study b e l t  r e s t r a i n t  

systems, var ious dece l e ra t ion  p r o f i l e s ,  headrest and seatback shape, 

pedes t r ian  kinematics, occupant s i z e  and pos i t i on ,  e t c ,  , and represents  t h e  

cu r r en t  s t a t e  of t h e  a r t  i n  two-dimensional c r a sh  vict im simulators.  

A. STATE OF THE ART 

Mathematical models have been developed f o r  t h e  motion of t he  human 
1-8 

body i n  s eve ra l  environments, including au to  occupant dynamics, * human 
9-11 

g a i t ,  and t h e  motions experienced by t h e  l e g s  and arms during walking. 

This work i s  o f t e n  appl ied t o  t h e  design, d e v e l o p e n t  and use of p r o s t h e t i c  

devices.  I n  connection with aerospace appl ica t ions ,  a n a l y t i c a l  s tud ie s  
12-14 

of self-generated motions poss ib l e  i n  f r e e - f a l l  and 0-gravi ty environ- 

ments a r e  being c a r r i e d  out and f ind  app l i ca t ion  i n  such a c t i v i t i e s  a s  

sky-diving and space-walking. Also, s tud ie s  a r e  being made of such work 

t a s k s  a s  l i f t i n g ,  l5,l6 r e s u l t i n g  i n  t h e  development of  work c a p a b i l i t y  

amplif iers .  

Fundamental t h e o r e t i c a l  work has been c a r r i e d  out i n  t h e  f i e l d  of 

mathematical models f o r  more than  s i x t y  years ,  a s  seen i n  t h e  work of 

Fischer.17 However, it i s  only with the  coming-of-age of t h e  high speed 

computer i n  t h e  l a s t  twenty years  t h a t  p r a c t i c a l  so lu t ions  of equat ions a s  

+Note: Only a small number of r ep re sen ta t ive  papers  published on t h i s  
subjec t  a r e  included i n  t h i s  l i s t .  



c3mplex a s  those  p r o p x e d  by F i scher  have been rea l i zed .  Hence, t h e  

mathematical  s i rnula t ian  of human body motions has become a very a c t i v e  

resea rch  t o p i c  i n  t h e  l a s t  t e n  years.  

Generally,  two approaches have been used i n  a n ~ l y s e s  s imulat ing au to  

occupant p ro tec t ion .  On one hand, var ious  resea rchers  have adopted r e l a -  

t i v e l y  simple p h y s i c a l  models f o r  s tudying s p e c i f i c  a s p e c t s  of' human 
18 

'Kinematics, Weaver has used a  two-mass, two-degree-of-freedom model t o  

s imula te  b e l t  load ings  and head i n p a c t  v e l o c i t y  i n  t h e  case  of a  l a p -  
19 b e l t e d  occupant. S imi la r  models have been developed by Aldman and 

2 0 
Renneker f o r  s tudying s l ack  i n  r e s t r a i n t  systems and t h e  e f f e c t  of var ious  

inpu t  d e c e l e r a t i o n  p r o f i l e s .  Other au thors ,  inc lud ing  b r t i n e z ,  21 Mertz, 
22 

2 3 and Roberts ,  have used somewhat more s o p h i s t i c a t e d  models f o r  s tudying 

t h e  phenomenon of  whiplash. Roberts has added an a d d i t i o n a l  compl icat ing 

f a c t o r  t o  h i s  model-the motion of t h e  b r a i n  mass i n s i d e  t h e  b r a i n  case.  
1- 9 

On t h e  o t h e r  hand, s e v e r a l  au thors  have developed more complex 

models of human kinemat ics  u t i l i z i n g  s e v e r a l  masses f o r  s imula t ing  body 

motions. In  a d d i t i o n ,  complex veh ic le  geometry i s  in t roduced i n  t h e s e  

s imula t ions  t o  p rov ide  an i n t r i c a t e  a r r a y  of fo rces  a c t i n g  on t h e  segmented 

occupant. P a r t i c u l a r l y  noteworthy i n  t h e  e a r l y  development of t h e s e  
2 

models a r e  t h e  e l f o r t s  of kHenry.  A l l  t h e s e  models a r e  marked by 

e x t e n s i v e  development programs r e q u i r i n g  a t  l e a s t  two years  from p r o j e c t  

i n i t i a t i o n  t o  t h e  product ion of a  funct ioning computer program. 

Most of  t h e  modeling work mentioned E ~ O V ~  has been concerned wi th  

s imula t ions  of occupant motion i n  two dimensions, The only known publ ished 
1 s imula t ions  invo lv ing  t h r e e  dimensions a r e  those  of Roberts, Thompson, 

4 

6 
Robbins, and Younge7 The f i r s t  of t h e s e  i s  a  simple-one-mass model 

capable o: s imula t ing  b e l t  loads  and upper t o r s o  motions i n  t h r e e  dimensions, 

whi le  t h e  second i s  p a r t  of' a  l a r g e  program involving veh ic le  c rush  

c h a r t i c t e r i s t i c s .  The t h i r d  model s imulates  a  three-dimensional  occupant 

by t h r e e  masses qnd twelve degrees-of-freedom while t h e  r e c e n t l y  completed 

f o u r t h  model d e s c r i b e s  t h e  occupant by twelve masses and t h i r t y - o n e  degrees- 



3:-ireedom while possessing a l e s s  sophist icated model of occupant-vehicle 

i n t e rac t ions  than t h a t  of Robbins. 
6 

Even with the  advent of' the  highly complex computer programs described 

here, there  s t i l l  e x i s t  major problem areas  such a s :  

1. Ver i f ica t ion  of the model by experiment; 

2. Lack of highly control led t e s t s ;  

3. Lack o- anthropometric data  and ve r i f i ca t ion  of the models using 
h3man volunteers ; 

.. Jack of impact t e s t  data  reduction techniques spec i f i ca l ly  or iented 
t ~ w a r d s  mathematical model ver i f  i c a t i  on. 

5, D i f f i cu l ty  i n  using the  models because of the complex input 
da ta  requirements; and 

6. Dif f i cu l ty  i n  using the model a t  loca t ions  o ther  than the  
labora tor ies  of the  developer. 

These problems can be c l a s s i f i e d  i n t o  two general  types:  ( a )  lack of 

c lo se ly  coordinated e f f o r t s  t o  insure that  t h e  mathematical models p red ic t  

and a n t i c i p a t e  physical  r e a l i t y ,  and (b )  @gee of use. The l a t t e r  problem 

i s  somewhat ea s i e r  t o  approach than t h e  f i r s t  one. One needs t o  i den t i fy  

t he  user and h i s  c a p a b i l i t i e s  and then write a  program which i s  user- 

oriented. Computer programs of t h i s  nature a r e  i n  ac tua l  use, p a r t i c u l a r l y  

i n  s t y l i n g  and design labora tor ies  i n  t h e  auto industry. The users  need 

not be highly t ra ined  computer experts. 

In assigning d t a f f  t o  the  various subject a reas  of t he  current  re -  

search p ro j ec t ,  a  concerted e f f o r t  was made t o  cocrdinate  the  s led  t e s t  

program and the  a n a l y t i c a l  program, One group was assigned the  t a sk  of 

ana lys is ;  another group was responsible f o r  t he  impact s led  t e s t  program; 

and a  new key group was formed t o  bridge the gap which was found t o  e x i s t  

between the ana ly t i ca l  and experimental groups, The t a sk  of  the  key 

group was t o  insure t h a t  meaningful data  was generated i n  the  t e s t s  and t o  

e s t a b l i s h  techniques f o r  reducing t h i s  da ta  i n t o  a  form which could be 

compared with the  output of a  mathematical model. 

This discussion i s  intended t o  show t h a t  the  cur ren t  s t a t e  of t he  

a r t  i s  qu i t e  advanced from the  viewpoint of producing computer programs 



whizh p r e d i c t  veh ic le  occupant motions i n  3 crash  environment. However, 

cons ide rab le  r esea rzh  must be c a r r i e d  o u t  t o  make programs of t h i s  c a t ~ r e  

e a s i l y  usable.  Addi t ional ly ,  it i s  recommended t h a t  experimental  wcrk 

accompany the development of f u t u r e  models t o  make assessment of t h e i r  

v a l i d i t y  more s t ra ightforward.  



11. ANALYTICAL 3 E S C R I P T I O N  O F  THE TWO-JIMENSIONAL 
CRASH V I C T I M  SIMULATOR 

This p a r t  of the repor t  cons is t s  of an a n a l y t i c a l  descr ip t ion  of the  

two-dimensional crash vict im simulator,  a schematic of which i s  shown i n  

Figure 1. The parameters which have been chosen fo r  use i n  the  phys ica l  

model a r e  discussed, then the re  i s  a b r i e f  presenta t ion  of the  equations of 

motion descr ibing the movements of the crash victim. This i s  followed by a 

de ta i led  descr ip t ion  of the  a n a l y t i c a l  models used t o  def ine the  mass and 

geometry of the body, the contact  surface causing force i n t e r a c t  ions between 

t:ie occupant and the  vehic le ,  the  s ea t ,  the  j o in t  s t ruc tu re s  connecting the  

various segments of the  body, and a b e l t  r e s t r a i n t  system. 

A ,  S E L E C T I O N  O F  PARAMETERS 

Four major groups of parameters have been considered i n  the  development 

of t h i s  model: the  occupant, s ea t ,  ex t e rna l  r e s t r a i n t  environment, and t h e  

dece lera t ion  p r o f i l e .  

The occupant i s  d i f f i c u l t  t o  descr ibe both experimentally and ana ly t i -  

ca l ly .  Controversy a r i s e s  over the  use of anthropometric dummies, cadavers, 

human volunteers ,  and labora tory  animals. The phys ica l  proper t ies  of dummies 

a r e  the most e a s i l y  obtained and control led but t h e r e  i s  a quest ion whether 

they represent  human kinematics. Four s e t s  of parameters a r e  used t o  model 

t h e  dynamic behavior of t he  body. F i r s t ,  t he  body i s  mode1ed.b~ e igh t  r i g i d  

mass elements represent ing the  head, upper torso ,  middle torso ,  lower torso ,  

upper arm, lower arm, upper leg ,  and lower leg .  Second, these  mass elements 

a r e  connected by j o i n t  s t ruc tu re s  represented a s  v i scoe la s t i c ,  nonl inear ,  

t o r s i o n a l  spr ings.  Resistance is  s l i g h t  over most of t he  range of motion of 

each j o i n t ,  However, s tops,  located a t  the  end of p r a c t i c a l  motion of each 

j o i n t ,  a re  modeled by a t o r s i o n a l  spr ing possessing a high degree of s t i f f -  

ness. Third, muscle tone i s  del ineated r a t h e r  crudely i n  t h i s  model by a 

constant torque, ac t ing  i n  each jo in t ,  r e s i s t i n g  whatever r e l a t i v e  motion i s  



exper ience3 by t h e  ad jacen t  r i g i c  boay elements.  Constant torque i s  a l s o  

usell ~d mildel t h e  f r i c t i o n  j o i n t s  found ln presen t  genera t ion  a n t n r o p o m e ~ r i c  w 

J J I I U I I ~ ~ . ~ .  E'ourt i~,  boay geometry i s  represented by the moments of i n e r t i a .  of 

tne e igh t  r i g i d  masses a s  w e l l  a s  c o ~ i t a c t  body surf'acer;. 'These s u r f a c e s ,  

which a r e  r i g i d l y  a t t ached  t o  t h e  head, tiorso, h ip ,  and e x t r e m i t i e s ,  a l low 

t h e  use r  of t h e  model t o  a s c e r t a i n  i f  a body p a r t  impacts any p a r t  of  t h e  

v e h i c l e  o r  s e a t .  

The s e a t  would seem t o  be e a s i e r  t o  desc r ibe  f o r  use i n  a model. How- 

e v e r ,  i t  i s  unfor tuna te  t h a t  very  l i t t l e  r e sea rch  has been c a r r i e d  out  t o  de- 

termine dynamic deformation c h a r a c t e r i s t i c s  such a s  s t i f f n e s s  and damping of 

s e a t s .  Three p a r t s  of t h e  s e a t  a r e  included i n  t h i s  model: s e a t  back, s e a t  

cusnion,  and head r e s t .  The s e a t  back may apply  a f o r c e  t o  t h e  lower part of 

tne  occupan t ' s  back a t  t h e  h i p  an3 t o  the  upper t o r s o .  The s e a t  back i s  

modeled by a p lane  s u r f a c e .  The head r e s t  is  independent of t h e  s e a t  back 

and can be composed of  a number of con tac t  s u r f a c e s  represen t ing  a nonplanar 

geometry. The s e a t  cushion i s  again  represen ted  by a p lane .  V e r t i c a l  fo rces  

a r e  app l i ed  a t  t h e  h i p  and a t  t h e  f r o n t  of  t h e  s e a t .  A h o r i z o n t a l  f o r c e  i s  

a l s o  app l i ed  a t  t h e  f r o n t  of t h e  s e a t  cusnion t o  prevent  t h e  lower l e g  from 

r o t a t i n g  back "through t h e  s e a t  cushion."  Each of  these  elements i s  de-  

sc r ibed  by dynamic force-deformation r e l a t i o n s ,  f r i c t i o n  c o e f f i c i e n t s ,  and 

geomet r i ca l  conf igura t ions .  

The e x t e r n a l  system r e s t r a i n i n g  an occupant i s  o r d i n a r i l y  defined i n  

terms of s p e c i f i c  dev ices  such a s  a s e a t  b e l t  o r  an  a i rbag .  One common fea-  

t u r e  c f  a l l  these  devices  i s  t h e  f a c t  t h a t  they  can be descr ibed i n  terms of 

a dynamic force-deformation p r o f i l e .  For example, an  accelera t ion-dependent  

i n e r t i a l  r e e l  used i n  conjunct ion wi th  a shoulder harness w i l l  have a d i f f e r -  

e n t  c h a r a c t e r i s t i c  curve than a con t ro l l ed  permanent deformation device  o r  

one of the  harnesses  used i n  most c u r r e n t  production veh ic les .  I n  each case  

a d i f f e r e n t  formula must be used wnicn computes f o r c e  a s  a func t ion  o f  defor-  

mation ana deformation r a t e .  Therefore,  p rov i s ions  must be made f o r  fo rces  

t o  be app l i ed  t o  the  occupant i n  a r a t n e r  g e n e r a l  manner i n  o rde r  t h a t  they 

can be used i n  modeling any one of t h e  proposed r e s t r a i n t  dev ices ,  



Three types of in te rac t ions  a r e  possible  between the  occupant and vehi- 

c l e :  ( a )  the sea t ,  already discussed, ( b )  a system of b e l t s  attached t o  the  

occupant a s  a sea t  b e l t  and/or shoulder harness, and ( c )  a co l lec t ion  of geo- 

metric surfaces represent ing the p r o f i l e  of a vehicle  i n t e r i o r  or  ex t e r io r .  

These surfaces,  each represented by a d i f f e r en t  dynamic force-deformation re -  

la t ionship ,  i n t e r a c t  with the  contact surfaces fixed t o  the body of the occu- 

pant t o  generate a complex in t e rac t ion  of forces  and occupant motions repre- 

sent ing the c o l l i s i o n  of the occupant with s ea t ,  r e s t r a i n t  system, o r  vehicle  

s t r s c t u r s l  member. 

An example of a complex s e t  of force in te rac t ions  between an occupant 

and a vehicle  i n t e r i o r  i s  represented by simulating the a i rbag  r e s t r a i n t  

system. The occupant i s  represented i n  the  usual  way and may or may not be 

res t ra ined  by a l a p  be l t .  Vehicle components such a s  the  sea t  back, s ea t  

cushion, f l oo r ,  windshield, and lower dash panel a r e  described i n  terms of 

contact surfaces.  It i s  necessary t o  know the  force-motion in t e r r e l a t ionsh ip  

between the  head or t o r so  and the  bag before the  simulation can be car r ied  

out a s  the  model i t s e l f  cannot pred ic t  any force-deformation re la t ionships .  

They must be obtained using experimental procedures and be provided a s  input 

data  fo r  t he  operation of the computer simulation. 

It should a l s o  be noted t h a t  t h i s  general  formulation allows s tudies  of 

much more than a seated occupant res t ra ined  i n  some manner ins ide  the  vehicle.  

Studies have been car r ied  out of more e so t e r i c  concepts such as the  airbag,  

the rear-end co l l i s ion ,  and the pedestrian. Also, s tud ies  of the dynamics of 

a chi ld  i n  any one of the l a rge  number of s e a t s  and r e s t r a i n t  devices ava i l -  

ab le  on today ' s  market a r e  possible.  

The decelerat ion p r o f i l e  which i s  used i n  t h i s  model i s  r e l a t i v e l y  

simple, it can be e i t h e r  a forward or rearward decelerat ion.  However, the  

snape of the p r o f i l e  i s  l imited t o  200 l i n e a r  segments. Typical examples a r e  

shown i n  Figures 2 and 3 .  



F i g u r e  2 .  AMA deceleration g r o f i l e .  



Figure 3, Complex deceleration trace, 



a l l  o t h e r s  appear on t h e  right-hand s i d e ,  Thus rearranged,  t h e s e  equat ions  

a r e  o f  t h e  form 

. . + 
where m i s  the  matr ix  of genera l i zed  a c c e l e r e t i o n  c o e f f i c i e n t s  and Z i s  t h e  

+ 
a c c e l e r a t i o n  vec to r .  I n  t h i s  a n a t j s i s  t h e  r ight-hand s i d e ,  b,  w i l l  be c a l l e d  

t h e  "generalized f o r c e "  and c o n t r i s u t i o n s  t o  it from t h e  p o t e n t i a l  and k i -  

n e t i c  energy i d  Eq. ( I I . B . ~ )  w i l l  oe r e f e r r e d  t o  tis tne  genera l i zed  fo rce  

from t h a t  p a r t  of t h e  model. The t o t a l  ge?era l i zed  f o r c e  i s  t h e  v e c t o r i a l  

sum of e a c h c o n t r i b u t i n g  component ( g r a v i t y ,  j o i n t s ,  b e l t s ,  s e a t  cushion,  and 

c o n t a c t s ) .  The k i n e t i c  energy c o n t r i b u t i o ~ i s  t o  t h e  general ized f o r c e  a r e  

cen t r i f ' uga l  and C o r i o l i s  fo rce  terms. 

Kine t i c  energy a lone determines t h e  lef't-hand s i d e  o f  t h e  equat ions  of 

where 

KE i s  t n e  system k i n e t i c  en2rgy 

PE i s  t h e  system p o t e n t i a l  2nergy 

DE i s  t h e  system d i s s i p a t e d  energy r a t e  

F~ 4 a r e  t h e  c l a s s i c a l  genera i i zed  fo.rces 

Z i  a r e  t h e  c l a s s i c a l  genera i i zed  coordinates  o r  degrees o f  f r e e -  
dom o f  the  model 

Since t h e  on ly  d r i v i n g  f o r c e  i s  appl ied t o  t h e  veh ic le  and no t  d i r e c t l y  

t,o t h e  body, t h e  FZ terms a r e  a l l  zero.  A f t e r  t h e  energy terms have been 
i 

w r i t t e n ,  t h e  r e s u l t i n g  equat ions  of motion a r e  rearranged so t h a t  a l l  t h e  

terms con ta in ing  genera l i zed   acceleration^^ appear on t h e  lef't-hand s i d e  and 

motion, I n  t h e  computational procedure,  t1,e inverse  of t h e  matr ix ,  m ' l ,  



-b 

multiplied by the generalized force vector, b, yields the solution for the 

generalized accelerations, i. e . , 

The generalized force vector may be expanded t o  show the various contributions 

where 

$ i s  due t o  kinetic energy 
7 

G is  due t o  gravity 

6 i s  due t o  contact forces 

5 i s  due t o  seat  cushion 

i s  due t o  joint  e l a s t i c i t y  

A;, i s  due t o  contact f r i c t i on  
+ 

hbS i s  due t o  seat  f r i c t i on  

bgJ i s  due t o  joint  f r i c t i on  

&, i s  due t o  be l t s  

C .  BODY 

The crash victim i s  simulated by eight  body segments: three segments i n  

the torso t o  introduce some f l e x i b i l i t y  i n to  the spine, one segment for  the 

head, two segments i n  the arms ( r igh t  and l e f t  combined) representing the 

forearm and upper a r m ,  and two segments f o r  the legs ( r igh t  and l e f t  combined) 

representing upper and lower legs. Figure 1 shows a crash victim i n  a typi- 

c a l  seating configuration restrained by a shoulder harness and l ap  b e l t .  

Figure 4 i l l u s t r a t e s  the body segments and t h e i r  lengtha, centers of gravity, 

and moments of ine r t i a .  Tables I and I1 contain the subscripting schemes for  

the body elements and joints  which a re  used in  the computer program while 

Figure 5 shows the angular coordinates defining the orientat ion in space of 



F i g u r e  4 .  Body element lengths, centers of 
gravity, and moments of inertia. 



(X,Y) = Coordinates for vehicle relative to inertial 
system. This is the point on the vehicle 
occupied by the hip at zero time. 

(x,y) = coordinates of hip relative to inertial system. 

Figure 5 .  Body angles. 



-che vsrious b03y e l e e e n t s  and t n ?  ?;ransldtiorLal c ~ o r d i n a t e s  of  t h e  h ip .  I t  ' 

shoulc be noted t h a t  x and y piua the  5 igh t  angles  defined i n  t h i s  f igure  a r e  

tile genera l ized coordinates  used i n  the  ana lys i s .  

'_'ABLE I.  SIIBSCRIPTS OF EODY JOINTS 

TABLE 11. SUBSCRIPTS OF BODY SEGhENTS 

der  

TABLE 111. SWCRIPTS OF CONTACT ARCS 

The coordinates  f o r  the  center-bf-gravi ty  of each body segment a r e  

s t f i t e d  i n  FQ. ( 1 1 . ~ ~ 1 )  i n  terms o f  the  genera l ized coordinates .  Based on 

thil j  the  v e l o c i t i e s  of t h e  e i g h t  cen te r s -o f -g rav i ty  a r e  given i n  Eq, (11.c.2). 

Tables T, T I ,  and X I V  a s  w e l l  as Figures 4 and 5 should be re fe r red  t o  i n  

reading t h e s e  equat ions .  

Using EQs. (II.c.1) and (11.C.2) t h e  k i n e t i c  and p o t e n t i a l  energy asso- 

c i a t e d  wi th  t h e  body can be w r i t t e n .  Af te r  extensive  formal manipulation of 

6 

Elbow 

7 

Knee 



the k i n e t i c  and p o t e n t i a l  energies ,  those port ions of t he  equation8 of motion 

which can be s ta ted  a r e  terms due t o  cen t r i fuga l  and g r a v i t a t i o n a l  forces  as 

well as t o  the matrix. This matrix i s  shown i n  Eq, ( 1 1 . ~ ~ 2 )  which forms the  

bulk of the  left-hand s ide  of t h e  equations of motion. 

x = x + p  c o s e  1 1 1 

Y1 = y + p1 s i n  0 1 

x = X + L  C o s 8  + p  c o 8 8  2 1 1 2  2 

Y2 = Y + L L s i n e  + p  s i n e  
1 2  2 

x = x + Ll C 0 8  el + L COS 8 + p cog 3 2 2 3 3 

Y3 Y + Ll s i n  el + L2 8 in  8 + p 'in e 
2 3 3 

X 4  = X + L1 COB 0 + L s i n  9 + L COB 8 + p4 cos e 1 2  2 3 3 4 

Yq = Y + Ll 'in e + L s i n  e2 + 4 'in e + p4 'in e4 1 2  3 

x5 = x + Ll CO' el + L2 COB e + L e + p CO' g , 2  4 3 5 5 

Y5 Y + Ll S i n  el + L2 s i n  0 + L @in  9 + p 8in  0 2 4 3 5 5 
- 

'6 - + L1 C08 + L2 COB e2 + L4 COS e + e + p cos 8 
3 5 5 6 6 

- 
yg - y + L1 s i n  el + L2 sin e2 + L4 s i n  8 + L s i n  8 + p 

3 5 5 6 6 
x = x + p  c 0 0 e  
7 7 7 

x = x + L  C O B 8  + p  case 8 7 7 8 8 

'8 
= y + L  s i n e  + p  s i n e  

7 7 8 8 





The components of the equations of motion due t o  cent r i fugal  force form 
-+ 
B and can be wri t ten  

- 
6 

2 
B1 = L~ C a J 6 J s in  '[e J -8 1 1 

ja2 

0 2 
6 

* 2 
B2 

= L a 9 s in  ( 0  -0 ) + L a €3 s i n  ( 0  -8 ) 
2 2 1 1 2  J J J 2 2 

J =3 
2 2 

B = a Z L e2 s i n  (0 -0 ) + 3 a4 b4 s i n  (8 -9 ) 
3 3 j.1 J J J 3 4 3 

J 

B4 = 
Z L g2 s i n  (8 -8 ) 

j =I j j j 4 

t a I, d2 sin (e6-e5) 
6 5 6  

* 2 
B = L a 9 sin ( ~ ~ - 8 ~ )  

7 7 8 8 

B8 
= L a e2 s i n  ( 8  -0 ) 

7 8 7  7 8 



Due t o  gravity the contribution t o  the right-hand side of the equations 
-+ 

of motion forms G and can be written 

i; = g a  c a s e  1 1 1 

i; = g a cos 8 2 2 2 

G g a  c o s 8  
3 3 3 

G4 = g ab cos 8 4 

G = g a  C O S ~  
5 5 5 

G6 = g a cos 8 6 6 

G = g a  COB8 
7 7 7 

G8 = 8 $ C O B  8 

G = O  
9 

Gl0 = B a9 

where 





The matrix rn i n  Eq. (11.~~2) formed from the  k ine t i c  energy terms i s  shown as 

Eqs. (11.~~6) and ( I I .C .7) .  

fo r  i = 1 0 , l l  
and j = i - 9  

fo r  i = 13,15,17 
and j = i - 9  

D. CONTACT SURFACES 

f o r  i = 14,16 
and j = i - 9  (11.c.7) 

The nine d i s t i n c t  surfaces simulating the i n t e r i o r  of the  vehicle  and 

capable of applying forces  on the  body of the occupant a r e  represented by 

s t r a i g h t  l i n e  segments a s  shown i n  Figure 7. After  the  computer program user  

chooses whether the occupant i s  a d r ive r ,  f ront -sea t  passenger, or  rear-seat  

passenger, a t ab l e  i s  generated showing which body segments a r e  allowed t o  

contact  which surfaces.  

This computer generated t ab l e  i s  equivalent t o  the  corresponding column 

i n  Table V. The user  may choose t o  model any spec ia l  contact surface with 

one of the standard contact  surfaces.  The cnoice of which standard contact  

t o  use must include matching the expected in te rac t ions  of t h i s  contact with 

the t a b l e  of permissible in te rac t ions  ( the  appropriate column of Table v ) .  
Each contact surface has a unique name shown i n  Table I V  which w i l l  be used 

i n  the program output. Tne user has t he  option of changing these names t o  

represent ,  f o r  example, an airbag.  



Figure  6 .  D e f i n i t i o n  of body c o n t a c t  r a d i i .  

. 



F i g u r e  7 ,  D e f i - i t i . o n ~  of  v e h i c l e  c o n t a c t  s u r f a c e  (shown f o r  . d r i v e r  . 



TABLE I V .  NORMAL CONTACT SURFACE INDICES 

Index* Nornal Contact Surface 

Floor  
Sea t  :Lick 
Roo; r head r e s t  
Upper s t ee r ing  wheel, 

upper dash, back of 
f r o n t  s e a t  

Windshield 
Lower s t e e r i n g  wheel 
Lower panel  
S t ee r ing  column 
Toeboard 
S teer ing  wheel 

*It i s  permissible  t o  use any index 
f o r  any o ther  contact  sur face  a s  long 
a s  it i s  compatible wi th  the  t a b l e  of 
poss ib le  contac ts  i n  Table V. For 
example, an  a i rbag  could be simulated 
by using the  various segments of t h e  
s t e e r i n g  wheel. 

Each contact  sur face  i s  defined by four  q u a n t i t i e s :  t h e  x and y coordi- 

na t e s  of i t s  re ference  poin t ,  i t s  l ength ,  and i t s  angular o r i en t a t ion .  This 

re ference  poin t  i s  a t  t h e  end of the  sur face  l i n e  which i s  most counter- 

clockwise r e l a t i v e  t o  t he  o r ig in .  The angle i s  found by drawing a ho r i zon ta l  

l i n e  through the  o ther  end poin t  and measuring t h e  angle from the  forward 

p a r t  o f  t h i s  l i n e  t o  t he  sur face .  

Each contact  sur face  produces two forces .  The f i r s t  force  a c t s  perpen- 

d i c u l a r l y  t o  t h e  surface through t h e  center  of curvature of t h e  contac t ing  

body segments and the  second force  is f r i c t i o n a l  i n  nature and has t he  form: 

P sgn v f o r  I v I > 6 
p '  = T T - e 



where 

" '  i s  t he  t angen t i a l  v e l o c i t y  of t he  body segment along t he  sur facc 

i s  the f o r ce  app l ied  normal t o  the con tac t  sur face 

A',,; i s  the f r i c t i o n  c o e f f i c i e n t  

i s  the  v e l o c i t y  l i m i t  
b ~ c  

When the  v e l o c i t y  l i m i t  (a small q u a n t i t y  such as 0.1 in /sec )  i s  exceeded 

the  f r i c t i o n  f o r c e  i s  appl ied;  otherwise, i t  i s  se t  t o  zero represen t ing  

s l i d i n g  o r  Coulomb f r i c t i o n .  

The ma te r i a l  p rope r t i es  o f  the  con tac t  surfaces have two fea tu res .  

The f i r s t  o f  these i s  a l oad -de f l ec t i on  polynomial which may be up t o  

t he  f i f t h  order i n  both d e f l e c t i o n  and d e f l e c t i o n  r a t e  represen t ing  a  

nonl inear ,  v i s c o e l a s t i c  ma te r i a l .  Th is  polynomial i s  app l i ed  dur ing  t he  

t ime w h i l e  t he  load  i s  be ing app l i ed  t o  the  sur face w h i l e  un loading i s  

based on a  parabo l i c  func t ion .  The second f ea tu re  i s  a  f o r c e - l i m i t i n g  

mechanism which prevents con tac t  fo rces  from exceeding a  s p e c i f i e d  l i m i t  

and a1 1 ows simp1 e  model i ng o f  energy-absorbing s t ruc tu res .  

The f o r c e  developed a t  any con tac t  i n t e r f a c e  i s  g iven i n  t h e  f o l l o w i n g  

polynomial form 

where 



where 

i s  t h e  d i s t ance  which a  p a r t i c u l a r  body element impinges 
i n t o  a  p a r t i c u l a r  surface rep resen t i ng  a  segment of t h e  
v e h i c l e  i n t e r i o r  

a 

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

i s  t h e  va lue o f  b4when & f i r s t  becomes p o s i t i v e  +. 
i s  a  p re load  on any g i ven  con tac t  surface 

fir, k. 

fi 1 J t.. through 6 a r e  t he  m a t e r i a l  polynomial  c o e f f i c i e n t s  
I 2, k- 

The q u a n t i t y  k i s  t h e  general  fo rce  index. Values o f  k g r e a t e r  than 

f o u r  correspond t o  p a r t i c u l a r  combinat ions of con tac t  arcs on t h e  body 

and con tac t  sur faces and a re  shown i n  b racke ts  i n  Table  V.  Hence, f o r  

each va lue  o f  k and cho ice  o f  passenger p o s i t i o n ,  t h e r e  corresponds a  

unique c o n t a c t  a r c  s u b s c r i p t  which appears i n  paren thes is  on t h e  l e f t  

margin o f  Table  V and a  unique con tac t  su r face  s u b s c r i p t  which appears 

i n  parentheses i n  t h e  body o f  Table  V. Throughout t he  remainder of 

t h i s  s e c t i o n  "i" i s  t h i s  c o n t a c t  a r c  s u b s c r i p t  and "a" i s  t h i s  con tac t  

sur face subsc r i p t .  



b = r - ( x "  - x,') s i n  $ i (ye' - y i )  cos $a 
k i a 1 a 

6k = i f  s i n  q - $; cos q 
i a a 

x t  = x t L  cos 8 + L cos e + p t  cos 0  3 1 1 2  2  3 3 
- 

Y; - Y t L 1 s i n e  + L  s i n e  + p I s i n e  1 2  2 3 3 

x' = x t L1 cos + L  cos 8 + L  con 8 + p '  cos 8 4 2  2  3 3 4 4 
- YI - Y + Ll s i n  8 + L  e i n  8 + L s i n  0 + p t  s i n  0 1 2  2  3 3 4 4 

* '  3 = x + L1 ~ 0 s  el + L coa 8 + L cos e + I, cos 2  2  4 3 5 5 
- y; - y + Ll s i n  el L2 s i n  8 + L s i n  8 + L sin 0 2  4 3 5 5 

X' = x + L cos 8 
7 7 7 

Y; = y + L  s i n  8 
7 7 

xi = x + L  cos e + L  COB e 
7 7 8 8 

Y; = Y + L s i n  0 t L8 s i n  0 
7 7 8 

11 I t  
* a )  Ya, a r e  t he  contac t  sur face  re ference  coordinates  and o r i e n t a t i o n ,  r 

i 
i s  t h e  r ad ius  of t h e  contac t  a r c  a t tached  t o  each body segment. 





i; = 
+ L 6 cos 8 + L  cos e + L  B s i n e  + L  B cos eL 

1 1  1 2 2  2 4 3  3 3 5  J 

i t  = i - L  6 s i n e  
7 7 7 7 

and t he  o ther  q u a n t i t i e s  a r e  defined i n  Figures 4-7. 

The form of Pk shown i n  Eq. (11 2) is used only while  a load is  being 

appl ied ,  i . e . ,  when t h e  d e f l e c t i o n  i s  increas ing .  During loading,  t h e  mate- 

r i a i  may absorb energy s o  t h a t  i t s  c h a r a c t e r i s t i c s  while  unloading can be 

d i f f e r e n t  than  before.  

The r e s u l t i n g  permanent deformation is  modeled by means of  two param- 

e t e r s  : 



G ,  t he  r a t i o  of permanent deforma;ion t o  maximum a e f l e c t i o r ,  G I  1 

H, t he  r a t i o  of conserved t o  t o t a i  energy. 

These two parameters a r e  not independent bu t  the  r e l a t i o n s h i p  i s  ccaplex 

so  b o t h  a r e  required by the  program. The uriloading force  i s  assumed t o  be 

parabol ic  i n  na ture  and d e f l e c t i o n  t o  d e c r e ~ s e  from a maximum a t  6 = % t o  

zero fo rce  a t  6 = G $. This l a t t e r  value ( G  %) i s  taken a s  t h e  permanent 

deformation, i . e , ,  t h e  value ui' ue f l ec t ion  which must be exceeded before  

loading w i l l  begin again.  The formula used f o r  P f o r  unloading i s  
k 

where 

Fk i s  the  loading fo rce  (pk) a t  the maximum de f l ec t ion  

Rk i s  t h e  maximum d e f l e c t i o n  

Elk i s  t h e  conserved energy. This quan t i t y  is computed a s  R t imes 
t h e  t o t a l  energy f o r  t h i s  load-unload cycle  plus t he  conserved 
energy from previous cyc les  i f  any. 

The Eq. (11.~~6) r e s u l t s  f'rom an eva lua t ion  of t he  c o e f f i c i e n t s  of a 

parabola which f i t s  t h e  c o n s t r a i n t s  s t a t e d  below: 

( 1 )  The unloading curve s t a r t s  a t  t h e  po in t  o f  maximum de f l ec t ion  

% with  t h e  fo rce  F 
k' 

( 2 )  The unloading curve goes t o  zero a t  the  poin t  where def lec-  

t i o ~  equals  t h e  permanent deformation ( i , e . ,  G fl by de f in i -  

t i o n  of G )  . 
% 3 )  The t o t a l  work done by t h e  unloading curve ( t h e  conserved 

energy Ln t he  con tac t )  i s  REk where Ek i s  t he  t o t a l  energy 

and R i s  t h e  r a t i o  of conserved t o  t o t a l  energy as defined 

above. The t o t a l  energy i s  computed by a stepwise 

approximation through the  loading por t ion  of t he  cycle  and 



Elk which appears i n  the  formulas above i s  computed as REk. Since 
d 

G and R are no t  r e a l l y  independent, a  c o n s t r a i n t :  

2El 2 F ~ ~ ~ ( I - G )  5 - 3El (11.D.7) 

i s  app l ied  t o  insure  t h a t  the f o r c e  goes t o  zero a t  8 = GL$ The con- 

s t r a i n t  equat ion (II.D.7) comes about f rom eva lua t i on  o f  t he  r o o t s  of t he  

unloading curve. The cond i t i ons  t h a t  6% be t h e  l a r g e r  r o o t  and t h a t  

the  unloading curve increase f o r  inc reas ing  d e f l e c t i o n  a t  t h a t  p o i n t  y i e l d  

the  two halves o f  the cons t ra i n t .  

Loading f o l l owed  by unloading c o n s t i t u t e s  one cycle,  P rov i s i on  i s  

made f o r  accumulating permanent deformations over several  cyc les.  The 

e f f e c t  o f  t h i s  accumulation i s  used t o  determine t he  s t a r t i n g  p o i n t  of 

succeeding cyc les;  however, t h e  shape o f  t he  l oad ing  curve i s  always t h e  

same as t he  f i r s t  cyc le .  The unloading curve i s  recomputed f o r  each cycle.  

The s a t u r a t i o n  f e a t u r e  i s  i l l u s t r a t e d  i n  F igure  8. Dur ing load ing  o f  w 

a  surface, t he  usual polynomial  i s  used t o  compute the  force,  When a  

s p e c i f i e d  s a t u r a t i o n  f o r c e  l e v e l  i s  reached, t h i s  va lue  i s  used as de- 
C 

f l e c t i o n  increases. When unloading ( &  negat ive)  occurs, a  s p e c i f i e d  1  i near 

sllope i s  used t o  reduce f o r c e  t o  zero. For re loadings,  the polynomial  

1  oadi ng curve  i s  moved t o  t he  permanent deformat i  on o r  turn-around pos i  - 
t i o n  whichever app l i cab le  and the  standard load ing  sequence r e s t a r t s  i n -  

c l ud ing  t h e  p o s s i b i l i t y  o f  sa tu ra t ion .  

The c o n t r i b u t i o n  t o  t h e  equat ions o f  mot ion due t o  con tac t  f o r ces  i s  

a  sum o f  t he  e f f e c t s  o f  t he  many poss ib l e  i n t e r a c t i o n s .  For each passen- 

ger pos i t i on ,  the  number o f  poss ib le  i n t e r a c t i o n s  changes, I n  p a r t i c u l a r ,  

the  t o t a l  number o f  i n t e r a c t i o n s  i s  f ou r t een  f o r  t he  d r i v e r  (NPASGR = I ) ,  

e leven f o r  t h e  f r o n t  r i g h t  passenger (NPASGR = 2) ,  and t e n  f o r  t he  back 

seat  passenger (NPAsGR = 3 ) .  NS i s  t h e  maximum value of t h e  subsc r i p t  k 

and i s  t he  above s ta ted  t o t a l  number o f  i n t e r a c t i o n s  p l u s  four .  

32 



where a again i s  t h e  corresponding a for t h e  k as explained on page 27. 





= p '  E Pk COO (0 
k=6 

+ L4 P ~ + l  cos (8 -9 ) 
3 1 

Q4 = Z Pk cos (0 -+ ) 
k=K+1 4 a 

- 
Q5 - L5 P ~ + l  

cos (8 "9  ) 
5 1 

where K and L a r e  a func t ion  of  NPASGR as follows: 

Qlo = P, coe 
k=5 

a 

The con t r ibu t ion  t o  t h e  general ized force  due t o  f r i c t i o n  a t  t h e  fo rce  

contac t  i s  of t he  form 



where P i  i s  t he  computed f r i c t i o n a l  force  explained on page 26 c o r r e s ~ o n d i n g  

t o  the  normal Torce P 
-P 

k' 
Ui i s  t he  proper "lever arm" vec tor  defined below f o r  t h e  value of tile - 

contac t  a r c  subsc r ip t  c o r r e s p n d i n g  t o  k. The q u a n t i t y  a i s  the  matchily 

contac t  sur face  subsc r ip t  for t h e  k i n  what followe. 

Where 



L2 s i n  (02-9a) 

Lk s i n  (ej-l,) 

Lg s i n  (0 -* ) 5 a 
0 

L s i n  (8 -9 ) - r 7 7 a 
0 



E. SEAT CUSHION 

The seat  cushion model contains provision for  four separate forces a s  

shown i n  Figure 9. The f i r s t  one ac t s  ve r t i c a l l y  a t  the  h ip  jo int  whenever 

it i s  above the seat  cushion and is modeled by a th i rd  order polynomial 

spring and a l i nea r  damper. The second, modeled by a l i nea r  spring, a c t s  

ve r t i c a l l y  a t  t he  f ront  edge of the sea t  and-a f fec t s  the upper or  lower l eg  

depending the  s ize  of the  occupant and h i s  posit ion.  This especia l ly  

useful i n  the case of children whose lower legs  often a r e  on the  sea t  cushion. 
V 

The th i rd  force,  a l so  modeled by a l i nea r  spring, ac t8  i n  a forward di rect ion 

a t  the top of the f ron t  edge of the  sea t .  This force was included t o  prevent 

the lower legs from passing backward through the seat  and producing large  

spurious forces.  A l l  three of these forces a r e  continuous. The four th  force 

models seat  f r i c t i o n  and i s  discontinuous as well  a s  d iss ipat ive .  The force 

applied a t  the hip i s  

where 



F i g u r e  9, Description or seat bottom. 



ys  = y + (A-x) tan y o  

is = i + ( I - i )  t an  y o  

W, = equil ibr ium force  on s e a t  cushion a t  h i p  

Prn = polynomial spr ing  cons tan ts  

C S  = damping constant  

X = hor i zon ta l  p o s i t i o n  of s e a t  a s  a  func t ion  of time 

x = hor i zon ta l  pos i t i on  of h i p  a s  a funct ion of time 

y = v e r t i c a l  pos i t i on  of h i p  a s  a  func t ion  of t ime (11.~. 2) 

Tte force  ac t ing  v e r t i c a l l y  a t  t h e  a t  t he  f r o n t  edge of t h e  s e a t  cushion i s  

where 

y  + z  tan 8 f o r  t he  upper l e g  
z 

7 
y  + 5 s i n  e7 + ( 2  - 3 COB 9 7 ) t a n  eg f o r  t h e  lower leg 

(11.~. 4) 

and 

Z = zo + X - x  

FAo = i n i t i a l  upMrd fo rce  a t  f r o n t  of s e a t  

s  = spr ing  constant  

yzo = v e r t i c a l  d i s t ance  from s e a t  f r o n t  edge t o  l e v e l  of s e a t  
cushion d i r e c t l y  below hip  j o i n t  a t  time zero  

= 0 
= i n i t i a l  value of z 

with  a l l  o ther  q u a n t i t i e s  defined i n  Figure 9. 

The force  ac t ing  ho r i zon ta l ly  a t  t h e  f r o n t  edge of the  s e a t  i s  

{ s z ( r z - x z )  f o r  x z - r z  < 0 
F = 

L O  otherwise 

where 



CGS 8 8 
x, = ( zo  tan  7, - y - 5 s i n  e7) - - (z - L( cos e7) s i n  e8 
s, = spr ing  constant 

r = dis tance  from cen te r l i ne  of lower l e g  t o  outs ide of c a i f  
z 

ana ;he o;neim q u a n t i t i e s  a r e  previously defined,  (II~E. 6 )  

The f r i c t i o n  force i s  

where 

-1 ( F  +F') s g n ( i - i )  fo r  li-il > I .  
S S S  - S 

f  = 
I 0  otherwise 

f r i c t i o n  coe f f i c i en t  

The cont r ibu t ions  from t h e  sea t  cushion t o  t he  generalized force  vector ,  
+ 
D, a r e :  

2 F'  z sec 8 fo r  z < L cos 8 
7 - 7 7  

D~ = { F; L~ (CO. B + s i n  B tan e8) . F L 0 

7 7 7 

[ ( s i n  e + cos e cot  eg) for  z > cos e 7 7 7 7 (II.E.6) 

D6 = 1 o f o r  z c L cos 8 - 7 7 
2 F ' ( z - L  C O S ~ ) S ~ C  e + F ( y + L  s i n e  - y  ) csc 2 

s 7 7 8 z 7 7 20 '8 
\ otherwise 

-F '  t an  8 f o r  z < L cos 8 
D- = 7 - 7 7 

(-F; t an  f3 + F otherwise 8 z 



L 

Tne components of the contribution of seat  f r i c t i on  t o  the generalized , a *< 
-C 

force vector, Abs, are  

o fo r  i = 1-8,lO 
A. i = [ 

-f  for  i = 9 

F . JOINTS 

Each joint  i s  considered t o  have an e l a s t i c  torque res i s t ing  motion sway 

from i t s  i n i t i a l  posit ion,  a coulomb-type f r i c t i on  r e s i s t i ng  any relat ive%o- 

t ion  above a cer ta in  velocity l i m i t  (see Figure lo), and a jo int  s top t o  pre- 

vent substant ia l  motion beyond specified angular limits (see Figure 11 or 

Figure 12 ) .  

The contribution t o  the system potent ia l  energy from torque is  defined 

by 

J = ~ , ( 8  - 8 ,  + 8  - 8 ) for  i = 1-7 
e i 1 m  1 i o  mo 

J 
(see Table I fo r  joints  associated with each subscript) ,  with each i defining 

a unique m a s  follows for  calculat ion of proper re la t ive  8 q l e .  

The other two torques a r e  dissipative i n  nature. The coulomb f r i c t i on  

equation i s :  

-c; sgn(8 - Q ) for  lei - i l  > ti 
i m 

Jfi = {(I otherwise 

Also the stop torque i s  of the same type: 



Torque 

F i g u r e  10, Form o f  f r i c t i o n  i n  j o i n t s .  



TOR 

F i g u r e  11. Form of symmetr ic  j o i n t  s t o p s  f o r  
neck  and  two s p i n a l  j o i n t s .  



TORQUE 

stop 

F i g u r e  12. Form o f  nonsymmetr ic  j o i n t  s t o p s  
o f  h i p ,  s h o u l d e r ,  e lbow,  and knee,  



where the form of Ti depends on the p a r t i c u l a r  j o i n t .  

The elements of the  s top  torque vector  a r e  defined as follows. 

(0 otherwise 



i T;P1 - H - n sgn(8 - 8 ) ]  for [el - e21 > n2 
2 2 1 2  

otherwise 

T ' [ B  - 9 - n sgn(9 - 8 ) ]  for le2 - e31 > 5 
( 3 2  3 3 2 3 

and sgn(6 - 9 ) = sgn(e2 - e3) 
2 3 

otherwise 

T I [ @  - 0  - n sgn(e - e4)l for le - e4J > n4 4 3  4 4 3 3 
- 

T4 - and sgn(9 - 9 ) = sgn(Bj - e4) 3 4 

lo otherwise 

for 8 -8 < a. and 6 -6,<0 
3 5  5  3  1 

for 8 -8 > 0 and 9 -0 > O  
3 5  5 3 5  

otherwise 

for 8 -8 < a  and 6 - 9  > O  
6 5  6  5 6 

for 8 -8 > fl and 6 - 9 , < O  
6 5  6 5 0 

otherwise 

for 8 - 8  < cr and 9 - 6  > O  
7 8  7  8 7 

for 8 - 8  > fl and i) -6 < O  
7 6  7 8  7 

otherwise 
(11. I?. 4) 

Note that the neck and the two spinal joints are assumed symmetric, while the 

1 1  ~ p ,  : : / ~ o \ ~ l ~ i e r ,  elbow ~ ~ i t i  I < I I ~ ~ c  tire t ~ o t .  



The jo int  e l a s t i c i t y  generalized force vector i s :  

Jo in t  f r i c t i o n  and the jo int  stops a r e  applied t o  the generalized force 

vector by the equation 

-b 

where Vi i s  a vector whose components a re  a l l  zero except fo r  the i t h  and the - 
rnth which a re  plus one and minus one, respectively.  - 



';:lt 1 i s  tile j o i l l t  i : ~ d e r ;  R I ~ ( I  m i s  as s p e c i f i e d  p rev ious ly  On page 35. 

t i  i&STiWiNT SYSTEM 

Tne convent ional  r e s t r a i n t  system simulated i n  t h i s  program c o n s i s t s  of 

a s e t  3f t n r e e  b e l t  segments, a l l  of  whose f o r c e s  a c t  independent ly  a t  f ixed  

p o i n t s  on t h e  body. 

I'Ae snou lder  harness  i s  m o d e l ~ 3  by two such independent segments ( s e e  

Figure  1 3 ) ;  t h e  upper i s  assumed t o  a c t  a t  t h e  shoulder  j o i n t ,  t h e  lower a t  

a  s p e c i f i e d  d i s t a n c e  above tne  f i r s t  s p i n a l  j o i n t .  Both segments have t h e i r  

a t t a c h e n t  p o i n t s  f i x e d  i n  t h e  v e h i c l e  and t h e  f o r c e s  a c t  a long t h e  l i n e s  

connect ing t h e  p o i n t  on t h e  occupant wi th  t h e  b e l t  a t tachment  p o i n t s  i n  t n e  

v e h i c l e .  

The l a p  b e l t  i s  modeled by one segment, thus  assuming t h a t  t h e  two s i d e s  

o f  t n e  r e a l  l a p  b e l t  have t h e  same f i x e d  attachment p o i n t  coord ina tes  i n  t h e  

p lane  o f  motion. The f o r c e  produced i s  twice  t h a t  of one r e a l  segment. The 

shape of t h e  l a p  b e l t  segment i s  more complicated t h a n  t h a t  o f  t h e  shoulder  

- harness  segments. It has not only  a l i n e a r  p o r t i o n ,  but a l s o  a c i r c u l a r  a r c  

p o r t i o n  cen te red  on t h e  h i p  j o i n t  ( s e e  Figure  14). The l i n e a r  p o r t i o n  i s  

t angen t  t o  t h i s  c i r c l e .  

An o p t i o n  i n  t h e  program al lows t h e  use r  t o  s p e c i r y  no b e l t s ,  l a p  b e l t  

a n l y ,  snou lder  harness  on ly ,  o r  a l l  t h r e e  segments. Unconventional r e s t r a i n t  

systems sucn a s  an  a i r b a g  may be c rude ly  s imulated by proper s e l e c t i o n  of 

contac: s u r f a c e s .  

For each o f  t h e  t h r e e  b e l t  segments, e longa t ion  i s  computed a s  t h e  cLr- 

r e n t  l e n g t h  ( l k )  minus t n e  zero-t ime l e n g t h  (lko). D e f l e c t i o n  r a t e  (8) i s  

j l ~ s t  lk. The same l o a d - i e f l e c t i o n  procedure i s  used t o  compute f o r c e  as has 

been p r e v i o u s l y  used f o r  c o n t a c t  f o rces  i n c l u d i n g  t h e  f o r c e - l i m i t i n g  f e a t u r e  wh ich  
a l l o w s  s t u d i e s  o f  energy-absorb ing  b e l t s .  The q u a n t i t y g k  i s  t h e  b e l t  a n g l e  f o r  t h e  

co r respond ing  segment. 

For  t h e  l a p  b e l t ,  the f o l l o w i n g  equa t i ons  a p p l y  (see F i g u r e  14) .  
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F i p u r e  13, S h o u l d e r  b e l t  geometry. 



? i p u r l e  14, Lar, b e l t  geomet ry .  



+ 1 s i n  4 '  
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For the  lower and upper shoulder b e l t  segments ( k  = 2 and 3 ,  respec- 

tively), the  equations a r e :  ( see  Figure 13)  

lk 
f o r  k = 2,3 

A zero appended t o  the subscr ip ts  of a var iab le  denotes the  zero time v a l ~ e  

of t h a t  var iable .  
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The belt c o n t r i b u t i o n s  t o  t h e  g e n e r a l i z e d  f o r c e  v e c t o r  are:  



where Pk i s  the  force  computed by use of the  load-def lec t ion  procedure f o r  

t h e  k th  segment, - 



11:. LXPERi.%NTAL VLR1ZC,4TION GF THE MATHEPATICAL MODEL 

In t h i s  sec t ion  01' the  repor t  comparisons a r e  made between the pre-  

3.ic:lons of the  mathematical model and an experiment ca r r i ed  out on the 

;ISF,I inpact  s led  with an anthropometric dunnmy. Beginning with an outl'ne 

cf :he c r i t e r i a  on xhich the  va l ida t ion  i s  based, the  report  continues 

w i t h  a desc r ip t ion  o; +he sled +:st and concludes with a  descr ip t ion  01' 

the degree t o  which the model descr ibes  the r e a l  t e s t  s i tua t ion .  

A. C H O I C E  OF A CRITERION OF V E R I F I C A T I O N  

The choice of a  c r i t e r i o n  of ve r i f i ca t ion  of the  mathematical model 

descr ibing human body impact i s  based on th ree  premises: ( a )  whether 

or not t h e  mathematical ana lys i s  and computer program a r e  co r r ec t ;  ( b )  t he  

ex t r ac t ion  of appropriate  experimental data  on which the va l ida t ion  

procedures can be based; and ( c )  the  observation t h a t  the  mathematical 

model cons i s t s  of parameters descr ibing the  occupant, t he  force f i e l d  con- 
+ s i s t i n g  of b e l t s  and contact  surfaces which a c t  on the  occupant, and the  

ex t e rna l ly  applied dece lera t ion  forcing function. 

The use of a  Lagrangian formulation of Newtonian mechanics a s  a  

bas i s  f o r  t hese  models follows a long h i s to ry  of successful  appl ica t ion  

t o  problems i n  impact, and hence, o f f e r s  no cause fo r  concern. Thus, 

sources of problems can a r i s e  only i n  wr i t ing  down the  p a r t i c u l a r  equations 

and computer program which apply t o  the  present analysis.  A l l  equations 

and the  computer program have been derived independently by two o r  more 

persons leading t o  very low incidence of e r r o r s  i n  t he  f i n a l  computer 

program. 

The second premise, which i s  concerned with the ex t rac t ion  of 

appropriate  experimental da ta  on which the  va l ida t ion  can be based, has 

been the  bas i s  for  a  msjor research e f fo r t .  The acquis i t ion  of the 

necessary t ransducer  and photometric data  i s  s t raightforward and r equ i r e s  



~,c,-orciet.:>, : m i  l i i r h t  ile'tn osc i l l o ~ r 3 p h : ; .  ?he ;)roc:e.c:;ing G i t h e  t,rrin:;,.uc:r.r- 

r i , i t  , I  i s  : i l so  relnt.i 'rc?l,i,  :irnple. For e x a v l e ,  the  det ,errr?cation o f '  the  

rn:lgnit.ude o f  t h e  l i n e r i r  - ~ c c e l e r a t i o n  ol' t h e  hesd of t h e  dummy r e q u i r e :  

-omputation of' t h e  :,imple v e c t ~ r  sm of t h e  t h r e e  l i n e a r  a c c e l t - a t ' s r  

components. 

Ana lys i s  and 'g rnph ing  of t h e  t e s t  d a t a  i z  . , a r t  of  t h e  p r c ~ l i : m  

because p r e p a r a t i o n  0: '  a well-founded s e t  of inpu t  d a t a  i s  necessa ry  

:or t h e  success l 'u l  o p e r a t i o n  of any computer a n a l y s i s .  Therefore ,  a  

d e s c r i p t i o n  o f  t h e  nass ,  geometr ic ,  and i n e r t i a l  p r o p e r t i e s  of t h e  

t e s t  s u b j e c t  i s  r e l u i r e d .  This must be sdpplemented by a geomet r ica l  

p r o f i l e  of t h e  v e h i c l e  ~omponents  w i t h  which t h e  t e s t  s u b j e c t  i s  expected 

t o  i n t e r a c t .  F i n a l l y ,  t h e  force-def 'ormation c h a r a c t e r i s t i c s  of t h e  i n t e r -  

a c t i o n s  between t h e  t e s t  s u b j e c t  and t h e  v e h i c l e  components must be 

measured i n  o rder  t o  s p e c i f y  t h e  p roper  balance between s u b j e c t  motions 

and loadings .  

I n  o r d e r  t o  dez ine  t h e  t e s t  s u b j e c t ,  t h e  e i g h t  b a s i c  body e lements  d e r e  

weighed and moments of '  i n e r t i a  measured us ing  a t r i f i l a r  pendulum o r  
26 - 

p r e d i c t e d  us ing  formulas s i m i l a r  t o  t h o s e  o f  ~ a n a v a n ~ '  and Pat ten.  A f t e r  

t h e  geometry o f  t h e  t e s t  s l e d  and t h e  i n i t i a l  p o s i t i o n  of  t h e  dumn~y s u b j e c t  

 ere c a r e f u l l y  measured, it was t h e n  necessa ry  t o  develop t e s t  p rocedures  

d e f i n i n g  t h e  force-motion r e l a t i o n s h i p s  between t e s t  s u b j e c t  and v e h i c l e  

elements.  This  wns c a r r i e d  out  f o r  t h e  s e a t  and f o r  a  b e l t  r e s t r a i n t  

system us lng  a combination o f  photometr ic  and t r a n s d u c e r  d a t a  desc r ibed  

l a t e r  i n  t h i s  r e p o r t .  (The s i m u l a t i o n  of an  a i r b a g  r e s t r a i n t  system 

was accomplished us ing  s i m i l a r  t echn iques  and v i l l  be d i s c u s s e d  i n  t h e  

f i n a l  r e p o r t  on t h a t  phase of t h e  r e s e a r c h  p r o j e c t .  ) 

The t h i r d  premise se rves  t o  d e f i n e  t h e  mathematical  model a s  a  system 

o f p a r a m e t e r c  d e s c r i b i n g  t h e  occupant,  t h e  f o r c e  f i e l d  c o n s i s t i n g  of b e l t s  

arid c o n t a c t  surfqce:  which a c t s  or, t h e  occupant, and t h e  e x t e r n a l l y  

a p p l i e d  d e c e l e r a t i c n  f o r c i n g  func t ion .  A l l  t h e s e  b a s i c  parameter6  must 



be i x l u d e d  i n  iny  t e s t  val idat ion.  

- To properly study the f i e l d  of forces  ac t ing  on the subject  it i s  

necessary t o  simulate both contact  surfaces (such a s  a  s ea t  cushion and 

sea t  back; and b e l t s  (such a s  a  l a p  b e l t  and s ingle  diagonal shoulder 

harness ' .  The use of an occupant unrestrained by b e l t s  would not provide 

a su'ficient t e s t  of t h i s  important sec t ion  of the  analysis .  

Based on these three  p r e m i ~ e s ,  an impact s led  t e s t  using a  50th 

p e r c e n t i l e  male anthropometric dummy was ca r r i ed  out a t  a  speed of 

appraximately 30 mph. This represented the most standard t e s t  configurat ion 

i n  use i n  impact s l ed  t e s t  l abora tor ies .  The dummy was r e s t r a ined  by a 

l a p  b e l t  and a  s ing le  diagonal shoulder harness. Thus, t h i s  t e s t  repre-  

sented a  complete and economical t e s t  of the  basic  parameters described 

i n  the model-the occupant, the  r e s t r a i n t  and i n t e r i o r  contact  forces ,  

and the  vehicle  decelerat ion.  

B. THE EXPERIMENT 

- The va l ida t ion  experiment was ca r r i ed  out on the  HSRI impact s led  

(F igure  ] 5 ) ,  which i s  of t he  accelerat ion-decelerat ion type. It can 

be acce lera ted  over a  12- f t  d i s tance  up t o  a top speed of 40 mph using a 

compressed a i r - ac tua t ed  p u l l e r  arm. The dece lera t ion  s t roke has a  

maximum length  of 3 f t  and a  maximum po ten t i a l  of 88 g ' s .  For t he  purpose 

O L  high-speed photography a  t o t a l  of 50 kw of l i g h t i n g  i s  ava i lab le ,  Real 

time and high-speed movies a r e  taken a s  wel l  a s  s t i l l  photographs before 

and a f t e r  each t e s t .  

K i s t l e r  Piezotron 818's  t r i a x i a l  accelerometer packs were located 

i n  t h e  head and ches t  of the  50th pe rcen t i l e  S i e r r a  dummy. A Statham 

strain-gage accelerometer was used t o  record the  s led dece lera t ion  pulse. 

Four Lebow sea t -be l t  load t ransducers  were mounted on the  sea t  b e l t  and 

shoulder harness. 

The data  was recorded simultaneously on a  Honeywell 7600 tape r e -  

.ols,ier <ind a Honeywell l b l ?  Visicorder. No f i l t e r i n g  wns used during 
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t h e  i n i t i a l  recording other  t h a n  the l imi t a t ion  of the light-beam 

galvanometers t o  frequencies under 1OOO cp;. The following t ransduc- r  

da t a  was recorded: ( a )  lower r i g h t  shoulder b e l t  force;  ( b )  l e f t  l a p  

bel: force;  ( c )  upper l e f t  shoulder b e l t  force ;  ( d )  r i g h t  l a p  b e l t  force;  

( e )  s l ed  dece lera t ion ;  ( f )  head an ter ior -pos te r ior  G-loading; ( g )  chest  

an t e r io r  -pos te r ior  G-loading ; ( h )  head super ior - infer ior  G-loading ; 

( i )  chest  super ior - infer ior  Gloadi.r?g; ( j )  head l e f t - r i g h t  G-loading; 

( k )  ches t  l e f t - r i g h t  G-loading; (1) impact ve loc i ty ;  and ( m )  timing s ignals .  

The t e s t  se tup  fo r  t he  va l ida t ion  of the  model i s  shown i n  Figure 16 

The bucket sea t  i s  bol ted securely t o  a framework which i s  a t tached t o  

the sled. This framework serves a s  a mount f o r  a t tach ing  b e l t s  and other 

types of r e s t r a i n t  systems, and can be ro t a t ed  t o  simulate l a t e r a l  or 

oblique impact. 

The t e s t  da t a  presented i n  Figures 17 through 26 were obtained a s  a 

r e s u l t  of e i t h e r  de t a i l ed  ana lys is  of' the high-speed f i lms using a 

Vanguard Film Analyzer of by measuring poin ts  from the  osci l lographic 

recording. A l l  acce le ra t ion  and b e l t  transducer da ta  were determined 

from t h e  osc i l lographic  records and appropriate  sums and r e su l t an t  values 

were computed, 

In  t he  model, t h e  excursion and forward motion of the  head were 

determined d i r e c t l y  by measurement of t he  motion of a t a r g e t  placed on 

the  head of t h e  dunmy, Likewise the  angle of head p i t c h  and the  upper 

l e g  were obtained by d i r e c t  measurement (and the  subsequent sca l ing  and 

t abu la t ion  by means of spec i a l ly  developed computer programs). The 

motion of t h e  H-point was very d i f f i c u l t  t o  determine a s  no d i r e c t  

measurements were possible ,  However, i t s  loca t ion  was determinable by 

trigonometry using data  from a thigh t a rge t ,  a lower back t a rge t ,  and the  

angle of t he  upper l e g  with a hor izonta l  l ine .  These data ,  determined 

on the  Vanguard Analyzer, were then processed on the  HSRI 1130 d i g i t a l  

computer using the  appropriate  trigonometric data  h ~ n d l i n g  subroutines. 



F i g u r e  16. T e s t  Setup f o r  Two-dimens'mal Model V a l i d a t i o n  
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Figure 18. Excursion of head center-of-gravity and H-poirt 
as a function of t h e .  



40 1 X- EXPERIMENTAL 

Pipure 19, Resultant chest linear acceleration in g t s .  



Figure 20. Resultant head linear acceleration in g l s .  
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27, S e a t  kel ' ,  l o a d s .  
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F i p u r e  22,  S h o u l d e r  harness l o a d s .  
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F i g u r e  23, F o r w a r d  m o t i o n  o f  H - p o i n t ,  



X- Experimental 

0- 2-0 rnodd 

F i g u r e  24, Forward motion of head center-of-gravity, 



F i g u r e  25, P i t c h  a n g l e  of h e a d ,  



C X- Experimental 
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I " i ~ u r e  26, P i t c h  a n p l e  o f  t h e  u p p e r  l e g .  



D tmensions of Forearms: 

k 7 . 5 0  -4 C.G. 

Dimensions of Upper Arms 

NEAR JOINT 

Dimensions of Lower Spine: 

* NEAR JOINT SURFACE 

F i g u r e  2 7 .  Cent  ers-of-~rnvity a n d  dimensions 
of forearms, u p p e r >  7 r ~ : : ,  a n d  lower s p i n e .  



D~mens~oris ot Lower Torso P~IVIC Area: 

E,\TER OF PELVIC TARGET 

UPPER PELVIC JOIN-i SUFiFACE 
MATES WlTY SPIN5 

D~mensions of Upper Leg: 

NEAR JOINT 

TARGET CENTERS 

Dimens~ons of Lower Leg Including Foot: 

C.G. /' 
? i p u r e  28. ' , , "  4 p v , . . -  n f - p r a v i t y  and  dimensions 
o f  plevjra , ~ r . r i '  I ; ~ - G : .  I ~ F s ,  and  lower l e g s .  



D~mens~ons of Upper Torso Assembly 

SHOULDER JOINT 
POSITION 

CCELEROMETER 

TARGET CENTER 

Dimensions of Head Assembly: 

APEX 

ROMET 'ER APEX 



'?he preparat ion o '  , I  l rct.: ,  . ..t. ;'or- !,he :illidation exerc'se of the mLlit i - 
involvell determination ,?I ' ' IIC' ~ l ;  . " r '  in.! : ?I ::.i!il ?ropert ie : :  o f '  the 

HSRI 'iOth pe rcen t i l e  m:ile Sicrr. , iIwuri:i . I ; :  ,.; !11 ,I:; the  ~'or.cc-rlc r ?rm ' i or, 

i n t e r , ~ c t i o n s  betweer, t h e  dWr ,.nil h i s  set-;.; :ind res t , rn in t  s;~stem. V, ri:iu:: 

other  quan t i t i e s  such a s  the in i 'u in l  imp: ;; ~lc : , t , ,  :,he ; led decelerr  

p r ~ f i l e ,  and the  pos i t ion ing  of t h e  dummy a t  t he  beginning a f  tt.2 d e c e k r ?  - 
t i ~ r ,  event were measured d i r e c t l y  from the  t e s t  movies or t r ansc  ,cer da:a. 

The center  of g rav i ty  of the various body p a r t s  was f'ound by suspe:id- 

ing the piece by wires and observing the loca t ion  of i n t e r s e c t i n g  l i n e s  

of sc t ion .  The e igh t  moments of i n e r t i a  of the  body p a r t s  f o r  use i n  

the  node1 were found by suspending each piece or. a  t r i f i l a r  pendulum. The 

weights of t h e  body p a r t s  were measured on a prec is ion  scale .  This da ta ,  

t abula ted  i n  Table V I  and Figures 27-29, i s  f e l t  t o  be accurate  within 

1% as  repeated measurements were taken on the  various quan t i t i e s .  A 

correc t ion  t o  t he  moments of i n e r t i a  was ~riide based on t h e  weight and 

d i s t r i b u t i o n  of t h e  body skin element. 

Because no impact da ta  i s  ava i lab le  i n  a  form s u i t a b l e  f o r  use i n  

the  computer program, two s t a t i c  t e s t s  were ca r r i ed  out. The t e s t  

configurat ions a r e  shown i n  Figure 30 and the  r e s u l t s  i n  Figures 31 and 

32, In  determining the curve f o r  load-deflection under t he  buttocks, the  

de f l ec t ion  was measured by taking height readings "h" a t  po in t s  on the  

p e l v i s  a s  shown, a s  weight was added. For determining the  load-def lec t ion  

curve a t  t h e  f ron t  of t he  s e a t ,  t h e  dunnny was hung as  shown wi th  t h e  l egs  

UP 9 knees locked, and the  buttocks ju s t  touching the  cushion. The h ip  

j o i n t  was loose. The l egs  were lowered gradually,  and load sca l e  

readings were taken a t  progressive poin ts  u n t i l  the  s ca l e  read zero. C.t 

t h i s  time the  sea t  f ron t  i s  supporting the legs ,  Weights were then adLed 

u n t i l  the  s ea t  f ront  bottomed out of the  sea t  frame. This t e s t  has the  

dizadvantages of being s t a t i c  and only applying t h e  load  over p a r t  of the  



T.kt3L.k '41. WLIGHTS ANT I,:OMENri'S OF INERTIA OF 
:dSRI '50th ~-2RCENT;U SIERRA DUMMY 

Segment Sewent  Moment 
Body Segment Weight, of I n e r t i a ,  

~b in. ~b s'ec2 

Right forearm and hand 7. 3 4  0. 300 

Left foresrm and hand 5.187 0. 309 

Right upper arm 5.3 38 0.241 

Left upper ~ r m  5.676 0.235 

Lower spine 4.531 0. 078 

Lower t o r s o  pe lv ic  area 1 7 . 6 2  1.709 

Right upper l e g  20.125 1. 316 

Left  upper l e g  20.1% 1. 307 

Right lower l e g  and f'oot 9.781 1.211 

Left lower l e g  and f'oot 9.513 1.186 

Upper t o r s o  ( including shoul- 
der  and ches t  mode, p l a s -  
t i c  "sub-skin" around r i b  57.438 
cage snd two lower neck 
ver tebrae  clamped t i g h t )  

Head ( including two upper 
neck ver tebrae '  15.781 



A)  LOAD-DEFLECTION UNDER GUTTOCKS 

F r r  l 0 r c; - BAGS OF LEAD SHOT 

--- POINT Oh PELVIS 7 (right & left ride 

1 
1 measured & averaged) 

I 

For Results, See Graph, Fig. I 

B )  LOAD-DEFLECTION AT FRONT OF SEAT 

scale 

q p l l r ~  30. rn<,:t Po! f i i ~ ) ~ r a t , i n n  f o r  s e a t  
p r o p ? ~ f ' /  t,p::t.r. 



SEAT LOAD Ibs. 



Figure 32 .  Seat load-deflection characteristics at seat front. 
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7: i 33, Load-deflection characteristics of seat belts. 



:;ez?,. nowever, it does hn .~e  the a d ~ ~ a n *  -(ge c f  de~e rmin ing  a curve which 

incl - ide:  dei'3rmation propert,ie:: 31'  both t,he sent  and dummy used i n  t.he t ,e?t .  

The r ea t  b e l t  1o:ici-del'lect.ion ch ; l r : ic te r i s t ic  a l s o  l e d  t o  d i f f i c u l t i e :  - 
i n  n;e:irurement. In thi : :  r:l::e, ael'ormntion p rope r t i e s  of' the b e l t ,  buckle:., 

vehizlc  attachment poin ts ,  and of t h e  dummy i t s e l f  must be r e f l e c t e d  i n  

the aodulus which i s  used i n  t h e  model. In add i t i on  t o  t h i s ,  it i s  

necec::rry t h z t  the  deformations be a  pro jec t ion  on t h e  two-dimensional 

plhne 0:' events  which a c t u a l l y  occur i n  three-space. 

Thus, t h e  load-deformation c h a r a c t e r i s t i c s  of the  s e a t  b e l t s  were 

me:isurea by making use of da ta  gathered during the  t e s t  i t s e l f .  Force 

t ransducers  were used t o  record the  loads i n  t h e  b e l t s  and high-speed 

movies recorded a  plane view of t he  ac t ion  of t h e  b e l t s .  Therefore, using 

the  known loca t ion  of t he  H-point, t h e  b e l t  angle ,  and the  loca t ion  of 

the  b e l t  attachment poin t  i n  t h e  vehicle ,  it was poss ib le  t o  cons t ruc t  a 

t a b l e  o f  t he  s ea t -be l t  l ength  a s  a  funct ion oi' time. This, when combined 

wish the  da t a  from the  load c e l l s ,  was used t o  cons t ruc t  Figure 33,  

9e.surement of t he  deformation c h a r a c t e r i s t i c s  of t h e  shoulder harness 

elements s i m i l a r l y  was c a r r i e d  out using high-speed movies and loads f 'r~m 
.-/ 

t h e  l 'orce t ransducers .  

D. COI~P.L,ISON OF THE SLED TEST DATA WITH THE PREDICTION OF THE MODEL 

The comparison between t h e  s l ed  t e s t  and the  mathematical model was 

accomplished by measuring the  parameters necessary f o r  t h e  opera t ion  of' 

t h e  model and then exerc is ing  the  model based on t h i s  s e t  of input  data.  

The only parameters which were not determined experimental ly  were the  

~ t i f f n e s s e s  of t he  s tops  i n  t he  various jo in ts .  These were given a r b i t r a r y  

high values compatible with the  d e f i n i t i o n  of a  "stop." I n  most computer 

c i m ~ l a t i o n s  the  various body segments do not even i n t e r a c t  wi th  the  s tops  

m:iking p rec i se  d e l i n i t i o n  unnecessary. Also, it has been found i n  o ther  

excrci::e:: of t h e  model t h a t  v a r i ? t i o n  of these  q u a n t i t i e s  over r a t h e r  

wi'ie r,tnpe!- doe:: nclt h:ive :i l a r g e  ef:'ect on the body kinematics. Thus, 



i d ,  ir l'plt t h a t  t,he impact d a t a  which was measured p rov ide r  ;! v:ilid 

. - . (re.  

'ho t.:,-pes of  comp:~r i sons  can be made between ,innly.sir, .ind eirpc>rizen'.. 

,'n cnc h, ,nd,  +,he :ic t w l l  dmqy body mot,ior,z : i re :-1)u:iied ; on f.hc ot.hev, 1 . h ~  

- .:e: ,:r,i ' i c c e l e r a t l o n s  exper ienced  by t h e  body : ire e xnmined. 

- 
,he e x c u r s i o n  of' t h e  head c e n t e r  of  g r a v i t y  and t,he H-point a r e  

z h ~ m  ir ,  F i g u r e  18 a s  a f ' u n c t i o l ~  J L  t ime.  It can be noted t h a t  bo th  

t h e  he2d acd t h e  h i p  noved down t o  a g r e a t e r  degree  i n  t h e  t e s t  t h a n  t h e y  

ii;l i n  t h e  s imula t ion .  Also ,  t h e  h i p  was observed t o  move f u r t h e r  forward 

i n  t h e  t e s t .  It i s  i ' e l t  t h a t  t h i s  can  be exp la ined  by a n  examinat ion 

3 : '  'he h i p  s t r u c t u r e  of t h e  S i e r r a  dummy i n  conpar i son  t o  t h e  model, 

I n  :he dummy, t h e  s e a t  b e l t  was observed i n  t h e  t e s t  t o  r i d e  over t h e  

pel..ric s t r u c t u r e s  i n t o  t h e  abdominal a rea .  In  t h e  model, t h e  b e l t  was 

! .e , iu i red  t o  s t a y  on a r a d i u s  which was a f i x e d  d i s t a n c e  from t h e  H-point. 

Thu., i n  t h e  t e z t  submarining was al lowed, whi le  i n  t h e  s i m u l a t i o n ,  it  

, , .  , . ) .  . i::;possible. The f a c t  t h a t  submarining was observed i n  t h e  t e s t  may 

, : e l l  e..rplsin t h e  s u b s t a n t i a l  n o n l i n e a r  r.o; ' tening-spring behavior  of' t h e  

r e a t  b e l t  l o a d - d e f l e c t i o n  curve.  

f i g u r e s  23 and 24 d e s c r i b e  t h e  forward motion 01' herid and h i p  [J:, 

,: u n c t i o n  o f  time. The p r e d i c t i o n  of' head motion i s  q u i t e  good whercn:-: 

-he rnztian of t h e  h i p  d i f r ' e r s  d u r i n g  rebound p o s s i b l y  2 s  a r e s u l t  o! 

su jmar in ing  and t h e  f a c t  t h a t  t h e  b e l t  i s  b u r i e d  i n  t h e  dummy abdomen 

2: ' e r  t h e  ' e s t .  

The p i t c h  s n g l e  o f  t h e  head i s  p l o t t e d  i n  F igure  25, Although t h e  

phrl-e i s  c o r r e c t ,  t h e  magnitudes a r e  not .  The e r r o r  i n  p i t c h  magnituge 

i s  =bout 7$. It i s  f e l t  a t  t h i s  t,ime t h a t  t h e  g r e a t e r  f l e x i b i l i t y  o 

t h e  ~-ium~# neck ( n o t e  t h a t  t h i s  would be even more exaggerated i n  n l i v i n g  

r ubJe: t  l e a d s  t o  % h i s  e r r o r .  I t  i s  p o s s i b l e  th : l t  t h i s  phenomenon car, be 

:o.~~,per+~;sted f 'o r  by z l t e r i n g  t h e  j o i n t  ::to? ang le  l ram t h e  valuer, u::ed in 

..hi i n  @ i n c r e a s i n g  t h e i r  v? lues ,  g reC: t , e r  " f l e x i b i l i t y "  i s  

i n *  9 . s . i~ -e  i ',o t h e  lumyv. 



;-ic:ure 26 : h;": ' I , ( '  ' i t , r h  r,n&;le i ' , r  2p;er leg. In the  mocel 

{ , h i :  ii0'i.y element p i t r h ~ i i  ~ r ,  rind d ~ w n  more 'quickly than i n  t he  t e s t .  

j I ~ ! n i t v t t ' ,  t he  pe:~? v * i l u c , ,  , , r e  sirr,il::r, p o s s i j l y  because the  r o t a t i o n  01' 

+ h e  pe lv ic  area 3f' the  t l ~nny  clown under. the sea t  b e l t  i s  i n  the  same 

d i r e c t i o n  a s  t he  r o t a t i o n  of t he  upper leg. This seems l i k e l y  from q u a 3 -  

t ,nt ive okservat ions 31' t,he high-speed movies. 

Figure i 9  shov: the  r e s u l t ~ n t  chest  l i n e a r  acce l e ra t ion  i n  G ' s .  

Agreement between these curves i s  remarkably good both with respec t  t o  

phice and peak G-values. The t e s t  data  were determined a s  a combination 

01 t he  t h ree  readings of a t r i a x i a l  accelerometer pack. The readings f o r  

t h e  model were obviously limited. t o  acce lera t ions  i n  the plane. The 

.pike :it 180 ms i n  the  model and the  r i s e  i n  t he  t e s t  da ta  r e f l e c t  

rebound i n t o  t h e  sea t  back. 

S imi la r ly ,  i n  Figure 20 t he re  i s  I ' a i r ly  good agreement between the  

predic ted  and t e s t  values of head l i n e a r  accelerat ion.  The 70 G spike 

predicted by the  model occurred a s  t he  head pi tched forward s u f f i c i e n t l y  

f a r  t o  encounter the  "s top" b r i e f ly .  Spikes of t h i s  na ture  a r e  l i k e l y  

t o  occur i n  any segmented c o l l e c t i o n  of r i g i d  bodies i n  which s tops a r e  

allowed t o  ac t .  The peaks w i l l  be reduced only a s  f l e x i b i l i t y  i s  added 

t o  the  system. 

Figures 21 and 22 show the comparative sea t  b e l t  and shoulder harness 

loads. Agreement i s  qu i t e  good both i n  phase and magnitude i n  t he  sea t  

b e l t  loads. The predicted harness loads appear t o  be low although t h e  

pe:ik values a r e  within 15%. The reason f o r  t h i s  i s  unknown a t  present .  

It i s  poss ib le  t h a t  the  e r r o r  could be experimental i n  t h a t  s igna l  c l i pn ing  

was observed on s t r a i n  gage channels i n  severa l  t e s t s  conducted near t he  

time of t h i s  t e s t .  Other reasons could be improper s e l e c t i o n  of force-  

dei'ormetion curves and s lack fo r  t he  harness system. 

The comparison: between theory and experiment which have j u s t  been 

pre-ented represent  t h e  beginning of t he  most important phase of the  model 

.levelopment program-the determination of t h e  a b i l i t y  of t h e  model t o  



. :e:cribe t h e  physical system. Agreement i s  gaod on m:lny importrln i .  

: ~ i  , n t . i t i e s  d i scussed  :lbove. 'The difi3ercnc:e:: n ~ t . c d  i n  ot.hcr qu:~nti t . l tx 

I.(.. lcot, bo th  d i  I t ' i c u l t i e s  i n  m:~t,hen~:i t.ic:li',,y de::c>ribin~ . I  cjont,l.nuou:: 

l )o>iy  ily lumped masses and a l s o  d i  l ' t ' i c u l t i e s  i n  determining the input, 

a2;:i ,with wnich t h e  model can be exerc i sec .  



I V .  USERS ' G U I D E  FOR THE TWO-DIMENSI3NAL CRASH VICTIY SIMULATOR 

T h i s  p a r t  o f  t h e  r e p o r t  i s  i n tended  t o  serve as a  complete Users '  Gu:de 

f o r  e x e r c i s i n g  t h e  HSRI Two-Dimensional Crash V i c t i m  S imu la to r .  Sec t ions  A 

and B p r o v i d e  i n f o r m a t i o n  f o r  t h e  p r e p a r a t f m  o f  an i n p u t  d a t a  deck o r  f i l e .  

Each c a r d  ( o r  f i l e  l i n e )  i s  d e f i n e d  i n  Tab le  V I I  o f  Sec t ion  A i n c l u d i n g  

r e f e r e n c e s  t o  f i g u r e s  i n  t h i s  r e p o r t  d e s c r i b i n g  t h e  p h y s i c a l  n a t u r e  o f  -ihe 

v a r i o u s  i n p u t  data  and r e f e r e n c e s  t o  t a b u l a r  d a t a  i n c l u d e d  i n  Sec t ion  B ,  

Examples o f  complete da ta  s e t s  a r e  i n c l u d e d  i n  S e c t i o n  C.  These i n -  

c l  ude s i g n i f i c a n t  e x e r c i s e s  i n v o l v i n q  5 t h  p e r c e n t i l e  female, 50 th  and 9 5 t h  

p e r c e n t i  1  e  male occupants, and v e h i c l e  i n t e r i o r  f e a t u r e s  such as energy- 

absc rb ing  s t e e r i n g  column, energy-absorb ing lower  i n s t r u m e n t  panel ,  b e l t  

r e s t r a i n t  systems, w indsh ie lds ,  e t c .  Techniques i n v o l v e d  i n  t h e  a c t u a l  dats7 

s e t  p r e p a r a t i o n  a re  d iscussed and program p r i n t o u t s  f o r  t h e  e x e r c i s e s  a r e  

inc luded .  

The o u t p u t  f rom t h e  computer program i s  d iscussed i n  Sec t ion  D. T h i s  

m a t e r i a l  i s  complete w i t h  regard  t o  t h e  d e t a i l e d  p r i n t o u t  produced i n  those 

cases where debugging i n f o r m a t i o n  i s  needed. 

S e c t i o n  E i s  o f  p a r t i c u l a r  i n t e r e s t  t o  Users who w i s h  t o  e x e r c i s e  t h e  

model a s  i t  i s  i n s t a l l e d  on t h e  COMNET computer (Computer Network Corpor-  

a t i o n ,  5185 MacArthur Blvd. ,  Washington, D.C. 20016). A d e s c r i p t i o n  o f  t h e  

necessary j o b  c o n t r o l  cards  (JCL) t o  be i n c l u d e d  w i t h  each da ta  deck i s  

g iven.  P a r t i c u l a r  r e f e r e n c e  i s  made t o  remote o p e r a t i o n  o f  t h e  model 

f rom a  Data 100 t e r m i n a l .  

Sec t ion  F i s  a  t e c h n i c a l  gu ide t o  Users i n t e r e s t e d  i n  work ing  f rom 

t e l e t y p e  t e r m i  n a l s .  S p e c i f i c  r e f e r e n c e  i s  made t o  t h e  MTS (Mich igan Terminal  

 stem)" and  ALPHA'^ command languages. The RUN o r  EXECUTE s ta tements  f o r  



u s i c g  t h e  two systems a r e  descr ibed.  T h i s  i s  f o l l owec  by  a  d e s c r i p t i o n  of  

t h e  use c f  a  c o n v e r s a t i o n a l  program (TALK2) wh ich  a l l o w s  t h e  u s e r  easy d c -  

cess t o  d e s i r e d  p o r t i o n s  o f  t h e  o u t p u t  genera ted i n  an e x e r c i s e  of t h e  

m o d ~ l  . 
A. DESCRIPTION OF INPUT DATA CARDS 

A l l  except  t h e  l a s t  severd; i n p u t  cards  have t h e  same fo rma t ,  and d r e  

l a i d  o u t  i n  e i g h t  f i e l d s  o f  t e n  columns each. W i th  t h e  e x c e p t i o n  o f  t h e  

f i r s t ,  each f i e l d  c o n t a i n s  one i n p u t  datum. The f i r s t  f i e l d  c o n t a i n s  one 

i n p u t  datum i n  columns two th rough  t e n  p l u s  an i d e n t i f i c a t i o n  l e t t e r .  

T h i s  l e t t e r ,  wh ich  appears i n  column one, d e f i n e s  t h e  s e t  o f  parameters 

on t h a t  ca rd .  The o r d e r  o f  t h e  d a t a  cards  i s  i r r e l e v a n t  up t o  t h e  " Z "  

c a r d  wh ich  precedes t h e  SUMMARY card .  I f  more than  one o f  t h e  same c a r d  

i s  i n c l u d e d ,  t h e  l a s t  one w i  11 be g i v e n  p r i o r i t y  and i t s  da ta  used. 

S t a r t i n g  w i t h  " Z "  card ,  t h e  f o l l o w i n g  o r d e r  must  be preserved:  

1. " Z "  ca rd .  

2. SUMMARY ca rd .  

3. R e l a b e l i n g  ca rds  ( i f  any) .  

4. " - 2 "  card .  

5. To le rance  l e v e l  r e s e t  cards  ( i f  any) .  

6. " -1"  c a r d  ( i f  i n j u r y  p o t e n t i a l  s w i t c h  i s  on). 

7. 3 cards  c o n t a i n i n g  p r o b a b i l i t y  d a t a  ( i f  i n j u r y  p o t e n t i a l  

s w i t c h  and p r o b a b i l i t y  s w i t c h  a r e  on). 

8. F i r s t  f i e l d  c o n t r o l  card .  

9. Second f i e l d  c o n t r o l  card .  

10. Cards s p e c i f y i n g  STYX p r i n t  t imes  i f  r e q u i r e d .  

More than  one data  deck may be submi t ted  a t  t h e  same t i m e  by  s i m p i y  

w p u t t i n g  them one a f t e r  ano the r ,  each w i t h  i t s  own f u l l  complement o f  



carcs  ( " A "  t h rough  "STYX"). When t h e  proqrarn i s  f i n i s h e d  w i t h  t h e  f i r s t  

data  deck, i t  w i l l  l o o k  f o r  a  second. I f  f t  f i n d s  more data,  i t  w i l l  con- 

t i n ~ e ,  o the rw ise  i t  w i l l  s i g n  o f f .  

The i n c l u s i o n  o f  t h e  SUMMARY data  c a r d  a t  t h e  end o f  a deck 05  i n p u t  

data  r e s u l t s  i n  t h e  t a b u l a r  o u t p u t  i n c l u d e d  a t  t h e  end o f  a  computer run.  

Th is  o u t p u t  i s  t h e  r e s u l t  o f  a  s u c c e s s f u l l y  executed program and a l l o w s  

t h e  user  t o  e v a l u a t e  t h e  phys ics  o f  t h e  prob lem.  

A t  p resen t ,  t h e  c o n t a c t  s u r f a c e  l a b e l  i s  chosen accord ing  t o  Tab le  XV.  

However, t h e  user  may a1 t e r  t h e  l a b e l s  u s i n g  t h e  RELABEL c a r d  desc r ibed  i n  

Tab le  V I I .  T h i s  c a r d  may be i n s e r t e d  a f t e r  t h e  SUMMARY c a r d  i n  t h e  data  

deck w i t h  t h e  index o f  t h e  s u r f a c e  t o  be r e l a b e l e d  i n  columns one and/or 

two and t h e  e i g h t e e n  BCD c h a r a c t e r s  o f  t h e  new l a b e l  i n  columns e leven  

th rough  t w e n t y - e i g h t  s u i t a b l y  centered;  e.g. : 

-2---------- HEAD-REST----- 
4 

A g r a p h i c a l  o u t p u t  c a l l e d  STYX which i s  based on t h e  t a b u l a r  da ta  o u t -  

p u t  i s  i n  use a t  HSRI. The u s e r  o f  STYX has severa l  o p t i o n s  a v a i l a b l e  

which a r e  f i x e d  bo th  i n  t h e  i n p u t  t o  t h e  main program i n  t h e  case o f  t h e  

c o n t a c t  su r faces  and i n  t h e  i n p u t  d i r e c t l y  t o  STYX. Furthermore,  t h e r e  i s  

t h e  o p t i o n  t o  use STYX o r  s k i p  i t  a l t o g e t h e r .  

The c o n t a c t  su r faces  which a r e  s p e c i f i e d  i n  t h e  i n p u t  f o r  a  p a r t i c ~ l a r  

r u n  a r e  rep resen ted  i n  t h e  STYX ou tpu t .  To t h i s  end, each c o n t a c t  must have 

i t s  r e f e r e n c e  p o i n t  f i xed ,  and i t s  l e n g t h  and ang le  s p e c i f i e d  on i t s  own 

S c c r d  i n  t h e  i n p u t  t o  t h e  main program. I n  a d d i t i o n ,  t h e  t h i r d  f i e l d  o f  

t h e  T  c a r d  f o r  each c o n t a c t  s u r f a c e  d e s i r e d  must c o n t a i n  a  nonzero, f l o a t i n g  

p o i n t  number. These s e t  up t h e  v e c t o r  IGNORE ( I , )  which c o n t r o l s  t h e  use of 

t h e  c o n t a c t  sur faces i n  b o t h  t h e  program and th :  s t i c k  f i g u r e  rep resen ta -  

t i o r , .  



Contro ' i : ing t h e  use o f  STYX i s  a swi t c7 ,  NSTICK, read  by SUMARY. _ n  - 
t h e  i n p u t ,  t h i s  s w i t c h  i s  on t h e  c a r d  immed ia te l y  f o l l o w i n g  t h e  Z card .  

There a r e  2 f l o a t i n g  p o i n t  f i e l d s  o f  10 spazes each and 4  i n t e g e r  f i e l d :  

o f  E spaces; NSTICK i s  t h e  t h i r d  i n t e g e r  f i ; ld. I f  i t  i s  b l a n k  o r  zerc ;  

STYX w i l l  be executed; i f  nonzero, i t  w i l l  se sk ipped.  

I f  STYX i s  t o  be used, i t s  i r lpu t  f o l i c ~ s  t I , e  second SUMARY "go"  

card.  The f i r s t  c a r d  c o n t a i n s  seven i n t e g e r  f i e l d s ,  each f i v e  columns 

l ons .  The f i r s t  f i e l d  ho lds  t h e  number o f  h o r i z o n t a l  l i n e s ,  NHL, w i t h  

r e s t r i c t i o n :  2 5  NHL 5 2 4 .  The second f i e l d  i s  used t o  s p e c i f y  t h e  - - 
number o f  spaces between h o r i z o n t a l  1  ines ,  NSBH, which must s a t i s f y  t h e  

< 
i nequal i t y :  (NHL-1) *NSBH + NHL = 48. The t h i  r d  f i e i  d  has t h e  number 

o f  v e r t i c a l  1  ines ,  NVL, w i t h  r e s t r i c t i o n :  2 d NVL 5 53. The f o u r t h  

f i e l d  d e t a i l s  t h e  number o f  spaces between v e r t i c a l  l i n e s ,  NSBV, wh ich  

must s a t i s f y  t h e  i n e q u a l i t y :  (NVL-1 ) *NSBV + NVL 5 106. 
Y 

The f i f t h  f i e l d  i s  t h e  s w i t c h  t h a t  c o n t r o l s  t h e  p r i n t i n g  o f  t h e  

zero l i n e s .  I f  t h i s  f i e l d  c o n t a i n s  a  zero ,  t h e  zero  l i n e s  p r i n t ,  o t h e r -  

w i se  t h e y  a r e  om i t t ed .  The s i x t h  f i e l d  s p e c i f i e s  ISTEP, t h e  number of 

p l o t s  t o  be p r i n t e d ,  s u b j e c t  t o  t h e  r e s t r i c t i o n  ISTEP $200. The seventh  

f i e 1  d  ho lds  METH, t h e  s w i t c h  c o n t r o l  1  i n g  t h e  method o f  g e n e r a t i n g  i n p u t .  

If METH f 0, t h e  t i m e  p o i n t s  a r e  genera ted a u t o m a t i c a i l y ;  i f  METH = 0, 

t hen  t h e  t i m e  p o i n t s  must  be s p e c i f i e d  b y  t h e  user ,  

The n e x t  c a r d  i s  d i v i d e d  i n t o  s i x  f l o a t i n g  p o i n t  f i e l d s ,  10.4 wide. 

The f i r s t  f o u r  o f  t hese  a r e  t h e  minimum and maximum va lues  o f  X and Y, 

r e s p e c t i v e l y ,  t h a t  a re  t o  be p r i n t e d .  Care must  be e x e r c i s e d  so t h a t  

t h e  e n t i r e  f i g u r e  w i l l  be c o n t a i n e d  b y  these  boundar ies .  F o r  s c a l i n g  

purposes t h e  equa t i on :  



must be s a t i s f i e d .  The nex t  two f i e i d s  a r e  t h e  two parameters necessary when 

METt. f 0. FIRST i s  t h e  f i r s t  t ime  s t e p  t o  oe p r i n t e d ,  and DELTA i s  t h e  i n c r e -  

ment between t h e  t ime  p o i n t s .  ISTEP, s p e c i f i e d  above, i s  t h e  number of t i m e  

p o i n t s  t h a t  a r e  generated a u t o m a t i c a l l y .  

If METH = 0, t h e  nex t  ISTEP cards c o n t a i n  t h e  d e s i r e d  t i m e  p o i n t s .  I f  

METt! f 0, these cards -- must n o t  be inc luded,  Each t ime  p o i n t  must be i n  the  

f i r s t  8 columns o f  i t s  own separate  card,  and t h e  number o f  cards s p e c i f y i n g  

t ime p o i n t s  must be equal t o  ISTEP. These t ime p o i n t s  must be a t  any r e g u l a r  

o r  i r r e g u l a r  i n t e r v a l s ,  b u t  they  must be i n  c h r o n o l o g i c a l  o rde r .  The requested 

t ime p o i n t s  need n o t  match e x a c t l y  t h e  c a l c u l a t e d  t ime  p o i n t s .  The neares t  4 

a v a i l a b l e  t ime p o i n t  t o  t h e  requested t i m e  p o i n t  w i l l  be p r i n t e d .  If any 

r e q ~ e s t e d  t ime  p o i n t s  a r e  l a r g e r  than t h e  l a s t  a v a i l a b l e  t ime  p o i n t ,  t h e  

l a s t  a v a i l a b l e  one w i l l  be p r i n t e d - b u t  o n l y  once. The t ime  t h a t  i s  p r i n t e d  

i n  t h e  l a b e l  i s  t h e  a c t u a l  c a l c u l a t e d  t ime, n o t  t h e  requested t ime. 

The l a s t  ca rd  con ta ins  8 i n t e g e r  f i e l d s ,  5 wide, These a r e  t h e  swi tches 

c o n t r o l  1 i n g  t h e  p r i n t i n g  o f  t h e  c o n t a c t  r a d i i .  Each one p r i n t s  on 0 and i s  

o m i t t e d  i f  t h e  f i e l d  con ta ins  a n y t h i n g  e l se .  These swi tches c o n t r o l  respec- 

t i v e l y :  t h e  h ip ,  no th ing ,  t h e  chest ,  noth ing,  t h e  elbow, t h e  hand, t h e  knee, 

the  f o o t .  

To a v o i d  congest ion,  o n l y  t h e  man i s  p r i n t e d  o u t  w i t h  connect ing dots .  

A l l  o f  the  c o n t a c t  sur faces have o n l y  t h e i r  end p o i n t s  p r i n t e d  o u t  and n u s t  

be connected by the  user. S i m i l a r l y ,  o n l y  t h e  t n d  p o i n t s  o f  t h e  lower  shou lder  

- 



TE,RI,E V I I .  INPU?' CAT4 CARDS ( pagt 1 

-- - - .- -. . - - - - . - 
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P 1- 7 V I T T  
10 

j o i n t  f r i c t i o n  coef f ic i -en ts ,  C ' 
i 

i n .  lb. 
( I f  d e s i r e  C;=O, i n s e r t  small  number=O. 1  ) 

4 
? 

B 1- 8 x 1 body segment moments of i n e r t i a ,  
I i  

i n .  l b  sec  

C 1- 7 V I I T  j o i n t  e l a s t i c i t y  c o e f f i c i e n t s ,  K i n .  lb )I-7~1 
i 

L' 1-8 I X  4 body element lengths  between j o i n t s ,  L i n .  
i 

2 
E 1- 8 I X  4 body segment masses, m 

i 
Ib s n c  ' in .  

F ,- 1 t h i p  contac t  a r c  r ad ius ,  r 
1 

i n .  

upper t o r s o  contac t  a r c  r ad ius ,  r 
3 

head con tac t  a r c  rad ius ,  rq 

elbow con tac t  a r c  rad ius ,  r 
5 

hand con tac t  a r c  rad ius ,  6 

knee con tac t  a r c  r ad ius ,  r 
7 

f o o t  con tac t  a r c  rad ius ,  
8 

lower j o i n t  s t o p  c o e f f i c i e n t ,  T i o l  
( s e e  card H, f i e l d  1 f o r  ol. I f  
('1 = 0, then T i  should be used i n  
~l ac f-. of T;ol. ) 

i n .  

i n .  

i n .  

i n .  

i n .  

i n .  

i n .  l b  f o r  i n .  It. r h J '  
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' a r  - L' r: l d  Table3 Figure Quantity Unit -- 

XIV 

dis tance  along upper spine element 
c e n t e r l i n e  from j o i n t  specifying 
accelerometer loca t ion  (Columns 1-10) in .  

d i s t ance  along head element c e n t e r l i n e  
from neck j o i n t  specifying head accelerom- 
e t e r  l o c a t i o n  (Columns 11-20) 

occupant pos i t ion  option, NPSGR 
( ~ o l u m n s  21-25 form an in t ege r  f i e l d )  

con t ro l  f o r  graphica l  da ta  p r i n t o u t  
(b lank  o r  zero insure  execution) 
(columns 26-30 form an in t ege r  f i e l d )  

con t ro l  f o r  s t i c k  f l g u r e s  ( ~ o l u m n s  31-35) 
( i n t e g e r )  (blank or  zero execute) 

c o n t r o l  f o r  in ju ry  p o t e n t i a l  p red ic to r  
p r i n t o u t  ( ~ o l u m n s  36-40) ( i n t e g e r )  
(blank o r  zero  execute) 

con t ro l  f o r  i n j u r y  p o t e n t i a l  p red ic to r  
p r o b a b i l i t y  page ( ~ o l u m n s  41-45) 
( i n t e g e r )  (blank o r  zero execute) (see 
Table XX and reference 28) 

+IT!- .,_.-. -: . a. Fie lds  not  a l l  1 0  columns i n  length.  
b. In teger  f i e l d  contents must be indexed t o  r i g h t  s i d e  o f  f i e l d .  
c. See t e x t  f o l l o w i n g  t h i s  t a b l e .  

i n .  
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a, 
(I) 

3 
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(0 

6 
C, 
C 
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td 
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C, 
(I) 
QJ 
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b 4  
0 

X 
C, 
d 
d 
d 
P 
td 
P 

H 

r-i 





TARLL V I I .  INFW 11.4TP. CP.Rl)S (page 12) 

C a r d  Column Noe T a b l e  F i w r e  Quantity Units 

DELTA-Time increment between drawings. 
see 

If VETH=O, a s e r i e s  of cards i s  entered 
here. Each one contains a point i n  time 
a t  which a p lo t  i s  desired. Each time 
point  must be i n  the  f i r s t  e igh t  columns 
of i t s  own seperate  card. ISTEP=the 
number of cards included i f  METH=O. If 
METH#O, t h e  cards -- must not be included. 

NCNTCT (I)* 

NCNTCT (2 )  

A switch i n  each of these  
e igh t  in teger  f i e l d s  cont ro l  
t h e  p r in t ing  of contact  r a d i i .  
P r in t ing  occurs i f  zero i s  
entered i n  the  f i e l d  and i s  
omitted i f  the  f i e l d  contains 
anything e l se .  

3 6 - 4 ~  NCNTCT ( 8) 

*Note: Inde .  +nteger  q u a n t i t i e s  t o  r i g h t  end o f  f i e l r '  

( t i 



anri s e ~ t  5 6 ~ 1 ~ s  R r t .  printt.ci, and t h ~  l;?pt r s.:oulci:r b ~ l t  should be ?on;.,( - ' . ; . t i  

+cy t . : l ~ ~  f i f t h  J o i n t .  ? ' 1 1 r \  ( \antt ict  rrliiii  llrt, Iniiic.nt,tlti 11s ~ ~ n o b t , r \ ~ s i v r ~ i g  t\ 

p ? s s i b l t > .  

5. INFORYATION TABLES 

rr' Lrie fo l lowing  t a b l e s  d e s c r i b e  t h e  s u b s c r i p t i n g  used i n  t h e  progran:,, I n  

a d a i t i o n ,  c e r t a i n  p r i n t  and t a b u l a r  i n d i c e s  a r e  g iven a s  w e l l  a s  q u a n t i s i e s  

u s e t  i n  t h e  i n j u r y  c r i t e r i a  t ~ o d r l .  C e r t a i n  t a b l e s  l i s t e d  e t i r l i e r  I n  t h e  

t e x t  a r e  r epea ted  i n  t h i s  s e c t i o n  f o r  e a s e  and a s s e s s a b i l i t y  t o  t h e  use-. 

TABLE VIII. SUBSCRIPTS OF BODY JOINTS 

2 u b s c r i p t  
J o i n t  

TABLE I X .  SUBSCRIPTS OF BODY SEGKZNTS 

I s p i n e  1 s p i n e  1 

1 

Hip 
I 

I Torso I Torso I Torso 1 I A r m  I A r m  1 Leg 1 Leg 

S u b s c r i p t  
Bodysegment 

TABLE X, SUBSCRIPTS OF CONTACT ARCS 

2 
Lower 

1 
L a w  

1 I Torso 1 I 
I 

S u b s c r i p t  
C o n t a c t A r c  

- 
7 

Knee 

2 
Middle 

3 
Upper 

1 2  

Hip 

L 
Neck 

5 
Shoulder 

6 
Elbow 

3 
Upper 

- 

7 
Upper 

8 
Lower 

4 
Head 

3 
Upper 

5 
Upper 

7 

Knee 

6 
Lower 

S 
Foot 

4 : 5 
H e a d ;  Elbow 

6 
iiand 



TABLE X I .  Saturation Indices 

Subscript 

0. 

1 ,  

2. 

3 .  

4. 

5 .  

6. 

7 .  

8. 

9. 

11 .  

12 ,  

13. 

Surface or Be1 t 

f 1 oor 

seat back 

roof or head rest 

upper steering wheel ; upper 
dash, or back of front seat 

windshield 

1 ower steering wheel 

1 ower panel 

steering column 

toeboard 

steering wheel 

l a p  be1 t 

1 ower shoulder be1 t 

upper shoulder be1 t 



TA31.J STT. FXLT l'A3.4METZR INDEX 

1, l a p  b p l t  

Be l t  parameter index  - 2,  lower shoulder  b e l t  

[ upper shoulder  b e l t  

TABLX YIII, NBELT VALUES 

(0 no b e l t s  

i 1 l a p  b e l t  
NBELT = 

2 shoulder  b e l t s  
3 l a p  b e l t  and shoulder  b e l t  

TABLE X I V .  OCCUPANT POSITION OPTIONS 

1, d r i v e r  

Occupant p o s i t i o n  op t ion  = 2, f r o n t  passenger 

3, r e a r  passenger  

TABLE XV, NORMAL CONTACT SURFACE INDICES 

Index* Normal Contact  Sur face  

f l o o r  
s e a t  back 
roof o r  head r e s t  
upper s t e e r i n g  wheel, 
upper dash,  back of 
f r m t  s e a t  
windshie ld  
lower s t e e r i n g  wheel 
lower panel  
s t e e r i n g  column 
t oeboard 
s t a e r i n g  wheel 

*It i~ p e r m i s s i b l e  t o  us?  any index f o r  any 
o th6 , r  c o n t a c t  su r fac t>  a s  long  a s  i t  i s  com- 
p e t i b l r  wi th  t h , -  table. ~f p o s s i b l e  c o n t a c t s  
i n  Table X V I ,  For example, an  a i r  bag could 
be s imulated by  sing t h e  va r ious  segnents  
of t h e  s t e e r i n g  ..,:heel. 







[ 1 - vehicle l ~ c e l e r e t i o n  funct ion 

Input t a b l c  { ? - time-varying debugging switches* 

J - ( r c ~ d  but not used) 

*Use of t h i s  switch 2s c o n t r o l l t d  by IBUG value i n  
Table XVIII. 

TABLE XVIII. I W G  SWITCHER 

(negat ive i n t e g e r  - Input t a b l e  2 i s  used 

IBUG = 0 { - no debugging p r in tou t  

- various l e v e l s  of debugging 
(See Debug sec t ion )  



I 
1 I ??ver:ty index  

---.-- 
-ICSQ i -.--- --. - 

2 Head ?itch Accelir  f i t ion ( ra- / s e c 2 j  ! 2000 
- t-------------- 

12GS 1 i .--- --A 

! I 

Stoul. :er  Eelt L::Q ( i ' . . j  
I _-____- 7-- -I 8bO .- . 

5 

6 

I Chest  S-I  G-Load I 25 1 

I 

P e l v i c  Belv Los:. ( ~ b :  I 5m 

Knee Coad (each:! [ i b )  I 1500 I 

7 

L I 

I --I 
Chest  A-P GLoad 4 5 i 

7- i 

9 

1 0  
I I 

I Shoulder  Angle F L e x i o ~  ( d e g )  

Hip Aiigle F l e x i c r ~  ( d e g )  

Lower Spine  Anglc F lex ion  ( d e g )  

11 

1 2  

/ Elbox Angle F lex ion  (deg )  

120 I .--.+ 

2 0 I 
Upper Spine  F lex ion  ( deg)  

I I ---j 

Neck Angle F lex ion  ( d e g )  60 I 

+ 
15 

16 

Note:  See Reference 29 f o r  2 d i s c u s s i o n  o f  t he  i n j u r y  
cr l  t e r i a  model. The d e f a u l t  va lues a r e  a u t o r a t i c a i  l y  
used i f  no changes a r e  en te red  i n  t h e  d a t a  se t .  

.--A 

Knee Angle Flexi.cn ( d e g )  

Hip Angle Hypercj.tensJLon ( d e g )  

18 

19 

. 20 

21 

Lower Spine Anglc Hyp?rextension ( d e g )  r 4 5 
? 

Upper Spin? Angie Q p e r e x t e n s i o n  ( d e g )  ! 20 
I 

Neck Angle H y p e x x t e n a i o n  ( d e g )  I 60 
1 

Shoulder  Angle 3:~pere:h:tension ( d e g )  I 60 

E l b m  Angls H y p ~ ~ e x t e n s i o n  ( d e g )  

Knee Angle Hypert-xzenzion (deg)  
I 



-- 
Tnde x Card 1 Ca-d 2 Card 3 

r (11ser opt ion)  ( ~ l s c r  opt ion)  ( 11scr opt,i.ori) -/ 

1 Front c o l l i s i o n  Driver No r e s t r a i n t  

r 
c Rear c o l l i s i o n  Right f r o n t  passenger Lap b e l t  only 

Right r e a r  passenger Shoulder harness only 

Left  r e a r  passenger Shoulder harnezs snd 
l a p  b e l t  

Airbag and l a p  b e l t  
use 

Inverted y-yoke and 
l a p  b e l t  use 



C .  PREPARATION OF DATA SETS A N B  SAMPLE M O Z i L  EXERCISES 
w 

This section of the report describes the preparation of data se t s  'or 

use w i t h  the model and includes a variety of sample computer outputs. "he 

data cards l i s t ed  in Table VII serve four zasic functions: 1. description 

of the occupant; 2.  description of vehicle geor,etry and occupant posi t;oning; 

3. de f in i t ion  of the deceleration event; and, 4.  program control .  

Occupant Description 

Information on the  A through M cards of Table VII describe the occupant. 

The moments of ine r t i a  ( B  ca rd) ,  body segment lengths ( D  card) ,  body segment 

masses ( E  c a rd ) ,  body contact radi i  ( F  and ? cards ) ,  center of gravity loca- 

tions ( K  card) can be estimated using standard and non-standard anthropo- 

metric data in the case of human subjects. More accurate data can be ob- 

tained fo r  dummies as  they can be disassembled and subjected t o  laboratory 

measurement. 
30 Formulas fo r  estimating these quant i t ies  have been developed by Robbins , 

pattenE6, and ~ a n a v a n ' ~  i ndependently . The work of Robbi ns i s  speci f i  ca l l  y 

applicable t o  use with the  model described in t h i s  report  while the wor:: o f  

Patten was developed in conjunction with mcdel i n g  e f fo r t s  a t  Cornel 1 Ae.0- 

nautical Laboratories. 

I n  each case anthropometric data a re  needed to  describe the ex te r jo r  

shape of the subject ,  his s t a tu re ,  and his weight. Using body weight, .:he 

formulas of ~ a r t e r ~ '  can be usen t o  estimate the weight of the various ihody 

segments. The body segments are  then assum2d t c  be simple geometric shdpes 

such as cylinders f o r  the arms, e l l i p t i c a i  cylinders fo r  torso elements, 

e l l ipsoid  for the head, truncated conical sections fo r  the upper legs ,  ? t c .  

The anthropcmetric and weight d i t a  ttien are combined to  locate centers 3f 

- gravity and compute moments of i ne r t i a .  A,?di t ional  research i s  necessa-y 

to  val ids te  the accuracy of these procedures. 



I n  t h e  case o f  a  dummy i t  i s  p o s s i b l e  LO measure these q u a n t i t i e s  nore  
-' 

d i r e c t l y .  The techn iques f o r  do ing  t h i s  a r ?  desc r ibed  i n  S e c t i o n  I11  C o f  

t h i s  r e p o r t  f o r  a  S i e r r a  850 dummy. 

D e s c r i o t i o n  o f  J o i n t s  

D e s c r i p t i o n  o f  t h e  j o i n t s  (A,C,G,H, I , J  ca rds )  i s  more d i f f i c u l t  because 

o f  a  l a c k  o f  exper imenta l  data.  Both  range o f  ~ o t i o n  and s t i f f n e s s  p r c p e r -  

t i e s  a r e  needed. 

Angu lar  range o f  mo t ion  i s  f a i r l y  easy t o  determine f o r  b o t h  hufianc 

and dummies. The most a c c u r a t e  techn ique  i s  t o  t a r g e t  a d j a c e n t  body seg- 

ments and t a k e  photographs w h i l e  t h e  s u b j e c t  i s  extended t o  t h e  1  i m i  t s  o f  

v o l u n t a r y  mot ion .  The p r e c i s e  l o c a t i o n  o f  j o i n t s  such as t h e  neck, shou lder ,  

sp ine,  h i p ,  knee and elbow i s  s t i l l  a  m a t t e r  o f  c o n j e c t u r e  however t h e  deve l -  

opment o f  an th ropomet r i c  techn iques f o r  re1  a t i n g  body s u r f a c e  landmarks t o  

i n t e r i o r  c e n t e r s  o f  r o t a t i o n  i s  s t i l l  r e l a t i v e l y  incomple te .  - 
F i g u r e s  34, 35, 36, 37, and 38 d e s c r i b e  t h e  p r e p a r a t i o n  o f  a  s p e c i f i c  

s e t  o f  i n p u t  q u a n t i t i e s  f o r  use w i t h  t h e  model. Cons ider  f i r s t  t h e  h i p  

j o i n t  as shown i n  F i g u r e  34. I f  t h e  upper t o r s o  i s  v e r t i c a l ,  al = 90.' 

The A, s t o p  i s  a p p l i e d  when 0, - ( I t  w i  11 be necessary t o  r e f e r  

t o  F igu res  5, 10, 11, and 12  i n  i n t e r p r e t i n g  t h i s  d i s c u s s i o n . )  When 8, 

swings up toward t h e  t o r s o ,  t h e  s t o p  i s  appi  i e d  when (3,-~'3,<d,or i n  F i ~ u r e  

34 when $ I -  31?60.0 On t h e  o t h e r  hand, when a becomes negat ive ,  i .e., when 
7 

i t  r o t a t e s  down f rom t h e  n e u t r a l  h o r i z o n t a l  p o s i t i o n ,  t h e i ,  s t o p  i s  a p p l i e d  
I 

wher 8 ;  -.?>I 50.' Because 3, i s  negat ive ,  t h e  a u a n t i  t y  @, - d, becomes 

la rc je r  when 3 swings down and 3, i s  h e l d  cons tsn t .  
I 

The j o i n t  must now be s u p p l i e d  w i t h  s t r e n g t h  p r o p e r t i e s .  The A c a r d  

i n c l u d e s  f r i c t i o n a l  f o rces  a t  t h e  j o i n t s  r e s i s t i n g  r e l a t i v e  mot ions  between 

a d j a c e n t  body segments. Th is  q u a n t i t y  i s  most  d e s c r i p t i v e  o f  dummy j o i n t s .  



LOWER TORSO 

Figure 34. Hip j o i n t  structure 



TORSO I 
Figure 35. Back joint  s t r ~ c t u r e s  
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F i g u r e  36. Shculder j o i n t  s t ructure  
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F i g u r e  37, Elbow j o i n t  s t r u c t u r e  
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Figure 38. Knee j o i c t  structure 



I f  dummy j o i n t s  a re  set ,  f o r  example, a t  1 4 ,  the weight  of the  dummy body 

segments and t he  l oca t i ons  o f  t he  centers  o f  g r a v i t y  may be used t o  e s t i -  

mate t h i s  q u a n t i t y  accu ra te l y  (See F igure 39). For human-li ke j o i n t s  o r  

d u m y  rubber neck s t r u c t u r e s  t h i s  q u a n t i t y  should be a small non-zero value 

such as 0.1 i n .  l b .  ( A  zero va lue may cause program ma l f unc t i on ) .  

It i s  more d i f f i c u l t  t o  determine t he  e l a s t i c  c o e f f i c i e n t  r e s i s t i n g  

j o i n t  r e l a t i v e  mot ion ( C  ca rd ) .  For dumnies these q u a n t i t i e s  a re  near zero. 

For human-1 i ke j o i n t s  t h e i r  value depends on t h e  degree o f  tens ing  of t he  

muscles. Using t he  work o f   owm man^' a  rough est imate has been made t h a t  t he  

maximum value f o r  neck j o i n t  s t i f f n e s s  f o r  humans i s  approx imate ly  1920 i n .  

lb . / rad.  I n s e r t i o n  o f  t h i s  va lue i n  data se ts  i nd i ca tes  a  cons iderab le  

p o t e n t i a l  f o r  t h e  sub jec t  t o  i n f l uence  h i s  crash k inemat ics .  Fu r t he r  r e -  

search on t h i s  sub jec t  i s  necessary. 

Because l i t t l e  data has been found i n  t he  a v a i l a b l e  l i t e r a t u r e  d e f i n i n g  - - 

j o i n t  s top s p r i n g  constants,  i t  has been gene ra l l y  assumed a t  H S R I  t h a t  the  

s lope o f  the  t o r q u e - r e l a t i v e  angle  curve (G and H ca rds )  i s  t e n  t imes the 

slope o f  t he  human-like j o i n t  e l a s t i c  sp r i ng  curve (19200 i n . l b . / r ad )  f o r  

human s imu la t ions  and about 100,000 in.1 b l r a d  f o r  dummy j o i n t s ,  Recal l  f o r  

t he  h i p  j o i n t  t h a t  o(;= 60' and& = 150'. The s lope T I  r e f e r s  t o  t h e  

s top which i s  entered on t he  G card i n  t h e  f i r s t  f i e l d .  The d e f i n i t i o n  

entered on the  card i s  T I  ( i n l b . )  o r  T 1  i f  dl = 0  w i t h  the  u n i t s  o f  T I  
I 

being in . lb . / rad .  Therefore t he  q u a n t i t y  entered i n  G1 would be 20100 i n . l b .  
A 

r e f l e c t i n g  t h e  m u l t i p l i c a t i o n  by A , i n  rad ians  (60157.3). The q u a n t i t y  T I  

which i s  t he  s lope o f  t h e a , s t o p  i s  entered d i r e c t l y  i n  t h e  normal u n i t s  of 

i n .  1 b/rad. 

The lower  spine, upper spine, 'and neck j o i n t s  a re  shown i n  F igure  35. 

These t h r e e  j o i n t s  a re  symmetric and a re  de f ined  by a  s i n g l e d a n d  t h e  
t 



WI 1 = WEIGHT OF LOWER LEGS. 

d = DISTANCE FROM C.G. OF LOWER LEGS TO KNEE. 

C = FRICTION MOMENT = WI I x d (in.lb.). 

Figure 39. Computa t ion  o f  Jo"t F r i c t i c n  I n p ~ t  Data 
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assoc ia ted T i .  The f o l l ow ing  values a re  t y ? i c a l  values which may be used - 

as i n p u t  data:  d-; 7 0 ° , - G 4 = & + =  22.5', T i  = TJ = = 
20,000 i n . l  b/rad. 

3 

An example o f  an unsynmetric shoulder j o i n t  i s  shown i n  F igure 36. The 

upper t o r s o  angle  i s  g iven by e3 and the  upper am angle by a. S i m i l a r  t o  

the case of the h i p ,  stop l o c a t i o n s  a re  de f ined  by tjj - 8 <ih5 o r  d - k&>fj~ . 
5 2 - 2 ,  

For example, the  stops may be chosen 4, = 15' !and = 195'. The d, stop 
5 5 5 

coe f f i c i en t ,  T '  i s  aga in  entered i n t o  t he  data s e t  m u l t i p l i e d  by a  f a c t o r  
5 

w h i l e  t he  r s top  i s  entered d i r e c t l y .  

The elbow j o i n t  shown i n  F i gu re  37 i s  a l s o  unsymmetric. The upper arm 

angle  i s  Qr J w i t h  t he  lower  arm g iven by $. The s top  l o c a t i o n s  a r e  $ - $ (d6 
and B_d531~  w i t h  sample values d6= 220' and& = 130". The & s t o p  i s  

6 6 6 
entered i n t o  the  data s e t  m u l t i p l i e d  by a  constant.  

The knee j o i n t  shown i n  F igure  38 i s  unsymmetric. The upper l e g  angle  i s  0, 

and the lower  1  eg angle  i s  at. The stops a re  de f i ned  6 - Q8<q7 and 9 - 0 
7 -1 9 '7Ljj  

w i t h  sample values be ing $,= 20' and JL= 120". The d,stop i s  
7 

entered i n t o  the  data se t  mu1 t i p l i e d  by a  constant.  

The contents  o f  t he  J-card de f ines  j o i n t  angular  v e l o c i t y  l i m i t s .  Th is  

smail quan t i t y ,  u s u a l l y  chosen t o  be 1.0 deg/sec., i s  used t o  t u r n  on the  

j o i n t  f r i c t i o n a l  forces.  When r e l a t i v e  v e l o c i t y  between two ad jacen t  body 

elements i s  l ess  than t h i s  quan t i t y ,  the f r i c t i o n  f o r c e  i s  n o t  app l ied .  I n  

o the r  words, t h e  f r i c t i o n  force r e s i s t i n g  mot ion i s  o n l y  app l i ed  when t,he 

ac tua l  mot ion i s  considered t o  be s i g n i f i c a n t .  

Vehic le  and Z e s t r a i n t  System Geometry 

The p o s i t i o n  o f  t he  occupant w i t h i n  t he  v e h i c l e  ( o r  pedes t r ian  ou t s i de  

the v e h i c l e )  and geometric r e l a t i o n s h i p s  between t he  v e h i c l e  i n t e r i o r  com- 

ponents must now be spec i f i ed .  I n  add i t i on ,  i t  i s  necessary t o  p rov ide  force- 

deformat ion data f o r  a1 1  p o t e n t i a l  contacts .  



The f i r s t  s t e p  i n  t h e  development o f  v 2 r i c l e - o c c c p a n t  geomet r ic  i r ? u t  

dats; i s  p r e p a r a t i o n  o f  a  s c a l e  c rawing.  As g e ~ r r ~ e t r y  i s  s p e c i f i e d  r e l a t .  ve 

t o  t h e  H-po in t  of t h e  occupant, t h i s  p o i n t  i s  l z i d  o u t  f i r s t  on t h e  skr-;cNe,. 

As s e a t  back a n g l e  i s  s p e c i f i e d  on v e h i c l e  drawings,  t h e  ancjle o f  t h e  l ower - ,  

m idd le - ,  and upper - to rso  as we1 l as t h e  head elements a r e  usua l  i y  l a i d  o u t  

nex t .  

The l o c a t i o n  o f  c o n t a c t  su r faces  on t h e  drawing i s  u s u a l l y  t h e  nex-: 

s tep .  T h i s  i s  based on an e s t i m a t e  o f  t h e  number o f  su r faces  wh ich  t h e  oc- 

cupant  w i l l  c o n t a c t  d u r i n g  t h e  c o l l i s i o n  event .  For  a  f r o n t  c o l l i s i o n  i n -  

v o l v i n g  a  f u l l y  b e l t e d  occupant ,  t hese  a r e  u s u a l l y  l i m i t e d  t o  s e a t  back,  

s e a t  cush ion ,  f l o o r ,  and toeboard .  Fo r  a  rear -end c o l l i s i o n ,  a  head r e s t ,  

r o o f ,  and t o p  o f  t h e  sea t  back may be r e q u i r e d .  For  an u n r e s t r a i n e d  occupant  

i n  a  f r o n t a l  c o l l i s i o n ,  t h e  sea t ,  f l o o r ,  toeboard, w i n d s h i e l d ,  v a r i o u s  i n -  

s t rument  panel  components, e t c .  may be r e q u i r e d .  S e l e c t i o n  o f  t h e  a p p r o p r i -  

a t e  number o f  su r faces  i s  based on an e s t i m a t e  o f  t h e  c rash  event  and ca re -  

f u l  s tudy  o f  Tab le  X V I  wh i ch  i s  a  l i s t  o f  occupant  con tac t - sens ing  c i r c . ~ e s  

versus t h e  a1 1  owed v e h i c l e  component con tac ts .  Examp:es f o r  s e v e r a l  s tdnca rd  

c rash  events  a r e  i n c l u d e d  i n  t h e  t e x t  and f i g u r e s  wh ich  f o l l o w .  

Wi th  t h e  v e h i c l e  s u r f a c e  en te red  i t  i s  now p o s s i b l e  t o  s p e c i f y  t h e  10- 

c a t i o n  of t h e  l o w e r  and upper l egs .  A c i r c l e  i s  u s u a l l y  drawn tangen t  t o  

t h e  toeboard  and f l o o r b o a r d  r e p r e s e n t i n g  f o o t  c o n t a c t .  Given t h e  l e n g t , ~ s  

of kpper  and l ower  l e g s ,  t h e  ang les  o f  these two body e lements a r e  then  

u n i q u e l y  de termined by t r i g o n o m e t r y .  The arm elements and a l l  o t h e r  bcdy 

c o n t a c t  c i r c l e s  a r e  now drawn irk. 

Given t h e  b e l t  anchor p o i n t s  on a  v e h j c l e  drawing and t h e  p o i n t s  c" 

tangency where t h e y  i n t e r s e c t  t h e  body, i t  i s  fibw p o s s i b l e  t o  f i n i s h  t h e  

w geor re t r i c  d raw ing  r e l a t i n g  a l l  v e h i c l e  and o c c u ~ a n t  q u a n t i t i e s .  T h i s  i ' n s l  

p a r t  of t h e  ske tch  i n c l u d e s  b e l t  l e n g t h  acd ang le  which must be s p e c i f ' 2 d  

as i n p u t  da ta .  
11 9 



No ment ion has y e t  been mace o f  i n i t i a l  e q u i l i b r i u m  o f  t h e  body. '-he 
- 

i n i t i a l  seat  force a t  t he  h i p  ( ~ n t e r e d  as i n p u t  data 5n t he  f o u r t h  f i e l d  of 

t he  M-card) i s  u s u a l l y  chosen t c  be t h e  we igh t  c f  t h e  t o r s o  p l u s  t . i e  weiqht  

o f  t he  upper legs .  The i n i t i a l  va lue o f  t he  f o r c e  app l i ed  a t  t h e  f r o n t  

edge o f  the  sea t  t o  t h e  upper l egs  i s  choszn zero when t h e  angle  of t he  seat  

c u s t i o n  i s  sma l le r  than t h e  i n i t i a l  upper l e g  a rg l e ,  I n  o t n e r  c a w s  ( u s u a l l y  

o f  2 ch i1  d  occupant)  much o f  t h e  weight  of t h e  l egs  must be supported a': t h a t  

p o i r t .  The we igh t  o f  t h e  lower  l egs  i s  u s u a l l y  r e s i s t e d  by a  f o r c e  a c t i n g  

a t  the  f oo t  c o n t a c t  c i r c l e .  Th is  c i r c l e  i s  a l lowed t o  pene t ra te  t h e  f l o o r -  

board s u f f i c i e n t l y  t o  generate t h e  r equ i r ed  fo rce .  I n  rear-end c o l l  i s i o n s  

the  i n i t i a l  f o r c e  on t h e  seat  back i s  a l s o  chosen t o  be non-zero. A general  

r u l e  o f  thumb i s  t o  d i s t r i b u t e  20% o f  t o r s o  we igh t  between t h e  h i p  and upper 

t o r s o  con tac t  c i r c l e s .  Th i s  i s  accomplished by  a l l o w i n g  these c i r c l e s  t o  

pene t ra te  t h e  seat  back con tac t  surfaces s u f f i c i e n t l y  t o  generate  t h e  r e -  

qu i  r ed  forces. 

It has been found i n  HSRI exper ience t h a t  s e t t i n g  t h e  h i p  f o r c e  ecya l  

t o  t o r s o  we igh t  leads t o  e r r o r s  o f  l e s s  than  112 G i n  i n i t i a l  body load ings  

i f  a l l  o t he r  i n i t i a l l y  a p p l i e d  f o r ces  a r e  zero. T h i s  s imple approx imat ion 

o f  e q u i l i b r i u m  i s  f e l t  t o  be s u f f i c i e n t  f o r  most purposes. The a d d i t i o n a i  

r e f  I nements suggested i n  t he  p rev ious  paragraph can a1 so be c a r r i e d  o u t  

r a t h e r  e a s i l y ,  Complete e q u i l i b r i u m  f o r c e s  a r e  more d i f f i c u l t  t o  compute. 

Veh: c l  e-Gccupant Force-Deformati on P rope r t i es  

S p e c i f i c a t i o n  o f  t h e  force-deformat ion p r o p e r t i e s  o f  t h e  sea t  cushion, 

t h e  con tac t  sur faces,  and b e l t s  must be based on exper imenta l  da ta  if i t  i s  

a v a i l a b l e .  The exper imenta l  data  can ther, be s imu la ted  by a  f i f t h  orde,. 

po lynomiz l  i n  bo th  d e f l e c t i o n  and d e f l e c t i o n  r a t 2  p o s s i b l y  supplemented by  

a  p e r f e c t l y  p l a s t i c  energy absorber.  I t  should be remembered i n  o b t a i n i n g  .- 



o r  a d a p t i n g  expe r imen ta l  da ta  f c r  t hcs  puryose t h a t  d e f l e c t i o n s  of t h e  ;orl- 
v 

t a c t  s u r f a c e  and t h e  body e1emer;t a r e  b o t h  lumped t o g e t h e r .  I n  t h e  cas? c f  

be1 t.s, anchor p o i n t  de forn la t ion ,  b e l t  s t r e t c h ,  dnd body compl i a n c e  a r e  \il i 

lumped i c t o  t h e  p r o p e r t i e s  chosen f o r  t h e  m d e l  e x e r c i s e .  Examples o f  :he 

d e t e r m i n a t i o n  o f  c o n t a c t  s u r f a c ~ s  anc b e l t  s t r e r . g t n  p r o p e r t i e s  a r e  c o n ~ a i r ~ e o  

i n  S e c t i o n  1 I I .C  o f  t h i s  r e p o r t .  

Data Cards L Through Q, S  Throush U, and X 

Based on t h e  drawing d e s c r i b i n g  v e h i c l e ,  occupant, and r e s t r a i n t  s:/stem 

geometry as w e l l  as s e l e c t i o n  o f  f o r c e - d e f o r m a t i o n  da ta ,  i t  i s  p o s s i b l e  t o  

p repa re  t h e  L t h rough  Q and S t h rough  U cards .  D i r e c t  measurements from t h e  

d raw ing  s p e c i f y  occupant  p o s i t i o n  on t h e  L card ,  s e a t  l e n g t h ,  and s e a t  a n g l e  

on t h e  M card ;  i n i t i a l  d i s t a n c e  f rom h i p  t o  s e a t  f r o n t  on t h e  N card ,  t h e  

f i r s t  f i v e  f i e l d s  r e l a t i n g  t o  b e l t  geometry on t h e  0 card ,  t h e  f o u r t h  f i e i d  

o f  t h e  P c a r d  d e f i n i n g  i n i t i a l  b e l t  ang les ,  and f i e l d s  2 ,  5 ,  6, and 8 61 t h e  

S  c a r d  d e f i n i n g  c o n t a c t  s u r f a c e  end p o i n t s ,  l e n g t h ,  and ang le .  

F i e l d s  M1 and M4 a r e  based on t h e  s imp le  e q u i l i b r i u m  c o n s i d e r a t i o r s  d i s -  

cussed p r e v i o u s l y  c o m p l e t i n g  t h a t  ca rd .  The f i r s t  seven f i e l d s  o f  t h e  $4 c a r d  

d e f i n e  s e a t  cush ion  f o r c e - d e f o r m a t i o n  p r o p e r t i e s .  The t h i r d  f i e l d  c o n i j i n s  

t h e  s e a t  f r i c t i o n  v e l o c i t y  l i m i t .  T h i s  i s  a  c o n t r o l  parameter  wh ich  senses 

v e l c c i  t y  b e f o r e  a p p l y i n g  t h e  f r i c t i o n  f o r c e  i n  t h e  a p p r o p r i a t e  d i r e c t i o , ~ .  

An a p p r o p r i a t e  v a l u e  i s  0.1 i n / s e c .  No f r i c t i o r  f o r c e  i s  a p p l i e d  when :he 

b u t t o c k s  a r e  s l i d i n g  a long  t h e  s e a t  a t  a  l e s s e r  v e l o c i t y .  

The seventh  and e i g h t  f i e l d s  o f  t h e  0 -ca rd  d e f i n e  a  t h i c k n e s s  o f  t , i e  

l ower  l e g  and t h e  fo rward  a c t i n g  f o r c e  p r o p a r t i e s  o f  t h e  f r o n t  edge of .;he 

seat .  These p r o p e r t i e s  a r e  p a r t i c u l a r l y  i r nao r tan t  i n  rea r -end  c o l l i s i ~ n s  

where t h e  l o w e r  l e g  may swing back toward  t h e  s c a t .  



-- 
he re r - z in ing  co1li;nns 3: t t e  P, Q, S, > m y  U and X cards d e f i n e  b e l t  and 

c o n t a c t  su r face  fo rce -de fo rma t ion  p r o p e r t i  e;. For  c o r t a c t  sur faces wi  t . 2  

f r i c t i o n ,  a  l ower  v e l o c i t y  l i m i t  must be p r w i d e d  as a  c o n t r o l  paramete-. 

It should b e  remarked t h a t  t h e  c e n e r a t i o n  o f  more than  one f r i c t i o n  f o r ~ e  

a t  t h e  same t ime  can l e a d  t o  an u n s t a b l e  i n t e g r a t i o n  procedure under c e r t a i n  

conc i  t i o n s .  The program i s  a u t o m a t i c a l l y  stopped i f  t h i s  occurs  and ar? ap- 

p r o p r i a t e  comment p r i n t e d .  The customary procedure a t  HSRI i s  t o  use o n l y  

one non-zero f r i c t i o n  c o e f f i c i e n t  f o r  a  p a r t i c u l a r  s i m u l a t i o n  u n t i l  t h e  i n -  

p u t  da ta  s e t  i s  t ho rough ly  debugged. I f  more f r i c t i o n s  a r e  des i red ,  t hey  

a r e  then  added one by  one. 

V e h i c l e  D e c e l e r a t i o n  P r o f i l e  ( V  Cards) 

T h i s  i s  one o f  t h e  s i m p l e r  p a r t s  o f  da ta  p r e p a r a t i o n .  G iven exper imenta l  

da ta ,  i t  must be d i g i t i z e d .  The a c c e l e r a t i o n  cu rve  i s  broken up i n t o  con- 

nected s t r a i g h t  l i n e  segments. The end p o i n t s  o f  t h e  s t r a i g h t  l i n e s  a r e  

then en te red  o n t o  t h e  V cards.  It shou ld  be remembered t h a t  t h e  deceleva- 

t i o r  shou ld  be s p e c i f i e d  f o r  t h e  t o t a l  r e a l - t i m e  d u r a t i o n  o f  t h e  s i m u l a t i o n  

evec though i t  has dropped t o  zero. 

Con t ro l  Cards 

The f i r s t  c o n t r o l  q u a n t i t y  i s  en te red  i n  t h e  s i x t h  f i e l d  o f  t h e  0 card,  

t h e  maximum p e r m i s s i b l e  i n t e g r a t i o n  t i m e  s tep.  T h i s  pu ts  a  boundary on t h e  

f ineness o f  t h e  i n t e g r a t i o n  scheme. A usua l  va lue  i s  ,0005 sec. T h i s  i s  

t h e  l a r g e s t  t i m e  i n t e r v a l  wh ich  can be employed t o  model an even t  w i t h  3 500 

cps con ten t  ( f o u r  p o i n t s  p e r  cyc le ) .  When requir led by t h e  dynamics o f  t h e  

s i t u a t i o n ,  t h i s  t i m e  s t e p  i s  a u t o m a t i c a l l y  reducqd. The minimum p o s s i b l e  

The R c a r d  c o n t a i n s  seve ra l  parameters such qs occupant p o s i t i o n ,  

i n i t i a l  v e h i c l e  and occupant ve 'oc i t y ,  number o f  t ~ l  t s ,  p r i n t  t imes,  and 



rea:  t i m e  d u r a t i c n  o f  t h e  s i rnu ia t i on .  The q i i a n t i t y  NPASGR i s  u s u a l l y  s2;ected 
w 

as  1. because t h e  l a r g e s t  number o f  p o t e n t i 3 1  veh i c le -occupan t  c o n t a c t s  i s  

a v a i l a b l e  f o r  t h a t  o p t i o n .  The p r i n t  t ime  j t e p  c o n t r o l s  s to rage  of f m p ~ r t a n t  

o u t p u t  v a r i a b l e s  and w i l l  be t h e  t ime  s tep  i n  t a b u l a r  o u t p u t .  The most ccn- 

v e n i e n t  t a b l e  s i z e  occurs  f o r  a  v a l u e  o f  .1;05 sec. a l t n o u g h  a d c j  t i o n a l  3e- 

t a i l  i s  o f t e n  r e q u i r e d .  

When t h e  program senses t h e  Z card,  e x x u t i o n  o f  t h e  m d e l  occu rs .  The 

r e s u l t s  a r e  then s t o r e d  f o r  use by t h e  o u t p u t  sub rou t i nes  c o n t r o l l e d  by tk ,e 

cards  f o l l o w i n g  t h e  Z card.  

The SUMARY c a r d  s e l e c t s  t h e  o u t p u t  o p t i o n s  d e s i r e d  s p e c i f i e s  a c c e l x -  

ometer l o c a t i o n  f o r  computa t ion  o f  head and c h e s t  r e s u l t a n t  G l e v e l s .  The 

f o u r t h  t h r o u g h  seventh  f i e l d  c o n t a i n  i n t e g e r s  f o r  e x e c u t i n g  o u t p u t  o p t i o n s  

such as g r a p h i c a l  o u t p u t ,  s t i c k  drawings o f  occupant  mot ions ,  an i n j u r y  po- 

C 

t e n t i a l  m o n i t o r ,  and an even t  p r o b a b i l i t y  p r e d i c t o r .  These o p t i o n s  w i l l  

execu te  i f  a  1  i s  e n t e r e d  i n  t h e  f i e l d .  

RELABEL c a r d s  may be e n t e r e d  t o  change t h e  names of c o n t a c t  s u r f a c s  

i n  t h e  t a b u l a r  p r i n t o u t  o f  da ta .  F o r  i n s t a n c e ,  t h e  " s t e e r i n g  column" c m -  

t a c t  s u r f a c e  may be used t o  r e p r e s e n t  an a i rbag .  R e l a b e l i n g  o f  t h i s  sunf6ce 

shou ld  be c a r r i e d  o u t .  

F o l l o w i n g  RELABEL ca rds  a  -2 c a r d  i s  en te red  wh ich  causes t a b u l a r  9 r f  n t -  

o u t  t o  occur .  I n j u r y  c r i t e r i o n  and p r o b a b i l i t y  c o n t r o l  c a r d s  f o l l o w  if these  

o p t i o n s  have been s e l e c t e d .  

The f i n a l  t h r e e  ca rds  a r e  ;sed by  t h e  s t i c k  f i g u r e  p r i n t e r  p l o t  s ~ b -  

r o u t i n e ,  STYX. B a s i c a l l y  t hese  s e t  ~ p  a  s e r i e s  o f  p r i n t e r  p l o t  drawins.; 

of t h e  occupant  and v e h i c l e  p o s i t i o n  as a  i a n c t i o n  o f  t ime.  Sample i n p ~ t s  

and o u t p u t s  a r e  i n c l u d e d  i n  t h e  t e x t  wh ich  fo l ;ows,  



E x a m ~ i e  NJ. 1. 30 mph i r o r l t  Coi;i';io:. t s ,  50 th  ? e r c e r , t i l e  Miile 

A 50 th  ? e r c e n t i l e  male wear ing  a l a p  ;.:t and shou lder  harness i n  i 

30 m3t- f r o n t  c o l l i s i o n  i s  s i m u l a t e d  u s i n g  t n e  d a t a  s e t  i n  T251e X X i .  T i e  

d a t a  c e s c r i b i n g  t h e  occupant, t h e  v e h i c l e  : n t e r i w  and b e l t s  a r e  dersvec 

f rom i n f o r m a t i o n  i n c l u d e d  i n  P a r t  I11 o f  t n ' s  r e p o r t .  Human j o i n t  p r o p t r t i e s  

have been chosen. A " h a l f - t e n s e d "  s t a t e  has been chosen f o r  t h e  muscu1:ture 

of t h e  neck. Other  j o i n t  s t r u c t u r e s  a r e  g i v e n  t h e  same v a l u e  because of  a  l a c k  

o f  o t h e r  exper imen ta l  data.  On ly  t h r e e  c o n t a c t  s u r f a c e s  a r e  i n c l u d e d  h ' t h  

f r i c t i o n  o n l y  i n  t h e  sea t  cush ion.  The d e c e l e r a t i o n  i s  a 25 G t r a p e z o i c .  

The c a r d s  a f t e r  t h e  Z c a r d  i n c l u d e  e x e c u t i o n  o f  a l l  o p t i o n s .  A l l  : o l e r -  

ance i n d i c a t o r s  a r e  r e s e t  f o r  t h e  example. The complete p r i n t o u t  from t h i s  

r u n  i s  i n c l u d e d  i n  T a b l e  X X I I .  

The occupant i s  observed t o  move f o r w c r d  i n t o  t h e  b e l t s  and then  t o  

rebound. The c h e s t  and head G- load ings a r e  p r o b a b l y  a c c e p t a b l e  excep t  f o r  

rebound. 

The i n j u r y  c r i t e r i a  p r i n t o u t  i n d i c a t e s  p o t e n t i a l  problems due t o  head- 

neck f l e x i o n  ( t h e  t o l e r a n c e  v a l u e  used was d e r i v e d  f o r  t h e  case o f  whip:ash 

and t h u s  may n o t  be accu ra te ) ,  shou lde r  be1 t l oads ,  v e r t i c a l  s p i n a l  l o a a i n g s ,  

and excess i ve  r e 1  a t i  ve mo t ions  between a d j a c e n t  body segments. 

The p l o t s  of o u t p u t  v a r i a b l e s  and t h e  s t i c k  drawings of t h e  o c c u p a ~ t  

can be used t o  s t u d y  t h e  v v e n t  f u r t h e r .  The s t i c k  drawings a r e  p a r t i c u - ; a r l y  

use fu l  i n  a s c e r t a i n i n g  t h e  accuracy  of t h e  i n p u t  geomet r i c  d a t a  and whether 

s u f f i c i e n t  c o n t a c t  sur faces have been inc luded .  
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LAP BELT S t i r l l L D F h  FFSTRAINT LAP R t L  1 5 H l l I ~ L l l t R  R F S T Q l l N r  
L I  *ER UPPER LOWFR IJPPFR 
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1 7 7 -  I). 1 5 0 8 .  40.1 60.9 - 33.4 
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DATA 
RELAT lVF  H I P  

I INCPF 
tfORI ZOYTAL 

0.0 
0.01 
0.07 
0.25 
0.59 
1.15 
1.91 
2.84 
3.84 
5.0 1 
6.16 
7.32 
8.45 
9 .50  

10.40 
11.04 
11.32 
11 .21  
10.72 

9.91 
8.87 
7.56 
4 - 2 0  
4.78 
3.35 
1.93 
0.53 

-0. P h 
-2.19 
-3.36 
-4.24 
-4.78 
-4 - 9 3  
-4 .h7 
-4.04 
-3.15 
-2  - 0 9  
- 1  . 0 0  

0.05 
1.03 
1.93 

1. 1 9 7 2  PACF 1 
WFLATIVC b E l C  P ~ l S I T l l l N  

I I Y C ~ : ~ )  
HOPIZChTAL VcRTICAL 

- 3 . 9 9  2 6  - 9 3  
- 3.87 26.93 
-3 .79  26.93 
- 3. hO 26.93 
-3.73 26.93 
-2 .63  2 6 - 9 2  
-1.79 26.R9 
-0 .74  24.R4 

0.52 26.73 
1.95 26.56 
3.53 26.29 
5.22 25.90 
6.56 25.37 
9.65 24.67 

10.15 23.81 
11.37 22.79 
12.77 2 1 - 6 9  
12.75 20.63 
12.79 19.79 
12.38 19.20 
11.53 1R.99 
10.31 19.08 

8.82 19.38 
7.13 19.84 
5.34 20.41 
3.51 2 1  - 0 4  
1.65 21.74 

-0.24 22.50 
-2 .02 23.34 
-3.60 24.28 
-4.87 25.16 
-5 .84 26.59 
-6.55 27.95 
-7.11 29.35 
-7.58 3 0 . h l  
-7 .99 31.49 
-0.24 31.79 
-8 .26 ' l .h4 
-R.07 31.23 
-7.74 30.70 
-7.30 30.1 1 
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Example No. 2. 30 mph F r o n t  C o l l i s i o n .  Lap B e l t  and EA S t e e r i n g  Column. 
50 th  P e r c e n t i l e  M a l e ,  

The same occupant ,  v e h i c l e ,  and c r a s h  even t  have been modeled w i t h  t h e  

e x c e p t i o n  t h a t  t h e  upper t o r s o  b e l t s  have been removed. T h i s  d a t a  s e t  i s  

q i v e n  i n  Tab le  X X I I I .  The be1 t s  have been r e p l a c e d  by t h e  EA column and 

a i r b a g  comb ina t i on  s p e c i f i e d  as F i g z r z  60 o f  t h e  r e p o r t ,  "Pass ive  P r o t e c t i o n  

a t  50 M i l e s  Per Hour" by The complex f o r c e - d e f o r m a t i o n  p r o f i l e  

was modeled by t h r e e  independent  c o n t a c t  su r faces  p l a c e d  one beh ind  t h e  

o t h e r .  The c u m u l a t i v e  e f f e c t  o f  these t h r e e  s u r f a c e s  i s  shown i n  F i g u r e  40, 

These s u r f a c e s  have been r e l a b e l e d  as r e q u i r e d .  An upper i n s t r u m e n t  panel  

has a l s o  been added t o  r e s t r a i n  t h e  m o t i o n  o f  t h e  head as i t  p i t c h e s  down- 

ward a f t e r  t h e  upper t o r s o  has begun t o  i n t e r a c t  w i t h  t h e  EA column elements. 

The t a b u l a r  o u t p u t  f o r  t h i s  e x e r c i s e  i s  i n c l u d e d  i n  Tab le  X X I V .  A l t hough  

t h e  s t e e r i n g  column produces accep tab le  G- load ings  on t h e  chest ,  t h e  head 

G- load ings  caused by upper  i n s t r u m e n t  panel  c o n t a c t  may be excess ive .  To 

save space o n l y  t h e  t a b u l a r  o u t p u t  and t h r e e  s t i c k  diagrams have been i n -  

c l uded  i n  t h i s  t a b l e .  
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E x a m ~ l e  N J .  3. Unres t ra ined  5 t h  P e r c e n t i i i  Female R i ~ n t  F r o n t  Passenger i n  
3 

T h i s  event  has been modeled u s i n g  t h e  data i n  Tab le  X X V .  A c o m p l e ~ e  

d e s c r i p t i o n  o f  t h e  p r o p e r t i e s  o f  a  5 t h  p e r c m t i l e  female were n o t  s v a i l c b l e .  

Values were ob ta ined  by  s c a l i n g  t h e  da ta  d e s c r i b i n g  t h e  50th p e r c e n t i l e  male 

down based on s t a t u r e  and we igh t  f o r  a  5 t h  p e r c e n t i l e  female  (105 I b s .  snd 

5  f t .  approx ima te l y ) .  J o i n t  range o f  mot ion  and s t i f f n e s s  p r o p e r t i e s  wsre 

n o t  changed because o f  t h e  l a c k  o f  a v a i l a b l e  data.  Besides t h e  usua l  s s a t  

cushion,  sea t  back, toeboard,  and f l o o r ,  f o u r  o t b e r  c o n t a c t  sur faces have 

been s p e c i f i e d .  These a r e  t h e  w i n d s h i e l d  (Su r face  4 )  t o  i n d i c a t e  head con- 

t a c t ,  an  upper i n s t r u m e n t  panel  e lement (Sui-face 2 )  a l s o  t o  i n d i c a t e  he2d 

c o n t a c t  (Su r face  7 ) ,  and a  knee-catch ing l ower  i n s t r u m e n t  panel  (Surface 6) .  

The exaggerated e x t e n t  o f  these su r fac3s  as s p e c i f i e d  by  t h e  i n p u t  d i t a  

shou ld  be observed i n  t h e  a n n o t a t i o n s  t o  t h e  s t i c k  f i g u r e  s e c t i o n  of t h e  

a b b r e v i a t e d  program o u t p u t  i n c l u d e d  as Tab le  X X V I .  T h i s  procedure  i s  based 

on t h e  f a c t  t h a t  each c o n t a c t  s u r f a c e  generates f o r c e s  o n l y  on s e l e c t e d  

body elements. As an example, i t  does n o t  m a t t e r  how l o n g  t h e  w indsh ie 'd  

(Surface 4 )  i s  o r  whether i t  i n t e r s e c t s  w i t ?  t h e  body. A f o r c e  i s  genetaated 

o n l y  on t h e  head. Sur faces 2, 6, and 7 a l s ~  o n l y  produce f o r c e s  on a  s - n c l e  

body segment (head, knee, and c h e s t ) .  

The p h i l o s o p h y  beh ind t h i s  procedure 1 s  t o  ensure a  successfu7 program 

e x e c u t i o n  even though t h e  i n p u t  da ta  i s  n o t  h i g h l y  r e f i n e d .  T h i s  i s  made 

necessary i n  many exe rc i ses ,  such as t h e  p r e s e n t  one, where one cannot  pre-  

d i c t  w i t h  any accuracy  t h e  k inemat i cs  o f  th. occupant. I f  su r faces  a r e  

t o o  s h o r t ,  body c o n t a c t  c i r c l e s  may s l i d e  u ? r e a l i s t i c a l l y  by  t h e i r  ends. 

I n  o t h e r  words, i t  i s  u s u a l l y  b e t t e r  i n  b e g i n n i n g  a  s e r i e s  o f  e x e r c i s e s  t c  

have t h e  occupant h i t  something r a t h e r  than  t o  f l y  o f f  i n t o  space. 



The kinematics of the occupant are interest ing and the body loadings 

are severe. The small occupant i s  directed generally downward under t h L  

instrument panel. The head contacts the wi,~dshield and upper instrumen; 

panel, the cnest the front  panel, the knees :he lower panel, while the ,egs 

are trapped under the panel. The buttocks rebound into the f ront  of thc 

seat  cushion generating high loads and flexing the back to  the rear. The 

head f ina l ly  contacts the seat  back. 
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Example No. 4. ilnrestrainld 9 5 t h  P e r ~ e n t t - ~  Driver ( i k  Colmn and ic~we,~ 
'I Instrument Panel) i n  30 mph  Frontal Col1is:jn. 

The occupant description used i n  t h i s  data se t  (Table XXVII) was dz-  

rived by scaiing the 50th percentile dummy i a t a  ~pwarc t o  r e f l e c t  t h ~  

. - 
s ta ture  and weight of the larger subject.  . ~ e  v e h i c ; ~  geometry and prc;jerties 

were the same as Example No. 2 except that  the lap belt  was removed anc re- 

placed by an energy-absorbing lower instrurn2~t panel (See Figure 45 of  

"Passive Protection a t  50 Miles per tiour by This surface ( l o .  6 )  

had the energy absorbing properties shown i n  Figure 41 as specified on the 

proper S ,  T ,  V ,  and X cards. A windshield contact surface was also added 

because of the extreme penetration of the large occupant into the steer.ing 

column. This was considerably more pronounced than fo r  the smaller occupant 

a1 though the occupant loadings may be tolerable.  

In early versions of t h i s  exercise i t  was observed tha t  the center 

torso mass element moved forward so f a r  that  the lower edge of the s tee ,~ ing  

wheel passed ent i re ly  through the body. This occurred because no c o n t c t  

sensing c i r c l e s  are attached to th i s  elemer,t. To avoid t h i s  problem ar,d 

in t sense t o  simulate the restraining e f fec t  of the lower part  of the 

steering whed on the torso,  the stop angies fo r  jo ints  2 and 3 were de- 

creased. In l a t e r  simulations th is  provideo restraining torques a t  these 

jo ints  to e; iminate the unreal i s t i c  kinematics. For comparison purposes, 

see f i e l d s  2 and 3 of  the I card fo r  Exampi? No. 1 (Table XXI) and t h i s  

example (Table XXVII). 

The output from th i s  exercise i s  inc!baed as Table XXVIII. The oczupant 

moves forward and contacts a l l  surfaces. Penetration of the column by the 

chest i s  approximately 8 inches before rebound. 



DEFLECTION (INCHES) 

F igu re  41. Force-Def lec t ion  C h a r a c t e r i s t i c s  o f  Knee R e s t r a i n t  











. 'A W 
i 0 5 
w v 0  
U N O  
u m -  
Q . ,  

b 0 
I I  

u LU u 
d h m  
r v o  
2 2: * . .  
0 0 0  

I  I  

c >  a 9 0 ~ ~ ~ ~ ~ m m ~ v ~ m m m ~ u ~ ~ ~ ~ v a m m m m m - ~ 0 0 ~ ~ ~ ~ 9 m 0 .  
~ r ~ ~ ~ m ~ m m ~ + - a ~ + ~ m m n r m ~ ? e a m ~ - r + - ~ ~ ~ m e ~ ~ ~ ~ ~ - m o o  

-1-.................,........,....,....,.... 
V) U O + S ~ ( D ~ ~ ~ ~ ~ ~ ~ - + Q N ~ ~ ~ ~ P ~ N - C - O @ O O @ ~ N O M ~ ~ N ~ . O ~ ~ @  
w a ~  ~ ~ ~ ~ ~ ~ a o m ~ ~ ~ ~ m @ * ~ u m m + o a a o m ~ ~ ~ ~ + u ~ a m m e m ~ v  
- 1  I I I I - A N ~ ~ ~ ~ P ~ O ~ ~ + * N I - N N ~ ~ P \ ~ * J + Y I ~ Q Q Q ~ ~ I F  
a L u  - 4 
C 5  h 5 

I l l l l  I l l  I  I l l 1  1 I l l  

W W W W  
3 m n g  
rro.U.G 
Q d U P  
d d 4 m  . . . .  
3 0 0 0  
I l l 1  

. . . .  
o o o u  

I l l  



. C 
i -c.- - O ~ P U  ~ u a r n n ~ o h a c u  + n . o - o o a c ~ r c r \ . c - o o o ~  n o r  i 3 t -  - n ~ ~ ~ ~ s h O u . i c . u r  ~ + ~ r . . i ~ O O a ~ h - r * + n , u c < o r  O D  a r - - o r -  

: i. - \ ? ~ C ' O O ~ L P . C C ~ U U - U ~ F C ; ~ U C U ~ ~ P ~  J Z O P .   hapr rot-oinu a o o n l  
C i I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c c C O C ~ O ~ O O ~ V P U N ~ , L O  - U - & Q V \ O  * c r  a m o o ~ - ~ + o ~ o . c ( r ~ ~ - r a  o - 1 1 1 1 1 1 1 1 1 1 - 8 1 1  h 4 I 1 1 1 1  

I 



i- 

d ~ ~ - v ~ - c . o N L - o ~ ~ w . ~ , ~ ~ ~ + .  ? ~ ~ ; q r + ~ ~ ? . ~ u r r c - . - - - ~ v ~ s . w r .  
L L ' ! ; . . . . .  . . . . . . . . . I . . . .  . . . . . . . . . . . . . . . . . .  - z U D ~ C  N U C ~ U ~ ~ ~ N ~ C U S P ~ ~ O ~ ~ + ~ ~ N ~ - - C , . U J ~ ~ ( C ~ ~ P ~ C Z ~ ~  
c U O + ~ S C C S * ~ ~ L - Q ~ ~ * * F - + ~ + L T * ~  c r n d ~ ~ d ~ ~ - r o e h c c d * J  

- d L 3 3 4 d - 3 4 3 d - C C d d 4 d d - C  4 -  4 -  4 d L - d -  U, I  I l l  I I I I I I I  I  I  I  I 
5 

1 b-w 
P a z -  
u w 4 m  
= m A C c N r n l .  m n " ~ ~ " V h ~ ~ ~ ~ ~ m P ( O N . D ~ * . c F . 5 0 w - D P p P * ~ h ~ N ~ P ~ ~ ~  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  

z ~ Z O ~ O ~ O ~ O - N N O ~  ~ N ~ w ~ Y V ~ ~ C ~ W Q . ~ ~ ~ * I - U - ~ ~ ~ D ~ ~ - ~ N ~ O ~  
i- I n 3  c , \ N ~ . J * ~ P ~ N * ~  N -  n 4 

- z r  & I  
z u  I V  
= L L  - - i v. 
z I .,. LL 
zt - w 
C I  - 
u w ~ ~ m c ~ r n - ~ ~ n w c , r - ~ ~ ~ r ~ ~ o ~ " ~ ~ ~ ~ . ~ m ~ s \ ~ x m n ~ - - r ~ n ~ ~ ~ m r  0 4  

L 1  1~.,............,...,,..,.,,,,.,.,...,..... 
J W  ~ ~ ~ * n ~ ~ ~ m d w ~ v ~ u ~ ~ ~ r ~ + + ~ r r . ~ a ~ ~ ~ ~ r n ~ ~ o n ~ u ~ ~ a ~ c l ~ ~ r o  
c d  ~ ~ b ~ m m m ~ ~ m ~ ~ a ~ ~ n i ~ ~ ~ " i u v ~ ~ r l - n c i ~ . t ~ - \ t o w 3 - ~ m ~ - ~ ~  

!a u - l l I 1 1 1 1 1 1 -  - - - - - - I  4 4  C I l l l - 4 - 4 4 -  4 

U I  I I I I I I  I I I I I  





L 
- L L  - - 
z --  e 
& ? 7  
Y C  - 
4 

vr '> L 
C C C  
Z 
Y C I I  







Example No. 5. U n r e s t r a i n e d  9 5 t h  P e r c e n t i l e  Occupant i n  30 mph Rear-End 
C o l l  i s i o n .  

The occupant  d e s c r i p t i o n  used i n  t h i s  d a t a  s e t  ( T a b l e  X X I X )  was t h e  

same as t h a t  used i n  Example 4. The c o n t a c t  su r faces  c o n s i s t e d  of toeboard,  

f l o o r ,  s e a t  cush ion ,  and sea t  back. The s e a t  back was made up o f  two seg- 

ments - one t o  r e s t r a i n  t h e  h i p  and o w  f o r  t h e  upper t o r s o ,  

The reason f o r  two su r faces  i s  based on t h e  f r i c t i o n  o p t i o n s  a v a i l a b l e  

w i t h  t h e  H S R I  model. It shou ld  be r e c a l l e d  t h a t  t h e  presence o f  more t h a n  

one f r i c t i o n  f o r c e  d u r i n g  computa t ion  can l e a d  t o  i n s t a b i l i t i e s .  I f  one su r -  

face i s  used f o r  t h e  s e a t  back (e .g .  s u r f a c e  No. 1  - s e a t  back)  wh ich  i n t e r -  

a c t s  w i t h  t h e  h i p  and t h e  upper t o r s o  c o n t a c t  c i r c l e s ,  t h e n  t h e  p o s s i b i l i t y  

f o r  g e n e r a t i o n  t o  two s imul taneous f r i c t i o n  f o r c e s  i s  v e r y  h i g h  e s p e c i a l l y  

s i n c e  ramping u s u a l l y  i s  observed i n  r e a r  impacts.  T h i s  b e i n g  t h e  case, two 

s u r f a c e s  have been used i n  t h i s  example. Sur face No. 1  has non-zero f r i c t i o n  

and i n t e r a c t s  w i t h  t h e  h i p  w h i l e  s u r f a c e  no. 7 i n t e r a c t s  w i t h  t h e  upper 

t o r s o .  

Two o p t i o n s  a r e  a v a i l a b l e  t o  model t h e  knees and l o w e r  l e g s  as t h e y  

swing back toward t h e  f r o n t  seat .  One o f  t hese  i s  c o n t a i n e d  i n  f i e l d s  7-8 

o f  t h e  0-card  and t h e  o t h e r  i n v o l v e s  r e s t r i c t i o n  o f  t h e  r e l a t i v e  m o t i o n  

between t h e  upper and l o w e r  l e g s .  F i e l d  7 o f  t h e  0-card  c o n t a i n s  a  " t h i c k -  

ness" f o r  t h e  l o w e r  l e g  w h i l e  f i e l d  8 c o n t a i n s  a  s t i f f n e s s  f a c t o r  wh ich  

generates a  f o r w a r d  a c t i n g  f o r c e  on t h e  l o w e r  l e g  i f  c o n t a c t  i s  sensed. 

I n  t h i s  example f l e x i o n  o f  t h e  knee was l i m i t e d  t o  model a  s i m i l a r  e f f e c t .  

T a b l e  X X X  c o n t a i n s  o u t p u t  genera ted u s i n g  t h i s  d a t a  se t .  The o n l y  

obv ious  aspec t  o f  body l o a d i n g s  and k i n e m a t i c s  wh ich  shou ld  be of concern  

i s  t h e  head-neck hype rex tens ion  caused b y  a  l a c k  o f  head r e s t r a i n t .  The 

a d d i t i o n  o f  a  head r e s t r a i n t ,  p o s s i b l y  by use o f  s u r f a c e  No. 4 ,  would l e a d  

t o  a  g e n t l e  r i d e  f o r  t h e  occupant .  
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D. GENERAL PRGGRAM OUTPUT 
v 

The program p r i n t o u t  c o n s i s t s  o f  t h e  f 3 l l o w i n q  p a r t s :  e x e c u t i v e  s.jsieiil 

p r i n t o u t ,  l i s t i n g  o f  i n p u t  cards read (up ts Z-card) ,  a l l o w a b l e  contdc7: 

s p e c i f i c a t i o n s ,  d i g e s t  o f  i n p u t  data,  i n t = m e d i  a t e  general  ? r i  n t o u t  w i  XI 

var;ous p o s s i b l e  debugging o p t i o n s ,  and t a h l a r  summary. 

There a r e  f o u r  l e v e l s  o f  debugging pr-intou: p r o v i d e d  i n  t h e  progrsn .  

The f i r s t  l e v e l  o f  p r i n t o u t ,  c o n s i s t i n g  o n i j  o f  normal summary p r i n t o u t ,  

i s  z lways p r i n t e d  upon program execut ion .  The o t h e r  l e v e l s  (IBUG = 1, 2 ,  3 )  

a r e  s e t  up u s i n g  t h e  i n p u t  da ta  ca rds  l a b e l e d  " V . "  Because o f  t h e  p iec2wise-  

1  i n e a r  n a t u r e  o f  i n f o r m a t i o n  i n p u t t e d  t o  t a e  computer program u s i n g  "V-cards" 

i t  i s  p o s s i b l e  t o  i s o l a t e  smal l  t i m e  segments w i t h i n  t h e  fo rward  i n t e g r a t i o n  

p e r i o d  covered by t h e  s i m u l a t i o n  and produce d e t a i l e d  debugging p r i n t o u t  LS  

needed. 

A1 though v a r i a b l e  l e v e l s  o f  debugging p r i n t o u t  a r e  s p e c i f i e d  o n l y  Jy 

p iecew ise  l i n e a r  sec t i ons ,  o n l y  i n t e g e r  va iues  o f  IBUG have meaning, so t h e  

b e s t  p r a c t i c e  i s  t o  use a  ve ry  smal l  t i m e  s tep  between t h e  i n t e g e r  v a l u s  of 

IBUG. A  sample of t h e  " V  ca rd "  i n p u t  i s  g i ven  i n  Tab le  X X X I  and g r a p h e l  i n  

F i g u r e  42. 

I f  a p r i n t  t ime  occu rs  w h i l e  IBUG i s  a l i n e a r  ramp, some interrned: l i te  

IBUG p r i n t o u t  w i l l  occur  (IBUG = 1, 2) as tk,e vs lues  a r e  rounded o f f  api l rox-  

i m a t e l y  t o  i n t e g e r  va lues .  

The f i r s t  i t e m  p r i n t e d  o u t  a f t e r  t h e  e x e c u t i v e  system p r i n t o u t  i s  J 
* 

l i s t i n g  of t h e  i n p u t  da ta  f i l e  up t o  t h e  Z card.  A f t e r  t h i s  comes a  t a b l e  

o f  t h e  p e r m i s s i b l e  c o n t a c t s  f o r  t h e  NPASGR , q t i c n  se lec ted.  "NS" i s  th. 

t o t a l  number o f  c o n t a c t s  and t h e  n e x t  two ; i nes  g i v e  t h e  i n d i c e s  o f  t h e  

body segment and i t s  cor respond ing a l l o w e d  c o n t a c t  s u r f a c e  (see Tab le  X V ) .  



TAELE XXXI, SAMPLE V ZARD 22BUG ZPUT DATA SET 

It should a l s o  be noted t h a t  contact  forces  a r e  labeled by the  foilowing 

scheme i n  p r in tou t s  from subroutines LODFEC and CONTAC (see Table X X X I I ) .  

~ n d i c e h  1, 2, and J a r e  b e l t s  ( l a p ,  lower shoulder harness, upper ~ h o u i d e r  

harness) .  index 4 i s  ves t ig i a l .  The index pa i r s  l i s t e d  under I and i. a r e  

labeled from 5 through a maximum of 18 ( see  Table XVI ). 

The' input  da ta  follows the  l i s t i n g  of t h e  contacts.  These variables  

a r e  described i n  Par t  N, Section A of t h i s  paper. The surface index k i s  

p r in ted  one g rea t e r  than the  l i s t i n g  i n  Table VII. For example, A = 1 i s  

the  f l o o r  index whereas t he  value i n  the  t a b l e  i s  zero. 

Intermediate general p r in tout  can be described by a t a b l e  and a l i s t  of 

accompanying comments, Table XXXII  cons i s t s  of the debug l eve l ,  t he  subroutine 

generat ing the  output, and the  variables  included i n  each output group and 

Table X X X I I I  l i s t s  spec i f i c  comments which a r e  generated by t h e  program indl -  

ca t ing  c e r t a i n  e r r o r  condit ians and other  aspects  of program function. 

Information on 
each data  card 

V2. I 1. 
V2. ' i. 
v2. i 1. 

(3. 

0.099 
0,100 

0. 
0. 

I 
V2. 1 1. 1 0.149 
v2. i 1. I 0.150 
v2. j i. 0.200 

3 . 
3. 
0. 
o . 



Time - Sec. 

Figure 42, Description of time-varying debug table. 



TABLE XXX: I .  ~TF .WIATE c ZWAL PRI3:GUT (page 1 )  

*(ai = l b  i n . f o r  i = 1-8, l b  f o r  
1.9, l b  i n e 2  f o r  i = 10-17.) 

"NOTE: The terms " ~ e b u g  Level" and "IBUG va l t e "  a r e  equivalent  throughout 
t h i s  repor t .  

-- 
L e t ~ q  Level* 

, ' a x  debug p r in tou t  
number) 

0 (1) 

Label 

- - 
Routine 

M A I N  

Contents 

Num~er of contact  sur faces  (NS). index 
of :ontact a r c s  ( I ) ,  index of c - ~ n t a c t  
sur faces  ( A )  (see note on *:able X Y X I I I )  

O ~ S J - J ~  of input  (See P a r t  IV. k of 
r epo r t )  (see note on Table X X X I I I )  

Switch ind ica t ing  s t a t u s  of t he  contac t  
sur faces  (+1 = no contac t ,  -1 = no 
f r i c t i o n ,  0  = f r i c t i o n )  

Present  time ( ARG), time modulc 24 (MOD 
ARG) , t a b l e  number ( TABLE), ord:.nate 
( o m )  

s i n  el, cos el, ei2, kei2, ai6:,* i n  
f i v e  columns f o r  i = 1-8 i n  eig.lt l i n e s  
( L  = i n , )  ( 8  = rad)*. Quan t i t y  "a" i s  
matr ix  parameter, 

Z ( i n )  ( d i s t a n c e s  f r o m h i p  t o f w o n t  of 
s e a t )  
FS (FS)  ( l b )  ( h i p  s e a t  fo rce )  
FSPRM ( F ' s )  ( l b )  ( f r o n t  edge s e a t  fo rce  
FZ (Fz) ( l b )  ( f o r c e  on f r o n t  s e a t )  
SFMLLF ( f )  ( l b )  ( f r i c t i o n  f o r c e  magni- 
tude)  

( P p s  + f2yS2 +  BY,^) ( l b )  (non- 
l i n e a r  h i p  f o r c e )  
ZKLCTS ( z  - 5 COB gi) ( i n . )  (d i s t ance  
from knee t o  f r o n t  of s e a t )  

0 ( 2 )  

0 ( 3 )  

1 (4) 

3 ( 5 )  

2 ( 6 )  

MAIN 1 

KRUNCH 

GETY 

ACCEL 

SEAT 

-- 

IGNORE 

-- 

STEP 

SEAT 

- 



TA5LE X X X I  I .  IXTRPEDIATE GENEF;.<:< ?'RISTCtJT  a age 2) 

P ebug 
Level 

1 (7) 

- -- 

LODFEC 

Label 1 Cor,tents 

LODFEC N ( i n d e x  cf fo-ce)  ( See T & d e  XVI knd 
..= .,xu # A  abo . . ,  
SDL ( 6 )  ( s r l , )  ' de f le - t io r , :  
SDL3 ( b )  c i n .  /set) (deflecd:f on r a t e )  
PN ( F )  (11)) ( c  m t a c t  f o r c e )  
ET ( E )  ( 5 2 .  l b j  (energy s i n c e  l a s t  xnLoaded 
c y c i e )  
EPSLNT ( E )  ( i n .  ) ( permanerltdef o r m a t i ~ n )  

CONTAC CONTAC N ( i n d e x  cf c o n t a c t )  
DELOA ( 6 )  ( i n .  ) ( d e f l e c t i o n )  
DELIAD (k) ( i n , / s e c )  ( d e f l e c t i o n  r a t e )  
PN ( F )  ( l b )  ( f o r c e )  
EONE ( E  ) ( i n .  l b )  ( t o t a l  conserved e re rgy)  
EPSLNY t z :  ( i n . )  (permanent def ormaticn) 

C ONT AC QUE 
VECTOR 

QUE ( S u b s c r i p t  I = 1-10 r e f e r r i n g  t o  zhe 
body s e g m n t s  (1-8) a s  def ined i n  Tab;? 
IX and t h e  x-y coord ina tes  of t h e  hip.  
Uni ts  f o r  s u b s c r i p t s  1-8 a r e  i n .  l b  a23 
f o r  9-10 a r e  l b )  ( ~ o n t r i b u t i o n  t o  genera- 
l i z e d  f o r e  vector  of c o n t a c t  s u r f a c e s  i s  
def ined i n  Table XV. ) 

BODY BODY I ( index f o r  each l i n e  def ined a s  QUE 
s u b s c r i p t s )  
GEE ( g r a v i t a t i o n a l  c o n t r i b u t i o n  t o  geL- 
e r a l i z e d  f o r c e  vec to r )  
DEE ( c o n t r i b u t i o n  of s e a t  bottom and b 3 l t s )  
BEE ( c o n t r i b u t i o n  of c e n t r i f u g a l  f o r c e s )  
SPALLB ( t3 ;o l  genera l i zed  f o r c e  v e c t o r )  

A 
I 
j ANVERS (ectlbly subscr ip ted  i n v e r s e  of .:A: 

rNlrmsE 1 

A 
V i T R  IX 

AA ( doubly subscr ip ted  mat r ix  of d i f f e  :EL- 

t i a l  eque t ions ,  Rows possess  u n i t s  de'ined 
i n  Qrn) 



TABLE hi(XI 1. INTERIVIE3IA';E "IE;;:.%AL .RINTC;;T (page 3 )  

;)c~h:lg ! 
Lt.vt.1 

/ .?outire , Label 1 Contents 
I 

DELZMK DELZMK .4 subscript ion comment "FOR MCDE Nc. ( K ) ,  
I = (I), A = ( A ) "  
K ( Index of j i t t e r i n g  f r i c t i o n  rr.ode. 
For K = 1-7, index refe:?s t o  jo in t .  :?or 
K = 8, inde). r e f e r s  t o  sea t  cushior,, For 
Y. = 9, .,., index i~ k + 4, see page 26, 
DELZ (J,K) This d o ~ b l y  subscripted rector 
shows the  change i n  acce lera t ion  veztor 
( J  = 1-10) due t o  an i n s t a b i l i t y  (K = I...) 

KRUNCH 

ZK 
BASE 

I 

I 
1 

T I M E  
IMAX 

ZVECPP (acce l e ra t ion  vector due t o  con- 
t inuous forces  and unstable  f r i c t i o n  forces .  
Subscripts  r e f e r  t o  angular coordinates 
( 1-8), l i n e a r  coordinates (9 - lo ) ,  a d  
vehicle  (11) .  Units a r e  rad/sec2 m d  
in. /sec2)  

Time s ince  beginning of c o l l i s i o n  event. 
MAXI (number of possible  i n s t a b i l i t i e s )  
I B I G  ( l i s t i n g  of possible  unstable  nodes 
with subscr ip t  I = 1,. .MAXI) 

JITTER I ( index  of averaging p a i r )  
A K  (weighted averaging coe f f i c i en t  used 
i n  el iminat ing i n s t a b i l i t i e s )  

JITTER Comment: MODE (index)  TURNED ON (01. OFF) 
or  JITTER FOR MODE (index)  

ZRV = 

ZPPP = 

DELNU = 
FMM = 

Rela t ive  acce lera t ion  from ZXBASE f ~r 
mode N 
Relat ive acce lera t ion  from previous . 
averagings 
Relat ive acce lera t ion  from DELZMK ( K  = 7) 
Slope of vehicle  dece lera t ion  (.in./sec3) 
These q u a n t i t i e s  a r e  l a r g e l y  v e s t i g i a l  



TA31E XXXII. XTJWGIAT3 G~E;;.;L ?R;IYTOU"l' (page 4) 

TAUX 1T;U ( i .  [ i r d e x  of j i t t - r i n g  :'.?i?t:>n 
c o n t a c t '  
TAL7AT ( ;) ( st l e c t e c  i l c l e  ir.-.-cervi; 

! 
I TAU1 (a;: p rec ic ted  t i r , e  i n t e r v a l s )  
I ( I  = 1-13, i n  two iists) ! 

TAUMAK MODE 1 MODE (~w;.:ch r r r a y  stat in;;  whether et,:h 
' f r i c t i o r -  zsde (1-16) i s  oz ( + I ) ,  off  -:), 1 o r  uns tab ly  j i t t e r i n g  (o).)  

LIMDT 

I 

I ( i n d e x )  
AZ ( r a d  a;.. i n , )  ( p r e d i c t e d  angular  po ;i- 
t i o n  of b3dy elements, 1-6, x and y k ~ p  
posi t lor .  3-10, and c a r t  l o c a t i o n  11)  
AZP. ( rad/sec  cr i n , / s e c )  ( assoc ia ted  
v e l o c i t i e s )  
AX ( i n ,  ) ~:4or izon ta l  j o i n t  coordinete. ; .  
Note index 8 r e f e r s  t o  knee and both 1 
and 7 t c  ;he t i p  j o i n t  heye only)  

, AY ( i n . )  ( v e r t i c a l  j o i n t  coord ina tes )  ' AXD ( in . / ; ec )  ( h o r i z o n t a l  j o i n t  velocLty) 
AM ( i n . / s s c )  ( v e r t i c a l  j o i n t  veiocit:.) 

FEC LOO 

N O R .  

FECLOD TIME ( s e c j  ( t i m e )  
INDM ( index  cf con tac t  f o r c e  checked: 

' SDEL ( i n . )  ( p r a d i c t e d  d e f l e c t i o n )  
SDELD ( i n . / s e c )  ( p r e d i c t e d  d e f l e c t i o n  r a t e )  
FTT ( l b )  ' 2 re lLc ted  con tac t  f o r c e )  

I 
ATTIME I T 1 ! Q ( s e ~ ,  

THETA ' ZV'EC (deg ,  ( a n g u l a r  p o s i t i o n  of body I elements :.-8) 

XHI? 

ZVECP (de;/sec) ( a n g u l a r  v e l o c i t i e s )  
ZV'ECPP ( ~ , ? ~ / s e c ~ )  ( a n g u l a r  a c c e l e r a t i c n s )  
ZVEC, Z E C ? ,  ZVECPP ( i n . ,  in . / sec ,  i r . , / sec2)  

Y HI? (9-12) ( ? < ) s i t i o n ,  ve loc i ty ,  and a c c e l t r h -  
XC AR I t i o n  of k .2  i n  x and y d i r x t i o n s  and of I t h ~ >  vehic:-e)  



NORMUT 

I 
TIME j TIME sec)  
F S FS (1~:) ( s e a t  bottom fo rce  on hip' ,  
E'S PRM 1 FSPRY : ~ b )  [ f o r c e  a t  f ~ o n t  edge o: s e a t  ' bo t to r )  i 
SMALLF ; SM,4L.J: ( l b !  ( f r i l t i o n  fo rce  f r o a  ;?E.; 

i bot t ;x) 

NORMUT 

GAMMA 

- - - -- -- - - - 

XHEAD, XCHEST ( in . / sec2)  (hor1zon:al ac- 
c e l e r e t i o n  of head and ches t  c. ge ) 
YXEAD, YCHSST ( in. /sec2)  ( v e r t i c a l  ac- 
c e l e r a t i o n  of head and ches t  c. g .) 
AHEAD, ACHSST ( in . /sec2)  (resu1tar.t  
acce lera t ion  of head and ches t )  
GHEAD, G C E S T  (deg)  ( ang le  of r e s u l t a n t  
acce lera t ion  vector)  

NORMUT 
DELTA 

DELTA DOT 
FY 
PHI 
EIM 

I EPSILON 
DEM 

Index of b e l t  segment: s ea t  b e l t  (1) 
upper shoulder ( 2 ) ,  lower shoulde: ( 3 ) .  
SDELTA ( i n . )  (e longat ion  of b e l t )  
SDELD ( i n ,  sec)  ( r a t e  of b e l t  e longat ion)  
PN ( l b )  ( b e l t  force)  
PHI (deg) ( b e l t  angle) e 

EONE (?n. / lb)  ( t o t a l  energy conserved i n  
b e l t )  
EPSLNY ( i n . )  (permanent b e l t  deformation) 

MAXR (p re sen t  number of f r i c t i o n  trades 
being considered) 
RVEL j rad/sec, in./sec) ( r e l a t i v e  ve loc i ty  
f o r  t he  f r i c t i o n  modes being considered) 
RSEL (rad/sec2,  in./sec2) (relati3;e accel- 
e r a t ion  f o r  f r i c t i o n  modes considered) 

KPRINT ( p r i n t  switch) 
KINFL ( i n f l e c t i o n  switch) 
KSTED (maximum time s t e p  switch) 
ITAU (mode se l ec t ed )  
TAUHAT ( sec)  (minimum predicted mcde time) 
TPREiT ( sec)  (next  p r i n t  t ime) 
TINFL ( s e c )  (next  i n f l e c t i o n  time) 
TSTE? ( s e c )  ( l a s t  i n f l e c t i o n  time) 
DELTkT ( s ec )  ( t ime s t e p  se l ec t ed )  
TIME ( sec)  (new time) 
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LODFEC 

LODFEC 

LODFEC 

LODFEC 

LODFEC: 

Z h 4  m 

JITTER 

LIMID T 

- ' Y SET TO 

TABLE - vm = - 
EEEEDED BY ARG - 
'1' SET TO 

Ch'.4llGD R FROM - TO - 
FOR INDEX 

RESET CONSE3VED ENERGY TO 
LOdER LIMIT AT T = SEC - 
RESET CONSERVED ENERGY TO 
UFPER LIMIT AT T = SEC - 
CHANGD G FROM - T 0 - 
FCR INDEX 

OLTSDE MONOTOMIC RANGE OF 
LOADING CURVE FOR ITDEX N = 

BA3 MATRIX. D W  

TWO LINEAR JITTER MODES 
AT T = 

AT TIPX = - DELTA 
T = - RESET TO - 

NEGATIVE FORCE S3T TCJ 
ZERO FOR TiVj'rTX N :- - 
F.T T IPE  ; 

c:-'f Low ena c 3 a b i e  

03' higk end of  t a c l e  

R,  S, not comgatibl? 

I R r e s e t  lower 

R 2ese t  higher 

R ,  ; not compatible 

d w i n g  loading pa r t  of cycle  
F ( z )  < 3 ( t  - ~ t )  

detsrminant of matrix = 0 

2 c9ntac.c f r i c t i o n  i i t t e r  
mcd.s wsnt t o  j i t t e r  a t  same 
tis? ( f e t a l )  

son- forward contact  forces  
prezicted t o  change by > 100s 1, 

du?'-rig 1 oadinq pa r t  of 
cyc.-c F (t) c: 0; r e t  
rlquul t c  zc.ro.  
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T A B L E  X X X I I I .  PRCGRAM C N M E N T S  (page 2)  

Subroutine I Comment 1 Conditions 
I 

TPUMAK I R E S E T  MODE ( I 
)TO ZERO 1 Indicates j i t t e r  mode selected 

KRUNCH 

KRUNCH 

FECLOD 

M A I N  

ZMA KE R 

AT TIME = 
-) 

ANGLE 

- EXCEEDS 360 DEGREES 

AT TIME = - 1  MORE 
THAN E I G H T  ITEMS I N  JTTTER 
RUN STOPPED 

AT T I M E  = - FORCE 
COMING ON FROM BEHIND FOR 
INDEX 
I 

I L L E G A L  CARD SKIPPED.  

LARGE CHANGE I N  ACCELERA- 
T I O N  A T  T I M E =  LOOK FOR 
PURIOUS FORCE- 

Space a l lo ted t o  storage f o r  4 

j i t t e r  process would be 
exceeded ( f a t a l )  

f a t a l  

Data ca rd  with i l l e g a l  va lue  o r  
I D  column i s  p r i n t ed ,  process ing 
c o n t i  nues. 

Probably a con tac t  c i r c l e  h i s  s l i d  
i n  behind a con tac t  l i n e .  

LODFEC N E G A T I V E  PERMANENT DEFORMA- I S a t u r a t i o n  has occurred and bad 1 T l O N P R C D I C T i D i O R  INDEX --- 1 v n l u e n t u n l n a d i n r ~ ~ l o p e p r i ~ v l d ~ i l .  



E. USE OF HSRI MODEL I M  COMNET SYSTEM FROM DATA 100 TERMINAL 

Prepa r ing  t h e  I n p u t  Card D2ck 

When a da ta  s e t  has been produced acc - : ~ ? i n c _  t o  t c e  HSRi two-dimens'or .a l  

model r e p o r t ,  i t  i s  preceded by t h e  ca rds  ~ 2 j c r j 3 e d  i:, Tab12 X X X I V  ar8d "07 lowed 

by t h e  ca rds  d e s c r i b e d  i n  T a b l e  X X X V .  The m a l l  l e t t p r  " b "  r e p r e s e n t s  5 b l a n k  

column i n  these  t a b l e s .  

TABLE X X X I V .  CONTROL CARDS APPEARINS BEFaRE THE DATA DECK 

Card 
No. - Card Contents  

3 . . bJEDbCENTRAL=ALL ( i f  d e l  i vered or h e l d  f o r  p i c k u p )  

(no c a r d  i f  u s e r  w a i t s  f o r  o u t p u t  on Cata 100) 

..bJEDbQUTPUT=DEFER ( i f  o u t p u t  t o  be r e t r i e v e d  u s i n g  Data 10C a t  
a l a t e r  t i m e )  

4 //GXXXXXPPbJQBb(ACCNUB,DEL/BQX,N 9TWQDRUN R )  , 'yourname' ,TIME=3, 



TA%LE X X X V .  CONTROL CARDS APPEARING AFT-R THE DATA DECK 

;arc 
No. - Card Contents 

3 . . bRJ END 

Card One i n  Table X X X I V  i d e n t i f i e s  t h e  DATA 100 from which you a re  working 

t o  t he  COMNET system. Card Two i d e n t i f i e s  your  account f o r  t e rm ina l  cb,arges. 

Card Three chooses t he  ou tpu t  o p t i o n  you des i re .  Card Four i d e n t i f i e s  you t o  

the  execu t i ve  system which runs  t h e  COMNET computer. The "X 's "  i n  cards one, 

two and f o u r  wi 11 be p rov ided  by  COMNET when you have es tab l i shed  s e r v j  ce 

w i t h  them. The P 's  represen t  va lues which a re  t o  be f i l l e d  i n  by  t h e  user  

un ique ly  f o r  t h i s  run. ACCNUB i s  f i l l e d  i n  w i t h  up t o  20 cha rac te r  o f  'ac- 
- 

count ing  break ou t  i n f o r m a t i o n  ( o p t i o n a l ) .  I f  you have a t h r e e  charac te r  

box number and want t h e  ou tpu t  h e l d  i n  t h e  box f o r  p ickup  t h e  box number i s  

f i l l e d  i n  a t  DELIBOX. I f  no t  f i l l  i n  DEL o r  D I S  f o r  d e l i v e r y .  Cards f i v e  

through e leven t e l l  t h e  system where t o  f i n d  t h e  model program and descr ibe  

i t s  requirements f rom the  system. Card one o f  Table  X X X V  marks t h e  end of 

t he  data deck. 

Card two breaks t h e  connect ion f o r  your  account, 

Card t h r e e  causes t he  COMNET System t o  hang up on t h e  t e rm ina l .  

U s i r g  the  Data 100 t o  Put i n  Prepared Deck 

1. Power On - your  u n i t  and check t o  see t h a t  t h e  p r i n t e r  forms a9e 

a1 igned c o r r e c t l y ,  and t h a t  t he re  i s  enougp paper. 

2. Turn t he  mode sw i t ch  t o  TSM. 

3. Press RESET. 



4. Press START on t h e  p r i r t e r .  - 
5. Place c a r d  deck i n  h o p ~ e r  and re;; 3ce 1,spper top .  

6. Press END OF FILE and TRSP. - 

7 .  If squipped w i t h  Be1 1  5ysterv da ta  j e t ,  depress t h e  t a l k  b u t t o r #  arid 

w a i t  f o r  d i a l  tone.  D i a l  COMiUET number i n d i c a t e d  on t o p  o f  da ta  se t .  dhen 

phone i s  answered, you w i l l  hear  a  n i g h - p i  t cned  tone.  9epr2ss t r ,e  3 c t 2  a c t -  

t o n  on t h e  t o p  of t h e  data  s e t  and p i a c e  t n e  r e c e i v e r  back i n  t h e  crad: ,>. 
8. I f  equipped w i t h  a  - modem w i r e d  th rough  a  normal l o o k i n g  te lephane 

s e t ,  f i r s t  see t h a t  t h e r e  i s  power t o  t h e  mdem u n i t .  Then d i a l  t h e  CCIINET 

number shown on t h e  t o p  o f  t h e  modem. When phone i s  answered, you w i l ;  hear  

a  h i g h - p i t c h e d  tone., P u l l  up t h e  w h i t e  b u t t o n  and p l a c e  t h e  r e c e i v e r  t ies ide 

t h e  phone s e t .  

9. When t h e  DATA L I N K  ACTIVE l i g h t  cones on, p ress  START. If t h i , ;  

l i g h t  goes o u t ,  you have l o s t  connect ion .  

10. See t h e  DATA 100 manual f o r  e r r o r  procedures and f u r t h e r  i n f o r n a t i o n .  

I n  o r d e r  t o  recove r  o v e r  t h e  da ta  100 c u t p u t  wh ich  has been d e f e r r e d ,  

use cards  one and two o f  T a b l e  X X X I Y  f o l l o ~ e d  by  a  c a r d  wh ich  reads:  

. . bQUTPUTb* 

Run those  t h r e e  ca rds  th rough,  w a i t  u n t i l  p r i n t i n g  i s  done, and th::n 

p u t  i n  cards  two and t h r e e  o f  T a b l e  X X X V .  I f  ycu a r e  i n t e r ~ u p t e d  d u r i r - g  

t h e  p r i n t o u t  f o r  any reason, you can use t h e  f o l l o w i n g  c a r d  t o  s t a r t  p r : n t i n g  

aga in .  

. . bCQNTINUE 

I f  you a r e  hung up on, you w i l l  o f  colArse need t o  use a l s o  t h e  first 

two ca rds  i n  Tab le  X X X I Y  aga in .  I f  you hav2 t r o u b l e  g e t t i n g  y o u r  j o b  2.:- 

cepted,  one o f  t h e  t h i n g s  you m i g h t  t r y  i s  p u t t , n g  i n  two o f  c a r d  one o f  

V Table  X X X V  i n s t e a d  o f  one. Be sure  t o  kee? chang ing t h e  PP 's  on c a r d  f o u r  



so you hsve an unique combination f o r  each run  yo t r y .  Batch mode i s  t h e  - 

same as data 100 mode except you omi t  cards one through t h ree  i n  Table X X X I V ,  

you have two o f  card one i n  Table X X X V  and you om i t  cards two and th ree  of 

Tab;e X X X V .  A lso t he  " R "  i n  card f o u r  o f  Table  X X X I V  should be changed t o  

a  "B" .  Contact  COMNET Customer Support f o r  f u r t h e r  i n f o rma t i on  on c o n t r o l  

cards. 

F. TELETYPE USERS' GUIDE 

This  sec t i on  i s  a  t echn i ca l  gu ide f o r  t he  user o f  t h e  two-dimensional 

crash v i c t i m  s imu la to r  who i s  f a m i l i a r  w i t h  M T S * ~  and/or ALPHA and wishes 

t o  exerc ise  t he  model f rom a  t e l e t y p e  te rmina l  remote f rom The u n i v e r s i t y  

o f  Michigan and/or COMNET respec t i ve l y .  The c o n t r o l  statements which cause 

t he  model t o  be exerc ised a re  descr ibed, fo l l owed by  a  d e s c r i p t i o n  o f  t h e  

use o f  a  conversa t iona l  program which a l lows  t h e  user  easy access t o  des i red  

po r t i ons  o f  t h e  ou tpu t  generated i n  an exerc ise  o f  t h e  model, 

Using t he  MTS system, t he  RUN statement f o r  t h e  two-dimensional c rash 

v i c t i m  s imu la to r  i s  

$RUN SCGH: 2D 5=dataf  i 1 e  9=summary f i  1 e  SPRINT=*PRINT* 

The terms "data f i l e "  and "sumnary f l l e "  r e f e r  t o  f i l e  names which must 

be supp l ied  by the  user, The i n p u t  data f o r  exe rc i s i ng  t he  program, which 

has been descr ibed i n  P a r t  I V ,  Sect ion A o f  t h i s  r e p o r t  i s  s t o red  i n  "data 

f i l e . "  The ou tpu t  f rom t h e  program must be s to red  i n  a  f i l e  ( r e f e r r e d  t o  

here as "summary f i l e " )  which should be approx imate ly  25 pages i n  lengt?.  

This command w i l l  cause t h e  model t o  r un  t he  problem s p e c i f i e d  i n  t h e  data 

deck i n  " d a t a f t l e "  and r o u t e  the  p r i n t e d  ou tpu t  t o  The U n i v e r s i t y  o f  M i ch i -  

gan Computing Center f o r  p r i n t i n g .  I f  i t  i s  no t  des i r ed  t o  produce t h e  ou t -  

pu t  on paper a t  The U n i v e r s i t y  o f  Michigan Computing Center, then rep1a:e 

"SPR INT=*PRINT*It w i t h  "SPRINT=*DUMMY*I1 . 



The c o r r e s p o ~ d i n g  a c t i o n  i n  ALPHA i s  ;-ought abobt  by s i g n i n g  on w:th 

u s e r i d ,  password, acc3un tno ,  name, boA,?o 

and then t y p i n g  t h e  two co!nmands: 

LQA i n p u t d a t a s e t  

EXE LFAA ,LFAB ,LFCA ,TF3B ,TFBA,LSAA,LSAi $LSAB ,LFD ,ASSEMQ9ABSEklP, SERS iM,  

LS3,LBGSEM,GREGIaN=242K,TIME=8,M=3,DD=;XDG,SYSIN=* 

The execute command i s  a l l  on one l i n e .  When t h e  j o b  submi t t ed  i s  run,  

t h e  o u t p u t  w i l l  be r o u t e d  t o  t h e  COMNET computer c e n t e r  f o r  p r i n t i n g .  The 

data  s e t  EXDD shou ld  c o n t a i n  one l i n e  which says 

100 FT09F001 DD DSNAME=DS.G21601, HOLD IT ,  DISP=QLD 

Because t h e  complete o u t p u t  f rom one e x e r c i s e  o f  t h e  program c o u l d  take  

up t o  t h r e e  hours t o  p r i n t  o u t  a t  a  t e l e t y p e  t e r m i n a l ,  i t  i s  necessary t o  

p r o v i d e  a  techn ique f o r  access ing  s e c t i o n s  3 f  t h e  o u t p u t  q u i c k l y  and conve- 

n i e n t l y .  Use o f  t h e  program which accompl ishes t h i s  i s  desc r i bed  i n  t h e  r e -  

mainder o f  t h i s  s e c t i o n .  @ 

The program can a l s o  be used t o  r e t r i e v e  i n f o r m a t i o n  f rom t h e  o u t p ~ t  

o f  a  p rev ious  run .  I n  e i t h e r  case, t h e  sumnary o p t i o n  must have been ~ s e c  . 

i n  c a r r y i n g  o u t  t h e  exe rc i se .  The f i l e  i n  d h i c h  t h e  summary i n f o r m a t i o n  i s  

s t o r e d  ("summary f i l e " )  becomes t h e  i n p u t  f i l e  t o  t h e  t e l e t y p e  o u t p u t  access 

program. 

The program has t h r e e  sec t i ons :  " i n i t i a l  ," "general  ," and "comple,(. " 

The " i n i t i a l "  s e c t i o n  enables t h e  user  t o  l i s t  any o f  54 d i f f e r e n t  inpu-: 

va lues  which were used i n  c a r r y i n g  o u t  t h e  exe rc i se .  The "genera l "  s e c t i o n ,  

a1 lows t h e  user  t o  1 i s t  any of 61 d i f f e r e n t  o u t p u t  v a r i a b l e s  over  any t i m e  

pe r iod .  The "complex" s e c t i o n  enables t h e  gse r  t o  make comparisons. Wqen , 

one v a r i a b l e  reaches a  c r i t i c a l  value,  t h e  values o f  o t h e r  v a r i a b l e s  can be 

1 determi  ned. 



The model i s  designed t o  be conversat ional w ' t h  the  user. However, 
u 

the user i s  g iven the  op t i on  o f  p u t t i n g  h i s  i n s t r u c t i o n s  i n  a  f i l e .  

The fo l low ing  commands w i l l  t r i g g e r  execut ion o f  the  program using 

MTS , 
$RUN SCD4:TALK2 1  = summary f i l e  

or ,  i f  no ccnversat ion w i t h  t he  program i s  desired: 

$RUN SP78:TALK2 1 = summary f i l e  7 = *DUMMY* 4 = i n s t r u c t i o n  f i l e  

The program w i  11 begin w i t h  

ENTER 6 I F  CONVERSATIONAL, 7 IF  NOT 

If a 7  i s  entered, the  program w i l l  proceed t o  ge t  t he  r e s t  o f  i t s  informa- 

t i o n  from the f l l e  spec i f i ed  on l o g i c a l  u n i t  4. I f  the  end o f  t h i s  f i l e  i s  

reached and the  program has no t  been te rmina t  d, t he  program w i l l  r e t u r n  t o  

conversat ional mode. I f  a  6 i s  entered, t he  program w i l l  proceed t o  prompt 

the  user f o r  i n s t r u c t i o n s  beginning w i th :  

ENTER 1 I F  INITIAL, 2 I F  GENERAL, 3 I F  COMPLEX, 4 I F  DONE 

Enter ing a  1, 2, o r  3 w i l l  cause the program t o  go t o  the  indicated sec:ion-- 

each o f  which i s  descr ibed below, and a  4 w i l l  r e s u l t  i n  t e m l n a t l o n  o f  t he  

program, 

I n  us ing the " i n i t i a l "  sec t i on  o f  the te le t ype  ou tpu t  access program, 

the user i s  prompted by the fo l low ing :  

1 ENTER VARIABLE NUMBER - 0 I F  DONE 

( 1 
2 ( 1 

3 ENTER OCCUPANT POSITION NUMBER 

Statement 1 Ind lca tes  t h a t  t he  user should en ter  a  number, The e n t r y  o f  

a number from 1  t o  54 r e s u l t s  i n  the value o f  the  correspondlng i n p u t  

constant (as descr lbed I n  Tables X X X V I  and XXXVII) being pr ln ted ,  Then, 



t h e  user  i s  p ronpted f o r  a i o t h e r  number by 2 psi? o f  ~ a r e n t h e s i s  o n l y .  

T h i s  process can be d i s c o n t i n u e c  a t  any tt;,:: by a t e r i n g  a C. 

The f i r s t  t i m e  t h a t  4, 13, o r  39 i s  cri;erec, t h e  u s e r  w i l l  b ?  pror,.:;t id 

w i t h  s ta temen t  3. A 1, 2, o r  3 q u s t  Je e ~ ~ l r e d ,  correspondf ng t o  dr ive: \ ,  

f r o n t  s e a t  passenger o r  r e a r  s e a t  passenge;. ( T ? i s  i n f o r m a t i o n  i s  usec o n l y  

t o  r a k e  t h e  t i t l e s  more d e s c r i p t i v e  and does n o t  change any o f  t h e  nlrme:- icai 

r e s u l  t s .  ) 

I n  u s i n g  t h e  "genera l "  s e c t i o n  of t h e  z e l e t y p e  o u t p u t  access p r o g r m ,  

t h e  use r  i s  prompted by  t h e  f o l l o w i n g :  

1. HOW MANY VARIABLES 

2. ENTER TIME INTERVAL 

FROM ( ) (  ) (  1 
3. ENTER TIME INTERVAL 

FROM ( ) t o  ( ) 

4. ENTER OCCUPANT POSITION NUMBER 

5. ENTER VALUE OR "PHEAD" 

6. ENTER VALUE OF "CHEST" 

Statement 1 wants t o  know how many v a r i a b l e s  t h e  user  i s  i n t e r e s t e d  ? n  

seeing. T h i s  number can be f r o n  1 t o  4. Statement 2 asks f o r  t h e  a p p r o p r i -  

a t e  number o f  v a r i a b l e  numbers. These numbzrs range f r o m  1 t o  61 and 

cor respond tc~ t h e  v a r i a b l e s  as l i s t e d  i n  Tas ies  X X X V I I I  and X X X I X .  If ;1 

50 o r  55 i s  en te red ,  s ta tement  4 w i l l  ask  f o r  t h e  occupant p o s i t i o n  number. 

E n t e r  1 if d r i v e r ,  2 if f r o n t  sea t  passenger, o r  3 i f  r e a r  s e a t  passenger. 

If a 44 o r  4 5  i s  en tered,  s ta temen t  5 w i l l  ask f o r  a v a l u e  o f  "PHEAD." 

T h i s  i s  t h e  d i s t a n c e  from t h e  neck j o i n t  ts t h e  l o c a t i o n  o f  t h e  head ac,:el- 

erometer.  If a 46 o r  47 i s  e n t e r e d  f o r  a varia, le number, s ta tement  6 w i l l  



ask f o r  t he  $!slue o f  "PCHEST." Th is  i s  t h2  l o c a t  on o f  t h e  ches t  acce le r -  

ometer. 4 f t e r  t h e  v a r i a b l e  numbers have b;>n recorded, a  t5me i n t e r v a l  

must be spec i f i ed .  A c a r r i a g e  r e t u r n  w i l l  ~ e s u l  t i n  i n i t i a - I  values bei:g 

p r i n t e d .  Any o ther  t ime  pe r i od  must De s p e c i f i e d  i n  t h e  app rop r i a t e  spaces. 

(NOTE: If a  con tac t  t h a t  does n o t  occur i s  asked f o r ,  t he  comment CONTkCT 

NUMBER XX NEVER OCCURRED w i l l  be p r i n t e d  an t i  t h e  corresponding heading w i l l  

be meaning1 ess. ) 

I n  us ing  t h e  "complex" sec t i on  o f  t h e  t e l e t y p e  ou tpu t  access progrhm, 

t h e  user  i s  prompted by the  f o l l o w i n g :  

1. ENTER D E C I S I O N  VARIABLE 

2 .  ENTER COMPARISON VALUE 

3. ENTER COMPARISON MODE - 7' f f GT, 2 i f  LT 

4. HOW MANY VARIABLES? 

5. ENTER VARIABLE NUMBERS 
( > (  ) (  

6. ENTER TIME INTERVAL 
FROM( ) t o (  1 

7. ENTER OCCUPANT POSITION NUMBER 

8. ENTER VALUE OF "PHEAD" 

9. ENTER VALUE OF "PCHEST" 

Th is  s e c t i o n  p r i n t s  t h e  values o f  v a r i a b l e s  a t  t h e  t ime  when another 

v a r i a b l e  reaches a  c r i t i c a l  value. Any o f  t h e  va r i ab l es  l i s t e d  i n  Tables 

X X X V I I I  and XXXIX can be observed i n  t h i s  manner. For example, t h e  user  

i n t e r e s t e d  i n  t he  p o s i t i o n  o f  t he  head when i t  h i t s  t h e  w indsh ie l d  would 

make t he  f o l l ow ing  e n t r i e s .  

(head on w indsh ie l d  i s  t h e  dec i s i on  
v a r i a b l e )  

(0 i s  t he  c r i t i c a l  value-we become 
i n t e r e s t e d  when t h e  f o r ce  becomes 
g r e a t e r  than  0 (hence t h e  I ) , )  



(NOT;: maximum i s  3 )  

( N o ~ : i ! l y  ;f,c t 'ae ineerval ;nclu: ! 

cove++ cne 2n t i r e  run, although sc.le 
v a r i d ~ l e s  reach the c r i t i c a l  poic: 
severdl t ines  during the run and ;hr 
time interval must be careful 1y c loserl 
i f  yoir a re  n o t  interested in the . ' i rs t  
occur2nce. ) 

The user will be prompted by statements 7 ,  8 ,  and 9 only in c e r t a ~ , ~  

instances as described in a previous section. 

The o u t p u t  of th i s  section consists  c i  the time a t  which the crfti:ai 

value was exceeded, along with the value of the decision variable and tne 

other variables a t  t ha t  time. 



TAELE X X X V I ,  ITjPUT CONSTAYTS (IY~9~~.:-,  G ~ E E R )  (page 1) 

2 Seat Back-X 

3 Roof -X 

4 Upper S teer ing  Wheel-X 
Upper Panel-X 
Front Seat Back-X 

6 Lower S teer ing  Wheel-x 

7 Lower Panel-X 

8 Steer ing  Column-X 

11 Seat Back-Y 

12 Roof -Y 

13 L'pper S teer ing  Wheel-Y 
Upper Panel-Y 
Front Seat Back-Y 

15 Lower S teer ing  Wheel-Y 

16 Lower panel-Y 

17 Steer ing  Column-Y 

1 9  Hip Contact Arc Radius 

20 Upper Torso Contact Arc Radius 

2 1 Head Contact Arc Radius 

22 Elbow Tontact Arc Radius 

2 3 Hand Contact Arc Radius 

2 4 Knee Contact Arc Radius 

25 Foot ~ C o n t ~ c t  Arc Radius 

(When NPASGR-1) 
(When NPASGR=2) 
(When NPASGR=3) 

(When NPASGR=~) 
( When NPASGR=2 ) 
(When NPASGR=~)  . 

21 1 To T h e s t  Center of Curvature 



TABLE X X X V  I . T' I I~J I IT  S~)I,;:T?J~Y:: I 17 NE '~ :~AL ?'I?DEII: ( page 2)  

umb ;?. r 3 e s c r i p t i o n  

27 To Head Center of Zurvature  
w 

2 8 Lower Torso I,~.ny;tt; 

2 (1 Ct'nt1.r Torsi, T,cxngt,:: 

3 0 IJpper Torso l,t.ngth 

3 1 Center  Torso t o  U ~ p e r  A r m  

32 Upper A r m  Length 

33 Lower A r m  Length 

34 Upper Leg Length 

35 L a t e r  Leg Length 

36 Floor-Length 

3 7' S e a t  Back-Length 

38 Roof -Length 

3 9 Upper S t e e r i n g  Wheel-Length 
Upper Panel-Length 
Fron t  Seat  Back-Length 

Windshield-Length 

L a t e r  S t ~ e r i n g  h%eel-Length 

Lower Panel-Length 

S t e e r i n g  Column-Length 

Toeboard-Length 

( When NPASGR=~) 
(When NPASGR=~) 
( When NPASGR=~) 

Dis tance  From Hip t o  S e a t  F r a t  

Number of Be l t  Segments 

Lower Torso-Center of G r a v i t y  t o  Lower J o i n t  

Center  Torso-Center of G r a v i t y  t o  Lower J o i n t  

Upper Torso-Center of Grav i ty  t o  Lower J o i n t  

Head-Center of Grav i ty  t o  Lover J o i n t  

Upper Arm-Center of Grav i ty  t o  Lower J o i n t  

Lower Arm-Center of Grav i ty  t o  Lower J o i n t  

Upper Leg-Center of Grav i ty  t o  Lower J o i n t  

Lower Leg-Center af Grav i ty  t o  Lower J o i n t  



TABLE X X X V  1 I .  INPUT CONSTANTS ( ALFHABET: 'AL ORDER) (page 1) 
b 

Number Dei:cr$ption 

3 9 Back of Front Seat-Length (When NPPSGR=~) 

4 Back of Front Seat-X (When NP,::SGR=3) 

13 Back of Front Seat-Y  hen NPk;G2=3) 

26 Chest Center of Curvature (Distance to )  

Center Torso-Center of Gravlty t o  Lower J o i n t  

Center Torso-Length 

Center Torso t o  Upper A r m  (Distance from) 

Elbow Contact Arc Radius 

Floor-Length 

Floor-X 

Floor-Y 

Foot Contact Arc Radius 

Hand Contact Arc Radius 

Head Center of Curvature (Distance t o )  

Head-Center of Gravity t o  Lower Jo in t  

Head Contact Arc Radius 

Hip Contact Arc Radius 

Hip t o  Seat Front (Distance from) 

Knee Contact Arc Radius 

52 Lower Arm-Center of Gravity t o  Lower Jo in t  

33 Lower A r m  Length 

54 Lower Leg-Center of Gravlty t o  Lower Jo in t  

35 Lower Leg- Length 

42 Lower Panel-Length 

7 Lower Panel-X 

1 6 Lower panel-Y 

41 Lower Steering Wheel-Length 

6 Lower Steering Wheel-x 

15 Lower Steerlng Wheel-Y 



TABLE X X X V  I I ,  1XRT ,lONSTkX'?S ( P -dPHP.?.2TICkL ~ R D E R )  ( page 2 )  

Number Descri3tior. - 

.I k ,  1,owt.r Torso-Ct>ntcr of C-ravity t o  Lmer Jo in t  

? .? L i Ljowc.r Torso- l,c.ngt k 

4t1 Number of S e ~ t  Belt Segments 

3 8 Roof -Length 

3 Roof -X 

12 Roof -Y 

3 7 Seat Back-Length 

2 Seet Back-X 

11 Seat Back-Y 

4 3 Steer ing  Column-Length 

8 Steer ing  ~ o ~ u m n - x  

17 Steer ing  Column-Y 

4 4 Toeboard-X 

18 Toeboard-Y 

51 Upper Arm-Center of Gravity t o  Lcwer Jo in t  

3 2 Upper ArkLength 

5 3 Upper Leg-Center of Gravity t o  Lower Jo in t  

3 4 Upper Leg-Length 

3 9 Upper Panel-Length ( When N P A S G R = ~ )  

4 Upper Panel-X (When NPASGhz2) 

13 Upper Panel-Y (When NPASGR=2) 

3 9 Upper S teer ing  Wheel-Length (When N ? A s G R = ~ )  

4 Upper Steer ing Wheel-X (When N ? A s G ~ = ~ )  

13 Upper S teer ing  Wheel-Y ( When NPASGRZ~) 

49 Upper Torso-Center of Gravity t o  Lower Jo in t  

2 0 Upper Torso Contact Arc Radius 

30 Upper Torso Length 

40 Windshield-Length 

5 Wind shield-X 

14 Windshield-Y 



TABLE X X X V  11 I. VARIABLIS ( Du' NW2,ICAL 0, DER) (page 1) 

Number 

1 

2 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body .Angles 

Bcdy Angles 

Body Angles 

Bcdy Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Motion 

Body Motion 

Body Motion 

Body Kotion 

Body Motion 

Descript ion 

Lower Torso 

Center Torso 

Uppe;. Torso 

Head 

Upper Arm 

Lower A r m  

Upper Leg 

Lower Leg 

Lower Torso 

Center Torso 

Upper Torso 

Head 

Upper A r m  

Lower Arm 

Upper Leg 

Lower Leg 

Lower Torso 

Center Torso 

Upper Torso 

Head 

Upper Arm 

Lower Arm 

Upper Leg 

Lower Leg 

Horizontal 

Hori s c n t a l  

Horizontal 

Ver t i ca l  

Ver t i ca l  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Pos i t ion  

Velocity 

Velocity 

Velocity 

Velocity 

Velocity 

Velocity 

Veloci ty 

Veloci ty 

Acceleration 

Acceleration 

Acceleration 

Acceleration 

Acceleration 

Acceleration 

Acceleration ' 

Acceleration 

Position'  

Velocity 

Acceleration 

Posi t ion 

Veloci ty 



TAI3LE X X X V I  11. VARIARLES ( IN N i l M E 3 2 A L  C,?DLXI) ( page 2) 

Vehicle 

Vehicle 

Vehicle 

Vehicle 

Bel t  Forces 

Bel t  Forces 

Bel t  Forces 

Seat  Forces 

Seat  Forces 

Rela t ive  Head 

Rela t ive  Head 

Bel t  Angles 

Bel t  Angles 

Bel t  Angles 

Descri7tior.  

Mot i or, 

Mot ian. 

Mot i or. 

Kotio:: 

Lap Beit 

Lower 

Upper 

Hip 

Front Edge 

Pos i t i cn  

Pos i t ion  

Lap Belt  

Lower 

Upper 

Accelerometer Head 

Accelerometer Head 

Accelerometer Chest 

Accelerometer Chest 

Hip on Seat Back 

Upper Torso on Seat  Back 

Upper Torso on Upper S teer ing  ?heel 
Upper Torso on Upper Panel 
Upper Torso on Front Seat Back 

Upper Torso on Lower S tee r ing  '&eel 

Upper Torso on Steer ing  Column 

Head on Seat  Back 

Head on Roof 

Head on Upper S teer ing  Wheel 
Head on Upper Panel 
Head on Front Seat Back 

V e l d  t y  

V e l x i t y  

Velocity 

Acceleration 

Shmlder  

Shoulder 

Shoulder 

Horizontal  

Ver t i ca l  

Shoulder 

Shoulder 

Resul tant  

Angle 

Resul tant  

Angle 

(When N P A S G R = ~  1 
(m.en N P A S G R = ~ :  
( When NPASGR=3 ; 

(Wehn NPASGR=~;  
(When PNASGR=2) 
(When NPASGR=~) 



TABLE X X X V  111 VAiiYABLES ( IN N W I L A L  OX 'R) (page 3) 

Number Descri2t ion 

56 Head on Windshield 

5 7 Head on Lower S tee r ing  Wheel 

58 Elbow on Seat  Back 

5 9 Knee on Lower Panel 

60 Foot on Floor 

51 Foot on Toeboard 



TABLE X X X I X .  VARI.ABLB :El AiT,UBi.lCAL 0IGiii3) (page 1) 

Number - 
4'; 

46 

Acceleron:t.tcr 

Accelerometer 

Acceleroreter 

Accelerometer 

Belt Angles 

Belt Angles 

Belt Angles 

Belt Forces 

Belt Forces 

Belt Forces 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Bcdy Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Descr:?~ion 

Chest 

Chest 

He ad 

Head 

Lap Be;: 

Lower 

Upper 

Lap Belt 

Lower 

Upper 

Center Torso 

Center Torso 

Center Torso 

He ad 

Head 

Head 

Lower A r m  

Lower A r m  

Lower Arm 

Lower Leg 

Lower Leg 

Lower Leg 

Lower ; '~rsc~ 

Lower Torso 

Lower Torso 

Uppez Arm 

Upper A r m  

Upper A r m  

Upper Leg 

A n ~ l c  

Resultant 

Angle 

Re s a l t a n t  

Shmlder 

Shoulder 

Shoulder 

Shoulder 

Acceleration 

Position 

Velocity 

Acceleration 

Posi t ion 

Velocity 

Acceleration 

Position 

Velocity 

Acceleration 

Posi t ion 

Velocity 

Acceleration * 

Posit ion 

Velocity 

Acceleration 

Posi t ion 

Velocity 

Acceleration 



TABLE X X X I X ,  VAXIABLES ( IN ALPHA3ETICP.L ORDER) (page 2 )  

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Body Moti?n 

Body Motion 

Elbow 

Foot 

Foot 

He ad 

He ad 

He ad 

He ad 

He ad 

He ad 

He ad 

Hip 

Knee 

Rela t ive  Head 

Rela t ive  Head 

Seat  Forces 

Seat  Forces 

Upper Torso 

Upper Torso 

Descript ion 

Upper Leg 

Upper Leg 

Upper Torsc 

Upper Torso 

Upper Torso 

Horizontal  

Horizontal  

Horizontal  

V e r t i c a l  

V e r t i c a l  

V e r t i c a l  

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

Posi t ion  

Pos i t ion  

Hip 

Front Edge 

On 

On 

Pos i t ion  

Veloci ty 

Acceleratf on 

Pos i t ion  

Velocity 

Acceleration 

Pos i t ion  

Veloci ty 

Acceleration 

Pos i t  ion  

Veloci ty 

Seat  Back 

Floor 

Toeboard 

Front Seat B ~ C K  ( 3 )  

Lower S teer ing  Wheel 

Roof 

Sea t  Back 

Upper Panel ( 2 )  

Upper S t ee r ing  Wheel ( 1) 

Windshield 

Seat  Back 

Lower Panel ' 

Horizontal  

Ver t i ca l  

Front Seat Back ( 3 )  

Lower S teer ing  Wheel 



1 TABLE X X X I X ,  VAR1'AELES ( Ed AL'PIiABE':IL:t4., 0:JER) (page 3) 

Number 

43 Upper Torso 

5 2 Upper Torso 

5 3  !J?per Torso 

5 3 Upper Torso 

3 3 Vehicle 

31 Vehicle 

32 Vehicle 

On 

On 

On 

or, 
Mction 

Motion 

Motion 

Seat Ehck 

Steer ing  Column 

Ypper Panel ( 2 )  

Upper S t e e r k g  W h i  el ( 1) 

Acceleration 

Pos i t ion  

Veloci ty 



V .  PROGRAM OPERATION AN3 CrSCRIPTION 

Figure 43 i s  a flowchart for the computer program. In i t ia l ly  data i s  

read, constants computed, and the problem init ialized t o  zero where neces- 

sary. The cart  acceleration and the levei 3f output printing are then as- 

certai ned from the data. Acceleration components due to  inertia , continuous 

joict  reactions and external forces are computed in subroutine A C C E L .  The 

effective acceleration due to discontinuous forces i s  then computed and added 

to the continuous accelerations in subroutines , JITTER and TAUMAK. After 

the accelerations are f inal ly  predicted, standard checking, storing, incre- 

menting and integrating of results are carried out. The program then i s  run 

in loop fashion for the required number of print time increments. 

Figure 44 shows how the subprograms in the computer implementation f i t  

together in usage. The l e f t  margin of the figure contains a numbered l i s t  
d 

of the subroutines which comprise the program. Across the t o p  i s  a l i s t  of 

numbers, each representing the subprogram with the same number on the l e f t  

margin. The figure i t s e l f  consists of a set  of "XH's a t  various intersec- 

tions of rows and columns. A n  " X u  a t  the m t h  - row and - n t h  columns indicates 

that subroutine n makes use of subroutine m, The row for  a particular sub- 

routine shows a l l  the other subroutines which use i t .  The column for a 

particular subroutine also shows a l l  the subroutines which i t  uses, These 

subroutines nave a l l  been programed using the Fortran IV Compiler, Level G ,  



(Are there any accelerations in jitter?) 

Yes 

OUT 6 M A I N  - More data? Y - Print summary - 
F i g u r e  43. 2 i r n p l i f i e d  program flow c h a r t .  







A 1 i b r a r y  of add i  t i o n a l  sub rou t i nes  ob ta ined  f rom v a r i o u s  sources a r e  

necessary f o r  e x e r c i s i n g  t h e  model. These a r e  l i s t e d  i n  F i g u r e  45 wh ich  i s  

o rgan ized i n  a  manner s i m i l a r  t o  F i g u r e  44, The sources o f  t hese  sub rou t i nes  

a r e  t h e  F o r t r a n  1 i b r a r y  (IBM), t h e  MTS l o g i c a l  and p r i n t e r  p l o t  packages 

' i l n i v e r s i  t y  o f  Michigan),  and SSP (IBM). F i v e  a d d i t i o n a l  sub rou t i nes  ( t h e  

H S R I  conve rs ion  package) were developed by t h e  c u r r e n t  i n v e s t i g a t o r s  t o  

a d a p t  t he  MTS packages f o r  use e x t e r n a l  t o  t h e  U n i v e r s i t y  o f  M ich igan  MTS 

system. Most of these programs were i n  OS Assembler language when ob ta ined  

by the  p r o j e c t .  When t h e  HSRI Two-Dimensional Crash V i c t i m  S i m u l a t o r  i s  

s u p p l i e d  t o  p o t e n t i a l  use rs  n o t  o p e r a t i n g  under MTS, t h e  tape  i n c l u d e s  a l l  

r o u t i n e s  i n c l u d e d  i n  F igu res  44 and 45 w i t h  t h e  e x c e p t i o n  o f  t h e  F o r t r a n  

1 i b r a r y .  

The F o r t r a n  l i b r a r y  i n  use a t  t h e  U n i v e r s i t y  o f  M ich igan  Computing 

Center  i s  an o l d  v e r s i o n  s u p p l i e d  by IBM. The c a l c u l a t e d  r e s u l t s  p resented 

i r i  L e c t i o n  I V  E o f  t h i s  r e p o r t  may v a r y  s l i g h t l y  f r om those  o b t a i n e d  u s i n g  

a Inore c u r r e n t  I B M  F o r t r a n  l i b r a r y .  These v a r i a t i o n s  u s u a l l y  occu r  i n  t h e  

f i f t h  s i g n i f i c a n t  f i g u r e  o f  computed q u a n t i t i e s  and a r e  thus  n o t  cons ide red  

t o  be p h y s i c a l l y  s i g n i f i c a n t .  

The o r i g i n a l  v e r s i o n  o f  t h e  HSRI Two-Dimensional Crash V i c t i m  S i m u l a t o r  

was w r i t t e n  i n  F o r t r a n  I 1  i n  1967. Labeled comnon b l o c k s  were n o t  a v a i l a b l e  

3 t  t h a t  t i m e  so a  1 a rge  master  common was used. When t h e  program was con- 

vi .>rted t o  F o r t r a n  IV i n  1969, t h e  o l d  form was r e t a i n e d .  As l a t e r  m o d i f i -  

c a t i o n s  were made, two l a b e l e d  common b l o c k s  were added as  l i s t e d  i n  Tab le  

XL. 



Table XL. Labeled Common Blocks 

- 

A. INTEGRATION OF DISCONTINUOUS ACCELERATIONS 

I n  t he  d i g i t a l  computer s imu la t ion ,  i n t e g r a t i o n  i s  done by mathematical 

approximat ion.  The usual  technique i s  t o  base t he  i n t e g r a t i o n  on a po ly -  

nomial which has been f i t  through sever1 o rd i na tes  o f  t h e  in tegrand.  Th i s  

approach w i l l  work w e l l  o n l y  when t h e  in tegrand  i s  ve ry  much l i k e  the poly- 

nomial ob ta ined  by t h e  curve f i t t i n g .  If t he  in tegrand  i s  continuous, i t  i s  

poss ib l e  t o  f i n d  a s e t  o f  i n t e r v a l s  over  each o f  which t h e  in tegrand  "looks" 

t Name 

I N J  

I 0  

Used 

SUMARY 
S I P P  

MAIN 
SUMARY 
STYX 
S I PP 
PAG E4 



l i  k~ a pclynomial, I f ,  however, t h e  integrand i s  discontinuous, the discon- 

t i n ~ i t y  h i l -  r e c a i n  regardless c i  t h e  reng; . ~f t h e  interval within whi;h i t  

i s  imbedded, so  decreasing the  i n t e r v a l  ler,@ s  not e f f ec t ive .  In  t h i s  

s i t u a t i o n ,  e2ther  the  i n t e g r a t l c 2  must be ;uy;ci t o  t ne  d i scon t inu i ty  or  - ~t 

d i s c m t i n u i t y  removed. For the  two-dimensi~nal crash vict im simil;ator, tile 

l a t t z r  course is adopted. 

D i s c o n t l n ~ i t i e s  a r i s e  i n  tt? model f c 2  sea t  f r i c t i o n  force ,  contac,, 

sur face  f r i c t i o n  fo rce ,  and f r i c t i o n - l i k e  forces  i n  the  jo in t s .  Each 0;' tbc,.;e 

models has a  velocity-dependent component ( fo rce ,  torque, or  slope of torque)  

which assumes a  f ixed  value f o r  a l l  v e l o c i t i e s  g r e a t e r  than the  v e l ~ ~ i t j -  

limit ( an input  parameter),  the  negat ive of t he  value f o r  a l l  v e l o c i t i e s  l e s s  

than the  negat ive of t he  ve loc i ty  l i m i t ,  and zero f o r  t h e  open i n t e r v a l  

def ined by minus and p lus  values of t he  ve loc i ty  limit. 

Each in s t ance  of these  discontinuous models i s  ca l l ed  a  "mode" i n  t he  

computer program and i n  t he  d iscuss ion  which follows. I f  a  p a r t i c u l a r  mode 

i s  i n  e i t h e r  of t h e  extreme ve loc i ty  i n t e r v a l s ,  t he  mode i s  said t o  be " f u l l  

on." I f  t he  mode i s  i n  t he  zero i n t e r v a l ,  t he  mode i s  sa id  t o  be " f u l l  o f f . "  

When ve loc i ty  i s  a t  t he  ve loc i ty  limit or  i t s  negative ( t h e  poin ts  of d i s -  
J 

con t inu i ty ) ,  one of severa l  th ings  can hapsen, which may be catagorized i n t o  

one of two genera l  p o s s i b i l i t i e s .  E i the r  t he  mode w i l l  pass  on through the 

limit poin t  without mishap t o  f u l l  on o r  f u l l  off i n  t he  o ther  d i r ec t ion ,  or  

the  mode w i l l  t r y  t o  do one of these and be thrown back. I n  t h e  l a t t e r  case, 

t he  mode I s  sa id  t o  be " in j i t t e r . "  J i t t e r  w i l l  o f ten  take  t h e  form of a  

rapid a l t e r n a t i o n  of the  f u l l  on and f u l l  off s t a t e s .  This occurs when momen- 

tum arid o ther  f o r c e s  d r i v e  t h e  mode t o  f u l l  on but t he  fo rce  developed by the  

mode coming on i s  l a r g e  enough t o  throw the  mode back t o  o f f .  The mode going 

i n  t u rn  causes t he  mode fo rce  t o  go t o  zero which leaves  the  momentum and 

o ther  f o r c e s  f r e e  t o  d r ive  the  mode on again and s o  on, and on. 

The j i t t e r  type of phenomenon occurs i n  r e a l i t y ,  f o r  example, a s  c h a t t e r  

due t o  backlash i n  gears .  The technique employed i n  the  two-dimensional 

c r a s t  vict im simulator  t o  compensate f o r  j i t t e r  is based on the  observation 

t h a t  a rap id  a l t e r n a t i o n  of the  on-off s t a t e s  wo. l d  e f f e c t i v e l y  hold the  ve- 

l o c i t y  a t  t h e  ve loc i ty  limit. Hence, f o r  a time i n t e r v a l  during which a - 



single  mode i s  j i t t e r ing ,  the effectivr:  body accelerations are computed t o  

be a weighted average of the a c c e l e r a t i a s  computed with the mode turned f u l l  

b 

off and those computed with the mode turned f u l l  on, such t h a t  the mode accel- 

e ra t ion  i s  made zero, or the mode velocity i s  the same a t  the  end of the time 

in t e rva l  as  it was a t  the beginning, 

-b -b - + -i 

'eff = z off - a ( z o n - Z o i f )  

where 

v - 
8 =  

off 
$ - +  

on off 

'efi  
i s  the effect ive generalized acceleration vector. 

. . + 
Z i s  the generalized accelerat ion vector with the  mode f u l l  on. on 
. * 
-+ 
Z i s  the generalized accelerat ion vector with the mode f u l l  off. off 

i )  i s  the mode accelerat iaa magnitude with the mode f u l l  off .  
off 

i )  i s  the mode acce lera t iaa  magnitude with the  mode fW.1 on. 
on 

When the mode i s  infulenced by an outside accelerat ion (euch a s  vehicle 

deceleration) applied a r b i t r a r i l y ,  the mode accelerat ion forced t o  zero may 

not guarantee t h a t  there w i l l  be no change i n  veloci ty  w e r  an in te rva l .  

Arbitrary accelerations a re  t rea ted  by the  two-dimensional crash dctirn simu- 

l a t o r  a s  piecewise l i nea r  functions. Those modes which are dependent u&m 

vehicle acceleration, e.g., any in te rac t ion  of c m t a c t  surface and contact 

arc ,  a r e  termed "coupled" modes and lead t o  "linear" j i t t e r .  Line& ji t t e r  

-- requires  a d i f fe ren t  weighted average and a l so  an i t e r a t i o n  f o r  r e s e l u t i m .  



.i/ - off - 1/2 il 
on 

6. = i) - i J  
3n off 

where 

J, i s  the  o r i en t a t ion  angle of t h e  contact  surface i f  a contact  ::rface a 
i s  involved i n  the  mode. v, i s  defined zero i f  no contact surface 
i s  involved i n  the  mode, e.g. ,  s e a t  cushion. 

i s  a computed time i n t e r v a l  i n  which the  mode w i l l  reach the  veloci ty  
0 

lirriit, It i s  used i n  the  i t e r a t i o n  a s  shown t h e  next page, 

For severa l  modes i n  j i t t e r  o r  "multiple j i t t e r ,  " a l l  poss ib le  conbina- 

t i o n s  of the  j i t t e r i n g  modes i n  the  f u l l  on s t a t e  and the  f u l l  off s t a t e  a r e  

considered and averages developed by reappl ica t ions  cf t he  s ingle  mode aver- 

aging procedure so  t h a t  a l l  the  mode ve loc i t i e s  a r e  held constant.  Oniy one - - 

l i n e a r  j i t t e r  can be handled a t  one time and must be processed l a s t  i n  com- 

b ina t ion  with other  j i t t e r i n g  modes. 

I f  no mode changes s t a t e  during a time in t e rva l ,  then the  generalized 

acce lera t ions  a r e  continuous. I f  the  time i n t e r v a l  i s  kept small enough, 

t h e  generalized acce lera t ions  a r e  near ly  constant over t he  i n t e r v a l  and a 

one poin t  i n t e g r a t i o n  scheme can be va l id ly  empioyed, 

The grand s t r a t egy  f o r  i n t eg ra t ion  i n  t he  two-dimensional crash victim 

simulator revolves around maintaining the  v a l i d i t y  of these two requirements 

and taking advantage of t h e i r  consequences. A t  each time throughout tke  

i n i t i a l  value so lu t ion  of the  equations of motion, an in t eg ra t ion  time i n t e r v a l  

i s  computed t h a t  w i l l  meet the  requirements t h a t  the generalized acce lera t ions  

a r e  continuous and approximately constant .  The determination of t he  time 

i n t e r v a l  i s  car r ied  out by taking t h e  smallest  of the predicted time i n t e r v a l s ,  

a f t e r  the end of which the requirements w i i l  no longer be met due t o  one or 

another cause. In p a r t i c u l a r ,  the computer program p red ic t s  t he  next time s t  



which any of the modes w i l l  change s t a t e .  I f  t h a t  time i s  l e s s  than the time 

t o  which the program would in teg ra te  from other considerations ( d e c e l e r ~ t i o n  

- slope change, p r in t  time, e t c . ) ,  the  progrem in tegra tes  t o  t h a t  time and indi-  

ca tes  tha t  the  mode i s  j i t t e r i n g .  The program always employs the  averaging 

procedure t o  resolve the  questionable accelerat ions from j i t t e r i n g  modes. 

The time i n t e r v a l  predict ion equation ( u n t i l  a change of s t a t e )  f o r  an 

uncoupled mode i s  

where 

(v f o r  i v l  > 5 and sgn v  # sgn G 

E i s  the  mode veloci ty l i m i t  

v i s  the  mode veloci ty 

$ i s  the  mode accelera t ion  

Note t h a t  i f  1; 1 = 5 ,  then T i s  not used since the mode i s  already known t o  

be j i t t e r i n g .  I f  lv 1 > E, and sgn v  = sgn G, then T i s  i n f i n i t e  s ince the  mode 

i s  going away from the  veloci ty limit. The corresponding equation f o r  a 

coupled mode i s  

[to f o r  1. I v l  > and sgn v = sgn c 
2. Iv l  = 5 

3. arg of r ad ica l  i s  negative 

where a i s  the  accelera t ion  r a t e  and the  other conventions a r e  a s  previously 
v 

given. The equation i s  used i n  an i n t e r a t i v e  procedure i n  which it i s  a l t e r -  

nated with the  accelera t ion  averaging procedure and recomputation of 4 u n t i l  
0 



two consecu t i ve  values o f  T a r c  approx ima te l y  t h e  same, 

B. SUBPROGRAMS DESCRIPTIONS AND FLOW BIAL.;.AMS 

For  each o f  t h e  subprograms which ma',: up :he conputer  imp1cmenta:ion o f  

t h e  mode? a s h o r t  d e s c r i p t i o n  tc;cjether w l - - *  a f!ow di3gram i s  ;r.esen:ei h ~ r e .  

These a r e  i n  a l p h a b e t i c a l  o r d e r  b y  t h e  sub-,rogrzm nartie w i t t i  t h ?  m 3 i n  prjg\-:,,i 

o rdered as i f  i t s  name were MAIN. The sub rou t ines  i n c l u d e d  a re :  

1 ACCEL 

2 ARCSIN 

3 BELT 

4 BODY 

5 CONTAC 

6 DATE 

7 DELZMK 

8 FECLOD 

9 GETY 

10 ITOPOW 

11 JITTER 

12 KRUNCH 

13 LIMIDT 

14 LODFEC 

Page 
24 7 15 MAIN 

16 MULLER 

17 NORMUT 

18 PAGE4 

19 RELSEL 

20 RELVEL 

21 SEAT 

22 SIPP 

23 STYX 

24 SUMARY 

25 TAUMAK 

26 ZKMKR 

27 ZMAKER 

Page 
274 

296 

300 

301 

302 

303 

304 

306 

307 

31 2 

31 3 

31 7 

318 



S ,b:sut i ~ e  ACCE; c a r r i e s  out t he  following s teps :  

1. Cornpctes s ines  and cosines of body angies and other  needed var iab les .  

2. Gets s ea t  forces  and contr ibut ions t o  t he  generalized force  vector via  
Sk3'I'. 

j. Cornpdtes a l l  j o in t  coordinate pos i t ions  and v e l o c i t i e s .  

4. Gets b e l t  forces  and contr ibut ions v i a  BELT. 

3. Gets contact forces  and contr ibut ions v i a  CONTAC. 

6. Computes j o in t  e l a s t i c i t y  torques and contr ibut ions.  

7. Procures generalized force vector  from BODY. 

8. Computes va r i ab l e  matrix elements. 

9. Procures acce l e ra t ion  vector  from ZMAKER. 



ACCEL 
I 

Compute body 

c o s i n e s  t o g e t h e r  
I w i t h  o t h e r  i n t e r -  1 m e d i a t e  v a r i a b l e s .  / 

t 

P r i n t  N 0 

debugg ing  
i n f o r m a t i o n  
number f i v e ,  
Table XXXII. 

t 
4100 

I 
Compute s e a t  
g e n e r a l i z e d  
f o r c e  v e c t o r  
by c a l l i n g  
SEAT. 

Compcte j o i n t  
c o o r d i n a t e s  
and v e l o c i t i e s .  

Compute c o n t a c t  
g e n e r a l i z e d  f o r c e  
v e c t o r  by c a l l i n g  
CONTAC . 

I 

I Compute j o i n t  
e l a s t i c i t y  
g e n e r a l i z e d  f o r c e  ; 

I I v e c t o r  u s i n g  e q u a - /  
t i o n s  II.F.5. i 

i 

Comp,~te  bel: I 
g e n e r a l i z e d  I 
f o r c ?  v e c t o r  I 

by c a l l i r , g  
BELT.  

I 

Corr,pute t o t a l  1 

c o n t i n o u s  
g e r , e r a l l z e d  f o r c e  
v e c t o r  by  c a l l i n g  
BOGY.  I 

4 

Compute mass 
m a t r i x  e l e m e n t s  
u s i n g  e q u a t i o n  
11.c.6. 

- 
I 

Compute c o n t i n u o u s  / 
a c c e l e r a t i o n  v e c t o r 1  
by c a l l i n g  Z M A K E R ,  i 



Func t ion  A R C S I N  finds the angle f o r  a given sine value. The argument X i s  in 
the range -1 I X 5 1 and i s  the  s ine  o: the angle t o  be computed by t h i s  rou- 
t i n e .  

Set  
XX = IXI 

ARCSIN = tANS - 
Where ANS i s  given 

t h e  same s i gn  a s  X 

1 

ANS = XX . 

RETURN 

v 

Set  extreme values  a s  

n 
ARCSIN = ? IF  X > G  

ARCSIN - -1112 IF X < O  

No b 

t i 

Evaluate arcsine magnitude by fo l lowing power s e r i e s .  

S 
ANS = 5 - 41-x(-,001262491 xx7 + ,00667009 - .01708813 X X ~  

t . 0 3 o g 0 1 8 8  xx - .0501743  xx3 + ,08897899 xx - .2145988 xx 
n 

tT) 

a 

1 



8ubrouti:le BELT c a r r i e s  out the  following s tc; ; :  

1. Computes acgle ,  e i o n g a t i ~ n ,  and r a t e  for E ~ C L  b e l t .  

2. Obtains b e l t  force  from LODFEC. 

5. Cor.putes t o z a l  b e l t  general izec force v e c t ~ r  ar-d adds i t  t o  seat t o t a l  
g e r e r a l i z e ~  force  vector.  

Compute X and Y 
components  o f  
b e l t  l e n g t h ,  b e l t  
a n g l e ,  b e l t  e l o n g a -  
t i o n ,  l e n g t h  and 
e l o n g a t i o n  r a t e  
f o r  l o w e r  s h o u l d e r  
h a r n e s s  u s i n g  equa- 
t i o n s  II.G.2 and 3.  

Compute b e l t  f o r c e  
b y  c a l l i n g  LODFEC 
w i t h  d e f e c t i o n  s e t  
e q u a l  t o  e l o n g a t i o n ,  1 
Compute b e l t  f o r c e  
f o r  u p p e r  s h o u l d e r  
h a r n e s s  u s i n g  equa-  
t i o n s  II.G.2 and  3 
and c a l l i n g  LODFEC. 

/ Ccmpute g e n e r a l i z e d  I f o r c e  z o n t r i b u t i o n s  

I from h a r n e s s  u s i n g  
e q u a t i o n  II.G.4. 

Compute l a p  b e l t  
f o r c e  u s i n g  equa-  
t i o n s  II.G.l and 1 c a l l i n g  LODFEC. I 

4 
Compute g e n e r a l i z e d  
f o r c e  c o c t r i b u t i o n s  
f o r  l a p  b e l t  u s i n g  
e q u a t i o n  II.G.4. 

Yes I 



Subrou t ine  BC3Y 

Computes generalized force vectors  d u e  t o  g r av i ty  and cen t r i fuga l  force ,  a u u  
L 

Combilies a l l  f i v e  conti l luous gel~eralixeti  force veclors for toLaL. 

Compute angular 
gravitational 
generalized forces 
using equation 

Compute centrifugal 
generalized forces 
using equations 
II.C.3, 

Compute total 
continuous 
generalized force 
vector using 
equation II.B.4. 

I 

I 

Print debugging 
output number 
10 , TABLE XXXI I, 
if IBUG is non- 
zero. 



S ~ l b r o u t i n e  CONTAC c a r r i e s  out t he  following stel>.; 

1 .  Searches  t ab l e  of poss ib le  contac ts  ( a s  se5 ur, ' 3  MAIN) and determines 
wnetner contac t  e x i s t s  using coordinates  G-' bjlly segment cen te r  of curva- 
Lure an3 contact  sur face  re ference  point. 

aoes bookkeeping f o r  l i n e a r  j i t t e r  modes. 

Obtains contac t  forces  from LODFIC. 

Computes con t r ibu t ion  of contac ts  t o  t o t a l  general ized fo rce  vec tor .  

ment i n d e x ,  "1" 
from KTABLE. 

of body segment 
c e n t e r  of  c u r v a t u r e  
and r a t e s  u s i n g  
e q u a t i o n s  II.D.4 
and 5 .  

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

/-\ 
Y A X R + l .  S e t  
count  index 

S e t  p o s s i b l e  
J i t t e r  mode 

IEY5 n o t  z e r s .  w 
1 

:el r e l n t l c e  S e t  r r l a t i v e  
, , t J I u c l t y  ' 0  v e l o c l t y  l : n i t  l i l t  :nd lces  
p , ~ ~ * n l ? e l  t o  s u r f a c e  " n u  1 d ~ : ~ :  .\ i n t o  
,,r,,! ,I$< i t  y v e l o c i t y  ::nj t .  TPO:' .K.  



( l a s t  page) 

t o  minus one. 



Copy J i t t e r  mode 
i n d i c e s  a t  and 
above t h i s  place 
In JFORK up and  
s h i f t  MODE t o  
matck. 

e n t r y  MAXR o f  
MODE t o  minus  



S u b r o u t i n ?  DATE 

C a l l s  L i b r a r y  r o u t i n e  TIME i n  MTS system t o  g e t  d a t e  progrm,  i s  be ing  run  
f o r  p r i n t - o u t  i d e n t i f i c a t i o n ,  o r  similar r o u t i n e  a t  o t h e r  computer 
f a c i l i t y ,  o r  r e t u r n  b l a n k  d a t e  i f  s i m i l a r  r o u t i n e  does  n o t  exist,  

O b t a i n  c a l e n d a r  
d a t e  b y  c a l l i n g  i 
MTS l i b r a r y  
r o u t i n e  TIME. 



Subroutine JELZNl. 

Computes con t r ibu t l cns  t o  t h e  acce l e ra t ion  vec-;x- .f j o i n t ,  sea-L, and c o n t ~ c t  
r c t i n  The argument K of CZLZMK i s  t he  rnoce ..umker f o r  which acce l e ra t ion  
con t r ibu t ions  are t o  be computed. 

P r i n t  debugging 
o u t p u t  number 
14 , TABLE XXXII , 

I 
if I B U G  is n o t  
z e r o .  y 



Subroutine FECLOD i s  used t o  p red ic t  contact  a c l  b e l t  forces during t h e  
s e l e c t i o n  a new :ime s tep .  

t e m p o r a r y  

one 

NO 

P r i c t  debugging 
p r i n t o u t  number 
2 3 ,  TABLE XXII, 
i f  IBUO not  z e r o .  



FECLOD Supplement No. 1 

2 58 



FECLOD Supplement No. 2 

---- -- 
I 

C 

I 
Compute new unloading - i c o e f f i c i e n t s .  Use 
s a t u r a t i o n  s lope i f  
s a t u r a t i o n  sw i t ch  on. 

b 



Subroutine GETY 

uetermices the ordinate of 2iecewise-linear t a b ~ l ~ - .  function for a given 
abcissa. 

Arguments are: 

XX = abcissa desired. 

ITAaL = table number, and 

0.3) = computed ordinate. 



I 
FunCtion TTOJWW ra ises  2 t o  an i n t e g e r  power. Th;. argumcnt J i s  t h e  powcr of 
2 t h a t  i s  de s i r ed .  

1 
i 

ITOPOW 0 
( RETURN ) 



Subroutine J I T m  

Computes t he  e f f e c t i v e  acce l e ra t ion  vector  by ss::blr.ing t h e  cantinuous acce:.- 
e r a t i o n  i e c t o r  with t he  con t r ibu t ion  of f r ic t : lxa i  fo rces  i n  the  form of d i s -  

c o n t i n u o ~ s  ac -e l e ra t ions  using a weighted averaging technique. 





Subroutine KRLVCH c a r r i e s  oct  the following ste: s :  

I n i t i a l i z e s  var iab les  and parameters. 

Recomputes j o i n t  s top  c o e f f i c i e n t s  as  needed. 

? t a r t s  time loop by f ind ing  debug va r i ab l e  and vehicle  acce l e ra t ion  j'rorn 
t a b l e s  v i a  GETY. 

Ca l l s  ACCEL f o r  body accelerauions due t o  continuous forces .  

Computes r e l a t i v e  v e l o c i t i e s  between body segnents and between the  h ip  
end s e a t  cushion. 

P ~ e d i c t s  unstable  computational behavior and s e t s  up the  means ( j i t t e r  
vec tor )  f o r  compensating f o r  i t ,  

Computes t he  turned on f r i c t i o n  forces  cont r ibu t ions  t o  t h e  acce lera t ion  
vector  v i a  DELZMK. 

Checks number of j i t t e r  modes. 

Computes e f f e c t i v e  acce l e ra t ion  due t o  j i t t e r i n g ,  v i a  JITTER. 

Computes a l l  r e l a t i v e  acce l e ra t ions  v i a  RELSEL. 

Computes next time i n t e r v a l  v i a  TAUMAK. 

Resets p r i n t  and i n f l e c t i o n  times a s  needed. 

Checks time f o r  end of program: ( 1 )  if done, r e tu rns  t o  MAIN, and, 
( 2 )  i f  not done, updates time and continues.  

I n t e g r a t e s  body var iab les .  

I n t e g r a t e s  vehicle  dece lera t ion ,  

Returns t o  3. 







Subroutine LIMDT ca r r i e s  out t i e  foliowi-5 steps: 

1, Integrates body variables forward t o  a tenta t ive  new time. 

2 ,  Computes new forward contact forces v l a  FECLOD. 

3 Checks t o  see i f  changes i n  forces are more than 1000 lbs. If my or~e 
i s ,  the time increment i s  decreased proportionately. 

Compute t h e  n e x t  v a l u e s  f o r  body p o s i t i o n  and v e l o c i t y  and 
v e h t c l e  p o s i t i o n  and v e l o c i t y .  S e t  t h e  t i m e  s t e p  decrement  
a t  1. Compute s i n e s  and c o s i n e s .  Corr,pute t h e  h o r i z o n t a l  

I f  IBUC>2, 
p r i n t  DEBUG 
number 2 2 ,  
Table XXXII. 

Compute new forward  
c o n t a c t  f o r c e s  u s i n g  

FECLOD 

Compute d e f l e c t i o n  and t h e  
r a t e  o f  d e f l e c t i o n  f o r  each 
forward  c o n t a c t .  

' s e t  L t o  t h e  change i n  
f o r c e  d i v i d e d  by 1 0 0 0 . '  

1 

t 

decrement i f  L i s  t o o  

+ 

I S e t  2P,JI, and J S  
t o  z e r o .  Compute 
t h e  t ime  increment  RETURN 
t h a t  was u s e d .  

I 

P r i n t  comment 
n o t i n g  t ime s t e p  
change .  



Subroutine LODFEC c a r r i e s  out t t e  f  01lowir.g s: eps: 

1. Uctrrmines whether ex t e rna l  fo rces  a r c  on loading or  unloading port ion 
of fo rce  deformation p r o f i l e ,  

i., If loading,  fo rces  a r e  comp~ted from f i f t h  c rder  polynoxial i n  bot?. r;g.:fI.>r:- 
t i o n  and r a t e .  

J .  i f  unloading, fo rces  a r e  computed from iecor .~  order  polynomial. 

4, I f  i n  t r ans i t i o r . ,  the  peak value i s  seLectea ana c o e f f i c i e n t s  f o r  cn load -  
ing c~mputed.  



","r ." !'" .'!UP 

! ~ f i r - t ! , , r  :-,,n 
i t i r t  ^ !  7 . -  
rcr %!s *.lW ? 3 1 t l  

p r - v l c ~ s  t l n , P  + J 

COP; 1'" e : 1 3 ' : ? 1 ' /  

r a t : ?  a r i  s h i r t  
? o r , e  in?, ;  s t o r a y e  
ar ray  

-- 

1 ,  

I 
C 

Compute r e l a t i v e  
d e r l e c t i o n  a g a i n  
and s e t  p r e v i ~ u s  
r e l a t i v e  b e r l e c -  
t i o n  t o  z e r o  

C o m p , ~ t e  new 
permanent  
d e f l e c t i o n  
by c a l l i n g  
MULLER and 
so:ving 
u s i n g  r o o t s  

Increment  
permanent  
d e f l s c t l o n  
by  d e f l e c -  
t i o n  when 
f o r c e  went 
o f f .  
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To 41 
P r e v i  

0 
ous Page 

1 

LODFEC Supplemef i t  No. 2 

N 0 . 

Yes , 

r 
Set  s a t u r a t i o n  
s w i t c h  on. 

e 



I I o r  energy r a t i o  as I 

Apply energy t e s t ,  
recompute p l a s t i c i t y  

I 

using equations 11.0.7. 

I 

Compute unload-i II!: 
coe f f i c i en t s  u!; i c ( i  
sa tu ra t ion  u r ~ l o a d i n r j  

To 420 
prev ious page 

LODFEC Supplement No, 3 

273 

I needed ,-and compute 
slope. 

I I uloadinq c o e f f i c i e n t s  I 



The m3in prograe c a r r i e s  out t h e  "olicwlng s.~e?s: 

Zeroes some inpu t  and v a r i a b l e s .  

3 e f i n e s  some c o n s t a n t s  and t a b l e s .  

3eads i n p u t  d a t a  f o r  amin program up t o  and i n c l u d i n g  Z c a r d ,  

S e t s  up t a b l e  of c o c t a c t  i n c i c e s  f o r  cct:uparit and p r i n t s  i t  out .  

S e t s  up i n p u t  d e c e l e r a t i o n  an6 debug ~ a a l e s ,  

P r i n t s  out  i n p u t  d a t a ,  

Computes c o n s t a n t s .  

S e t s  t ime t o  zero .  

Rewinds b d f e r  s t o r a g e  unit 9. 

C a l l s  KRUNCH. 

C a l l s  SUMARY. 

Reads a d d i t i o n a l  d a t a  decks i f  any. 



S e t  up  t h e  a r r a y  IDATE w i ~ h  
t h e  EBCD e q u i v a l e n t  o f  t h e  
c u r r e r , t  d a y ' s  d a t e .  

I E j e c t  t o  a  new page  1 

Zero  t h e  f o l l o w i n g  

A A IPOST 
BBB MAX 
BL NEW 
CPSIA PHI 

PSIA 
D A R A 
FMM SDELTA 

FMUA SDELTD 
G A SIGMA 

S  I G M A A  
SIGMAC 
SPSIA 
SWITCH 
XISMLA 
XSMALk 
X X X  
Y SMALA 
Y Y Y  
ZERO 

I S e t  
MFORI t o  
7 , 1 , 2 , 3 , 3 , 5 , 8  

I s e t  

S e t  t h e  u n d e r f l o w  t r a p  
m o n i t o r  ! 





I n t ~  0Y.e o f  t h e  
s:?rage t a t ; e s .  

I 

I T A B L  = C A R 3 ( 1 )  rounded I 
( g e t  t a b l e  n o .  o f  t a b l e  ? o r  r.ew e h t r y )  1 

s .  

. , -?t .3:  

SWITCH (ITABL) = CA3D(2) ( s c a n  t y p e  s e t t i n g )  
I I  = min o f  MAX(1TABL) + 1 and 300 ( s t o r a g e  p o s i t i o n  f o r  new 

p o i n t  ) 
YYY (11, ITAaL) = C A R D ( 4 )  (new Y v a l u e )  
XXX (11, ITABL) = CARD(3) (new X v a l u e )  

CA23 l' -- 

I 
Recognize  new p o i n t  
S e t  s w i t c h  t o  s o r t  i n  new p o i n t .  

I 
-- 

TABLE. 3EAD, 
r n t e r  a new p o i n t  I 



( i l l e g a l  t a b l e  n 9 . ;  

- 
No SWITCH(ITABL) = o 

MAX(1TABL) = 0 
NEW(1TABL) = 0 
( D e l e t e  e n t i r e  
t a b l e .  ) 

I1 = 1 
X A  = min of c a r d ( 2 )  and c a r d ( 3 )  
XB = max of  c a r d ( 2 )  and ce rd ' (3 )  
( S e t  up independent  v a r i a b l e  
d e l e t i o n  i n t e r v a l )  

I 

"t . J i . e :  
L e l e t e  a range  
c f  l i n e s  from 

C A R D  W -- TABLE C Z L E T E ~  

Gne o f  t h e  
z toratqe t a b i e s  . 

ITABL = C A R D ( 1 )  roundtd  
( g e t  t z b l e  n o .  
t o  be d e l e t e d  from) 





Copy C A R D  e l e m e r t s  o n e  ' 
t h r o u g h  e i g h t  i n t o  EYE 
o n e  t h r o u g h  e i g h t .  

loo (new car ,)  6 

Copy CARD e l e m e n t ;  o n e  
l t h r o u g h  s e v e n  l n t 3  
1 BIGKI o n e  t h r o u g h  s e v e n .  

[ C A R D  D 1 

, 
Copy CARS elernen's o n e  
t h r o ' ~ g h  e i g h t  I n t o  EL 
o n e  ;h r ,3ugh  eigh:. 

i A 



Copy C A R D  e 1 e m e r . t ~  o r e  
t h r o u g h  e i g h t  i r t o  EN 
one t h r o u g h  e i g h t .  

EKPVSX = E M ( ~ ) + E M ( ~ )  (sum of  5 , 6 )  
EKTHSX Sum of  ! ,4 ,5 ,6  
EMTWSX Sum o f  2 , 3 , 4 , 5 , 6  i 

Copy C A R D  e l e m e n t s  one 
t h r o u g h  e i g h t  i n t o  A H  
one  t h r o u g h  e i g h t .  

t J 

Copy C A R D  e l e m e n t s  one 
t h r o u g h  s e v e n  i n t o  
TPRIME one t h r c u g h  
s e v e n .  i 



Copy CARE e l e m e n t s  one 
t h r o u g h  f o u r  i n t o  ALFAI 
e l e m e n t s  o n e ,  f i v e ,  s i x ,  
and s e v e n ,  c o n v e r t i n g  them 
from d e g r e e s  t o  r a d i a n s .  

Copy C A R D  e l e m e n t s  f i v e  
t h r o u g h  e i g h t  i n t o  THATPW, 
THATPV, THATPX, and THATPS, 
r e s p e c t i v e l y .  

- - - - - - - - - - . -- - - - - - . -- - - - .- - - 

Copy C A R D  e l e m e n t s  one 
t h r o u g h  s e v e n  i n t o  OMEGA 
e l e m e n t s  one  t h r o u g h  
s e v e n ,  c o n v e r t i n g  them 
from d e g r e e s  t o  r a d i a n s .  



Copy C A R D  e lements  one 
th rough seven i ~ t o  RPSI 
e l e r , ?n t s  one th rough 
seven ,  c o n v e r t i n g  t h e n  
from deg ree s  t o  " ad i ans .  

Copy C A R D  e lements  one 
th rough e i g h t  i n t o  RHO 
e lements  one th rough 
e i g h t .  

Copy C A R D  e l  ements one 
t!-,rough eigt-.t i n t o  THETAZ 
e l e n e n t s  one th rough e i g h t ,  
c o n v e r t i n g  them from deg ree s  
t o  r a d i a n s .  S imul taneous ly  
compute t h e  s i n e  and c o s i n e  
f o r  each element  c f  THETAZ 
and s t o r e  tksem i n  t h e  cGr- 
r e spond ing  e lements  of 
STHETZ and CTHE'PTZ r e s p e c t i v e l y .  
- - - -- - - - - 



Copy CAR3 elemen ;s o n ? ,  
. o j r ,  f i v e ,  and s i x  ! two ,  

] t o  ?S?3YZ, Rd, :;?zRO, 
?HO?TZ, and RHCF?Z r e s -  
p e c t i v e l y .  

C o r v e r t  CAR;:(?: fron: 
d e g r e e s  t o  r a d i a n s  
and p u t  i t  I n  LAMZER. 

I 
P u t  t h e  rounded a b s o l u t e  
v a l u e  o f   CARD(^; i n t o  
LCONTL as  an  i r . t e g e r .  

Copy C A R D  e lerner , ;~ on? 
t h r o - ~ g h  e i g h t  ir;o CS, 
S ,  R?ZI(!) ,  PYL:, 3 E T i  
e l e m e n t s  one tk-3ugh 
t h r e ? ,  and Z Z E R C  r ? s p e c -  
t i v e l y .  

I__T_J 



Cap7 C A R D  e lements  ~Jne 1 
th rough e igh t  I n t o  
ESPTEN, ELTWTY, ELS:4hY, 
H ,  FEPTEN c o n v e r t i n g  1 
from deg ree s  t o  r a d i a n s  , I  
DESTEP, R Z ,  and SZ res-  
p e c t i v e l y .  

I 
1 

Se t  DELTAT = DESTEP 

IT' 

Put t h e  rounded va lue  
o f  CARD(1) i n t o  M a s  an 
i n t e g e r .  

- 

Copy C A R D  e l e m e ~ t s  two 
through e i g h t  i n t o  C ( M ) ,  
R ( ? l ) ,  PHIZ ( M ) ,  DELTA(M), 
SIGYA(l,M), SIGMA!2,M), 
2IC:4A(3,!4) r e s p e c t i v e l y ,  
c o n v e r t i n g  C A R D (  4) from 
deg rees  t o  r 3 d i a n s  b e f o r e  
s t o r i n g  i t  i n  P H I Z ( M ) .  



P c t  rounded  v;lue o f  
CARD(1) i n t o  N a s  a n  
i n t e g e r .  

,@ 
t o  t h r e e ?  

Copy C A R D  e l e m e n t s  two 
t h r o u g h  e i g h t  i n t o  
SIGMA(4,M) t h r o l g h  
SIGMA(10,M) r e s p e c t i v e l y .  



Copy C A R D  e l e n e n t s  two, 
t h - ee ,  f i v e ,  s i x ,  and 
sever ,  i n t o  XPACZ, X V E H Z ,  
APRNTD, TIMAX, and EMC 
r e s p e c t i v e l y .  

P u t  rounded i n t e g e r  v e r s i o n  
o f  CARD(1 ) i n t o  NPASGR a f t e r  
i t  h a s  been f o r c e d  ln , to  t h e  1 
r a n g e  one t o  t h r e e .  I 

I 
1 

o f  t h e  a b s o l u t e  v a l u e  of  
CARD(4) i n t o  NBELT. 

Put a b s o l u t e  va lue  of  
CARD(8) i n t o  PCNTL. 

-1 - -- 

1 DTPRNT = PCKTL*APRNTD 1 

1 Set BPRNTD t o  t h e  l a r g e r  o f  DTPRNT- 
APRNTD and APRNTD. I 



/Put tk.e rounded integer 
lversicr, of CARD(l)+l 
iinto IA. 

Copy CARD elements two 
through seven into DA(IA), 
GA(IA), RA(IA), xsMALA(IA), 
YSMLA(IA) respectively. 

Put CARD(8) converted from 
degrees to radians into 
PSIA(1A) and the sine and 
cosine of this angle Into 
SPSIA(1A) and CPSIA(1A) 
respectively. s 



I CARD T I 
9 

Put  t h e  rounded  i n t e g e r  
v e r s i o n  o f  CARD(1)+1 
i n t o  14 .  

Copy CARD e l e m e n t s  two 
t h r o u g h  e i g h t  i n t o  
FMUA ( IA ) and SIGMAA ( I ,  IA ) 
t h r o u g h  SIGMAA(6 ,IA) r e s -  
p e c t i v e l y .  

1 CARD U I 

P u t  t h e  rounded  i n t e g e r  
v e r s i o n  o f  CARD(1)+1 i n t o  1 IA. 

& Yes 

Copy CARD e l e m e n t s  two 
t h r o u g h  f i v e  i n t o  
SIGMAA(7,IA) t h r o u g h  
SIGMAA(10 ,IA) r e s p e c t i v e l y .  



I 
Set  

2 - I - 11. I 
FARB(J) = CARD(2) 

I SLOPE(J) * CARD(3)  ' 
, LOO~YI(J) = 1. 

. - 

g(sklp Card) 

pzE-1 e 
yes 1 1 

( S e t  up Table  2 t o  I 
(Use p r e s e n t  be c o n s t a n t  va lue  
t a b l e  2 f o r  
DB o u t p u t )  

o f  SIGZ 2nd 28 e iements  
o f  KTASLE . 



KTABLE(1,2) * 3 
KTABLE(2,l) = 2 
KTABLE ( I ,3 ) = 
KTABLE(2,l) = 2 

Set 
KTABLE(~ ,4) = 3 
K T A B L E ( ~ , ~ )  ' 6 
K T A B L E ( ~ , ~ )  = 3 
K T A B L E ( ~ , ~ )  = 8 
NS = 18 
K = 1 0  
~ = 6  

b 

, Set 
K 1 7  
M - 4  
NS = 1 5  

r 

Set 
K - 6  
M = 4  
5 1 4  
L a 0  
NS = 14 

(Set up table of 
possible contact . 
interactions ) 

1 

Set 
KTABLE(1,l) = 1 
KTABLE(2,3) = 4 
KTABLE(I,K+I) * 5 
KTABLE(~,K+~) = 7 1 

KTABLE(~,K+~) = 8 
KTABLE(l,K+d) 8 
KTABLE(2,K+l) = 2 
KTABLE(~ ,K+2) = J 
KTABLE(2,K+3) = 1 
KTABLE(~,K+~) = J+L 

I 



, . , .:.:'.illi?e c o n t a c t  I i 3 )  

5cf 'orr ;a t ion r a t  :CS! ,- - -- a,--- - - 
I (?op ail N from 5 5 0  NS, s e t  ' 
( 4 )  = GA(K?AJLE( ? , ? I - b ) )  ; (t4IN Supp lemen t  

, J R ( I V T )  = RA(KX?'UE(?,?;-I;)) 30. I 

v 

F o r  a l l  2 from 1 t o  NS-4, j 
l s e t  MGDE(Jj = KY'ABLE(2,J)-11 

( F r i r '  p o s s i b ; e  I 
i r , * . g  r a c t i o n s )  + 

7 r i ~ t  NS, KTASLE(1,J) a n d  MODE(J) a c r o s s  
l i n e s  f o r  J = i t o  NS-4. 

I f  I33G i s  a p p r o p r i a t e ,  p r i n t  Debug number 1,  Table XXII. 

I S e t  1x1 I 



For all N from 5 to NS, set 
G(N)=GA(KTABLE(2 ,N-4)) 
R(N)=RA(KTABLE (2 ,N-4)) 
FARB (N)=FAB (KTABLE (2 ,N-4)) 
SLOPE (N)mSLOP (KTABLE (2 ,N-4) ) 
LODSWT(N)=LSWT(KTABLE (2 ,N-4)) 

MAIN Supplement No. 1 





I Compute a r r a y s  A, G R A V A ,  ELAMB 1 

+ 
P r i n t  t h e  i n p u t  1f I ~ U G  i s  
v a l u e s  e s t a b l i s h e d  a p p r o p r i a t e ,  

l f o r  t h i s  r u n .  p r i n t  debug 
number 2 ,  
TABLE XXXII . 

a c c o r d i n g  t o -  f o r m u l a s  found  i n  
Eqn I I . C . 5 .  and Eqn II.C.7 I 

1 
S e t  

PHI2 (1 ) = F E P T E N + s ~ ~ - ' ( & )  

S e t  TIME = 0 & 

Set 
FEPTEN = P H I Z ( ~ ) - S ~ ~ - ~ ( ~ = ;  RH 

(Compute c r a s h )  CALL K R U N C H  .. C I  

I 
i 

( S t a r t  O v e r )  w 



Subroutine W L E R  solves a r e a l  polynomial f o r  i t s  comp1t.x roo t s .  

I t s  arguments a re :  cOE(10)) which i s  the  a r m y  cf c o e f f i c i e n t s  of the  ?o i i -  
nomial i n  descending order;  N 1 ,  which i s  the  order of the  polynomial; R O U ~ R ( ~ ~ )  
and ROC TI(^^), which a r e  respec t ive ly  the  r e a l  and imaginary p a r t s  of the roo ts .  

Search for first non-zero 
coefficient and set 
J = its index. 

Set A X R = . ~ ,  AXI=O., 
beginning of the L=1, N3=1, ALPlRsAXR, 
array COE and modify ALPlI=AXI, Mml. 
N2, N1 to correspond. 

TEMR=TEl+COE(I+l). 

TEY?=AXR-PJOTH(I), 
TEK2=AXI-ROOTI(I), 
T E ~ = ( T E M ~ ) ~ + ( T E M ~ ) ~ ,  

Yes 

'Calculate 
TE2=(XMR*TEMl+TEM?*TEM2)/TEl, 
TEl=(TEMl*TEMl-TEMR*TEMP)/TEl, 



T3R = TEMR 

r \AxIy M-3, -, , T3I; 

r calculate I 

1 

Calculate 
1 

E ~ ~ ( T E ~ * T E ~ + T E ~ * T E ~ ) / T E M ,  
TE4- (TE2wTE5-TEl*TE6)/TEM. 

Calculate 
TE7 = TE3t1, 
TE9 TE3*TE3-TEh*TE4, 
TElO = 2*TE3*TE4, 
DE15 TET*BET3R-TEQ*BET31, 
DE16 = TE7rBET31-TE4*BET3RY 
TEll TE3*BET2R-TE4*BET2ItBETlR-DElS, 
TE12 TE3*BET21-TE4wBET2RtBET11-DE16, 
TE7 TE9-1, 
TE1 = TE9wBET2R-TE10*BET2IY 
TE2 = TEg*BET2I+TElO*BET2R, 
TE13 * TE1-BETlR-TE7*BET3R+TE10*BET3Iy 
TE14 a TE2-BETlI-TE'/*BET3I-TElO*BET3R, 
TE15 = DE15*TE3-DE16*TE4, 
TE16 = DE15*TE4+DE16*TE3, 

TE13**2-TE14~*2-4*(TEll*TE15-TE12~TE16), 
TE2 = 2. *TE13VEl4-4* (TE12*TElS+TEll*TE16), 
TEM = SQRT(TEl*QtTE2**2). 



Calcu la te  
T E M = ( T E ~ ) ~ + ( T E ~ ) ~ .  I 

C a l c u l a t e  
T E 3 = ( T E l V " t T E 2 * T E 8 ) / T E M ,  
TEb=(TE2*TE'j ' -TEl*TE8)/TEM. 

f 1 J 
S e t  
T E 3 = 0 ,  
TE4=0. 

C a l c u i a t e  
AXR = X L ? ~ R + T E ~ V E ~ - T E ~ V E ~ ,  
AX1 = ALP3I+TE3VE6+TE4*TE5 .  





Subroutine NORMCT c a r r i e s  out t h e  f\)l lowing s teps :  

1. Computes head and ches t  r e s u l t a n t  acce le ra t io l  vectors  (magnitudes and 
angles )  a t  t h e i r  c en t e r s  of g r av i ty .  

2, Writes normal output on u n i t  6. 

3. Wrires da ta  f o r  SUMARY on u n i t  9. 

C a l c u l a t e  head and c h e s t  c e n t e r  o f  g r a v i t y  a ~ ~ c s l e r n t i o n  
magnitudes and d i r e c t i o n s .  

+ 

I Compute i t e r l s  f o r  sunnary record .  I 

S t o - e  v a r i a b l e s  
f o r  summary. I 



S u b r o u t i n e  PAGE 4 computes probabil i ty data and print<s it o u t  ~ l ' t t . r  rt3:\d i I\;.: 

t h r e e  input cards f o r  the  necessary informatian, 

P r i n t  a 
sub heading .  

I n i t i a l i z e  t o t a l  
p r o b a b i l i t y  t o  
1, and s e t  111. 

Read a  p r o b a b i l i t y  
va lue  and t h e  
a s s o c i a t e d  l a b e l .  f 

+ 

Prepare  t h e  t 
new l a b e l .  P r i n t  t h e  l a b e l  

I and t h e  p r o b a b i l i t y  
of  i t s  occu r r ence .  

Update t h e  
t o t a l  p r o b a b i l i t y .  + 

Se t  I=I+l 

P r i n t  t h e  t o t a l  
p r o b a b i l i t y .  



S ~ b r o t l t i n e  FZLSEL d e t e r n i n e s  base r e l a t i v e  : : e e l e r a t i o n  a f  j o i n t s  ar..I cont,:ic 1 - 
s - l r f aces  s u b j e c t  t o  J i t t e r  rLa RELVE'L an3 s d ~ s  c o n t r i b u t i o n s  o f  cen t ; - i fd :  -11 
~ 2 c e l e r a t i o n s  f o r  l i n e a r  j i t t e r  modes. 

RELSEL i-> 
Compute base relative accelerations 
of joints and contazt surfaces 
using RELVEL 

[this a contact\ !Yu 

surface? v- 

1 Complete the computatiori of the 1 I 
base relative accelerations by 
adding the contributions of 

I centrifugual accelerations. 



Subroutine RELVEL 

Conputes r e l a t i v e  Geloc i t ies  between j o i n t s  o r  contac t  sur faces  and body set:- 
ments which a r e  subjec t  t o  j i t t e r .  

t 

Get t h e  body index  
from IFORK. Get 
t h e  s u r f a c e  index  Get t h e  a n g l e  index  
from IFORK. Corn- from MFORI. Compute 
pu te  t h e  l i n e a r  t h e  r e l a t i v e  v e l o c i t y  
p o r t i o n .  Then as t h e  d i f f e r e n c e  of 
compute t h e  angu- t h e  two a n g u l a r  
l a ?  p o r t i o n  and add v e l o c i t i e s .  
t h e  two t o  g e t  t h e  
r e l a t i v e  v e l o c i t i e s .  

r 

The r e l a t i v e  v e l o c i t y  i s  
t h e  occupan t ' s  v e i o c i t y  
minus t h e  v e h i c l e  v e l o c i t y .  

J 



Ssor3utine SEAT carries out the following steps 

1. iomputes vertical hip seat lorce. 

2. 'Zomputes vertical seat fronc force and applies it to proper leg segneni. 
Computes horizontal force on lower leg. 

5 .  Computes magnitude of seat friction farce. 

4. Computes total continuous generalized seat force vector. 





Subroatir le SlPP c a r r i e s  out t h e  following s t eps :  

1. Heads cards  t o  r e s e t  i n j u r y  to le rance  l e v e l s  (-. '  any) and p r i n t s  values,  
e t c .  

2. Scar.s c e r t a i n  va r i ab l e s  t o  see  i f  any exceed t h e i r  t o l e r ance . l eve1  and 
p r i n t s  oc t  values,  t imes,  and dc ra t ions  atzve t ~ i e r a n c e  f o r  those t k  t lo .  

j. Cal l s  PAGE 4 f o r  p r o b a b i l i t y  output if des i red .  



Subrou t , i ce  STYX c a r r i e s  out t he  follow:.ng s t eps :  

I. ?cads i t s  i n p u t  c a r d s  t o  determine s i z e  and cont,ent of  output s t i c k  I ' ip-  

u r c s .  - 
2. Computes pos i t i ons ,  e t c . ,  s e t s  up plot images, and p r i n t s  

I 

READ 

ISTEP = MINO(ISTEP,200) 9 
Set S:EPS(l)=FIRST 
Calcu la te  sTEPS(I)*STEPS(~-1) 

+3ELTA, for I=?,ISTEP. 

I I 
(REIiOi NcNTcT 

Set 
ZEFtO(I)=O. 

for I*1,100, 
VZERO!l)=YMIN. 

for 1-2,MSBH, 
HZERO(I)=HZERO(I-1 )+HLINE 

for Im2,MSBV. 



I 

Calculate 
A=$. :~~/(XMAX-XMIN), 
B-ABXMIN, 
c -9 .  !~:/(v:~AX-YMIN), 
C = C V X I N .  - 

k'rite 
ISTEP,NBELT,XL(~),YL(~) 
X U ( ~ ) , Y U ( ~ ) , Y S A ? ( ~ )  
XSEAT,YSEAT,A,B,C,D o n t o  9 

b 

Calculate XJOINT(~)=POST(K,~), 

XJOINT(~)=POST(K,~), 
DTR-THETA(K,l,I ) @  .0174532925, 

for I=1,8 CZVEC(1)-COS(DTR), 
SZVEC (1)-SIN(DTR), 

for I=1,10 



C a l c u l a t e  
NST=N?+I , 
R=I-1, 

I=1 , J J  

+ RaYLEN(J), 

r 

HEADXmXJOINT(4 )+  
Rt(OPFZtCZVkX' (4 ) , 

HEADY*YJOII<T( 4 ) +  
RHoPFZ*GZVEC(~ ) , 

Calculntp I 
3=1-1, 

o r  ( NST=NT+I , XMAN(NST)=XJOINT(~) 
I*?, JJ + R*XLEN(7), +AR(4)*COS(RANG), 

YMAN(NST)=YJOINT(~) 
+ Ft"YLEN(7 ) . +AR(~)@SIN(RANO). - 

Print m 
Calculate  

ANOLE*( (360. -THETA(K, 1, l ?  
+THETA(K,1,7))/6.) 
a.0174532925, 

TS=THETA!h,l,1)a.0174532925, 

PLOT HIP POSITION. 



TS=-FRTYFV, 

f o r  
XCHT(J)-XRHO+AR(3)*COS(TS), 

J-1,3 TS=TStFRTYFV, YCXT(J)-YRHO+AR(3)*SIN(TS), 

for ( 
TS-TStFRTYFV, 

J-4,6 
XCHT(J)=XRHOtAR(3)*COS(TS), 
YCHT(J)-YRHOtAR(3)'SIN(TS). + 

PLOT CHEST POSITION. 

I 
Calculate 

TS-(THETA(K,~,~)-~~O) 
'.0174532925, 

PLOT HAND POSITION. 
Calculate- 

1 ~ = ~ ~ ~ ~ ~ ( ~ , 1 , 8 ) * . o l ? 4 5 3 2 9 2 5 ~  
ANOLE-((~~O.+THETA(K,~,~) 

-~~~~~(~,1,8))/4'.0174532925, 
TS-TStANOLE, 
XKNE(J)-XJOINT(~)+AR(~) 

5-1,3 *COS(TS), Yes 
YKNE(J)-YJoINT(~)+AR(~) 

O F  i *SIN(TS). 

Calculate 
~ ~ - ( ~ ~ E ~ ~ ( K , 1 , 8 ) - 1 8 0 ) @ ~ 0 1 7 4 5 3 2 9 2 5  
TS=TStSIXTY, 
XFT(J)-XJOINT(~)+AR(~)'COS(TS), 
YP~(J)=YJOINT(~)+AR(~)*SIN(TS). 

PLOT FOOT POSITION. 

PLOT ALL CONTACT POSITIONS 
THAT HAVE BEEN DEFINED. 



+ 
yesl PLOT LAP BELT POSITION. 1 

Calculate 
XL(~)-XL(~)+BL~(K)*COS(PHI~(K)), 

NBELTZ3 YL(2)=YL(l)+BL2(K)*sIN(PHIl(K)). 

PL3T THE POSITION OF 
EACH OF THE 9 JOINTS. 

PRINT LABELS, 
SCALINO FACTORS. I 

RETURN 
1 

Yes 1 



Subrouzine SUMARY c a r r i e s  out t h e  following s ~ e p s :  

1. Writes end-of-run ind ica to r  on summary record ,ind rewinds it. 

2. Reads one i n s t r u c t i o n  da t a  card.  

3 .  Alzers l abe l ing  of contac t  su r f aces .  

4, Reads s torage  summary record,  s e t s  up page images, and p r i n t s .  

5 .  Cails  SIPP t o  produce i n j u r y  c r i t e r i a  i f  des i r zd .  

6. Uses Universi ty  of  Michigan p l o t  subrout ines  and produces graphica l  o ~ t -  
pu t  i f  des i red .  

7 .  Ca l l s  STYX t o  produce s t i c k  f igu res  a t  s e l ec t ed  times i f  des i red .  

4 P r i n t  s t a n d a r d  
o u t p u t  p a g e s  
f o r  t l m e  p o i n t s  

summary r e c o r d  
I n d i c a t o r  and 

i n g  l n d e x .  

c o n t r o l  c a r d ,  
t i m e  i n d e p e n d e n t  
v a l u e s  f rom 
sdmmary r e c o r d ,  
and c o n t a c t  
l a b e l  c h a n g e s .  

C a r r y  out i n j u r y  
t o l e r a n c e  c h e c k l c g  

Read t l m e  d e p e n d e n t  
v a l ~ e s  f rom summary 
r e c 3 r d ,  compute  
a c c e l e r a m e t e r  r e a d -  
i n g s  and i n j u r y  
a c c e l e r a t i o n  and 
s t o r e  a l l  t h i s .  

S e t  s t a r t i n g  
minimum o f  t h e  

l n d e x  t o  one number o f  t i m e  

i n d e x  t o  mln l -  
xum o f  number 
o f  t i m e  p o l n t s  



S u b r w t i n e  'TALJYAh , > n ~ r i c \ s  o u t  th t ,  fo' lowir+: s t  c,:)s : 

1. Computes t ime i n t e r v ~ l s  i n  a  manner t o  reduce i.hc p r o b : \ b i l i t , ~  o i '  1,1:.I - 
b i l i t y .  

f. ' J t i l i z e s  LIMIDT t o  check t ime i n t e r v a l  f o r  f o r c e  change s i z e .  

. .  l b d i f i e s  e f f e c t i v e  a c c e l e r a t i o n  vec to r  t o  s u i t  t ime i n t e r v a l ,  

4. C a l l s  N3RMUT f o r  normal p r i n t o u t  s t o r a g e .  

. Updates swi tches .  
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Sut rou t  i ne  ZC'AKR 

Sets  up t h e  components of an a r r ay  of acce l e ra t ion  vec tors  needed i n  JITTER. 

I t s  arguments a r e :  K which i s  t h e  index of t he  appropr ia te  combination of 
j i t t e r  modes; ZQ (11) which i s  t h e  vector  containing t h e  r e s u l t a n t  acce lera-  
t i o n s  due t o  t h i s  combination. 

( ZKMAKR ) 

RETURN 

Check e a c h  b i n a r y  b i t  of L i n  t u r n ,  
i f  z e r o ,  s k i p ,  I f  n o n - z e r o ,  add t h e  
a p p r o p r i a t e  DELZ t o  Z Q .  



.; i:,!.r , , l , inc  ZI!S~YLI~ c a r r i e s  0u.i t h e  f o l l o w i n g  s teps : 

1, L:vert:, z~tri. b:, r l n l l i n p  on SSP rou t i ne .  

. ~ ' i ~ ~ l i p ~ i t  (':i R ~ ' I ' ( ' ~ ( \ I ' : \ !  ion  vc>~. t .o~  by n p p l y i ;  i n v e r : : ~  ~ n n t . r i s  t.o r~c'nc)r:~li:!rl 'i  - 
V P O  I O ! ,  , 

Copy t h e  computed t r i a n g u l a r  p o r t i o n  o f  t h e  
m a t r i x  i n t o  t h e  o t h e r  p o r t l o n  a n d  i n t o  a  
dummy m a t r i x  f o r  t h e  i n v e r s e .  

f rom t a b l e  XXXII. 

O b t a i n  t h e  m a t r i x  i n v e r s e  by  
c a l l i n g  l i b r a r y  r o u t i n e  M I N V .  

C a l l  S U M A R Y .  
C a l c u l a t e  a c c e l e r a t i o n  v e c t o r  r 

P r i n t  d e b u g  1 1 2  1 Ex1 t 
b y  a p p l y i n g  m a t r i x  i n v e r s e  t o  C 

p e n e r a l i z e d  f o r c e  v e c t o r .  I b f r o m  t a b l e  XXXII. 

Check i n v e r s e  b y  p r e -  and 
p o s t  m u l t i p l i c a t i o n  a n d  . ) p r i n t  d e b u g  . # I 3  
a d d i  t i or!. f r o m  t a b l e  XXXII. 



C, SYMBOL DICTIONARY 

- The d i c t iona ry  which follows i s  arranged i n  a lphabet ica l  order by the  

FORTRm name of each var iab le  or a r r ay  used i n  t he  program. I f  t he  same 

FORTRAN naae I s  used i n  d i f f e r e n t  subrout ines  with d i f f e r e n t  meanings, the  

meanings a r e  l i s t e d  on separa te  l i n e s  f o r  each of t he  uses. The second :;olumr, 

i s  th. FORTRAN dimension which i s  spec i f ied  f o r  a r rays .  The t h i r d  column i s  

t he  a n a l y t i c a l  symbol which corresponds t o  t h i s  FORTRAN name and i s  supplied 

i f  such a correspondence e x i s t s .  The fou r th  column gives t he  physical  u n i t s  

f o r  those q u a n t i t i e s  which have them. The numbers shown a r e  subscr ip t  ranges 

i f  u n i t s  a r e  not t h e  same f o r  a l l  elements of a r rays .  The l a s t  column i s  a 

sho r t  d e f i n i t i o n  of t h e  quant i ty .  

As an appendix t o  the  symbol d ic t ionary ,  t he re  i s  an a lphabe t i ca l  l i s t  

of a n a l y t i c a l  symbols toge ther  with the  correspondidg FORTRAN names of each 

quan t i t y .  This l i s t  i nd i ca t e s  t he  name which can be used t o  f i n d  the  def in i -  

t i o n .  
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Symbol Dictionary (page 4 )  

FORTRAN 
Dimension Symbol Units Definition 

Name 

R - - in. horizontal CRT scaling term (ves t ig ia l )  

B 492 - - joint  direction label  storage 

BACC B - - in./sec2 second order vehicle position integration coefficient 

BASIC 1198 - 1-10, in. elements one through f ive are  lever arms for  contact 
IL, in./sec 2 f r i c t iona l  forces; elements six through ten are lever 

arms for contact normal forces; element eleven is cen- 
t r i fhga l  force term for contact re la t ive  accelerations 

w BBB 300,3 - 
TU 
W 

BCH - - 

BEE 10 Bi 

BELL - - 

aELTA 200 - 
BELTB 200 - 

BELTC 200 - 

1, in./sec 2 intercept for piecewise l inear  tables 

2 ,3 ,  - 
g-units/in . upper torso horizontal acceleration l inear  coefficient 

1-8, in. l b  centrif'ugal force vector 
9-10, l b  

temporary storage for  imaginary part of polynomial eval- 
uation 

- l ap  be l t  farce storage 

lower shoulder be l t  force storage 

upper shoulder be l t  force ~ t o r a g f  













Symbol Dictionary (page 10 ) 

-- 

F9FCMUN 
Dimension Symbol Units Definition 

Name 

IIESPC 3,6 - - contact surface labels 

DESTEP - Atmin sec minimum integration time interval 

DETERM - - - determinant of mass matrix 

DE13 - - - temporary storage in MULLER 

~ ~ 1 6  - - - temporary storage in MULLEH 

DH - - g-units/in. head vertical acceleration linear coefficient 

W 
IU DISP - x-X in. displacement of hip relative to vehicle 
U> 

DTPRNT - - sec print time interval for normal summary output 

DTR - ~/180 rad/deg degrees to radian conversion factor 

DTR - - rad temporary storage for body angles 

DUR - - sec duration of injury tolerance violation 

EHAT 18 2 in. lb 

EL 8 - Li in. 

reference conserved energy per loading cycle for each 
interaction 

body segment lengths except element four which is dis- 
tance from upper spine to shoulder 

E LAMB 6 'i in. initial condition parameters for belts 





Symbol Dict ionary (page 12)  

FOI-rmAN 
Dimension Symbol  Units Def init-ion 

Name 

EPS LNZ - sec l i n e a r  mode time i n t e r v a l  convergence limit &o 

ET 18 in.  l b  t o t a l  energy f o r  current  cycle f o r  each in te rac t ion  Et 

ETA - '1 

EYE 8 ii l b  sec2 
EO - 

0 
i n .  I b  

FAB 10 - l b .  
FARB 18 - I b .  - FEF'TEN - 

Cc, 
* ' 
10 

rad 
4 

determines s ign  of r e l a t i v e  ve loc i ty  l i m i t  used i n  time 
p red ic t ion  of enter ing  j i t t e r  

body segment moment of  i n e r t i a s  a t  cen te r  of gravi ty  
reference conserved energy f o r  p r e d i c t i o n  
s a t u r a t i o n  1  i m i  t s tored  on contac t  number 
s a t u r a t i o n  l i m i t  s tored on i n t e r a c t i o n  number 
angle  of l i n e  joining l a p  b e l t  anchor and h ip  jo in t  from 
hor izon ta l  a t  time zero 

FF'M 3 *m l b  b e l t  fo rces  f o r  each segment 

FIRST - - sec first time a t  which.a s t i c k  f igure  i s  des i red  

FMAXl - - l b  maximum value of a l l  b e l t  forces  i n  c rash  

FMAX2 - - in. /see2 maximum value of head and chest  acce le ra t ions  i n  crash 

m 3  - - in .  PPaximum value of hip x and y coordinates r e l a t i v e  t o  t h e  
vehic le  i n  crash  

FMAX4 - - in./sec2 maximum value of vehic le  accelera t ion  i n  crash 

maximum value of angles of head and.ches t  accelera t ions  

in c r a s h  





Symbol Dictionary (page 1 4 )  

FORTRAN 
Dimension Symbol Units Definition 

Name 

FSPRM - FL l b  front edge seat force 

F S P M  - F;o l b  front edge seat force a t  time zero 

FSZCNS - - l b  constant used i n  front edge seat  force determination 
representing force calibration a t  zero time 

FT - F l b  predicted force 

FTOLD 18 
Fm-l l b  previous force for each interaction 

FTT - F l b  
W 
G, 
w FUDGE - - in. 

predicted force 

distance from contact surface used as maximum distance 
error  caused by time prediction error  i n  l inear  j i t t e r  
modes 

F78 - F~ l b  forward seat front edge force 

material p la s t i c i ty  index, i .e . ,  the r a t i o  of permanent 
deformation t o  maximum deflection, for each interaction 

GA 10  Ga - material p la s t i c i ty  index fo r  each contact surface 

GAMZER - yo deg angle of seat  cushion surface from horizontal 

GCHEST 200 - deg angle of chest accelerometer acceleration storage 

GEE 10 Gi 1-8, i n .  l b  negative of gravi tat ional  generalized force vector 
9,109 l b  







Symbol Dict ionary (page 1 7 )  
-- -- -- -- .. - 

FOR'rRAN 
Dimension Symbol 

Name Units Defini t ion 
- - -. - -- - - - - - 

IMAGE 1500 - - temporary s torage f o r  p red ic t ion  of s t i c k  f igures  

IMAX - - - index of l a s t  time point  of i n p u t  t a b l e  

I M I N  - - - index of l a t e s t  i n f l e c t i o n  point  of input  t a b l e  

IND 

INDEX - 

I N D I C  - 
W 
W 
m 

INN 

IN';' - 

I PAGE 

ISTAR 

ISTART 

I STEP 

code index f o r  combination o f  on and o f f  s t a t e s  Selr;. 
t r i e d  t o  resolve  j i t t e r i n g  modes 

index of contact  in te rac t ion  

switch ind ica t ing  whether t o  r e s e t  i n f l e c t i o n  , pr i 7% ar.3 

step switches t o  zero i f  j i t t e r  mode time i s  se le=ze?  
In comnon /IO/, l og ica l  device number f o r  input  
index used i n  contact  f r i c t i o n  booll3;eep;nz 

number of spacer po in t s  between pl.nttt-d points  

page number counter 

po in te r  f o r  l a t e s t  input  t a b l e  ent ry  used 

switch ind ica t ing  whether a to lerance  v i o l a t i o n  L s  IT 
progress during a scan of values f o r  a l l  time 

switch ind ica t ing  need f o r  force l i m i t i n g  

index of s t a r t i n g  time point  on pr in ted  page 

maximum number of s t i c k  f i g u r e  times 





Symbol Dict ionary (page 19 ) 
--a 

FOEiTRAN 
D i m e n s  ion Symbol U n i t s  Defini t ion 

Name 

JK - - - genera l  index 

JL - - - genera l  index 

J O I N T  9 - - s t i c k  f igure  j o i n t  index l a b e l s  

JP - - - p r i n t  switch f o r  predic t ion  

JF'RINT - - - temporary p r i n t  switch 

- - - t ime s t e p  switch f o r  predic t ion  

JSTEP - -. - temporary time s t e p  switch 

KINFL - 

KKK 

KN 

genera l  index o f t en  maximum number of time yoiriis for 
summary p r i n t o u t  o r  index of  present  j i t t e r  mode 

- contac t  sur face  index f o r  each nonzero fo rce  

- body contact  a r c  index f o r  each rlonzero fo rce  

- i n f l e c t i o n  switch 

- genera l  index 

general index 

index of second l i n e a r  j i t t e r  mode 





















































Appendix t o  Symbol Dictionrry (page 1) 

Symbol FORW ~arne( 6 1  

KA, LA, IA 

A 

AK 

BEE 

S W B  

CEE 

CZERON 

cmm 

C'IWON 

CPRIME 

DEE 

EONE 

ET 

MAT 

FORCE, FT, FTT 

FFM 

FMLD 



Appendix t o  Symbol Dictionary (page 2) 

G 

GEE 

GRAVIT 

H 

, KI) LI) I, I1 

BIGKI 

BIGMI 

EL 

ELP 

BL 



Appendix t o  Symbol D i c t i m ~  (page 3) 

Symbol FORTRAV Name( s 1 - 

TIA 

TMATII 

TF'RfME 

'MATPW 

THATW 

THATm 

THATPS 

TIME 

TIYAX 

TOF 



Appendix to  Symbol Dictionary (page 4) 

Symbol F O R ~ A ,  NAME( S )  - 
TOX 

VTIA 

VXIA 

W IA 

wzmo 

XC 

XC P 

HEADX 

x, 

m 

xz 

YSP 

YZZERO 

YA 

YAP 

PLY 

HEADY 



Appendix t o  Synbol Dict ionary (page 5 )  

Symbol FORTRAN ~ a m e (  sl 

Y, AY 

ZZERO 

AZP 

ALFAI 

BETA 

LITGAM 

GAMZER 

DELL, DELTA 

DELTAT 

DESTEP 

DELZ 

DELNN, DELNU 

SDELTA, SDELA 

SDL 

DELOLD 

SDELTD, SDELD 

SDID 

OLDEIS, DELDQD 



Appendix t o  Symbol Dic t ionary  ( page 6) 

FORTRAN ~ame( s 2 

EPSLNY 

EPSLNZ 

EPSLNP 

ETA 

THETAZ 

FMUA 

FMUS 

RVEL 

.--. . 
RSEL 

RPS I 

XISMLA 

PI 

RHO 



Appendix t o  S p b o l  Dictionary (page 7) 

Symbol FORITAN ~ame( sl 

SIGZ, sim 

S I GMAA 

SIG, SIGMA 

TAU1 

TMSK 

TAUHAT 

TAHATZ 

F E m  

PHI 

WIZ 

PSIA 

OMGT, FOM 

OMEOAI 

POMG 
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Subroutine Index (Con ,inued) 

Flow 
Routi ne Number L i s t i n g  Diagram 

Routine (Figs. 44 and 45 )  Page Page 

RELSEL 18 A-65 302 

RELVEL 14 A-66 303 

SEAT 7 A-68 3 04 

S I P P  2 6 A- 70 306 

STYX 2 7 A-75 307 

SUMARY 23 A-80 31 2 

TAUMAK 19 A-89 31 3 

XDINFO a A-97 - 
XERCOM c A-98 - 
XPRINT b A-98 - 
YPRINT d A-92 - 
ZKMAKR 17 A-93 31 7 

ZMAKER 13 A-95 31 8 

*These two are  f o r  recovery o f  output  from an aborted run, Supplied 
here i n  unconverted form; Commonl1Uj1~~ needs t o  be added i n  BAIL2 
along w i t h  INN=5 and the  1 ,d .n . ' ~  may need swi tch ing around i n  TALK2. 
BAIL2 i s  run  w i t h  SUMARY and the rou t ines  c a l l e d  by SUMARY w i t h  the 
cards a f t e r  the  Z card suppl ied on 1 .d.n. f i v e  and the  sumnary f i l e  
suppl ied on 1 .den. nine. 
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5 * T O S Q L I I 8 l  rATDS~l8l~IGNORE~lO~~OA(10l~XSMALAl10l~ISMALAl1Ol~XISIILA*2D15780 
6 t l O I . P S I A l  1 0 l ~ C P S I A l 1 0 l ~ S P S I A l 1 0 1 ~ S 1 G W A C 1 1 0 1 ~ F W A ~ 1 0 l ~ G R A r l A (  1 0 1 r R E * Z D 1 5 1 9 0  
7Et  lOI.CEE( lOI.OUE( 1 0 1  .OEEI101 *GEE( 1 0 1  .SMALLRI lO) .  ZVEC(11 l . Z V E C P l 1 1 * Z D 1 5 8 0 0  
8 l ~ Z V E C P P l 1 1 l ~ S T I ~ J l 1 3 l ~ A E L ( 1 4 I ~ R S E L ~ 1 5 ~ ~ R V E L l 1 6 I ~ M O D E l l 6 l  . T I M T J Z I * 2 0 1 5 B l O  
9 1 6 ) ~ T l M T J l L 6 ) ~ R P S I t 1 6 l ~ A ~ 1 7 ~ ~ G l l B l ~ R I l 8 l S I G Z l 8 l E O N E l l l P N l 8 l  *ZD15B20  

OIMENS IOW DELOLOI l ~ B . D E L D O D ~ l 8 I . E C K N Y ~ 1 8 1  .FTOLD( 1 8 1  .OYEGA( l81 .CZE*ZDI5830  
1 R 0 N I 1 8 # . C O I Y W I l 8 l ~ C T ~ N t l 8 1  * E l l 1 8 1  .EHLT(181.  IFOPK(3.81 ~ S I G M A l 1 0 ~ 3 l * 2 D 1 5 8 4 0  
Z ~ X X X ( 3 0 0 ~ 3 l ~ Y W Y ( 3 0 0 ~ 3 l  ~ F C H ( I 3 0 0 ~ 3 l r B R B ~ 3 0 0 ~ 3 1 ~  SIGMA41 1 0 ~ 1 * 2 0 1 5 8 5 0  
3 0 l ~ A A 1 1 0 ~ l O l ~ A N V E R ~ l l O ~ l O l ~ D E L Z l 1 l ~ 1 6 l ~ Z K l  1 1 * 1 2 8 1  ~ B A S 1 C l 1 1 ~ 8 l ~ K T A ~ * 2 0 1 5 8 6 0  
U E ( 2 * 1 4 I  * Z P P P t l Z l l  s B L ( 3 1  * Z D l 5 8 7 0  

*2D15R80 
~ ~ m * m  THATPY .T  AT PX. T H A T P S ~  XVEHZ * 2 D 1 5 8 9 0  
CO- F A R B ( l 8 )  .SLOPE( 1 8 I . I S Y T l l B I  * L W S Y T l 1 8 1  *2D1 5900 
COIWON NONO(14021 * 2 0 1 5 9 1 0  
D I M N S I O N  JFORK(BI .ELPI51  * 2 D 1 5 9 2 0  
JWWWM-8 * 2 0 1 5 9 3 0  
MAXn=II * 2 D l 5 9 4 0  
1MW = 1 * 2 D 1 5 9 5 0  
FUD6E=. 1 * Z D l 5 9 6 0  
00 2 0  1-1.8 * to1 5 9 7 0  
R Y e L t I ~ l  = 0- * t D 1 5 9 0 0  
I F r n K 1 1 . I l  = 0 * 2 D 1 5 9 9 0  
I F M l 2 . I I  0 *J!D16000 
JFCXKI  11 = I F O R K I 3 + 1 1  * 2 D 1 6 0 1 0  
I M K ( 3 . I B  = 0 * Z b l M ) 2 0  
Q C f l I l  = 0.  * 2 0 1 6 0 3 0  
DO 10 11=1.11 *m1 ti040 
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I F O R K I  3. I N N 1  = 0 
I F  I J F O R K I  I N N 1  I 160 .190 .160  
00 1 7 0  J J = I N N . 7  
J F O R K I J J I  = J F O R K I J J + l I  
W 1 8 0  JK=MAXR. l5  
CY)DEIJIo=MODE t  J K + 1  1 
MAXR = MAXR-1 
GO TO 300 
I F  I IGNORE I I A I  I 300.210.210 
I F  I I F O R K I  3. I N N ) - J F O R K I  I N N 1  I 220.300.220 
DO 2 3 0  J J = I N N . 7  
JK=MAXR-JJ-1  
JFORKI  J K 4 1  I = JFORKt  J K  I 
JL= l6 -MAXR 
DO 2 4 0  J J = l . J L  
J K = 1 6 - J J  
MODE1 J K + l  I = MODE1 J K I  
I F  I A B S i R V E L I  YAXR) I - R P S I  i MAXRI I 260.210.280 
M O D E l * A x P l  = -1 
GO TO 3 0 0  
r Y ) D E l * A X R l  = 0 
60 TO 3 0 0  
I I O M I M A X R I  = 1 
PN(N)=O. 
E O N E I Y )  = 0. 
GO TO 400 
I F  I F O R K I  3. I N N  1-JFOAK (INN)) 320.390.320 
DO 3 3 0  J J =  INN.7 
JKmMAXR- JJ-1 
JFORK4 JK+1 I = J F O R K I J K I  
JL-16-YAXR 
DO 340 JJ=l.JL 
J K - 1 6 - J J  
MODE I J K + l I  = MODE( J K )  
I F  ( M S ( R V E L 1 M A X R b  ) - R P S I I M A X R I )  360 ,370 .380  
MOcl€(ML1R) = -1 
GO T O  3 9 0  
I W D E l * A X R l  = 0 
GO T O  3 9 0  
M O M I W A X R )  = 1 
BASICI11.INNHI) = 0. 
GO TO ( 3 9 9  ,399.391 ,392 . 393 .399*396  r 3 9 5 ) .  1 
E L P t 3 1  = RHDPTL 
U) T O  394 
E L P I 4 1  = RHOPFL 
E L C ( 3 1  = E L r 3 1  
GO TO 394 
E L P I 5 1  = E L 1 5 1  
E L P ( 4 )  = 0. 
E L P ( 3 l  = E L ( 4 )  
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1J1 2 7 0  :)FLZ(I . < i  = Z K i  C . I T n t ' + : l - l h ~ l . :  b 
1 0 2  2 8 0  CALL (ctLSiL(DELL(l.Y).Kh.lELNIJb 
1 0 3  2 9 0  DO 3LC I = l  . ITClP 
1 0 4  C A L L  R E L S E L ( Z K ( l . 1  i . K h . 7 5 1  
1 3 5  TSA = LPVY+TS+I>kLPUU 
1 0 6  T S B  = T S + Z R V ~  
1 J 7  I F  ( 1 - 1 1  2 7 3 . 2 9 3 * 2 9 1  
1 0 9  2 9 3  TSC = Z R V Y i T S  
1 0 9  2 9 7  I F  ( T S A I T S R )  500.3CO.3CO 
110 3 0 0  I F  ( T S C * T S B I  5 0 C . 3 1 0 . 3 1 3  
111 3 1 0  C O N T I N l E  
1 1 2  I F  I R V E L f K N I * T S C )  3 2 0 . 3 2 3 . 3 3 0  
1 1 3  3 2 0  MOOF(KN1 = -1 
114 GO T O  3 5 0  
1 1 5  3 3 0  WODE(LN)  = 1 
11 6 DO 7 4 0  J = 1  .10 
1 1 7  3 4 0  Z K B I J I  = I K Y ( J I + D E L L (  J . W  
1 1 8  C A L L  RELSEL(2KS.K.  Z R V I  
1 1 9  3 5 0  M=M-1 
1 2 0  GO T O  2 4 0  
1 2 1  3 6 0  T S = Z R V + Z P P P I l  I + O E L N U  
1 2 2  I F  I I n&)  3 6 8 , 3 6 8 , 3 6 3  
1 2 3  3 6 3  YR I T € (  6 . 9 J 9 0 l Z R V . L P P P (  1 1  .D tLNU.FHn(KPOST . I  ) 
1 2 4  5 9 9 0  FORMAT ( 5 H O L R V = E l Z  .4.6H.ZPPP=E12.4. 7H.I)ELNU=€12.4r 5H.FMM=EL?.4)  
1 2 5  368 I F  ( K - 8 1  3 7 0 + 3 7 C . 3 8 0  
1 2 6  3 7 0  TAHATZ = T S / F V M ( K P O S T I ~ )  
1 2 7  GO T O  3 9 0  
1 2 8  3130 I A = I F D R K ( Z  .K-81 
1 2 9  T A H A T L  = T  S /FMM(KPCST.  1 l / C P S I A (  I A I  

7 1 3 0  350 I F  I T A H A T L - 1 . E - 6 1  1 4 0 . 1 4 0 . 4 0 0  
;U 1 3 1  4 0 0  L I T G A M  = K 

1 3 2  AK = .S /OELYU*(  Z R V + Z P P P (  1 ) - O E L N U )  
131) DO 410 J=1 . l o  
1 3 4  Z K t  J . Z I = L K ( J , l  ) + D E L L (  J t K l  
1 3 5  Z V E C P P ( J ) = Z K B ~ J I + L U ( J I  1 ) - A K * D E L L t J t r ( l  
1 3 6  4 1 0  C O N T I N U E  
1 3 7  RE TURN 
1 3 8  4 2 0  DO 4 3 3  J=1.10 
1 3 9  4 3 0  Z V E C P P ( J ) = Z K B (  J l + Z U (  J.1) 
14 0 RE 1URY 
1 4 1  500 P P I N T  9 9 9 9 r T I M E  
1 4 2  5 9 9 s  FORMAT ( 3 0 H O T U O  L I N E A R  J I T T E R  M O W S  AT T = F 8 . 6 )  
14 3  P R I N T  9991 
1 4 4  9 9 9 1  F O R M A T ( l H 1  
145 C I L L  SUWARY 
146 C A L L  ERROR 
14 7 END 

Subroutine JITTER (page 3 o f  3 )  





M P R I N T  = 1 
MAXR = R 
L I T C A M  = 3 
EPSLNZ = 1 .E-7 
DO 2 2 7 0  I = l . l h  
MOOt 1 1 )  = -1 
D E L Z I 1 1 . I I  = 0. 
R S E L ( 1 )  = 0. 

2 2 7 0  R V E L I I )  = 0. 
G E E ( 9 )  = 0. 
GEECLO)  = G R A V A 1 9 I  
K P R I N T  = 1 
00 2 3 1 0  1 = 1 . 1 1  
Z V E C t I )  = 0. 
Z V E C P I  I )  = 0. 
Z V E C P P I I )  = 0. 

2 3 1  0 C O N 1  I N U E  
DO 2 3 3 3  1=1.8 
L V E C ( 1 I  = T H E l b l ( 1 )  

2 3 3 3  1 0 1 6 1 1 )  = 0 
Z V E C P I  9 )  = XPAC Z 
Z V E C P I  I 1  = X V E h Z  
EDNEC = 0. 
THEFEE = T H E T A L I l )  - V H I Z 1 1 1  
HHCIPRMI1) = 0. 
RHOPRY I 2  I = 0. 
RHOPR* ( 3 ) = RHOP T Z 
R H O P R H l 4 )  = S H n P F Z  
R H O P R V l 5 t  = E L I 5 1  
R H O P R M I 6 )  = E L ( 6 l  
RHOPRW17)  = E L (  7 )  
R H O P R M I 8 )  = € L I B )  
D O  2 4 9 0  1 = 1 . 1 8  
D E L D O O I I I  = 1. 
I X L O L D I I )  = 0. 
F T O L D (  I 1  = 0. 
OMEGA( 1) = 0. 
E P S L N V I I )  = 0. 
C Z E R O Y ( 1 )  = 0. 
C O N E N I  I 1  = 0. 
C T Y O N I  I )  = 0. 
E T ( 1 )  = 0. 
P N I  I )=O. 
€ONE I I )=O. 
€HAT(  I l = O .  

2 4 9 0  C O N T I N U E  
W 2950 1x197 
60 T O  ~ 2 9 0 0 ~ 2 9 5 0 ~ 2 9 5 0 ~ 2 9 5 0 ~ 2 9 0 0 ~ 2 9 0 0 ~ 2 9 0 0 ~ ~  1 

2 9 0 0  I F  ( A L F A I I  1 1 1  2 9 1 0 . 2 9 5 0 r 2 9 1 0  
2 9 1 0  T P R I M E 4 I  = T P R I W E I  I J / A R S t A L F A I  (I) ) 
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5 9 1 9  FORMAT f 7 H O I G N O R E 1 0 1 5 )  
5 C A L L  G E T Y I  TIME.2.TSJ 

[ B U G  = TS 4 - 5  
C A L L  TrETV( T I W E . l r Z V E C P P l l l I  I 
C A L L  4CCEL 
DO 110 I = 1  .8 

110 C A L L  R E L V E L (  I .ZVECP.RVEL( I)) 

3 2 0  M A X I  = 0 
K = l  
D O  3 6 0  I=l .MAXR 
I F  t M 3 D E t  1  l l  3 6 0 t 3 3 0 . 3 4 0  

3 3 0  R V E L ( 1 )  = S I G Y ~ R P S I ( I J . R V E L ( I I I  
C A L L  D E L Z M K I  I ) 
1 B I G t K J  = f  
K  = K + 1  
M A X I  = M A X I 4 I  
GO T O  3 6 0  

340 C A L L  D E L Z M K f  1 )  
DO 350 J=1.10 

3 5 0  L V E C P P t J I  = Z V E C P P t J I  4 O E L Z I J I I I  
3 6 0  C O N T I N U E  

I F  (MAX 1 - 8 )  3 6 1 . 3 6 1 . 6 9 0  
3 6 1  I F t I B U G - 1 )  367.363.363 
3 6 3  Y R I T E (  6 . 9 9 9 0 ) f  Z V E C P P f  1 )  , I = 1 . 1 1  I 
9 9 9 0  FORMAT (9HOZK e A S F  .bE 18.9 I 

Y R I T E ( b . 9 9 % 1 T I M E . M A X I  . ( I R l G l I ) .  I = l . H A X I  I 
9 9 9 4  FORMAT ( 6 H O T I M E = F l C . 8 . l O X A H 1  V € C T J V 1 O X 5 H I P A X = I  10.1 X R I 7 1  
3 6 7  DO 2 0  1 = 1 . 1 1  
2 0  Z K B A S E f  I )=LVECPP(  I 8 

I F  4 M A X I  ) 3 8 0 . 3 8 0 . 3 7 0  
3 7 0  C A L L  J I T T E R ( Z K B A S E  J  
3 8 0  DO 8  I= I .NAXR 
8 C A L L  R E L S E L t L V E C P P .  I * R S E L (  I) J  

C A L L  T  W M A K t  L K B A S E  ) 
I F  I I B U G I  392.170.392 

3 9 2  Y R I T E ( 6 . 9 9 9 7 I W A X R . t R V E L ( I  J . I= l .MAXRI  
S F 9 7  FORMAT ( 5 H O R V E L 1 O X I 1 0 / 1 1 X 8 E 1 6 . 6 )  

YRlTEtb.99R9)4RSEL(I).I=l~MAXRI 
5 9 8 9  FORMAT t l X B F 1 6 . 6 )  
1 7 0  I F  I K P R I  N T )  1 8 0  - 2 2  0 v l R O  
1 8 0  I F  ( Y P R I N T )  l Q G . 2 1 0 ~ 2 1 0  
1 9 0  r P R I N T  = T P R I N T  4 APRNTD 

M P R I N T  = 1 
GO T O  2 2 0  

2 0 0  T P R I N T  = T P R I N T  + BPRNTO 
M P R l N T  = D 
Ga TO 2 2 0  

2 1 0  T P R I N T  = T P R l N T  + DTPRNT 
2 2 0  I F  ( K I N F L J  2 5 0 . 2 8 0 . 2 5 0  
2 5 0  K T S  = KPOST + 1 
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COMMON S U I l C H . N E Y .  WAX. I P O S T t X X X . V V Y  .FMM.RRB. fGYOfiF.OA. X 5 M 4 L 4 . Y S M A L * Z D O O O l O  
1 A ~ X I S M L A ~ P S I A ~ S P S I A ~ C P S I A . F M U A , S I G M A 4 ~ S I G M A . A A ~ K T A ~ L E ~ ~ F O ~ I ~ D T R ~ P I * 2 D O O O 2 O  
2TYO.GRAVIT .CPHIME. B I G K 1 , E L  , A W * T P R I M E * 4 L F A I , O M E G A I  s R P S I  ~ R H l ~ T H F T A Z ~ * 2 D O O O 3 O  
3 S T H E T Z  .CTHETZ.FSPRC.RH.THATPV,  WZERO*RHflPTZ,RHI3PFZ. G A M Z E R . L C O W T L v C S * 2 0 0 0 0 4 0  
4.SrFlWS.BE TA.ZZERO.ELThTYtELTHRY.H.DESTEP.DELTAT.PHIZ .DELTA.  N P A S G R * 2 D 0 0 0 5 0  
5 ~ X P A C Z ~ N B E L l ~ A P R N T D . T I M A X ~ D T P R N l ~ B P ~ N T D ~ G ~ R  , N S . S I G Z . E L Z T E N ~ 4 * G R A V A * 2 D O 0 0 6 0  
6 .ELAm.TIME. IBUG.MAXR.LITGAI I .EPSLNZ.RSEL.RVEL.  I R I G .  1FDRK.BAS I C . F S * * 2 0 0 0 0 7 0  
7 S M A L L F  .ZVEC.ZVECP. ZVECPP.THEOSO,CTHETA. STHETA.  B I  G M I  . l M A T I  1. * Z D 0 0 0 8 0  
8 X I W T . Y I W T . P H I * M h E * S D E L T A t S D E L l D . R L . P N .  r ( O ~ E . n L I E G A . X . Y ~ l H E F E E t R H * 2 D 0 0 0 9 0  
Q)PRM*XPRMr  VPRM.BEE .CEE .DEE .OUE.DELOLD.DELOODEPSLWY F T O L  F P M  * 2 0 0 0 1 0 0  
C O W O N  C Z E R O N . C O N E N . C T Y W . E T . E H A l . G E E . S M A L L R . A E L . T I M T J Z . T G A M Z t Y Z Z E * 2 0 0 0 1 1 3  

1RO.F Y C N S .  ANVERS*  1 I N F L  .KPOST . l P R  I N 1  .TSTEC. AVEL A. 8VFLB.CVFLC.AACCA. *20001>0 
28ACCB.CACCC.DlCCD.MAXI .KPRINT.KSltP.KINFL.TIMASK.TDSOLI.Al~SQ~ l I M T * Z D 0 0 1 3 0  
3J.ST 1MTJ.OELZ. 2K.ZPPP.TAHATZ , l S . l S A ~ T S B  M A  I T A U T A U T R Z Z  * Z O O 0 1 4 0  

* 2 0 0 0 1 5 0  
* 2 0 0 0 1 6 0  

D I M E N S I O N  S Y I T C H ( 3 1  .NEW13) .MAX( 31. I P O S T ( 3 I  . B E l A t 3 b  * P H I L ( 3 1  e D E L T A ( 3 * 2 D O 0 1 7 0  
l ) . P H I 1 3 I ~ S D E L l A ( 3 1  . S O E L T D ( 3 1  . t L A ~ 1 6 1 . W F O R 1 ~ 7 1 r C P R I M E 1 7 ~ ~ B I G K I ~ 7 1 ~ * Z D 0 0 1 8 0  
Z T P R I M E ( 7 1 . & L F A I ( 7 1  ~OMEGAI(7l.XIDOT(7l+YIWT(7l * X ( 7 ) . Y ( I ) . E L ( 8 )  . A R ( * Z D 0 0 1 9 0  
38J.RHDl8l.lHElAZ~81.SThETZl8~.ClHtTZ18l.IBIG~B~.THEDSO~8l~CTHETAI8*2DOO2OO 
4 ) . S T H E l A ( B l *  B I G M I  ( 8 1  . T Y A T I  I ~ 8 ~ ~ R H O P R M ~ R l ~ X P R M ~ B I ~ V P R M ( P ) * 2 0 0 0 ~ 1 0  
5.70SQL I t 8 1  . A T D S O ( B I  . IGNORE(  10) . 0 A t  1 0 1  . X S M A L A t l O l  . V S M A L A l l O  l ~ X I S M L A * 2 D 0 0 2 2 0  
6 1 1 0 ) . P S I A (  1 0 1 . C P S I  A ~ l O I ~ S P S I A I l O I ~ S I G M 4 C ~  l O l * F M U A (  l O l ~ G R A V A ~ l O l ~ B E * 2 D O ~ 2 3 O  
7E1 1 0 l . C E E 1  101 .OUE( 101 .DEE( 1 O l ~ G E E ( 1 0 l . S M A L L ~ ~ l O ~ . Z V E C ~ l l ~ ~  Z V E C P ( l l * 2 D 0 0 2 4 0  
8 l . Z V E C P P ( 1  l ) * S T I M T J ( 1 3 8 * A E L I  1 4 1 ~ R S F L ( 1 6 )  . R V E L t  16) ~ M O O E I l b l  e l  l M T J Z ( * Z D O O 2 5 3  
9161~TIMTJ(l6l.RPSI~16l.AI17l~G~l8~.R~l8l.SIGZ 8 E O N E 8 P N  1 * Z O O 0 2 4 0  

D I M E N S I O N  D E L O L ~ ( ~ ~ ~ . D E L D O D ~ ~ ~ ~ . E P S L N I I ~ ~ ~ . F T C I L D ~ ~ ~ ~ ~ D ~ E G A ( ~ R ~ ~ C Z E * ~ ~ O O ~ T O  
1 R O N I l 8 I . C O N E N (  l B ~ ~ C T W O N ~ 1 8 l ~ E T l 1 8 l  . € H A T (  1 8 1  e I F O R K t  3.8) ~ S I G M A l l O ~ 3 ~ * 2 D 0 0 2 8 0  
Z . X X X f 3 0 0 . 3  ) .YVY(300 .3b  . F M M 4 3 0 0 . 3 ~ ~ B B B ~ 3 0 0 ~ 3 1 ~  S I G Y 4 A 1  1 0 . 1 * 2 0 0 0 2 9 0  
3 0 1  .A&( 1 0 . 1 0 ) . A N V E R S 1 1 0 . 1 0 l  . D E L Z ( l l  . 1 6 1 . Z K ( 1 1 . 1 2 8 1 . B A S 1 C ( 1 1 ~ R 1 ~ K T A R * 2 D 0 0 3 0 0  
4 L E ( 2 . 1 4 ) ~ L P P P ( 1 2 8 b t B L ~ 3 1  * 2 0 0 0 3 1 0  

* Z D O O 3 2 0  
COMMON T H A T P Y * T k A l P X . l t U l P S * X V E H Z  * Z O O 0 3 3 0  
C O R M  F A R B ( 1 8 1  * S L O P E ( 1 8 ) t I S Y T (  1 8 I . L O O S Y T ( 1 8 )  * Z D 0 0 3 4 0  
C O M O N  N O Y O (  1402 I * 2 D 0 0 3 5 0  
COMMON/ 10/ I N N  * 2 0 0 0 3 5 5  
O I * N S I O N  C A R O I 8 I ~ E V E ( 8 ) . E M ( 8 l ~ G A ( 1 0 ) . R A 1 1 0 1 .  I A L P H ( 2 6 1 .  I O A T E ( 3 1  * 2 0 0 0 3 6 0  
D I M E N S I O N  F A B 1 1 0 1 .  S L O P (  1 0 1  * L S W T (  1 0 1  * 2 0 0 0 3 1 0  
D A T A  I A L P H / l H A . l H B r l H C ~ l H D . l H E . l W . l H G . l H H . l H I  . ~ H J . ~ H K . ~ H L . ~ H M . ~ H N * ~ D O ~ ~ ~ O  
l.lMlrlHP~1HQ.1YR~1HS.1HT.lW.lHV.lHU.1HX.lHV~lHZ/ * 2 0 0 0 3 9 0  

I N b 5  * Z O O 0 3 9 5  
C A L L  D A T E (  I D A T E )  * 2 0 0 0 4 0 0  
P R I N T  9904 * 2 0 0 0 4 1 0  

I4 FORMAT l r l H l 1  * 2 D 0 0 4 2 3  
Z E R O  * 0, * 2 D  0 0 4 3  0 
00 92 1 ~ 1 . 3  * 2 n 0 0 4 4 0  
S Y I T C H I I J  = 0. * 2 D 0 0 4 5 0  
N E Y ( I 1  = 0 * 2 0 0 0 4 6 0  
n r n t r ~  = o * 2 0 0 0 4 7 0  
I P O S T (  I )  = 0 * Z O O 0 4 8 0  

MAIN Program (page 1 o f  12) 



nrl 9'. 1 = 1 . 3  
00 94 .I= 1 .  3L0  
X X X I  J. I I = D .  
Y Y Y ( J .  I l = J .  
FMMI  J. I I = J .  

S C  R B Y I J . I I = : ) .  
D? 96 1=1.10 
0 4 1 1 )  = 0. 
C A I 1 1  = O. 
R A 1 1 I  = 0. 
IGNOHF (I I = O 
X S M A L A I  I I = 0. 
Y S W A C A I I )  = 0. 
X I  SMCA ( I I = 0.  
PS I A ( 1  I = 0. 
S P S l A l  I )  = 0. 
C P S I A t  I 1  = 0. 
F M U A t I  I = 0. 
S I G M A C f I l  = 0. 
F A 8 1  I l=O.  
S L O P 1 1  l=O. 
C S M T l l  l = O  

9 6  CON1 I V U E  
DO 2  I = l r l J  
W 1 J = l . l O  

1 S I G W A A ( 1 . J  I = 0. 
S I C M A (  1.1) = 0 .  
S I G M A 1  1 t Z I  = 0. 

2 S I G M A ( I . 3 1  = 0. 
DO 3 1=1.10 
DO 3 J=1.10 

3  A A I  I r J ) = = O .  
DO 4 I = 1 . 3  
S O E L I A ( 1  1  = 0. 
S U E L T D ( 1 )  = 0. 
A L (  l l=O. 

4 P H I ( I l = O .  
00 7 3  I = l r 1 8  
F A R B t I  l=O. 
SLOPE(  I 1=0. 
I S Y T 1 1 ) = 0  

7 3  L O O S W T I  I I = 0  
M F O R I i l I  = 7 
W F O R I ( 2 I  = 1 
MFOR1(  3 )  = 2 
M F O R I ( 4 l  = 3 
W F n R I l S l  = 3  
MF(FCIRI(6b = 5 
W F O R 1 1 7 1  = 8 
D T R  = - 0 1 7 4 5 3 2 9  

MAIN Program (page 2 o f  12)  
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1 1 d 4 d  d A  .a+ I H d a K d U  r * M a  
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Q - Z r r 0 m l o  0 S - n m O O  3.-X 
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X X  - a - u 
> x U *: &?: W!Il 
W W  4 r, 
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- 
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.I1 .u 
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0 0 0 0 0  
S C P D O  
0 0 0 3 -  
m m m m n  
0 0 0 0 0  
O O C O C  
N N N N N  * * * * *  

0 0 0 0 0  
- I N * * *  
-Id a d d 
n m m n m  
0 0 0 0 0  
O O C O O  
N N N N N  * * * . *  

0 0 0 0  
9 - m c  
4 d d d  
m m m m  
0 0 0 0  
0 0 0 0  
N N N N  * * * *  

0 0 0 0 0 0 0 0  
0 4 N m d n S C  
N N N N C Y N N N  
m m m m m m m m  
0 0 0 0 0 0 0 0  
0 0 0 0 C 0 0 0  
N N N N N N N N  
* * * * * * + a  

0 0 0 0 0  
O D O - I N  
m m * b *  
m m m m m  

Xg8g8 
N N N N N  
* * * * I )  

k i i r i m m m m m n m i n  
0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 C 0 0 0 0  
N N N N N N N N N N  

- - -  
9 FOCI --- 
0 0 0  
g a s  
* a *  
uuu  

~ ~ - a a a  
t n C Q N * * *  

. C - U U U  
d N  .O 
+ O N &  I1 H )I 

M Q *  - . C U - - -  
4 N  * * a  
- 0 -  I1 - -- 
0 4 0  r . .  
rl d - d N m  
a -  l e r r -  



- ~ ~ Y Y ~ W W Y Y ; ~ Z  - z i ? L - z t * m  II II * + N I ~ -  - ~ l a  
r.. . . . . . .x  . . 4 .  . m Y g Y Y  l l r -  d * r ( m l l - - - 1 1 4  

0 r N - - * d N N N N  11 4 N  U 4 N  o A" -  n-Z9 D " D - r 4 - - 7 r  
S n %  r Z 

'3 d d 

- 3 ? C 6  3 Q r t * O  O F  
C I l l -  I1 C 

I I I1 II I1 11 I1 I1 I1 

I) P vr 0 
a ~ x x z G r c r ~ - r z o 7  

C C C C  
- r Y * Y *  



0 0 0 0 0 0 0 0 0 3 0 0 0 0 0  
l n 9 r - 0 @ 0 d N h * u l a ~ m @  
@ 0 ~ 9 ~ 0 0 0 0 0 0 0 0 0 0  
m m r n m m a * * + * * * * * *  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 C 0 6 0 0 0 0 0 0 ' 2 0 0  
N N N N N N N N N N N N N N N  ***+*...*..*.*. 

* * & * * * * * * * * * * & $  
o a 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 6 0 0 0 0 0 0 ~ 0 0  
N N N N N N N N N N N N N N N  .* * 4 . * * * . * . + . . *  

.-- 
m r r  
d o .  
O d d  
d * *  
- 7 7  

N - 7  
4 - "  
O X *  r - d X *  

-4 x *  I 
I- - 
* > d X 1 1  X 

d - -  n 
dd  0 
r, 0 d 
x *  n x  
!!& - z l  -- x - x  
0 .  c 
-4 r n~ L C  I 

- - 
I 
L 
7  
" 
x 
x 
X 
I - 
+ 
7  - 
x - 
x I 
X  . - 7  
\ -  - x - x 
m x 
4 1  
-I 

> 
: 2  
I x 
- r  
:'t 
-I- + r 
7 - 7 

- 2 . -  - * 
U L  .-c 
d 

1 1 1  
7  

L I 

D u l r  
d..  
0 9 -  
d.." 
L m 

0:s 



l l h X 2 H X I )  a > n U 4 ~ ~  ,3 
r,n 1 0 7 3  1=1 . -  f zr)i)40+,:1 
T S A  = A L F A  I( 1 )  / L I T %  - r ? n ~ c ~ 7 >  

I S B  = OME~;AI ( I I / n ~  R * Z ~ J + L J ~  
T S z R P S  I (I I /OTR * 2 l ? 0 4 4 3 3  
P R I N T  9 9 0 h . I r T P R I ' * C ( I I  . l S A . T 5 R . H i ' ; ~ I (  i I . ' 1 P D I u r  ( 1 1 .  r 5  * 2 1 7 0 4 5 0 3  

1 0 2 9  C O N T I Y U E  * 2 @ 0 4 5 1 0  
P R I N T  991 T  . R Z I S Z . A P R N T D I P C N T L , L C C N T L  * 2 1 ) 0 4 5 2 0  

9 9 1 7  FORWAT ~ 4 H O R Z = E l 7 . 8 ~ 4 H ~ S L = E 1 7 . R ~ 1 5 ~ . D F l  Th T 1'21 N T = F 9 . 6 . 2 4 H , V l .  P F P  a 2 0 0 4 5 3 3  
l P R  I N 1  I N T E R V A L = E l Z  . 3 . @ H . L C C N T L = I 5 l  * 2 C O 4 5 4 0  

TS = F E P T E N / D T R  * Z f l O 4 5 5 0  
T S A  = GAMZER/DTR * 2 0 0 4 5 6 0  
P R I N T  9 9 0 8  , F S P R P Z . R l 4 . T H A T P V . W L F R ' l . k r t . ' P T  I .VH( 'PF Z.T> . C S .  S.?DCI  I a 1 ,  * Z D 0 4 5 7 O  

l F M U S . L Z E R 0 . E L P T E N . E L T W T Y . F L T H R Y . h .  154.XPACZ.XPASC"  , ' 1 H F L T .  ) E L I  A T .  * 2 n O 4 5 R O  
2 T I M A X .  EMC * 2 D 0 4 5 9 3  

9 9 0 8  FORMAT ( 1 H  7 H F S P R U Z = E 1 7 . 8 . 4 H , R H = F 1 7 . R R P U , T H A l P 5 = E 1  ~ . 9 . 4 U . d 9 = F l 7 . 8 . * 2 0 0 4 6 0 0  
I 7 H . R W P 3 = E 1 7 . R / 7 W  QH~1D4=F17.5.7H.(.tlIP1=~1Z.'t4H.CS=F177R,~HC(~=~17.*2D04610 
2 8 . 5 H . X I S = E L 7 . 9 . 5 H . C U S = t 1 7 . 1 / 4 H  Z . ) = F 1 7 . P . ' ~ H . L P l = F I 7 . A , ' . r 4 , L ~ 2 = k 1 ~ . R . * 2 0 0 4 t ~ 2 0  
35H.LP3=E17.8.3H.H=E17. R / B H  GAWLlA3=F12.?  .4H.VL=F17.9 .  q L I .  V " n F C . r =  I Z . T * 2 r ) 0 4 4 3 0  
4H.NRELT=I2 .9H.DELTA T = F 8 . 4 / 1 3 H  MAX T l ' l r = T  10.4.4H. u S = c 1  7 . H / I H 0 R X 1 ~ 4 " * 2 n 0 4 6 L 3  
5 1 3 X l H G l 9 X l H R l 8 X 3 H P H I  1 6 X S H D F L r A l 6 X 4 H 9 r T A  I * 2 3 0 4 h 5 0  
M) 1 0 3 0  1=1.3 * Z O O 4 6 6 0  
T S  = P H I Z ( I ) / D T R  * 2 @ 0 4 6 7 0  
P R I N T  9906.I.G(l)~P(II.TStOtLTA~Il . B F T A ( l I  * 2 0 0 4 6 9 0  

1 0 3 0  C I I N T I Y U E  * Z O O 4 6 1 0  
P R I N T  9 9 0 9  * 2 3 0 4 7 0 0  

5 9 0 9  FORMAT ( l H O 8 X l H C 5 1  X 5 b 5  I F H A  l * 2 1 ) 0 4 7 1 0  
~n 1 0 3 1  1=1.3 * 2 0 0 4 7 z o  
P R I N T  9 9 1 0 . 1 . ( 5  1GMA(J .  I ) . J = l . l O I  * Z O O 4 7 3 0  

9 9 1 0  FORWAT ( 1 4 0 1 9 . 5 E 2 0 . R / 1 0 X 5 E 2 O O A I  * Z O O 4 7 4 0  
1 0 3 1  C O N T I Y U E  * Z D 0 4 7 5 0  

P R I N T  9 9 1 3 . ( l . O A I I  ).GA( I l . R A ( I I . X S ~ A L A (  I l . Y S U A L L (  I 1 . F r l J A (  1 I. 1 = 1 . l ( r * Z D 0 4 7 6 0  
1 I * 2 0 0 4 7 7 0  

9 9 1  3  FORNAT ( l H O f l X 1 H A 1 3 X 1 H D 1 9 X l H G 1 9 X 1 H 4  1 9 X l H X l Q X l H Y  l R X 3 M q U A / (  I 1  O ~ h E 2 O . P * 2 n O 4 l P O  
1))  * Z O O 4 7 9 0  

P R I N T  9 9 1 4  * Z O O 4 8 0 0  
9 9 1 4  FORMA1 (lHO8Xl~Al3XZHXII7X3HPSI) * Z D O 4 t ) l O  

DO 1 0 3 2  I = L . I O  * Z D O 4 f l Z O  
T S  = X I S W L A t  I 1  * Z O O 4 8 3 3  
T S A = P S I A ( I  I / D T R  * 2 0 0 4 8 4 0  
P R I N T  9 9 1 5 . I . T S . l S A  * Z O O 4 8 5 0  

9 9 1 5  F O R M 4 1  1110 .F11 .3 .F20 .31  * Z O O 4 8 6 0  
1 0 3 2  C O N T I N U E  * ? 3 0 4 8 7 0  

P R I N T  9 9 1 1  * 2 @ 0 4 B f l O  
S 9 1 1  FORMAT ( l H O B X l H A 5 1 X 5 H S  I G Y A )  * Z 0 0 4 R Q 0  

DC] 1 0 3 3  1=1.10 * 2 0 0 4 9 0 0  
P R I N T  9 9 1 0 . 1 . ( S I G M A A ( J 1 1 )  .J=1,10) * Z O O 4 0 1  3 

1 0 3  3 C O N 1  I N U E  * Z O O 4 9 2 0  
D O  1 0 2 8  1=1 .3  * 2 @ 0 4 9 3 0  
IF ( S W I T C H ~ I  ) )  1 0 2 1 . 1 0 2 3 . 1 1 ~ 2 1  * Z O O 4 9 4 0  

MAIN Program (page 10 o f  1 2 )  
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- z n u ~ - ~ ~ ~ ~ a ~ ~ ~ u - ~ ~ ~ i ~ ~ e a u ~ a a ~ = i ~ u a u u u u ~ ~ ~ ~ ~ l z ~ ~ u ~ - ~ ~ w m u ~  ..I m d 
. - , ~ ' m m r y  .Y L O O  r n ~ ~  0 0 0  0 0 5 m o  



i o o o o o o o o ~  
C 0 0 O C C C 0 C O  
N N N N N N N N N N  





U U U U U U  U U  U UUU U U U  



b o o 0  
N N N N  + + * *  

O C O O O O O C  
~ ( ~ O - N ~ U V I  
l r u ' 9 . c Q d 9 9  
m U . D O 6 O L D l U  
I c l m m m m m ( r m  
C C Q C G a C o  
N N N N N N N N  * * + * + * * *  

0 0 0 3 0 0 0  
~ C b D O d ~  
Q Q 9 d C f - I -  
m a m a a l c m  
m m m n m m m  
a O c C C C C  
N N N N N N N  
+ * * t t * *  

; G l G ( r G n G ? ,  0 0 0 @ 0 0 0 0  

N N N N N N N N  

V I Q  m 0 VI 
4.9 .t m VI 

U U U U  U U U  U U U  U U U  U U U  



0 0 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
- N ~ * ~ ~ I - Q ~ o ~ N ~ ~ ~ ~ c Q ~  
D ~ 0 @ ~ @ ~ 6 0 0 0 0 0 6 0 0 0 0 0  
u a ~ m m ~ m m ~ @ b b b @ 6 @ 0 ~ @  
m m m m m m m m r n n m m m m n m m m m  
o ~ n n n o n n n n o o n o n a c o ~  
N h N N N N N N N N N N N N N N N h N  * + * + * + * . + + * + + + + + + + +  



SUBWOIJFINF W U L L E R I  COE. N1.ROOTR.RWITI I 
DIMENSIUN C O E I ~ ~ I . K ~ O T R I ~ S I . R U O T I ~  1 5 )  
h 2 = N 1 +  1 
I F  (C[ lE(  1) I 4 0 0 . 3 0 C . 4 0 0  

3 0 0  DO 3 1 0  I = l . N l  
J = l  
I F  ( C O E I  I) ) 3 2 0 . 3 1 0 . 3 2 0  

3 1 0  C O N T I N U E  
N 1  = 0 
R O O T R I  1) = 0. 
R O O T I (  1) = 0. 
GO T O  3 7  

? 2 0  JJ = 0 
DO 3 3 0  I - J  .NZ 
JJ = JJ  + 1 

3 3 0  C O E I  JJ I  = C O E I  I) 
N 2  = J J  
N l  = JJ-1 
I F  ( N 1 - 1 )  4 0 0 . 3 4 0 . 4 6 0  

3 4 0  ROOTH( 1 ) = -COE 1 2  I I C O E  1 I 
R D O T I I  1 1  = 0. 
GO T O  3 7  

4 0 0  N 4 = 0  
I = N 1 + 1  

19 I F I C O E I I I ) 9 . 7 . 7  
7 N 4 = N 4 t 1  

ROOTR(  N 4  l=O.  
ROOT I ( N 4  )= 0. 
& = ( - I  
I F  ( N 4 - N 1  I 1  9.37 .19  

9 C f l N T I N U E  
1 C 4XR=0.8 

A X I = O .  
L= 1 
N 3 = 1  
A L P l R - A X R  
A L  P 1  I =  AX I 
n= 1 
GOTf199 

11 B E T l R = T € n R  
RE 11 I =  TE M l  
AXR=O. 85 
A L P 2 R =  AXR 
A L P 2  I = A X I  
m= 2 
G O T 0 9 9  

1 2  BE TZR= TEMR 
B E T 2  I = T E M I  
AXR=O. 9 

Subroutine MULLER (page 1 o f  4 )  



Subroutine HULLER (page 2 o f  4 )  



TF Z = 2 .  *TE 16 
I F l T E 7 * T E 7 + T E U * T E B - T E 9 * T E 9 - T €  l O * T €  l O I 2 0 4 . 2 0 4 . 2 0 5  

2 0 4  T E 7 = T t  9 
T F B = T F l O  

2 0 5  TEM=TF?*TE7+TEC?*Tt  8 
I F l T t M . t O . 0 . )  GC T f l  1100 
T E 3 = ( T E l * T  E 7 + T E 2 * T E B l  I T E M  
T E 4 = l T E 2 * T E 7 - T F l * T E R ) / T F W  

1 0 5 0  A X R = A L P 3 R + T E 3 * T E 5 - T € 4 * T E 6  
A X I = A L P 3 1 + T E 3 * 1 E 6 + T E 4 * T E 5  
A L P 4 R =  A X K  
A L P 4 I = A X I  
n=4 
GO TO 99 

1100 T E 3 = 0 .  
T E 4 - 0 .  
GO T O  1 0 5 0  

1 5  N 6 = 1  
3 8  IF(A8SlHELL)4ARS(8ELL)-l.t-20) 1 8 . 1 8 . 1 6  
16 T E 7 = A R S I A L P 3 R - A X R )  4 A B S l  A L P 3  I - A X 1  ) 

I F ( T E 7 / l A R S ( A X R l + A B S l A X I l ) - 1 - E - 7 )  1 8 ~ 1 8 . 1 7  
1 7  N 3 = & 3 + 1  

A L P l R -  A L P 2  R 
A L P l I = A L P Z  I 
AL P2R= A L  P 3  R  
A L P Z I = A L P 3  1 
AL P3W- A L P 4 U  
A L P 3 1 = A L P 4  1  
f l E T l R = B E T Z R  
B E T 1  I = B E T Z  I 
B E T 2 R =  B F T 3 R  
B E T Z I = B E T 3 1  
B E T 3 R =  TEMR 
BET~I= T E n I  
I F l N 3 - 1 U 0 ~ 1 4 ~ 1 8 ~ 1 8  

1 8  N 4 = N 4 + 1  
R O O T R l  N 4  ) = ALP4R 
ROOT I( N 4 1 = b L P 4 1  
N 3  = 0  

4 1  I F I N 4 - N 1  )3C.37 .37  
3 7  RETURN 

3 0  1 F l A R S l R O : l T I l N 4 ) ) - 1 . E - 5 ) 1 J .  1 0 . 3 1  
3 1  GO T O f 3 2 . 1 0 1 . L  
32 A X R = A L P l P  

* X I = - A L P 1 1  
A L P 1  1 s - A L P 1 1  
W* 5 
GO TO 99 

3 3  BETlR=TECIR 
BE T I  I= T E R I  

Subroutine WLLER (page 3 of 4 )  



1 5  1 AXR=ALPZR 
1 5 2  AX I = - 4 L P 2 I  
1 5 3  A L P Z I = - A L P 2 1  
1 5 4  W= h 
1 5 5  GO TO 99 
1 5 6  3 4  R E l Z R = T E H Y  
1 5  7 B E T Z I = T E M I  
1 5  0 AXR= A L  P 3  R  
1 5 9  * X I = - A L P 3 1  
160 A L P 3 1 = - A L P 3 1  
161 L = 2  
162 t4= 3  
1 6 3  99 T E M R = C O E I l  1 
164 TFMI=O.O 
1 6 5  W 1 0 0 1  =1 .M 1 
166 T E l = T E H R * A X R - T E M I * A X I  
167 T E M I = T E M I * A X R + l E M R * A X I  
1 6 8  1 0 0  TEMR= l E l * C O E I  I+1) 
169 H E L L = T E M R  
170 B E L L = T E M I  
1 7  1 4 2  I F  ( N 4 )  1 0 2 1  1 C 3 . 1 0 2  
1 7 2  1 0 2  D O 1 0 1 1  = 1  .N4 
1 7  3  l E M l = b X A - R 0 0 I R  ( I I 
1 7 4  TEMZ=AX 1-9 001 1 I I I 
1 7 5  T E l = T E * l * T E M l + T E M Z * T E a Z  
1 7 6  IF (TE l .EQ.O.0)  GO TO 1 3 0 0  
1 7 7  T E Z = l T E P R * T E M l + T E M I * T E ~ 2 1 / T E l  
1 7 8  T E M I = I  T E M l  * T E M l - T E P R * l E I w 2 1 / T E l  
1 7 9  101 T E W R = T E t  
1 8 0  1 0 3  GO TO( 11 .12 .13 .15 .33 .34)sM 
1 8 1  I 3 0 0  TEMR=O. 
1 8 2  l E M [ = O .  
1 8 3  GO T O  1 0 3  
1 8 4  E N D  

Subroutine HULLER (page 4 o f  4 )  









* z n 3  7 0 u o  
S U R K I I U T I N E  P A G E 4  * 2 0 3 7 1 0 0  
U I M k N 5 l O N  A 4 3 6 . 3 1 . b A 4 6 )  * 2 0 3 7 1 1 0  
D A T A  A/4HFRON.'.HT C l ) t 4 H L L I S t 3 H l G h . 2 *  1 H  t I . W R F A R t 4 H  COL.4HL IS1.ZHClY.  * 2 D 3 7 1 2 0  

1 2 * 1 H  . 4 H S 1 0 E . 4 H  C O L . 4 H L I S I . 2 H O N . 2 * 1 H  ~ 4 H 5  D , 4 H F G R E t 4 q F  L F . 4 H F T  h , * Z D 3 7 1 3 0  
2 4 H B L  I O . Z H U E . 4 H 4 5  D . 4H€GRE.4HE R I  .3HGHT , 4 H O R L  1 .3HQUE.4HRULL ~ 4 H O V f R t * 2 0 3 7 1 4 0  
3 4 * 1 H  .4HDR 1V.Zt iER. 4 * 1 H  . 4 H R I G H . 4 H T  F H . 3 H U h l T t 4 1 l P A 5 S ~ C H F Y G E .  1HR. 4 H P 1 * 2 0 3 7 1 5 0  
4 G H 1 4 H T  H E . 4 H A H  P .CHASSE.4HNGER. lH  . 4 H L E F T . 4 H  REA.4HR P A . 4 H S S E N r 3 H G * 2 D 3 7 1 6 0  
5 F H . l 3 * 1 H  . 4 H N r I  B . 3 H E L T r 3 H U S E  . 3 * l H  . ~ H L A P v ~ H ~ € L T . ~ H  U S E . 3 * 1 Y  . 4 H S t I C l * 2 D 3 7 1 7 0  
6 U . 4 H L O t R  . 4 H  HAR.4HNESS.4H USE. 1 H  . 4 H S H O U . 4 H L O F R . 4 H  & L . 4 H A P  B 1 3 H E L * 2 D 3 7 1 R 0  
71. 3 H U S F . 4 H A I R B . 4 H A G  A r 4 k N D  L  . 4 t f A P  R13HELT.3HUSE.4HVOKE.4H A N 0 . 4 H  L * 2 D 3 7 1 Q 0  
8 A P . 4 H  REL.CHT U S . l H E /  * 2 D 3 7 2 0 0  

C O W M O Y / I O /  I h Y  + z n 3 7 2 0 5  
PR I N 7  '4901 * 2 0 3 7 2 1 0  
PR = 1. * 2 D 3 7 2 2 0  
DO 4 0  1 = 1 . 3  * 2 0 3 7 2 3 0  
R E A D  I I N N * ~ ~ O O ) P I V C I . ~ A  * 2 0 3 7 2 4 0  

9900 FORMAT 4 2 E  lO.O.6A4 I * 2 0 3 7 2 5 0  
I F  4QI.EO.O.l G O  T C  3 0  * 2 D 3 7 2 6 0  
.I = b . * O I  * 2 0 3 7 2 7 0  
K = J-6 * 2 0 3  7 2  RO 
00 2 0  L = l . 6  * 2 0 3 7 7 9 0  
n = L+K * 2 0 3 7 3 0 0  

2 0  A A 4 L )  = A 1 M . I )  * Z D 3 7 3 1 0  
3 0  P R I N T  0 9 0 2 r I . 4 A A l J l . J = 1 . b )  . P I  * 2 0 3 7 3 2 0  
4 0  PR = P R * P I  * 2 0 3 7 3 3 0  

PR I N T  9 9 0 3  .PR * t o 3 7 3 4 0  
5901 F a R M A T  ( 1 H O . / C 5 X 2 5 H P H O B A B I L I T V  OF O C C U R R E N C E / / / 2 4 X 4 2 H T H E  P R O R A R l L I * Z D 3 7 3 5 3  

1 T V  OF OCCURRENCE I S  B A S E D  O N : / / )  * 2 0 3 7 3 6 0  
9 9 0 2  F O R M A r  1  l H O . B X 1 1 . 1 7 H .  P R O B A B I L I T Y  O F  .6A4 .2H = .F8 .41  * 2 0 3 7 3 7 0  
9 9 0 3  FORMAT I l 1 0 . / / 3 0 X Z B H P R O B A B I L I T V  OF OCCURRENCE = .F8.41 * 2 D 3 7 3 8 0  

RE T U R N  * 2 D 3 7 3 9 0  
E NO * 2 0 3 7 4 0 0  

Subroutine PAGE4 



* 2 @ 1 3 0 f l O  
S U B R n U T l N E  R E L S E L I  Z P e K . Z P P I  * 2 0 1 3 0 9 0  
COMMON S W I  TCH.NEW.MAXv I P O S T . X X X ~ V V V ~ F W M ~ B H R t  I ~ N f l R E ~ D A ~ X S M ~ L A ~ Y S M A L * 2 D l 3 1 0 0  

1 A . X I  S M L A . " S I A . S P S I  A ~ C P S 1 A ~ F M U A ~ S I G M A A ~ S I G M A ~ A ~ ~ K T A 8 L E ~ M F f l R I ~ O T P ~ P ~ * 2 D l 3 1 1 0  
2 T U O . G R A V I T  .CPHIWE.  R I G K  I r E L  . A R . I P K I M E . A L F A l  . f lMECAI.RPSI . R H O . T H E T A L . * 2 0 1 3 1 2 0  
3 S T H E T Z  . C T H E T Z . F S P R P . R H , T H A T P V ,  W Z E 9 O , R H O P T Z . R H I P F Z . G A M Z F R . L C O N T L . C S * 2 D l 3 1 3 0  
41s  .FMUS.BE 1A .ZZERO.ELTWTV.ELTHRY ,H,OESTEP,DELT A T , P H I Z , O E L T A ~ N P A S G P * 2 D l ? l 4 0  
5 r X P A C l  .NBELT.APRNTC.T  I M A X ,  nTPRNTt13PRYTD,G,R ~ N 5 ~ S l C Z , E L Z T F N ~ A . G R A V A * 2 D l 3 l 5 0  
6 . E L A H B . T I M E .  1RUG.HAXP r L I T t i A C . E P S L Y Z . R S E L . R V E L .  I B I t i .  1 F O R K . H A S I C . F S .  * 2 D 1 3 1 6 0  
~ S M A L L F I Z V E C I Z V E C P .  Z V E C P P v  I H E D S O P C ~ H E T A ~  S T t i E T A *  B I G t 4 l . T M A T I  I . * 2 n l 3 1 7 0  
8 X I D ~ T . V I D O T . P H I  . E O h E . S D E L T A . S D F L T D , 8 L . P  M O D E I O M E G A . X . Y . T H E F E E . R H * 2 D 1 3 1 R 0  
V I P R M . X P R * r  VPRM. B E E  .CEE .DEE t Q U E r D E L O L O t D E L D O D .  E P S L Y V  . F T O L I l . F S P R * Z  * Z f l 1 3 1 9 0  

COMMOY C Z E R O N ~ C O N E N ~ C T ~ O N ~ E T ~ E H A T ~ G E E ~ S W A L L R ~ A E L ~ T I M T J L ~ T f ~ A M Z ~ Y Z Z E * 2 D l 3 2 0 0  
1RO.F SZCNS. ANVEUS.T I N F L , K P O S T  . T P R I N T , T S l E P .  A V E L  A. f lVFLB.CVE1 C *  AACCA. * 2 0 1 3 2 1 0  
2 8 A C C R t C A C C C . D A C C D . P A X I  r K P R I N T . K S ~ F P ~ K I N F l . T I M A S K ~ T D S 0 L 1 ~ A T D S Q ~ T I H T * Z D 1 3 2 2 0  
3 J . S T I W T J . O E L Z .  LK.ZPPP. T A H A T Z . T S . T S A . T S I 3  S A C  T A U T A U A  R  S  * 2 D 1 3 2 3 0  

* 2 0 1 3 2 4 0  
* 2 0 1 3 2 5 0  

D I M E N S  I n N  S W I T C H 1 3  ~ . N F W 1 3 I . Y A X ( 3 1 .  I P O S T I  3 1  . R E T A l 3 )  * P H I Z l 3 l  . D E L T A I 3 * 2 D l 3 2 6 0  
l ) . P H 1 1 3 )  . S D E L T A ( 3 )  r S D E L T D 1  3 l . F L A 1 1 0 l 6 ) . ' 4 F O R I  1 7 )  . C P R I W E I 7 1 . 8 I G K I  l 7 ) . * 2 D 1 3 2 7 0  
Z T P R I M F  l 7 1 . A L F A I 1 7 I  . O n E G A 1 ~ 7 ~ . X I D O T l 7 l . V I D O T ~ 7 1 . X 4 7 ~ . V ~ 7 ) ~ E L l B l  . A R ( * Z D I 3 Z A O  
3 8 1  ~ R H O ~ 8 l . T H E T A Z l 8 l . S ~ H E T Z ~ 8 ~ ~ C T H E T Z l B ~ ~ l B l G l 8 ~ ~ T H E D S Q l 8 ~ ~ C T H F T A ~ 8 * 2 D l 3 2 ~ O  
41.  S T H E  T A ( 9  ). B I S M I ( 8 )  . T M A T I I ( 8 ) . P H O P R M ( R l  ~ X P R M l 8 I  . Y P R M I 8 ~ * 2 D l 3 3 0 0  
5,TDSOL I C E )  .ATOSQ(B) .  l G N O R F l 1 0 1 . D A l  1 0 1 ~ X S M A L A ( 1 O ~ ~ V S M A L A ~ 1 0 ) ~ X I S M L A * Z D 1 3 3 1 0  
6(101 . P S I A (  1 0 ) . C P S I  13110 ) . S P S I A l  1 0 ~ t S I G M A C l l O ~ ~ F M U A l  1 0 ) q G R A U A t  l O l ~ F 3 F * 2 D 1 3 3 2 0  
7 E (  l O I . C E E (  1 0 ) r Q U € l  1 0 1 . D E E l  1 0 1  .GEE( 10) r S H A L L B l l O ) r Z V E C 1 l l ) .  Z V E C P f  1 1 * 2 D 1 3 3 3 ~ l  
8 I . Z V E T P P l l  l ~ . S l I W T J l 1 3 ~ ~ A E L l l 4 ~ ~ R S E L ~ 1 5 ~ ~ R V E L l l 6 ~ ~ M O D E ~  1 f ~ l ~ T l M T J Z ~ * 2 0 1 3 3 4 0  
9 1 6 ) . T I M T J (  1 6 ) . R P S I  (16) ~ A 1 1 7 )  t G I 1 8 )  . R I 1 8 S 1 G Z l l E N E I 1 8  P I  1 9  * 2 0 1 3 3 5 0  

D I M E N S I O N  D € L l L D l 1 8 I . D E L D O L ) (  l A ) . E P S L N Y (  1 8 )  . F T q L D (  1 9 )  ~ O M E G A I l R ) . C L F * 2 D 1 3 3 6 0  
l R O N ( l B 1  .CONEN[ 1 8 I t C T Y r J N 1 1 8 1 . E T ~ 1 8 1  . E W T (  1 9 ) r I ~ O R K 1 3 * 8 1 r S I ~ M A (  l 0 . 3 ~ * 2 0 1 3 3 7 0  
2 * X X X l 3 0 0 . 3 1 * V Y Y  ( 3 0 0 . 3 )  e F M M l 3 0 0 . 3  l t B B R 1 3 0 0 ~ 3 )  S l G M A A (  1 0 . 1 * 2 D 1 3 3 8 O  
3 0 ) . A A l l O ~ I O ~ . A N V E R S ( 1 3 ~ 1 0 ~  . D E L L 1  1 1 . 1 6 ) * Z ~ (  1 1 . 1 2 ~ 1  . 8 ~ S l C ( l l v 8 )  r ~ T A Q * Z D l 3 3 9 0  
4 L E I 2 . 1 4 )  . Z P P P ( 1 2 8 1  . B L ( 3 1  * 2 D 1 3 4 0 0  

* 2 0 1 3 4 1 0  
COMMOY T H A T P Y  . T ~ A T  PX. THATPS. xv ~HL * 2 0 1 3 4 2 0  
COMMON F A R B l 1 8 )  . S L O P E l 1 8 ) . I S Y T l l 8 )  . L O D S W T I l R )  * 2 1 ) 1 3 4 3 0  
COMMON N O Y O ( 1 4 0 2 1  * 2 D 1 3 4 4 0  
D l  W E N S I O N  Z P ( 1 1  ) * 2 D 1 3 4 5 0  
C A L L  R E L V E L ( K . Z P . Z P P )  * 2 D 1 3 4 6 0  
I F  I K - 8 )  l U O . 1 0 0 . 5 C  * 2 D 1 3 4 7 0  
Z P P  7 Z P P  + R A S I C l 1 1  . K - 8 )  * 2 0 1 3 4 R O  
R E  TURY * 2 D 1 3 4 9 5  
E N D  * 2 D 1 3 5 0 0  

Subroutine RELSEL 











* 2 D 3 5 c ) u 0  
SUHHUUTINE S I P P I  I P  b G E .  K.THET4. S T I Y E )  * 2 D 3 5 0 9 ( !  
C C l M M O h / I N J / H F A I 2 0 0  ~ I H L ~ ~ 2 0 0 ~ ~ C F A ~ 2 0 0 ~ ~ C K F 1 2 0 0 1  . C C F ( 2 0 0 . 4 ) ,  I D A T E (  3 l * Z D 3 5 1 0 0  

l .MM.MV.HELTA(Z00) .  f E L T B I 2 0 0 1  .BELTC 1 2 0 3 )  . C U A ( 2 3 O I v N P R O B  * 2 0 3 5 1 1 0  
U I W E N S I O N  S T I M E 1 2 0 0 ) . T H E T A ( 2 0 0 t 3 v A 1 . T f l L ( 2 2 ) ~ I T f l L ~ 1 4 )  . 8 ( 4 . 2 )  ,C t  l 9 7 ) * 2 D 3 S 1 2 O  
D A T A  T O L / 1 0 0 0 . . 2 0 0 0 .  , 1 8 0 0 .  , 1 8 0 0 .  .5000.. 1500..45..25. * 2 D 3 5 1 3 0  

1 . 0 - . 4 5 - . 3 0 - . 6 0 .  .60..0. ~ 0 -  ~ 1 2 0 . . 2 0 . . 2 0 - . 6 0 ~  v l q g . . l 3 5 . ~ 1 3 5 - /  * 2 0 3 5 1 4 0  
D A T A  R / 4 H F L E X . 3 H I O h t 2 * 1 H  .4HHYPE.4HREXT.4HENSI  .2HON/ * 2 0 3 5 1 5 0  
D A T A  L / 3 H l i I P . 2 *  1 H  .4HLOWEr4t iR  SP.3HIYE.CHUPPF.4WR S P 1 3 H I N E  .4HNFCK. * Z D 3 5 1 6 3  

1 2 * 1 H  4 H S H W . 4 H L D F R . l H  . 4 H C L S O . l H k . 1 H  .4HKNE€.  2 * I H  / * 2 1 ) 3 5 1 7 0  
COMMON/ 1 0 /  I N N  * 2 0 3 5 1 7 5  

100 R E A D  ( l N N s 9 9 9 9 ) C l .  TSA * 2 0 3 5 1 8 0  
9 9 9 9  Ft IRMAT ( 2 E 1 0 . 0 )  * 2 0 3 5 1 9 3  

I F t L I . L E . 0 )  GC1 Trl 1 1 0  * 2 D 3 5 2 0 0  
I = C I  t. 5  * 2 D 3 5 2 1 0  
TOL t  I ) = T S A  * 2 0 3 5 2 2 0  
GO T O  100 * Z D 3 5 2  10 

110 P R I N T  9 9 9 8 . I D A T E . I P A G E  * 2 0 3 5 2 4 0  
L I N E  = 2  * 2 0 3 5 2 5 0  

F 9 9 8  FORMAT ( l H 1 . 2 8 X 5 2 H T Y I l  O I M E h S I O N A L  C R A S H  V I C T  I U  S I M U L A T O R  OI ITPI IT  * 2 D 3 5 2 6 3  
~ O A T A . Z O X ~ A ~ V ~ ~ X ~ ~ P A G F *  1 3 )  * 2 1 ) 3 5 2 7 0  

D(1 1 2 0  1=1.R * 2 0 3 5 2 8 0  
1 2 0  I T O L C I I  = T O L ( I 1  * 2 D 3 5 2 9 J  

P R I N T  9 0 1 0 . ( I T O L ( l  ) ,1=1 .4 )  * 2 1 ) 3 5 3 0 0  
P R I N T  9011 v ( I T O L (  I ) . 1 = 5 . 8 )  * Z D 3 5 3 1 0  
P R I N T  9 0 1 2  * 2 D 3 5 3 2 0  
P R I N T  9 0 1 3  * 2 0 3 5 3 3 0  
P R I N T  9014 * 2 0 3 5 3 4 0  

9 0 1 0  FORMAT ( lHO.35X49HCUMMARY OF TOLERANCE D A T A  U S E 0  I N  I N J U R I  C R I T E R I * Z D 3 5 3 5 0  
l A / / 1 3 K R H O U A N T  I T Y .  1 l X 2 4 H P A X I M W  A C Z E P T A B L E  V A L J E I L ~ X ~ ~ H N A T U R E  OF I Y * 2 0 3 5 3 6 0  
Z J U R Y  OR O A l A . 1 2 X 1 4 H W E I G H T I N G  C O O E / / 4 X 1 7 H l .  S E V E R I T Y  INOEX.  1 4 X Z H 1 . . * 2 0 3 5 3 7 0  
3 1 5 . 1 7 X 4 3 H l .  I N T E R N A L  H E A D  INJURY.  D A N G E R W S  TO L I F E . . 6 X B H l .  2 2 / 2 6 1 * 2 D 3 5 3 8 0  
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