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I INTRODUCTION 

This repor t  dea ls  with t h e  development and use of a mathematical model 

f o r  t he  simulation of automobile occupant kinematics i n  two dimensions i n  

event of a co l l i s ion ,  The model was developed a s  a t oo l  t o  study advanced 

concepts and designs of sea t  r e s t r a i n t  systems from the  v i emoin t  of 

occupant pro tec t  ion. 

A schematic f o r  t h e  two-dimensional model i s  shown i n  Figure I. The 

t h r e e  p a r t s  of t he  model a r e  t h e  occupant, t he  vehicle ,  and the  decelera- 

t i o n  prof i le .  The occupant i s  represented by e ight  mass elements located 

i n  t h e  head, u w e r  to r so ,  lower t o r so ,  upper l eg ,  lower l e g ,  unper arm, 

and lower arm. Attached t o  t h e  various body elemenTs a r e  geometric sur-  

faces  serving t o  ou t l i ne  t h e  body i n  order t h a t  contact  between t h e  

occupant and the  i n t e r i o r  o r  ex t e r io r  of a vehicle can be ~ r e d i c t e d .  The 

vehicle  i s  represented by a s e r i e s  of ~ l a n a r  contact surfaces which can 

be arranged t o  r e ~ r e s e n t  e i t h e r  a vehicle  i n t e r i o r  for  occuoant kinematics 

s tud ie s  or  the  ex t e r io r  f o r  pedestr ian studies.  Belt r e s t r a i n t s  a r e  i n -  

cluded i n  t h e  model i f  t h e i r  use i s  desired. Forces a r e  apnlied t o  t he  

body of t he  o c c u ~ a n t  whenever i n t e rac t ion  i s  sensed between the  o c c u ~ a n t  

and t h e  vehicle. In  order t o  produce o c c u ~ a n t  motions, a front-end or r ea r -  

end decelerat ion i s  applied t o  t he  vehicle  and the  r e su l t i ng  o c c u ~ a n t  

motions l i s t e d  a s  computer program output, 

In  addi t ion t o  t he  ana ly t ica l  descr ip t ion  of t h e  model i n  Part  11, 

a Userst Guide i s  included a s  Part. I V  of t h i s  report.  Sections a r e  in-  

cluded descr ibing preparat ion of input da ta  decks and the options avail-ab1.e 

i n  studying the  output produced by the  comuter  program. The techniques 

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

from The University of Michigan a r e  described i n  a Telety-oe Users' Guide. 

Documentation of the  program includes an overa l l  program descript ion,  

subroutine descr ipt ions and flow diagrams, and a complete symbol. dictionary. 

The com~ar ison  of t he  predic-;ions of t he  model w i t h  experimental. 



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



impnct, s l ed  t e s t s  i s  t he  subject  o: '  Part  III 01' t he  report,. 'The oarnpl~\  

problem of gathering a  s e t  01' input da ta  descr ibing the  occupant anti the 

vehicle  i s  discussed and t h e  techniques by which t h i s  i s  ca r r i ed  out 

a r e  described. The equal ly  d i f f i c u l t  t a s k  of obtaining appropriate  ex- 

per imental  data  i s  a l s o  considered. Comparisons bet.ween 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 ar,d the 

p red ic t ions  of t he  model conclude Part  111. 

The model which i s  described i n  t h i s  repor t  i s  proposed e s  a pcderful  

t o o l  i'or studying and designing advanced in tegra ted  s e a t - r e s t r a i n t  sys tem.  

It has been exercised severa l  hundred t,imes t o  study b e l t  r e s t r a i n t  

systems, various dece lera t ion  p r c f i l e s ,  headrest and seatback shape, 

pedes t r ian  kinematics, occupant s i z e  arid pos i t ion ,  e t c ,  , and represent  ?' the 

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

A. STATE OF THE ART 

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

body i n  severa l  environments, including auto occupant dynamic s ,  * human 
9-11 

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

This work i s  o f t en  applied t o  t h e  design, development and use of p ros the t i c  

devices. In  connection with aerospace appl ica t ions ,  a n a l y t i c a l  s tud ies  
12-13 

of self-generated motions poss ib le  i n  Yree-fal l  and 0-gravity environ- 

ments a r e  being ca r r i ed  out and i'ind appl ica t ion  i n  such a c t i v i t i e s  a s  

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

t a sks  a s  l i f t i n g ,  15,16 r e s u l t i n g  i n  t h e  development of work capab i l i t y  

amplif iers .  

Fundamental t h e o r e t i c a l  work has been ca r r i ed  out i n  t he  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 he  work of 
17 Fischer.  However, it i s  only with the  coming-of-age of the  high speed 

zcmputer i n  t he  l a s t  twenty years  t h a t  p r e c t i c a l  sc lu t ions  of equations a s  

-- - 

*Note: Only a  small number of representa 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 .  



complex as  those proposed by Fischer have been real ized.  Hence, the  

mathematical simulation of human body motions has become a very ac t ive  

research top ic  i n  t h e  l a s t  t en  years,  

Generally, two approaches have been used i n  analyses simulating auto 

occupant protect ion.  On one hand, various researchers  have adopted raelil- 

t i v e l y  simple physical  models fo r  studying spec i f ic  aspec ts  01' human 
18 

kinematics. Weaver has used a two-mass, two-degree-of-i'reedom model t c  

rimulate b e l t  loadings and head impact ve loc i ty  i n  the  case of a lap-  
19 

bel ted  occupant. Similar models have been developed by Aldman and 
20 

Renneker f o r  studying s lack i n  r e s t r a i n t  systems and the  er 'fect oT' variour: 
2 1 (32 

input dece lera t ion  p ro f i l e s ,  Other authors,  including Martinez, Mertz, 
23 and Roberts, have used somewhat more sophist icated models f o r  studying 

the  phenomenon of whiplash. Roberts has added an add i t i ona l  complicating 

f'actor t o  h i s  model-the motion of t he  bra in  mass ins ide  t h e  bra in  case. 
1-8 

On t h e  other  hand, severa l  authors have developed more ,:omplex 

models 01' human kinematics u t i l i z i n g  severa l  masses fo r  simulating body 

motions. In addi t ion,  complex vehicle  geometry i s  introduced i n  these 

simulations t o  provide an i n t r i c a t e  a r m y  of forces  ac t ing  on the  segmented 

occupant. Pa r t i cu l a r ly  noteworthy i n  the e a r l y  development of these  

models a r e  t he  e f f o r t s  of &Henry. A l l  these models a r e  marked by 

extensive development programs requi r ing  a t  l e a s t  two years  from p ro jec t  

i n i t i a t i o n  t o  t he  production of a functioning computer program. 

Most of the  modeling work mentioned above has been concerned with 

simulations of occupant motion i n  two dimensions. The only kn0.m published 
1 

cimulations involving three  dimensions a re  those of Roberts, Thompson, 
4 

6 
Robbins, and Younga7 The f i r s t  of these  i s  a simple-one-mass model 

capable 01' simulating b e l t  loads and upper t o r s o  motions i n  three  dimensions, 

while the  second i s  p a r t  of a l a rge  program involving vehicle crush 

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

by th ree  masses and twelve degrees-of-freedom while the  recent ly  completed 

four th  model descr ibes  t he  occupant by twelve masses and thir ty-one degrees- 



o  i ' -  I reedom whi le  possess ing  a  l e s s  s o p h i s t i c a t e d  model 3 1 '  occup:ir.: '-vchi~lt '  

i n t e r a c t i o n s  than  t h a t  of Robbins, 
6 

h e n  wi th  t h e  advent of' t h e  h i g h l y  complex computer programs d e s c r i b e  

he re ,  t h e r e  s t i l l  e x i s t  major problem a r e a s  such a s :  

1. V e r i f i c a t i o n  of  t h e  model by experiment;  

2. Lack of  h igh ly  c o n t r o l l e d  t e s t s ;  

3. Lack ol anthropometr ic  d a t a  and ver iL ' ica t ion of' t h e  models using 
human v o l u n t e e r s ;  

I .  Lack of impact t e s t  d a t a  r e d u c t i o n  t echn iques  s p e c i f i c a l l y  2 r i ec t f :d  
towards mathemat ica l  model v e r i f i c a t i o n .  

5. D i f f i c u l t y  i n  us ing  t h e  models because of t h e  complex inpu t  
d a t a  requirements ;  and 

6. D i f f i c u l t y  i n  us ing  t h e  model a t  l o c a t i o n s  o t h e r  than  t h e  
l a b o r a t o r i e s  of t h e  developer,  

These prablems can be c l a s s i f i e d  i n t o  two g e n e r a l  t y p e s :  ( a )  l ack  o i  

c:losely coord ina ted  e f f o r t s  t o  i n s u r e  t h a t  t h e  mathematical  models p red ic i  

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

i s  somewhat e a s i e r  t o  approach t h a n  t h e  f i r s t  one. One needs t o  iden t i j ' y  

%he u s e r  and h i s  c a p a b i l i t i e s  and t h e n  w r i t e  a  program which i s  user-  

o r i e n t e d .  Computer programs of  t h i s  n a t u r e  a r e  i n  a c t u a l  use,  p a r t i c u l a r l : ~  

i n  s t y l i n g  and d e s i g n  l a b o r a t o r i e s  i n  t h e  a u t o  indus t ry .  The use r s  need 

go t  be  h i g h l y  t r a i n e d  computer exper t s .  

I n  a s s i g n i n g  s t a f f  t o  t h e  v a r i o u s  s u b j e c t  a r e a s  of t h e  curreni ,  r e -  

s e a r c h  p r o j e c t ,  a  concer ted  e f f o r t  was made t o  c o o r d i n a t e  t h e  s l e d  t e s t  

program and t h e  a n a l y t i c a l  program. One group was assigned. t h e  ta: :k G i  

a n a l y s i s ;  ano the r  group was r e s p o n s i b l e  f o r  t h e  impact s l e d  t e s t  pi,ogram; 

and a new key group was formed t o  b r i d g e  the  gap which was found tL) e x i s t  

between t h e  a n a l y t i c a l  and exper imenta l  groups. The t a s k  of  the key 

group was t o  i n s u r e  t h a t  meaningful  d a t ~  xas  g e n e r ~ t e d  i c  t h e  t e s r :  and t o  

e s t a b l i s h  t echn iques  f o r  r educ ing  t h i s  a a t a  i n t o  a  form which could. be 

:ompared w i t h  t h e  ou tpu t  of a  n a t h e m a t i c a l  model. 

This d i s c u s s i o n  i s  in tended  t o  shov t h a t  t h e  c u r r e n t  s t z t e  of t h e  

a r t  i s  q u i t e  advanced from t h e  viewpoint, of producing computer programs 



which predict vehicle occupant motions in a crash environment. 'riawever, 

considerable research must be carried out to make programs of this nature 

easily usable. Additionally, it is recommended that experimental work 

accompany the development of future models to make assessment of their 

validity more straight forward. 



11. ANALYTICAL 3ESCRITTION OF THE: TWO-JIMENSIONAL 
CRASH VICTIM SIMULATOR 

This  p a r t  of  t h e  r e p o r t  c o n s i s t s  of a.n a ,na iy t i ca , l  d e s c r i p t i o c  of  t n e  

two-dimensional c r a s h  v i c t i m  s imula to r ,  a  schematic of whicn i s  sizown i n  

Figure  1. The pa.rameters which have been chosen f o r  use i n  t n e  physica ' l  

model a.re d i scussed ,  then  t h e r e  i s  a. b r i e f '  p resen ta . t ion  of t n e  e q ~ a t i o n s  oi' 

motion d e s c r i b i n g  t h e  movements of  tne  cra.sn v i c t i m .  This i s  folioweu ' ogr  b. 

; . ie ta i led  d e s c r i p t i o n  of t h e  a .na , ly t i ca l  mo'jels used t o  d e f i n e  t n e  ma.ss a.nc 

gecmetry o f  t h e  body, t h e  c o n t a c t  s u r f a c e  causing f o r c e  i n t e r a c t i o n s  b e ~ w e e ~ l  

t:ie occ~ lpan t  a,nd t h e  v e h i c l e ,  t h e  sea. t ,  trie j o i n t  s t r u c t u r e s  connecting t h e  

va,r ious segments of  t h e  body, and a  b e l t  r e s t r a i n t  system. 

A .  SELECTION OF PARAMETERS 

Four major groups of  pa.rameters have been considered i n  t h e  aevelopmerit 

o f  t h i s  model: t h e  occupant,  s e a t ,  e x t e r n a l  r e s t m i n t  environment, a.nd t n e  

c i e ~ e l e r a ~ t i o n  p r o f i l e .  

The occupant i s  a i f f i c u l t  t o  d e s c r i b e  both  exper imenta l ly  arid ana l -y i i -  

ca . l ly ,  Controversy a r i s e s  over t h e  use of anthropometr ic  dummies, ca.da,vers, 

tiuman v o l u n t e e r s ,  and l a b o r a t o r y  a,nima.ls. The p h y s i c a l  p r o p e r t i e s  o f  clumrnies 

a.re the  most e a s i l y  obta ined a,nd c o n t r o l l e d  bu t  t n e r e  i s  a  q u e s t i o n  wnetner 

t h e y  r e p r e s e n t  human kinemat ics .  Four s e t s  of  parasmeters a r e  used t o  moael 

t n e  dynamic behavior of  t h e  body. F i r s t ,  t h e  body i s  modeled by e i g h t  r i g i a  

mass elements r e p r e s e n t i n g  t h e  head, upper t o r s o ,  middle t o r s o ,  lower t o r s o ,  

upper arm, lower arm, upper l e g ,  and lower l e g .  Second, t h e s e  mass elements 

a,re connected by j o i n t  s t r u c t u r e s  r epresen ted  a s  v i s c o e l a . s t i c ,  non1inea.r) 

t o r s i o n a l  s p r i n g s .  Res i s t ance  i s  s l i g h t  over most of  t h e  range of  motion of 

ea.ch j o i n t .  However, s t o p s ,  l o c a t e d  a r t  t h e  end of p r a c t i c a l  motion of ea.cn 

j o i n t ,  a r e  modeled by a  t o r s i o n a l  s p r i n g  possess ing  a high uegree of s t i f f -  

ness .  Third ,  muscle tone  i s  del inea . ted  r a # t h e r  c rude ly  i n  t h i s  moaei by a 

consta.nt  to rque ,  a c t i n g  i n  ea.ch j o i n t ,  r e s i s t i n g  whatever r e l a , t i v e  motion i s  



c:xperienced by the ad jacerit r i g i d  body clenit'tits. Coils t u , r i t  torqirc .i:: ;i. I.;::) 

I I S W I  Lo I I I O I . ~ C ~  the f r i c t i o n  j o i l ~ t s  fouricr i n  p r e s e ~ i t  ge l~era . t io t~  a.tltrlroporiioI,r- i c :  

i r~ir~anies. Fourth, body geometry i s  represented by the moments 01' iiler [ , i n .  01' 

tile e ight  r i g i d  masses a s  wel l  a s  contact  body surfaces.  These suri'a.ces, 

which a r e  r i g i d l y  attached t o  the  head, torso,  hip,  and ex t remi t ies ,  allow 

the user of' the model t o  a sce r t a in  i f  a body pa r t  impacts any p a r t  of the  

venicle o r  .sea.t. 

The sea t  would seem t o  be e a s i e r  t o  describe f o r  use i n  a modei. how- 

I lver, i c  i s  unfortunate t h a t  very l i t t l e  researcn has been car r ied  out t o  ue- 

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 

sea.ts. Three rparts of the  sea t  a r e  included i n  t h i s  model: sea.t back, sea t  

cushion, and head r e s t .  The sea t  back may apply a force to  the lower pa r t  of 

tile occupant 's  back a t  the  h ip  and t o  the  upper torso .  Tlie s ea t  back i s  

modeled by a plane surface. The hea.d r e s t  i s  independent of the  sea.t back 

and ca,n be composed of a number of contact  surfaces represent ing a nonplanar 

geometry. The sea.t cushion i s  again represented by a p l a~ ie .  Ver t ica l  forces  

a r e  a,pplied a.t the  h ip  and a t  the  f ron t  of the sea t .  A horizontal  force i s  

a l s o  a.pplied a t  t h e  f r o n t  of the  sea t  cushion t o  prevent the lower l e g  from 

ro t a t ing  back "through the  sea t  cushion." Each of these elements i s  de- 

scribed by dynamic force-defortr,ation r e l a t i o n s ,  f r i c t i o n  coe f f i c i en t s ,  and 

geometrical con f igu~a t ions .  

The ex terna l  system r e s t r ~ ~ i n i n g  an occupant i s  o r d i n ~ t ~ r i l y  definea i n  

terms of spec i f i c  devices such a s  a s ea t  b e l t  or an airbag. One common fea- 

t u re  of a l l  these devices i s  t he  f a c t  t h a t  they can be described i n  terms of 

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

i n e r t i a l  r e e l  used i n  conjunct:-on with a shoulder harness w i l l  have a d i f f e r -  

ent  c h a r a c t e r i s t i c  curve than :L control led permanent defol,mation device or  

one of the harnesses used i n  most current  production vehicles .  In  each ca.se 

a d i f f e r e n t  formula must be used which computes force a s  a function of defor- 

mation and deformation r a t e .  Therefore, provisions must be made f o r  forces  

t o  be applied t o  the occupant i n  a r a the r  general  manner i n  order t h a t  they 

can be used i n  modeling any one of the proposed r e s t r a i n t  devices. 



Tnree t y p e s  of i n t e r a c t i o n s  a r e  p o s s i b i e  between t h e  o:zL;pa.:;t a!;; vei;i- 

c l e :  ( a , )  t h e  sea , t ,  a l r e a d y  d i s c u s s e ~ ,  ( b )  a system of b e l t s  a.tta.c:ie2 ;J t;le 

occupant a,s a, sea. t  b e l t  and/or shoulder  harness ,  and ( c )  a c o l l e c t i o n  of geo- 

m e t r i c  surfa.ces r e p r e s e n t i n g  t h e  p r o f i l e  of' a  v e h i c l e  i n t e r i o r  o r  e x t e r i o r .  

These surfa ,ces ,  each represen ted  by a d i f f e r e n t  dynamic force-deforma,t ion r e -  

la . t ionsi i ip ,  i n t e r a c t  w i t h  t h e  c o n t a c t  s u r f a z e s  f ixed  t o  tne  body of the occ j -  

pan t  t o  genera, te a complex i n t e r a , c t i o n  of i ' l r c e s  and occuparit no t ions  repre -  

s e n t i n g  t h e  c o l l i s i o n  of t h e  occupa,nt w i t h  3ea.t)  r e s t r a i n t  system, o r  veh ic le  

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

An exa.mple o f  a, complex s e t  of f o r c e  i : i t e r a c t i o n s  between a,r; occtipant 

and a, v e h i c l e  i n t e r i o r  i s  r epresen ted  by s i  nula t ing t h e  a. irbag r e  s  t r a . i n t  

system. The occupant i s  r epresen ted  i n  t h e  u s u a l  way anc ma,y or  ma.y not  be 

r e s t m i n e d  by a, l a p  b e l t .  Vehicle componer,cs such a s  t h e  s e a t  back, sea.t  

cushion,  f l o o r ,  windshie ld ,  and lower dash pane l  a,re descr ibed i n  terms of 

c o n t a c t  surfa .ces .  I t  i s  necessa ry  t o  know  he force-motion i n t e r r e l a t i o n s n i p  

between t h e  head o r  t o r s o  and t h e  bag before  t h e  s imula t ion  ca.r be ca.rriecr 

out a,s t h e  model i t s e l f  cannot p r e d i c t  any force-deformat ion r e l a t i o n s n i p s .  

They must be obta ined using exper imental  procedures and be provided a,s inpu t  

!ia.ta, f'or t h e  o p e r a t i o n  of t h e  computer s imula t ion .  

It should a , l so  be noted tha , t  t h i s  g e n e r a l  formulat ion a,llows s t u a i e s  oi' 

much more tha,n a se;i.ted occupant r e ~ t r a i n e d  i n  some manner i n s i d e  the  veii icle.  

S tuu ies  nave been ca . r r ied  ou t  of more e s o t e r i c  concepts such a.s the  airba.8,  

tne  rear-end c o l l i s i o n ,  and t h e  p e d e s t r i a n .  Also, s t u d i e s  o f  tne  dynamics of 

a c h i l d  i n  a'ny one of t h e  l a r g e  numser of sea , t s  and r e s t r a i n t  devices  ava, i l -  

a.ble on toda ,y l s  market a r e  p o s s i b l e .  

The d e c e l e r a t i o n  p r o f i l e  which i s  used j.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 o r  rea,rwau.d d e c e l e r a t i o n .  However, tine 

snape o f  t n e  p r o f i l e  i s  l i m i t e d  t o  200 i inea i .  segments. Typical  exa.mples a r e  

snown i n  Figures  2 a,nd 3. 



Figure 2. AMA deceleration profile. 



Figure 3. Complex deceleration trace. 



H. FOXMULATION OF THE MODEL 

The equations of motion a r e  derived by Ugrangian  techniques2': 

where 

KE i s  the  system k i n e t i c  energy 

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

DE i s  t he  system diss ipa ted  energy r a t e  

Fz @,re the  c l a s s i c a l  general ized forces  

Z i  a r e  t h e  c l a s s i c a l  general ized t:oordinates or  degrees of f ree-  
dom of the model 

Since t h e  only dr iv ing  force  i s  appl ied t o  t he  vehicle and not  d i r e c t l y  

t o  t he  body,, t h e  FZ terms a r e  a l l  zero. Af te r  the energy terms have bezn 
i 

wr i t t en ,  t he  r e s u l t i n g  equations of motion a r e  rearranged so t h a t  a l l  the  

terms containing generalized acce lera t ions  appear on the  left-hand s ide  and 

a l l  o the r s  appear on the  right-hand s ide .  Thus rearranged; these  equations 

a r e  of t he  form 

where m i s  the matrix of generalized acce l e ra t ion  c o e f f i c i c ~ n t s  and i s  the 
-b 

t lcceleratiori  vector .  I n  t h i s  ana lys i s  t he  right-hand s ide ,  b, w i l l  be ca l led  

the  "generalized fo rce"  and cont r ibu t ions  t o  it from t h e  pc t e n t i a l  and k i -  

n e t i c  energy iri Eq. ( 1 1 . ~ ~ 1 )  w i l l  be r e f e r r ed  t o  a s  t he  ger e r a l i zed  force  

from t h a t  p a r t  of t he  model. The t o t a l  general ized force  : s  t h e  v e c t o r i a l  

sum of eachcontributingcomponent (g rav i ty ,  j o in t s ,  b e l t s ,  s e a t  cushion, and 

con tac t s ) .  The k i n e t i c  energy cont r ibu t ions  t o  t he  genera:.ized force a r e  

c e n t r i f u g a l  and Cor io l i s  force terms. 

Kinet ic  energy alone determines the  lef t -hand s ide  of the equations of 

motion. I n  t he  computational procedure, t he  inverse  of tht,  matrix,  m", 



+ 
mult ip l ied  by the  general ized force  vec tor ,  b,  y ie lds  the solutiorl  f o r  t i:e 

general ized acce l e ra t ions ,  i . e , ,  

The general ized force  vector  may be expanded t o  show tlie various contr ibut ions 

where 
-+ 
B i s  due t o  k i n e t i c  energy 
-+ 
G i s  due t o  g rav i ty  
-+ 
Q, i s  due t o  contact  forces  
+ 
D i s  due t o  s e a t  cushion 
-+ 
C i s  due t o  j o i n t  e l a s t i c i t y  

-+ 
Abg i s  due t o  contact  f ' r i c t i on  

-+ 
Abs i s  due t o  s e a t  f r i c t i o n  

-+ 
AbJ i s  due t o  j o i n t  f r i c t i o n  

-+ 
Db i s  due t o  b e l t s  

C .  BODY 

The crash  v ic t im i s  simulated by e igh t  body segments: t h ree  segments i : ~  

the t o r s o  t o  introduce some f l e x i b i l i t y  i n t o  the  sp ine ,  one segment f o r  the  

head, two segments i n  t he  arms ( r i g h t  and l e f t  combine i )  r ep re sen t i~ ig  the  

forearm and upper arm, and two segments f o r  the  l egs  ( r i g h t  and l e f t  combined) 

represent ing upper and lower l egs .  Figure 1 shows a  crash vict im i n  a  typi.. 

c a l  s ea t ing  configurat ion r e s t r a ined  by a  shoulder harness and l a p  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  l engtns ,  centers  of gra.vity, 

and moments of i n e r t i a .  Tables I and I1 contain the  subscript ing sshemes f o r  

the  body elements and j o i n t s  which a r e  used i n  the  computer program wnile 

Figure 5 shows the  angular coordinates def ining the  o r i en t a t ion  in  :;pace of 



F i g u r e  4 .  Body element  l e n g t h s ,  c e n t e r s  o f  
g r a v i t y ,  and moments of i n e r t i a ,  



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

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

Figure 5 .  Body amlgles. 



tile various body elements and the  t r a n s l a t i o n a l  coordinates of the hip .  It 

should be noted t h a t  x and y plus the eight  angles defined i n  t h i s  f igure are  

the generalized coordinates used i n  the  ana lys is .  

TABU I* SUBSCRIPTS OF BODY JOINTS 

TABU 11. SUBSCRIPTS OF BODY SEGMENTS 

Subscript 

Jo in t  

TABLE 111. SUBSCRIPTS OF CONTACT ARCS 

1 

Kip 

Subscript  

Body segment 

The coordinates f o r  t he  c e n t e r - o f - g r a ~ i t y  of each body segment a r e  

s t a t ed  i n  Eq. ( 1 1 . ~ ~ 1 )  i n  terms of the  generalized coordinates.  Based on 

t h i s  the  ve loc i t i e s  of the  e ight  centers-of'-gravity a r e  given i n  Eq. (11.c.2). 

Tables I, 11, and X I V  a s  wel l  a s  Figures 4 and 5 should be referred t o  i n  

reading these equations. 

Using Eqs. (11.c.1) and ( 1 1 . ~ ~ 2 )  the k ine t i c  and po ten t i a l  energy asso- 

c ia ted  with the  body can be wr i t ten .  After extensive formal manipulation of 

2 

Lower 
Spine 

1 

Lower 
Torso 

Subscript 

Contact a r c  

3 

Upper 
Spine 

2 

Middle 
Torso 

1 

Hip 

4 

Neck 

3 

Upper 
Torso 

2 

--- 

4 

He ad 

4 

Head 

3 

Upper 
Torso 

7 

Knee 

5 

Shoulder 

6 

Elbow 

5 

Upper 
A r m  

5 

Elbow 

6 

Lower 
A r m  

6 

Hand 

7 

Upper 
Leg 

7 

Knee 

8 

Lower 
Leg 

8 

Foot 



the k i n e t i c  and p o t e n t i a l  energ ies ,  those por t ions  of the  e q u a ~ i o n s  of m o t i c i  

which can be s t a t e d  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  a,: 

wel l  a s  t o  t he  matrix.  This matrix i s  shown i n  Eq, ( 1 1 . ~ ~ 2 )  which forrns thc 

bulk of t he  lef t -hand s i d e  of t h e  equat ions of motion. 

y1 
= y + pl s i n  9 

1 

X = X + L  c o s e  
1 

+ p2 cos e 
2 2 

Y2 
= y + L  s i n 9  

1 
+ p2 s i n  9 

2 

x = x + L  c o s 8  + L  c o s 9  
3 1 1 2  

+ q cos 9 3 

y3 
= y + L  1 s i n 9  + L  s i n 9  + q s i n  9 3 

1 2  

4 = x + L  cos 9 + L  s i n  9 + L  cos e3 + p4 cos e 
1 1 2  2 3 4 

y4 = y + L 1 s i n  9 + L s i n  9 + L  s i n  3 
1 2  2 3 3 + P4 Sin 4 

x = X + L  C O S ~  + L  case t~ c o s a  
5 1 1 2  2 4 3 + p5 COs 5 

5 
= y  + Ll s i n  9 + L  s i n  9 + L  s i n  

1 2  2 4 + p5 s i n  0 5 

'6 = x + L  cos 9 + L  cos €3 + L  cos 9 + L  cos 8 + p  c o s 8  
1 1 2  2 4 3 5 5 6 6 

'6 = y + L  s i n 8  + L  s i n 9  + L  s i n 9  + L  s i n 9  + p  s i n 8  
1 1 2  2 4 3 5 5 6 6 



i i - p  B s i n e  
1 1 1  1 

i = P + p1 Bl cos 8  
1 

i = i - L  0  s i n e  - p  6 s i n e  
2  1 1  1 2 2  2  

'2 
= i + L  6 c o s 8  

1 1  6 cos 8 
l r P 2  2 2 

= i - L  6 s i n e  - L  6 s i n 8  - p  8 s i n e  
3 1 1  1 2 2  2  3 3  3 

y3 
= i + L~ B1 cos e + L 6 cos o + p Q cos o 

1 2 2  2 3 3  3 

i,4 = - L 9 s in  el - L 6 s i n e  - L 6 s in  e - p  6 s i n e  
1 1  2  2  2 3 3  3 4 4  4 

L4 = P + L  6 C O S ~  + L  6 C O S ~  + L  6 C O S ~  + p  6 case 
1 1  1 2 2  2  3 3  3 4 4  4 

i = i -  L 6 s i n e  - L  6 s i n e  - L  9 s i n e  - p  6 s i n e  
5  1 1  1 2 2  2  4 3  3 5 5  5 

j5 = ~ + L ~ ~ ~ C O S ~ ~ + L  6 c o s e  + L  I) c o s e  + p  Q c a s e  
2  2  2  4 3  3 5 5  T 

i 6  = i - L B  s i n e  - ~ 0  s i n e  - L Q  s i n e  - L B  s i n e  - p Q  s i n e  
11 1 2 2  2 4 3  3 5 5  5  6 6  6  

'6 = ~ + L $ ~ c o s ~  + L  B C O S ~  + L Q  case + L Q  case t p  6 case 
1 2 2  2  4 3  3 5 3  5  6 6  6 

i = i - p Q s i n ~  
7  7  7 7 

'7 
= + p7 I)7 cos e 

7  

i = i - L  6 s i n 8  - p  s j . n 8  
8 7  7  7  8 8  8 

'8 
= i + L  6 c o s 8  

7  7 
6 cos 8 

7 f P 8  8 8 



The components o f  t h e  equa t ions  of motion due t o  c e n t r i f u g a l  force i'orrr, 
-b 

B and ca,n be w r i t t e n  

6 
- 0 2  

Bl - Ll C a ,  8 ,  s i n  [ 8  -8 ] 
j=2  J J  j 1 

* 2  
6 

2 B2 = L a 8 s i n  (8  -8 ) + L  a .  8 ,  s i n  (8  -8 ) 2 2 1  1 2  2 J J  j 2 
j =3 

2 
2 B = a C I,. g 2 s i n  ( @ . - a )  +I, a 6 s i n  ( 9 - 8 )  

3 3 j=l J J  J  3 3 4 4  4 3 

u 
2 

+ L4 
C a ,  8 ,  s i n  ( 8  -8 ) 

j=5 J J  j 3 

2 - 
B4 - 

C L h2 s i n  (8 -9 ) 
j =1 j j j 4 

2  + a L 8 s i n  (8  -8 ) 
6 3 6  6 5 

2 B = L a 8 s i n  (8  -8 ) 
7 7 8 8  8 7 

2  B8 = L a 8 s i n  (8  -8 ) 
7 8 7  7 8 

8 
2  B = C a  8 .  c o s 8  

9 j=l J J  j 

8 
- 2  B~~ = C a. 8 .  s i n  9 

j =l J J  j 



Due t o  g r a v i t y  the  cont r ibu t ion  t o  t h e  right-hand side of t h e  equa.tions 
+' 

of lnotior~ forms G and can be w r i t t e n  

G1 = g  a cos 8 
1 1 

G g  = g a cos 8 
2 2 

G = g EL cos e 
3 3 3 

Gq = g a  cos 8 4 4 

G = g a  c o s 8  
3 5 5 

G6 = g a COS e 6 6 

G  = g a  c o s 8  
7 7 7 

G8 = v8 COS 8 8 

G  = O  
9 

- 
Glo - a9 

where 





The matrix m i n  Eq. ( 1 1 . ~ ~ 2 )  formed from the  k i n e t i c  energy terms i s  shown aL; 

Xqs. (11.c.6) and (11.c.7). 

f o r  i = 13,15,17 
and j = i - 9  

f o r  i = 14,16 
and j = 1-9 ( 1 1 . ~ ~ 7 )  

D. CONTACT SURFACES 

The nine d i s t i n c t  surfaces simulating the  i n t e r i o r  of t he  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  t he  computer program user  

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

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

contact  which surfaces.  

This computer generated t a b l e  i s  equivalent t o  t he  corresponding column 

i n  Table V. The use r  may choose t o  model any spec i a l  contact  surface with 

one of t he  standard contact surfaces.  The choice of which standard contact  

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

the  t a b l e  of permissible i n t e r a c 5 o n s  ( t h e  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 .  The user  has t h e  opt ion of changing these names t o  

represent ,  f o r  example, an a i rbag .  



Figure 6 .  Definition of body contact radii. 



Figure 7. Definitions of vehicle contact surface (shown for 
d r i v e r ) .  



TABLE IV. NORMAL CONTACT SURFACE I N D I C Z S  

- - - - - -- 

Index* Normal Contact Surface 

Floor 
Sea t  back 
Roof o 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 ee r ing  wheel 
Lower panel  
S teer ing  column 
Toeboard 
S teer ing  wheel 

*It i s  permissible  t o  use any index 
f o r  any o ther  c o r t a c t  surface a s  long 
a s  it i s  compatible with 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 he  
s teer in ,?  wheel. 

Each contact  sur face  i s  def i red  by four  q u a n t i t i e s :  t he  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 he  end of the  surface l i n e  which i s  most counter- 

clockwise r e l a t i v e  t o  t he  o r i g i n ,  The angle i s  found by drawing a  hor izonta l  

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

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

Each contact  surface 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 he  surface through the  center  of curvature of t he  contact ing 

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



where 

v i s  the t angen t i a l  ve loc i ty  of t he  body segment along t h e  surface 
T 
P i s  the  f a r ce  applied normal t o  t he  contact  surface 

i s  t h e  f r i c t i o n  coe f f i c i en t  a 
i s  t h e  ve loc i ty  l i m i t  a 

When the ve loc i ty  l i m i t  ( a  small  quant i ty  such a s  0 .1  in . /sec)  i s  exceeded 

the  f r i c t i o n  force  i s  appl ied;  ot.herwise, it i s  s e t  t o  zero represent- 

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 e s  of t he  c o ~ i t a c t  surfaces a r e  given by a load- 

de f l ec t ion  polynomial which may be up t o  t he  f i f t h  order  i n  both de f l ec t ion  

and de f l ec t ion  r a t e  represent ing a nonlinear,  v i s coe la s t i c  mater ial .  This 

app l i e s  while a load i s  being appl ied t o  a surface.  

The f o r c e  developed a t  any contac-G in t e r f ace  i s  given by 

where 

where 

6 i s  the d is tance  which a p a r t i c u l a r  body element impinges i n t o  
k 

a p a r t i c u l a r  surface represent ing a segment of t h e  vehicle  
i n t e r i o r  

bk i s  t h e  de f l ec t ion  r a t e  

Sko 
is the  value of ik when Sk f i r s t  becomes pos i t i ve  

a i s  a prel-d on any given contact  surface 
o,k 

a through a a r e  t he  mater ia l  po;lynomial coe f f i c i en t s  
l , k  10 )k  

The quant i ty  k i s  the  general  force index. Values of k g rea t e r  than  four  

correspond t o  p a r t i c u l a r  combinations of contact  a r c s  on the  body and contact  

sur faces  and a r e  shown i n  brackets  i n  Table V. Hence, f o r  each value of k 

and choice of passenger pos i t ion ,  ther ,?  corresponds a unique cont& a r c  



subscr ip t  which appears i n  parentheses on the  l e f t  margin of Tabie V and a, 

unique contact  sur face  subscr ip t  which appears in ,  parentheses i n  t h e  bociy or' 

Table V. Throughout t h e  remainder of t h i s  sec t ion  "i" i s  t h i s  contact  a,rc 
11 It subscr ip t  and a  i s  t h i s  contact  surface subscr ip t .  

The de f l ec t ions  used t o  compute the  force  i n  Eq. (11.~. 2)  a r e  given i n  

the  following equations. 

8 = r - ( x t ' -  x ! )  s i n )  + ( y i  - y i )  cos qa 
k i a. 1 a 

6k = it s i n  JI - ii cos + 
i a a 

v = i t  C O S J I  + s i n  f + r .  ei 
T i a a  1 

X '  = x + L cos 9 + L cos .$ 
3 1 1 2  

+ p; cos 9 3 

y; 
= y  + Ll s i n  f3 + L s i n  9 

1 2  2 
+ p i  s i n  €3 

3 
x '  = x + L cos 9 + L cos 9 + L cos 8 

4 1 1 2  2 3 3 + pi cOs 4 

Y; = y + L s i n  €3 + L s i n  €3 + L s i n  9 
1 1 2  3 + pk s i n  €3 4 2 3 

Y; = Y + L 1 s i n  9 + L s i n  9 + L s i n  + L s i n  €3 
1 2  2 4 3 5 5 

xi = x  + L cos 9 + L cos B8 
7 7 8 

YA = y + L s i n  €3 + L s i n  9 
7 7 8 8 

x l ~  Y ta a r e  the  contact  surface reference coordinates and o r i en t a t ion ,  r i 

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



. . 
n M* 
r l a  w w  
w c d  

u a ,  ' 

n 
k 2's 8 

r l a  
w td 

3 a  k g 8  a , , + .  
4J b ) U  



i; = i + L  6 c o s e l t L  6 c o s e  1 1  2 2  2 + p ;  3 3 
8 cos 8 

$j = $ + L  6 c o s e l + i ,  6 c o s e  + L  6 s i n e  +L 6 c o s e  
1 1  2 2  2  4 3  3 5 5  3 

i = i - L 6 s i n  8 - I, 6 s i n  8 
7 7 7 8 8  8  

and the  other  q u a n t i t i e s  a r e  defined i n  Figures 4-7. 

The form of P shown i n  Eq. ( 1 1 . ~ ~ 2 )  i s  used only while a  load i s  being 
k 

applied,  i . e . ,  when the  de f l ec t ion  i s  increasing.  During loading, the  mate- 

r i a l  may absorb energy so 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 i s  modeled by means of two param- 

e t e r s :  



G, t he  r a t i o  of permanent deformation t o  maximum def lec t ion ,  anu 

R, t he  r a t i o  of conserved t o  t o t a l  energy. 

These two parameters a r e  not independent bu t  t he  r e l a t i onsh ip  i s  complex 

so both a r e  required by the  program. The unloading force  i s  assumed t o  be 

parabol ic  i n  nature and de f l ec t ion  t o  dr:crease from a maximum a t  6 = % t o  

zero force a t  S = G %. This l a t t e r  value ( G  %) i s  taken as the  permanent 

deformation, i , e . ,  t he  value of de 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 is  the  loading force  (pk) a t  the  m a x i m u m  de f l ec t ion  

Qk is the  maximum def lec t ion  

Elk i s  the  conserved energy. This quant i ty  i s  computed a s  R times 
the  t o t a l  energy f o r  t h i s  load-unload cycle plus  che conserved 
energy f roa . . pev ious  cycles  i f  any. 

The Eq. (II.D,~.) r e s u l t s  from an e - ~ a l u a t i o n  of the  coe f f i c i en t s  of a  

parabola which f i t s  the  cons t r a in t s  sta.:ed below: 

( 1 )  The unloading curve s t a r t s  a t  t h e  poin t  of maximlm de f l ec t ion  

i& with t h e  force  F 
k  ' 

(2) The unloading curve goes t o  w r o  a t  the  poin t  wh5re deflec-  

t i o n  equa&s the  permanent deformation ( i .  e., G R by def in i -  

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

energy in the  contac t )  i s  REl, where Ek i s  the  t c t a l  energy 

and R i s  t he  r a t i o  of conserved t o  t o t a l  energy a s  defined 

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

approximation through the  loading por t ion  of the cycle and 



E which appears i n  t h e  formulas above i s  computea as Rib 
l k  

Since G and R a r e  not r e a l l y  independent, a  cons t r a in t :  

i s  aspplied t o  insure  t h a t  t he  force  goes t o  zero a t  6 = G %. The cons t ra in t  

equat ion ( 1 1 . ~ ~ 7 )  comes about from evalua t ion  of the  roots  of t he  unloading 

curve. The condit ions t h a t  G % be t h e  l a r g e r  root  and t h a t  t he  unloading 

curve increase  fo r  increas ing  de f l ec t ion  a t  t h a t  po in t  y i e ld  t h e  two halves 

of t he  cons t r a in t .  

Loading followed by unloading  constitutes one cycle .  Provisiori i s  made 

f o r  accumulating permanent deformations over s eve ra l  c;rcles.  The e f f e c t  of 

t h i s  accumulation i s  used t o  determine t h e  s t a r t i n g  point  of succeeding 

cyc les ;  however, t he  shape of the  loading curve i s  always t h e  same a s  the 

f i r s t  cycle .  The unloading curve i a  recomputed f o r  ea':h cycle .  

The cont r ibu t ion  t o  t h e  equations of motion due t~ contact forces  i s  a. 

sum of t he  e f f e c t s  of t h e  many poss ib le  i n t e rac t ions .  For each passenger 

pos i t ion ,  the  number of poss ib le  i n t e rac t ions  changes. I n  p a r t i c u l a r ,  t he  

t o t a l  number of i n t e r ac t ions  i s  fourteen f o r  t h e  d r ive r  (NPASGR = 1)) eleven 

f o r  t he  f r o n t  r i g h t  passenger (NPASI~R = 2) ,  and t e n  f o r  tne  back s e a t  passen- 

ger  (NPASGR = 3 ) .  NS i s  t h e  maximuin value of t he  subszr ip t  k and i s  the 

above s t a t ed  t o t a l  number of i n t e r a2 t ions  plus  four .  

where a  again i s  the  corresponding 3 f o r  t he  k a s  explained on page 27. 



- 

- - c Pk cos ( 8  -f ) + Pk cos (Q3-Jra) 
3 a 

+ L4 p~+l  
cos ( 8  -9 ) 

3 1 

Q4 = p i  C Pk cos (e4-qa) 
k=K+l 

- 
Q5 - L5 P~+l  

cos (9 -Jr ) 
5 1 

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

= - Z P, sin va 
k=5 

Qlo = z Pk cos 
k=5 

The cont 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 he  force  

contac t  i s  of t he  form 



where P '  i s  t he  computed f r i c t i o n a l  force  explained on page 26 corresponding 
k 

t o  the normal force P 
-+ k' 

I t  U .  i s  t he  proper l eve r  arm" vec tor  defined below f o r  t h e  value of the  
1 

contact  a r c  subscr ip t  corresponding t o  k. The quan t i t y  a i s  the  matching 

contact  sur face  subscr ip t  f o r  t h e  k i n  what follows. 

Where 

- 
L s i n  (8 -JI ) 
1 1 a 

L 2  s i n  (e2-fa) 

pj s i n  (e3-'Ia) 

0 
0 
0 
0 
0 

-cos 'I;, 



C 

L1 s i n  

L2 s i n  

L3 s i n  

pi, s i n  

0 
0 
0 
0 

-cos JI, 

- s in  JI, 
b 

L5 s i n  (9 JI,) - r  5- 5 
0 
0 
0 

-cos JI, 

- s i n  JI, - d 



L s i n  (8 ta 
7 7 - 

Lg s i n  (8 7- I a 

E. SEAT CUSHION 

The s e a t  cushion model contains  provis ion f o r  four  separate  forces  a s  

shown i n  Figure 8. The f i rst  one a c t s  v e r t i c a l l y  a t  t he  h ip  j o i n t  whenever 

it i s  above the  s e a t  cushion and i s  modeled by a  t h i r d  order  polynomial 

spr ing  and a  l i n e a r  damper. The second, modeled by a  l i n e a r  spr ing,  a c t s  

v e r t i c a l l y  at t h e  f r o n t  edge of the s e a t  and a f f e c t s  the  upper or lower l e g  

depending on t h e  s i z e  of t h e  occupant and h i s  pos i t ion ,  This i s  e spec i a l ly  

usefu l  i n  t he  case of ch i ldren  whose lower l egs  o f t en  a r e  on the  sea,t cushion. 

The t h i r d  force,  a l s o  modeled by a  l i n e a r  spr ing ,  a c t s  i n  a forward d i r ec t ion  

ax the  t o p  of the  f r o n t  edge of the  s e a t .  This force was included t o  prevent 

tile lower l egs  from passing backward through the  sea t  and producing l a rge  

spurious forces .  A l l  t h r ee  of these  forces  a r e  continuous. The fou r th  force 

models s e a t  f r i c t i o n  and i s  discontinuous a s  we l l  a s  d i s s ipa t ive .  The force 

appl ied a t  the h i p  i s  

where 



F i g u r e  8 .  Description of seat botto~:. 



ys = y + (x-x) t a n  y o  

Ls = $ + ( k i )  t a n  T~ 

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

Frn = polynomial spr ing  constants  

C s  = damping constant  

X = hor i zon ta l  pos i t i on  of s e a t  a s  a  funct 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 time (11.~~2) 

The 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 the  s e a t  cusnion i s  

where 

= i y + z tan 8 f o r  the upper l e g  
Yz 

7 
y + L7 s i n  e7 + ( Z  - L cos 9 ) t an  6, f o r  t he  lower l eg  7 7 

(11.~. 4) 

and 

i n i t i a l  upward force  a t  f r o n t  of s e a t  

s  = spr ing  constant  

y,, 
= v e r t i c a l  d i s tance  from s e a t  f r o n t  edge t o  l e v e l  of sea t  

cushion d i r e c t l y  below h i p  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 8. 

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

s  ( r - x ) f o r x  - r  < O  
z  z  z  z z  

z 
0 otherwise 

where 



cos 8, 

s z  = 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 l f  
z 

and t h e  o ther  q u a n t i t i e s  a r e  previously defined. (11.~. 6) 

The f r i c t i o n  force  is  

-ps (F~+F;  ) s g n ( i - i )  f o r  1 k - i  1 > 5 .  f = {  0 otherwise - s 

where 

p = 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  s e a t  cushion t o  t h e  generalized force  vec tor ,  
-* 

D, a r e :  

2 F'  z sec Q f o r  z < L cos 8 
7 - 7 7 

F '  L (cos 8 + s i n  8 t a n  8 ) - F L 
D 7 = { s 7  7 7 8 2 7  

( s i n  8 + cos 8 cot  08) f o r  z > L cos 8 
7 7 7 7 

(11.~~8) 

D8 = j o f o r  z < cos 8 - 7 7 
2 2 

F ' ( z  s - L 7 case 7 ) sec  e8 + ~ ~ ( y  + L 7 s i n  e 7 - yZo) csc e8 

( otherwise 

-F; t a n  8 f o r  z < L cos 8 
D- = 7 - 7 7 
' (-F: t a n  €3 + F otherwise 8 z 



The components of t h e  cont r ibu t ion  of s e a t  f r i c t i o n  t o  t h e  generalizeo 
-t 

force vec tor ,  ribs, a r e  

F. JOINTS 

Each j o i n t  i s  considered t o  have an e l a s t i c  torque r e s i s t i n g  motion away 

from i t s  i n i t i a l  pos i t i on ,  a  coulomb-:;ype f r i c t i o n  r e s i  s t i n g  any r e l a t i v e  mo- 

t i o n  above a c e r t a i n  v e l o c i t y  l i m i t  ( s ee  Figure 9 ) ,  anL a  j o i n t  s top  t o  pre- 

vent  s u b s t a n t i a l  motion beyond spec i f ied  angular l i m i t s  ( see  Figure 10  or  

Figure 1 1 ) .  

The cont r ibu t ion  t o  t h e  system p o t e n t i a l  energy from torque i s  defined 

by 

J e i  = K i ( e m - B i + 8  - 8 ) f o r  i = 1-7 
i o  mo (11.~~1) 

( s e e  Table I f o r  j o i n t s  assoc ia ted  wi th  each s u b s c r i p t ) ,  with each i defining 

a  unique m a s  follows f o r  ca l cu la t ion  of proper r e l a t i v e  angle.  

The o ther  two torques  a r e  d i s s i p a t i v e  i n  nature.  The coulomb f r i c t i o n  

equat ion i s :  

-c: 1 sgn(Q i - 6 ) f o r  l Q i  - bm1 2 t i  
Ti1 

J f i  
0 otherwise 

Also t h e  s t o p  torque i s  of t h e  same type: 



Torque 

F i g u r e  9 .  Form o f  f r i c t i o n  i n  j o i n t s .  



F i g u r e  1 0 .  Form o f  s y ~ r n e t r i c  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 

/ 
Slope is Ti 

''ope is T i  upper stop "/ 
i 

Slope is Ti 

Figure 11. Form of nonsymmetric joint stops 
of hip, shoulder, elbow, and knee. 



f o r  16 - dm/ -> k i  
i 

s i 
0 otherwise 

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

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

(g - @ + @ )  f o r  @, - @ < u  andb l -  b 7 < 0  
1 7  7 1 

Tl 
- @ )  f o r @ , - @  > a  a n d Q 1 - b  > O  

7 7 1 7 

otherwise 



T;[B~ - 8 - n  sgn(8 - e ) ]  for /el - e2j > n2 
2 2 1 2  

and sgn(8 1 - i2) = sgn(el - e2) 

otherwise 

T'[8 - 8 - ! sgn(8 - 8 ) ]  for la2 
3 2  3 3 2 3 - 8  1 > 5  

3 
and sgn(6 - 6 ) = sgn(ep- ej) 

2 3 

lo otherwise 

- rl sgn(e - e ) ]  for 18 - 8 1 >ab  4 3 4 3 4 

4 and sgn(6 - 6 ) = sgn(ej - ah) 
3 4 

otherwise 

for 8 -8 < a and 8 -8 < O  
3 5  5 3 5  

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

otherwise 

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

for 8 -8 > R and 6 -0 < O  
6 5  6  5 6 

otherwise 

for 8 -8 .: a and 6 - 6  > O  
7 8  7 8 7 

'> 0 and 8 -8 < O  
for e7-eg 7 8 7 
otherwise 

(11.~~4) 

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

hip, shoulder, elbow and knee are not. 



The j o i n t  e l a s t i c i t y  general ized force  vec tor  i s :  

J o i n t  f r i c t i o n  and the  j o i n t  s tops a r e  appl ied t o  the  generalized force 

vector  by the  equation 

-b 

where Vi i s  a vector  whose components a r e  a , l l  zero except i'or t he  itn and t h e  - 
mth which a r e  plus  one and minus one, r e spec t ive ly .  - 



The i i s  t he  jo in t  index and m i s  a s  specif ied previously on page 39, 

G. RESTRAINT SYSTEM 

The conventional r e s t r a i n t  system simulated i n  t h i s  program cons is t s  of 

a s e t  of th ree  b e l t  segments, a l l  of whose forces  a c t  independently a t  fixed 

points  on t h e  body. 

The shoulder harness i s  modeled by two such independent segments ( see  

Figure 1 2 ) ;  t he  upper i s  assumed t o  a c t  a t  the  shoulder j o i n t ,  t h e  lower a t  

a specif ied d is tance  above the  f i r s t  sp ina l  j o in t .  Both segments have t h e i r  

attachment poin ts  fixed i n  t he  vehicle  and the  forces  a c t  along the  l i n e s  

connecting the  point  on the  occupant with the  b e l t  attachment poin ts  i n  the  

vehic le ,  

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

of the  r e a l  l a p  b e l t  have the  same f ixed attachment poin t  coordinates i n  the 

plane of motion. The force produced i s  twice t h a t  of one r e a l  segment. The 

shape of the l a p  b e l t  segment i s  more complicated thsn  t h a t  of the  shoulder 

harness segments. It has not only a l iriear port ion,  but a l s o  a c i r c u l a r  a r c  

port ion centered on the  h ip  j o i n t  ( see  l i g u r e  13). The l i n e a r  port ion i s  

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

An option i n  t he  program allows the  user t o  specify no b e l t s ,  l a p  b e l t  

only, shoulder harness only, o r  a l l  t h r ee  segments. Unconventional r e s t r a i n t  

systems such a s  an a i rbag  may be crudely simulated by proper s e l ec t ion  of 

contact  surfaces.  

For each of the  th ree  b e l t  segments, elongation i s  computed a s  the cur- 

r e n t  length  ( l k )  minus the  zero-time length ( l k 0 )  Deflection r a t e  ( 6 )  is 

ju s t  lk. The same load-deflec1;ion procedure i s  { ~ s e d  t o  compute force a s  has 

been previously used f o r  contact forces .  The quant i ty  mh i s  t he  b e l t  angle 

f o r  t he  corresponding segment. 

For t he  l a p  b e l t ,  t he  fo1:iowing equations apply (see Figure 13). 



Upper belt 
anchor 

attachment points 

Lower belt Hip 
anchor 

F i g u r e  12. S h o u l d e r  b e l t  g e o m e t r y .  



Figure 13. Lap b e l t  geome t ry .  
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2 
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For the  lower and upper shoulder b e l t  segments ( k  = 2 and 3, respec- 

t i v e l y ) ,  the  equations a re :  ( see  Figure 12)  

2 
l h  

f o r  k = 2,3 

A zero appended t o  the subscr ip ts  of a var iable  denotes the zero time value 

of t h a t  var iable .  



Ax = x + L  cos 8 + h c 0 ~ 8  - L  cos 8 - h c o s  8 
2 1 1 2 1 10 20 + 120 cos m 20 

AY2 y t L  s i n e  t h s i n 8  - L  s i n e  - h s i n 8  t l  s i n $  
1 1 2 1 1 0  20 20 20 

i2 = i cos 4 2 + j i  s i n  $ - L  6 s i n ( 8  - $  ) - h 6  s i n ( @  - 0 2 )  
2 1 1  1 2  2 2 

and 

au = x + L COS e + L (:oS e + L COS e - L~ cos e10 
3 1 1 2  2 4 3 

- L cos 8 - L cos 8 + 1 cos @ 
2 20 4 30 30 30 

Ay3 = y + L s i n  9 + L s i n  9 + L s i n  9 - L s i n  9 
1 1 2  2 4 3 1 10 

- L s i n  9 - L s i n  8 
2 20 4 3O + 130 s i n  m 

3 0 

i = i cos @ t s i n  m - L 6 s i n ( 8  - 03) 
3 3 3 1 1  1 

The b e l t  cont r ibu t ions  t o  t h e  general ized force  vector  are: 



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

t he  k t h  - segment, 



111. EXPERIIvENTAL VERIFICATION OF THE MATHEMATICAL MODEL 

In  t h i s  sec t ion  of t h e  repor t  comparisons a r e  made between Ihe pre-  

d i c t ions  of t h e  mathematical model and an experiment c a r r i e d  out on the 

HSRI impact s l ed  with an anthropometric dummy, Beginning with an ou t l i ne  

of t he  c r i t e r i a  on which t h e  va l ida t ion  i s  based, t he  repor t  continues 

with a desc r ip t ion  of the  s l ed  t e s t  and concludes with a descr ip t ion  of 

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

A. CHOICE OF A CRITERION OF VERIFICATION 

The choice of a c r i t e r i o n  of v e r i f i c a t i o n  of t h e  mathematical model 

descr ibing human body im-pact 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  e q e r i m e n t a l  da ta  on which the  va l ida t ion  

procedures can be based; and ( c )  t he  observation t h a t  t h e  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 t h e  occupant, and t h e  

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

The use of a Lagrangian formulation of Newtonian mc chanics a s  a 

bas i s  f o r  these  models follows a long h i s to ry  of succes:ful appl ica t ion  

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

sources of problems can a r i s e  only i n  wr i t i ng  do~m the   articular equations 

and computer program which apply t o  t h e  present  iinalysis. A l l  equations 

and t h e  computer program have been derived independent l~  by two o r  more 

persons leading t o  very low incidence o l  e r r o r s  i n  t h e  j ' ina l  computer 

program. 

The second premise, which i s  concerned with the  ext,raction of 

appropriate  experimental da t a  on which the  va1id:ition c:ln be based, has 

been t h e  bas i s  f o r  a major research e f fo r t .  The acqu i s i t i on  of t h e  

necessary t ransducer  and photometric da ta  i s  str: i ightfolward and r equ i r e s  



only the  proper usage of the  appropriate  high speed cameras, data  tape 

recorders ,  and l i g h t  beam oscillographs. The processing of t h e  transducer 

da ta  i s  a l s o  r e l a t i v e l y  simple. For exanrple, t he  determination of t he  

magnitude of t h e  l i n e a r  acce lera t ion  of t he  head of t h e  dummy requi res  

computation of t he  simple vector sum of t he  th ree  l i n e a r  acce lera t ion  

components. 

Analysis and graphing of the  t e s t  data  i s  only p a r t  of the  problem 

because prepara t ion  of a well-founded s e t  of input data  i s  necessary 

f'or t h e  successful  operat ion of any computer analysis.  Therefore, a 

desc r ip t ion  of t h e  mass, geometric, and i n e r t i a l  p roper t ies  of t he  

t e s t  subject  i s  required. This must be supplemented by a geometrical 

p r o f i l e  of t he  vehicle  components with which the  t e s t  subject  i s  expected 

t o  i n t e rac t .  F ina l ly ,  t h e  force-deformation c h a r a c t e r i s t i c s  of the  i n t e r -  

ac t ions  between the  t e s t  subject  and the  vehicle  components must be 

measured i n  order t o  specify the  proper balance between subject motions 

and loadings. 

I n  order t o  def ine  t h e  t e s t  subject ,  t he  e ight  basic  body elements were 

weighed and moments of i n e r t i a  measured using a t r i f i l a r  pendulum or 
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predic ted  using formulas s imi l a r  t o  those of IlanavanPi and Patten. After  

t he  geometry of t he  t e s t  s l ed  and the  i n i t i a l  pos i t i on  of t he  dummy subject  

were ca re fu l ly  measured, it was then necessary t o  develop t e s t  procedures 

def in ing  the  force-motion r e l a t ionsh ips  between t e s t  ~ u b j e c t  and vehicle  

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

system using a combination of photometric and transducer data  described 

l a t e r  i n  t h i s  report .   h he simulation of an a i rbag  r e s t r a i n t  system 

was accomplished using s imi la r  techniques and w i l l  be l iscussed i n  t he  

f i n a l  r epo r t  on t h a t  phase of the  research project .  ) 

The t h i r d  premise serves t o  def ine  the  mathematical model as  a system 

ofparameters  descr ibing t h e  occupant, t he  force  f i e l d  cons is t ing  of b e l t s  

and contact  surfaces which a c t s  on the  occupant, and t n e  ex t e rna l ly  

appl ied dece lera t ion  forcing function. A l l  these  basic  parameters must 



be included i n  any t e s t  val idat ion.  

To proper ly  study the  f i e l d  of forces  ac t ing  on the subjec t  it i s  

necessary t o  s imulate  both contac t  surfaces (such a s  a s e a t  cushion and 

:;eat back) and b e l t s  ( such a s  a l a p  b e l t  and s ing le  diagonal shoulder 

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

ti s u f f i c i e n t  t e s t  of t h i s  important sec t ion  of t h e  analysis .  

Based on these  th ree  premises, an impact s l ed  t e s t  using a 50th 

l ~ e r c e n t i l e  male anthropometric d m  was c a r r i e d  out a t  a speed of 

approximately 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 abo ra to r i e s ,  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 t h e  basic  parameters described 

i n  the  model-the occupant, t he  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 c a r r i e d  out on the  HSRI impact s l ed  

(Figure 1 4 ) ,  which i s  of t h e  acce lera t ion-dece lera t ion  type. It can 

be acce lera ted  over a 1 2 - f t  d i s tance  up t o  a top  speed of 40 mph using a 

compressed a i r -ac tua ted  p u l l e r  arm. The dece lera t ion  s t r3ke  has a 

maximum length  of 3 f t  and a maximum p o t e n t i a l  of 88 g '  s. For t h e  purpose 

0 1  high-speed photography a t o t a l  of 50 kw of l i g h t i n g  i s  avai lable .  Real 

time and high-speed movies a r e  taken a s  we l 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 p e r c e n t i l e  S i e r r a  dummy. A Statham 

strain-gage accelerometer was used t o  record t h e  s i ed  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 da t a  was recorded simultaneously on a Honeywell 7600 tape r e -  

corder and a Honeywell 1612 Visicorder. No f i l t e r i n g  was used during 



Figure 14. H:RI impact s l e d .  
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t h e  i n i t i a l  recording o ther  than the  l i m i t a t i o n  of t h e  light-beam 

galvanometers t o  frequencies  under 1000 cps, The following t ransducer  

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  

b e l t  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 e d  dece lera t ion ;  ( f )  head an te r io r -pos t e r io r  G-loading; ( g )  ches t  

a n t e r i o r  -pos te r ior  G-loading ; ( h) head super ior - infer ior  G-loading ; 

( i) ches t  supe r io r - in fe r io r  G load ing ;  ( 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  f o r  t he  va l ida t ion  of t he  motel i s  shown i n  Figure 15. 

The bucket s ea t  i s  bo l ted  secure ly  t o  a framework which i s  a t tached t o  

the sled. This framework serves a s  a mount f o r  ~ l t t a c h i n g  b e l t s  and other 

types of r e s t r a i n t  systems, and can be r o t a t e d  t o  s imulate  l a t e r a l  or 

oblique impact. 

The t e s t  da t a  presented i n  Figures  16 through 25 were obtained a s  a 

r e s u l t  of e i t h e r  d e t a i l e d  ana lys i s  of t he  high-speed f i lms  using a 

Vanguard Film Analyzer of by measuring poin ts  from t h e  osc i l lographic  

recording. All acce l e ra t ion  and b e l t  t ransducer  da t a  were determined 

from t h e  osc i l lographic  records and appropriate  sums and r e s u l t a n t  values 

were computed. 

I n  the  model, t h e  excursion and forward mot:~on of t h e  head were 

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

t h e  head of t he  dummy. Likewise the  angle of helid p i t c h  and t h e  upper 

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

t abu la t ion  by means of s p e c i a l l y  developed campu;er 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  l o c a t i  ~n was determinable by 

trigonometry using da t a  from a th igh  t a r g e t ,  a l ~ w e r  back t a r g e t ,  and the  

angle of t h e  upper l e g  with a ho r i zon ta l  l ine .  These data ,  determined 

on t h e  Vanguard Analyzer, were then processed or t h e  HSRI 1130 d i g i t a l  

computer using the  appropr ia te  trigonometric da l a  handling subroutines.  



Figure 15, lCasit aetup fop two-dimensional model validation. 





Figure 17. Excursion of head center-of-gravity and H-point 
as a function of time, 



X- EXPERIMENTAL 
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Figure  18, R e s u l t a n t  c h e s t  l i n e a r  a c c e l e r a t i o n  i n  g ' s .  



X- Experimental 

0- 2-0 model 

0 20 40 60 80 100 120 140 160 180 200 220 

TIM i-ms. 

F i g u r e  19. R e s u l t a n t  head l i l  e a r  a c c e l e r a t i o n  i n  p l s .  



X- Experimental seat belt loads 

O- Seat belt loads 
2-D model 

Figure 2 0 .  Seat  oelt l o a d s .  



Figure 21. Shoulder harness  lc ' ads .  



X- Experimental 

0- 2-0 model 

Figure 22. Forward motion of H-point. 



X- Experimental 

0- 2-D model 

Figure 23. Forward motion of head center-2f-gravity. 



1001 X- Experimental 

F i g u r e  24. P i t c h  a n g l e  o f  head .  



ANGLE OF UPPER LEG-degrees 



Dimensions of Forearms: 

Dimensions of Upper Arms 

NEAR JOINT 

Dimensions of Lower Spine: 

F i g u r e  26 .  C e n t e r s - o f - g r a v i t y  and d i m e n s i o n s  
of forearms,  u p r e r  arnis,  and l o w e r  s p i n e .  



Dimensions of Lower Torso Pelvic Area: 

iNTER OF PELVIC TARGET 

.UPPER PELVIC JOINT SURFACE 
MATES WITH SPINE 

"H" 

CJOINT-TO-JOINT g 

Dimensions of Upper Leg: 

Dimensions of Lower Leg Including Foot: 

C.G. / 
Figure 27. Centers-of-pravity and dimensions 
of plevic area, upper lezs, and lower legs. 



Dimensions of Upper Torso Assembly: 

SHOULDER 
POSITION 

JOINT 

TARGET CENTER 

Dimensions of Head Assembly: 

LEROM ETER APEX 

APEX 

Figune 28. Centers-of-gravity and dimensions 
of head and upper torso. 



C. PREPARATION OF A DATA SET FOR THE-COMPUTER SIMULATION 

The preparat ion of a  da ta  s e t  f o r  t he  va l ida t ion  exercise  of the model 

involved determination of t h e  mass and i n e r t i a l  p rope r t i e s  of the  

HSRI 50th pe rcen t i l e  male S i e r r a  dummy as  wel l  as  the  force-deformation 

in t e rac t ions  between t h e  dummy and h i s  s ea t  and r e s t r a i n t  system. Various 

o ther  q u a n t i t i e s  such a s  the  i n i t i a l  impact ve loc i ty ,  the  s led  dece lera t ion  

p r o f i l e ,  and the  pos i t ion ing  of t h e  dummy a t  t he  beginning of t he  decelera-  

t i o n  event were measured d i r e c t l y  from t h e  t e s t  movies or transducer data.  

The center  of g rav i ty  of the  various body p a r t s  was found by suspend- 

ing  the  p iece  by wires  and observing the loca t ion  of i n t e r sec t ing  l i n e s  

of act ion.  The e igh t  mome~ts of i n e r t i a  of the body p a r t s  fo r  use i n  

the  model were found by su;pending each piece on a  t r i f i l a r  pendulum. The 

weights of t he  body p a r t s  ?ere  measured on a  prec is ion  scale.  This data ,  

t abula ted  i n  Table V I  and I'igures 26-28, i s  f e l t  t o  be accurate  within 

1% a s  repeated measurement were taken on the  various quant i t ies .  A 

co r rec t ion  t o  t h e  moments )f i n e r t i a  was made based on the  weight and 

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

Because no impact da ta  i s  ava i lab le  i n  a  form su i t ab 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 29 and the r e s u l t s  i n  Figures 30 and 

31. I n  determining the  curve f o r  load-deflect ion under the  buttocks, t he  

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

p e l v i s  a s  shown, a s  weigh, was added. For determining the  load-deflect ion 

curve a t  t he  f ron t  of t he  sea t ,  t he  durmny was hung as  shown with the  legs  

up, knees locked, and the  buttocks ju s t  touching t h e  cushion. The h ip  

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

readings were taken a t  progressive poin ts  u n t i l  the  sca le  read zero. A t  

t h i s  time the  sea t  f ron t  i s  supporting the  legs.  Weights were then added 

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

disadvantages of being s t a t i c  and only applying the  load over pa r t  of the 



TABLE VI. WEIGHTS AND MOMENTS OF INERTIA OF 
HSRI 50th PERCENTILE SIERRA DUMMY 

- - 

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

l b  in.  l b  sec2 

Right forearm and hand 5. @4 0.300 

Left  forearm and hand 5.187 0. 3@ 

~ i g h t  upper arm 5.938 0.24 1 

Left upper arm 5.656 0.233 

Lower spine 4.531 0. 078 

Lower t o r s o  pe lv i c  area 17. 062 1.709 

Right upper l e g  20.125 I. 316 

Left  upper l e g  20.156 1. 307 

Right lower l e g  and foot  9.781 1.211 

Left lower l e g  and foot  9.813 1.186 

lfpper t o r s o  ( including shoul- 
der  and ches t  mode, ~ 1 : ~ s -  
t i c  "sub-skin" around :.ib 37.438 1,344 
cage and two lower nec': 
ver tebrae clamped t igh . ; )  

Head ( inc luding  two upper 
neck ver tebrae)  

15.781 0.436 



A) LOAD-DEFLECTION UNDER BUT.TOCKS- . .. *, 

BAGS OF LEAD SHOT 

STRAP TO MOLD 
POSITION OF TORSO 
RELATIVE TO THIGH 

--- POINT ON PELVIS 
(right & left side 
measured & averaged) 

For Results, See Graph, Fig. I 

B) LOAD-DEFLECTION AT FRONT OF SEAT 

1 

scale 

F i g u r e  2 9 .  Tes t  cocflpuration f o r  s ea t  
p r o p e r t y  t e s t s .  



S t  AT LOAD Ibs. 

Figure 30. Seat load-.5eflection characteristics. 



Figure 31. Seat load-deflection characteristics at seat front. 



- x- Loading 

- 0- Unloading 

Figure 32. Load-deflection characteristics of s?at belts. 



sea t .  However, it does have the  advan';age of determining .I curve which 

includes deformation p rope r t i e s  of both the  sea t  and dwnmy used i n  t h e  t e s t .  

The s e a t  b e l t  load-def lec t ion  c h a r a c t e r i s t i c  a l s o  l e d  t o  d i f f i c u l t i e s  

i n  measurement. In  t h i s  case,  deformation p rope r t i e s  of t he  b e l t ,  buckles, 

vehic le  attachment poin ts ,  and of t h e  dummy i t s e l f  must be r e f l ec t ed  i n  

t he  modulus which i s  used i n  t h e  model. In  addi t ion  t o  t h i  :, it i s  

necessary t h a t  t h e  deformations be a pro jec t ion  on t h e  two-iimensiocal 

plane of 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  sea t  b e l t s  were 

measured by making use of da ta  gathered during the  t e s t  itself. Force 

t ransducers  were used t o  record the  loads i n  t h e  b e l t s  and 'ligh-speed 

movies recorded a plane view of t he  ac t ion  of t he  be l t s .  Tnerefore, using 

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

t he  b e l t  attachment poin t  i n  t h e  vehicle ,  it was poss ib le  t o  construct  a 

t a b l e  of t h e  sea t -be l t  l ength  a s  a funct ion of time. This, when combined 

wi th  t h e  da ta  from the  load c e l l s ,  was used t o  construct  F i ~ u r e  32. 

Measurement of t h e  deformation c h a r a c t e r i s t i c s  of t he  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 ind loads from 

t h e  force  transducers.  

D. COMPARISON OF THE SLED TEST DATA WITH THE PREDICTION OF THE MODEL 

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

accomplished by measuring the  parameters necessary f o r  t he  operation 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 experimentally were the  

s t i f f n e s s e s  of t h e  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 wi th  t h e  d e f i n i t i o n  of a "stop. " In  most computer 

s imulat ions the  various body segments do not even i n t e r a c t  with the  s tops 

making p rec i se  d e f i n i t i o n  unnecessary. Also, it has been found i n  other  

exerc ises  of t h e  model t h a t  va r i a t i on  of these  q u a n t i t i e s  over r a the r  

wide ranges does not have a l a r g e  e f f e c t  on the  body kinematics. Thus, 



i t  i s  f e l t  t h a t  the  impact data  which was measured provides a  va l id  

t e s t  case. 

Two types of comparisons can be made between ana lys is  and experiment.. 

On one hand, t h e  ac tua l  dummy body motions a r e  studied; on the ot,her, 1 he 

f 'orces and acce lera t ions  experienced by the  body a r e  examined. 

The excursion of the  head center  of g rav i ty  and the  H-point a r e  

shown i n  Figure 17 a s  a  funct ion of time. It can be noted t h a t  both 

the  head and the  h ip  moved down t o  a  grea te r  degree i n  the t e s t  than they 

did i n  the  simulation. Also, the  h ip  was observed t o  m ~ e  fur ther  forward 

i n  the  t e s t .  It i s  f e l t  t h a t  t h i s  can be explained by an examination 

of  t h e  h ip  s t ruc tu re  of t he  S i e r r a  dummy i n  comparison t o  t he  model. 

In  the  dummy, the  sea t  b e l t  was observed i n  the t e s t  t c  r i d e  over the  

pe lv ic  s t ruc tu re s  i n t o  t h e  abdominal area. In t he  modcl, the  b e l t  was 

required t o  s t ay  on a rad ius  which was a  f ixed dis tance from the H-point. 

Thus, i n  t he  t e s t  submarining was allowed, while i n  t he  simulation, it 

gas  impossible. The f a c t  t h a t  submarining was s*s;erved i n  the  t e s t  may 

wel l  explain the  subs t an t i a l  nonlinear softening-spring behavicr of t he  

sea t  b e l t  load-deflect ion curve. 

Figures 22 and 23 describe the  forward motion of head and hip a s  

:a. f 'unction of time. The predic t ion  of head motion i s  qu i t e  good whereas 

the motion of the  h ip  d i f f e r s  during rebound possibly a s  a  r e s b l t  of 

submarining and the  f a c t  t h a t  t he  b e l t  i s  buried i n  t h e  dunmy abdomen 

a f t e r  the  t e s t .  

The p i t c h  angle of the  head i s  p lo t t ed  i n  Figure 24. Although the  

phase i s  cor rec t ,  t he  magnitudes a r e  not. The e r r o r  i n  p i t ch  magnitude 

i s  about 3%. It i s  f e l t  a t  t h i s  time t h a t  the  g rea t e r  f l e x i b i l i t y  of 

t h e  dummy neck (note  t h a t  t h i s  would be even more exaggerated i n  a  l i v i n g  

sub jec t )  leads t o  t h i s  error .  It i s  possible  t h a t  t h i :  phenomenon can be 

compensated fo r  by a l t e r i n g  the  jo in t  s top angle from -,he values used i n  

t h i s  simulation. By increasing t h e i r  values, g rea t e r  ' f l e x i b i l i t y "  i s  

introduced t o  t he  dummy. 



Figure 25 shows the  p i t c h  angle ]'or t he  upper leg. In t h e  model 

t h i s  body element pi tched up and down more quickly than i n  t he  t e s t .  

However, t h e  peak values a r e  s imi l a r ,  poss ib ly  because the  r o t a t i o n  of 

t he  pe lv ic  a rea  of t h e  dummy down 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 h e  r o t a t i o n  of t he  upper leg. This seems l i k e l y  from qunli-  

t a t i v e  observat ions of t he  high-speed movies. 

Figure 18 shows t h e  r e s u l t a n t  ches t  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 respect  t o  

phase and peak G-values, The t e s t  data  were determined a s  a combination 

of' t h e  t h ree  rcadings of a t r i a x i a l  accelerometer pack. The readings isor 

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

spike a t  180 ms i n  t h e  model and t h e  r i s e  i n  t h e  t e s t  data  r e f l e c t  

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

Similar ly,  i n  Figure 19 t h e r e  i s  f a i r l y  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 

predic ted  by the  model occurred a s  t h e  head pi tched forward s u f f i c i e n t l y  

f a r  t o  encounter t h e  "stop" b r i e f ly .  Spikes of t h i s  natfure 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  act .  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  t h e  system. 

Figures 20 and 21 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 magnixde i n  the  sea t  

b e l t  loads. The predic ted  harness loads appear t o  be l ) w  although t h e  

peak values a r e  wi th in  15%. The reason f o r  t h i s  i s  unk.lown a t  present.  

It i s  poss ib le  t h a t  t h e  e r r o r  could be experimental i n  ;hat s igna l  c l ipp 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 selection of force-  

deformation curves and s lack  f o r  t he  harness system. 

The comparisons between theory 2nd experiment which have ju s t  been 

presented represent  t h e  beginning of t h e  most important phase of the  model 

development program-the determination of the a b i l i t y  0.' t h e  model t o  



describe the physical  system. Agreement i s  good on many important 

quan t i t i e s  discussed above. The differences noted i n  other qtfantit ies 

r e f l e c t  both d i f f i c u l t i e s  i n  mathematically descr ibing a continuous 

body by lumped masses and a l s o  d i f f i c u l t i e s  i n  determining the input 

da ta  with which the  model can be exerc-ised. 



I V .  USERS ' GUIDE FOR THE TWO-DIMENSIONAL CRASH VICTIM SIMULATOR 
> "  . , 

This p a r t  of t he  r epo r t  i s  intended t o  serve a s  a  2omplete IJsers' Gui. t I(> 

f o r  exerc is ing  the  HSRI Two-Dimensional Crash Victim Simulator. Sections A 

and B provide information f o r  the  preparat ion of an input  da t a  deck or f i l e .  

Each card ( or f i l e  l i n e )  i s  defined i n  Table V I I  of Section A with references 

t o  Figures included i n  t h i s  r epo r t  descr ibing the  physical  nature of the  

various input  da t a  and t o  t a b u l a r  d a t a  included i n  Section B. 

The output from the  computer program i s  discussed i n  Section C. This 

ma te r i a l  i s  complete with regard t o  the de t a i l ed  p r in tou t  produced i n  those 

cases  where debugging information i s  needed. 

Sect ion D i s  a  t echn ica l  guide t o  t he  user  f ami l i a r  with the  M T S * ~  who 

wishes t o  exerc ise  t he  model from a t e l e type  terminal .  The RUN statement i ' o ~  

exerc is ing  the  model i s  described firs:, followed by a  descr ip t ion  of the use 

of a conversat ional  progrzm which allows the  user  easy Eccess t o  desired p o r .  

t i o n s  of the  output generated i n  an exerc ise  of the  model. 

The f i n a l  four  s e c t i s n s  of Par t  I V  ( E ,  F, G, and H' describe and docu- 

ment t he  funct ioning of the  computer program. Section ': contains an ove ra l l  

b r ie f  desc r ip t ion  of the  program along with a  flow diagxm; techniques f o r  

i n t e g r a t i n g  the  equations of motion a re  described i n  S e ~ t i o n  F; find flow 

diagrams f o r  the ind iv iduz l  subrout ines  a re  included i n  Section (r. 

A. DESCRIPTION OF INPUT 3ATA CARDS 

A l l  except the  l a s t  severa l  input  cards have the  same format, and a re  

l a i d  out i n  e ight  f i e l d s  of t e n  column; each. With the  exception of the  f i r s t ,  

each f i e l d  contains  one input  datum. Ihe f i r s t  f i e l d  contains one input  datum 

i n  columns two through t e n  p lus  an i d e n t i f i c a t i o n  l e t t e r .  This l e t t e r ,  which 

appears i n  column one, def ines  the  s e t  of parameters on t h a t  card. The order 

of the  da ta  cards i s  i r r e l e v a n t  up t o  the  "z" card which precedes the  SUMMARY 

card. If more than one of t he  same card i s  included, the  l a s t  one w i l l  be 



qiven p r i o r i t y  and i t s  da t a  used. 

S t a r t i n g  with "z" card, t h e  following order must be .preserved: 

I1 I t  1. Z card. 

2. SUMMARY card. . . ., 

3. Relabel l ing cards ( i f  any).  

4. "-2" card. 

5 .  Tolerance l e v e l  r e s e t  cards ( i f  any). 

6. "-1" card ( i f  i n j u r y  p o t e n t i a l  switch i s  on). 

7. 3 cards containing p robab i l i t y  da t a  ( i f  i n j u r y  p o t e n t i a l  switch 

and p robab i l i t y  switch a r e  on). 

8. F i r s t  f i e l d  con t ro l  card. 

9. Second f i e l d  con t ro l  card. 

10. Cards specifying STYX p r i n t  times i f  required. 

11. Contact r a d i i  p r i n t  con t ro l  card. 

More than one da t a  deck mw be submitted a t  the  same time by simply 

pu t t i ng  them one a f t e r  another,  each with i t s  awn f u l l  complement of cards 

( "A" through "STYX"). When the  program i s  f in i shed  with the  f i r s t  da t a  deck, 

i t  w i l l  look f o r  a  second. I f  i t  f inds  more data ,  i t  w i l l  continue, other- 

? i s e  it  w i l l  s ign  of f .  

The inc lus ion  of the  SlllDMRY da ta  card a t  t he  end of a  deck of input  

I a t 2  r e s u l t s  i n  t h e  t abu la r  output included a t  the  end of a  computer run. 

l ? d s  output i s  the r e s u l t  of a  successfu l ly  executed program and allows the  

user t o  evaluate  the  physics of t he  problem. 

P, t  present ,  the contact  surface l a b e l  i s  chosen according t o  Table XV. 

Hovever, the  user may a l t e r  the  l a b e l s  using the  RELABEL card described i n  

Table V I I .  This card may be in se r t ed  a f t e r  the  SUIIMARY card i n  the  da ta  deck 

with the index of t he  surface t o  be r e l abe l l ed  i n  columns one and/or two and 

the  eighteen BCD charac te rs  of the  new l a b e l  i n  columns eleven thrdugh twenty- 

e ight  su i t ab ly  centered; e.g.: 

- 2 - - - - - - - - - -  HEAD - REST - - - - - 
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TABLE VII. INPUT DATA CARDS (page 7) 

Cards Field Table Figure Quantity U n i t  

V 1 XVII number specifying the  input  t a b l e  

switch ind ica t ing  whether t a b l e  i s  
a constant  or  not (0=yes, l=no) 

time of next break point i n  piecewise 
l i n e a r  curve 

V 4 value a t  the  i n f l e c t i o n  point  

t a b l e  element de le t ing  mechanism 
( not used) 

x7y not used 

Z 1 X V I I  I debugging switch value (IBUG) 

sec 

in./sec2 

NOTE: Several addi t iona l  cards follow the  Z-card when the summary t a b l e  p r in tou t ,  t he  graphical  p lo t ,  
or t h e  s t i c k  drawings a r e  t o  be produced. These cards a r e  exceptions t o  t h e  r u l e  governing l e t t e r s  
i n  the f i r s t  column. 
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A g r a p h i c a l  output  c a l l e d  STYX which i s  based on t h e  t a b u l a r  d a t a  o ~ t p ~ t  

i s  i n  use  a t  HSRI. The u s e r  of STYX bas s e v e r a l  op t ions  a v a i l a b l e  which a r e  

f i x e d  both  i n  t h e  i n p u t  t o  t h e  main program i n  t h e  case  of t h e  c o n t a c t  su r faces  

qnd i n  t h e  i n p u t  d i r e c t l y  t o  STYY. Furthermore,  t h e r e  i s  t h e  opt ion t o  use 

:'WX o r  s k i p  it a l t o g e t h e r ,  

The c o n t a c t  s u r f a c e s  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 u l a r  

run  a r e  represen ted  i n  t h e  STYX output .  To t h i s  end, each con tac t  must have 

i t s  r e fe rence  p o i n t  f i x e d ,  and i t s  l e n g t h  and angle  s p e c i f i e d  on i t s  owc E 

card 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  of t h e  

T card 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  vec to r  IGNORZ ( 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  s u r f a c e s  i n  b o t h  t h e  program and t h e  s t i c k  f i g u r e  r e p r e s e n t a t i o n .  

C o n t r o l l i n g  t h e  use of STYX i s  a  switch,  NSTICK, read by SUMARY. I n  tho  

i n p u t ,  t h i s  swi tch i s  on t h e  ca rd  immediately fo l lowing  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  of 1 0  spaces  each and 4 i n t e g e r  f i e l d s  of 5 spaccs;  

NSTICK i s  t h e  t h i r d  i n t e g e r  f i e l d .  I f  it i s  blank or  zero,  STYX w i l l  be cxe -  

cu ted ;  i f  nonzero, i t  w i l l  be skipped. 

I f  S'IYX i s  t o  be used, i t s  i n p u t  fo l lows  t h e  second SUMARY "go" card.  

The f i r s t  card con ta ins  seven i n t e g e r  f i e l d s ,  each f i v e  columns long. Th. 

f i r s t  f i e l d  ho lds  t h e  number of h o r i z o n t a l  l i n e s ,  IWL, wi th  r e s t r i c t i o n :  

2 - < NHL - < 24. The second f i e l d  i s  used t o  s p e c i f y  t h e  number of spaces 

between h o r i z o n t a l  l i n e s ,  NSBH, which must s a t i s f y  t h e  i n e q u a l i t y :  (MIL-1) 

V S B H  + YJHL - < 48. The t h i  nd f i e l d  has t h e  number of v e r t i c a l  l i n e s ,  NVL, wi th  

r e s t r i c t i o n :  2 - < NVL - < 5 3 .  The f o u r t h  f i e l d  d e t a i l s  t h e  number of spaces 

b ~ t w e e n  v e r t i c a l  l i n e s ,  NSYV, which must s a t i s f y  t h e  i n e q u a l i t y :  (NVL:~)  

'RFBV + NVL - < 106. 

The f i f t h  f i e l d  i s  th i  swi tch t h a t  c o n t r o l s  t h e  p r i n t i n g  of t h e  zero  

l i n e s .  If t h i s  f i e l d  con t : ins  a zero,  t h e  z e r c  l i n e s  p r i n t ;  otherwise they 

a r e  omltted.  The s i x t h  f i e l d  s p e c i f i e s  ISTEP, ;he 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 l d  holds  - 
METH, t h e  swi tch c o n t r o l l i n g  t h e  msthod of gene *sting i n p u t ,  If b%TH f 0, t h e  



time p o i n t s  a r e  generated au tomat ica l ly ;  i f  KETH = 0, then  t h e  time p o i n t s  

must be s p e c i f i e d  by t h e  user .  

The nex t  ca rd  i s  d ivided 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  of t h e s e  a r e  t h e  minimum and maximum values  of X and Y, r e s p e c t i v e l y ,  

t h a t  a r e  t o  be p r i n t e d ,  Care must be exerc i sed  s o  t h a t  t h e  e n t i r e  f i g u r e  w i l l  

be conta ined by t h e s e  boundaries.  For s c a l i n g  purposes t h e  equat ion:  

must be s a t i s f i e d ,  The nex t  two f i e l d s  a r e  t h e  two parameters necessary  when 

NETH f 0, FIRST i s  t h e  f i r s t  t ime s t e p  t o  be p r i n t e d ,  and DELTA i s  t h e  inc re -  

ment between t h e  t ime po in t s .  ISTEP, s p e c i f i e d  above, i s  t h e  number of time 

poiilt s  t h a t  a r e  generated au tomat ica l ly ,  

I f  METH = 0, t h e  next  ISTEP cards  con ta in  t h e  des i red  t ime p o i n t s .  If 

MEW f 0, t h e s e  c a r d s  -- must n o t  bt: inc luded ,  Each t ime po in t  must be i n  t h e  

f i r , ; t  8 columns of i t s  own separtt te card ,  and t h e  number of ca rds  spec i fy ing  

t i m :  p o i n t s  must be equal  t o  IST-SP. These time p o i n t s  may 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 ,  bu t  t h e y  must be i n  chrono log ica l  order .  The requested 

time? p o i n t s  need n o t  match exact.-y t h e  c a l c u l a t e d  t ime po in t s .  The n e a r e s t  

a v a i l a b l e  t ime p o i n t  t o  t h e  requ1:sted t ime po in t  w i l l  be p r i n t e d .  I f  any 

requested time 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  time 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 pr inted-but  only  once. The time t h a t  i s  p r i n t e d  

i n  -;he 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, no t  t h e  requested time. 

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 ~ r o l l i n g  t h e  p r i n t i n g  of t h e  c o n t a c t  r a d i i .  Each one p r i n t s  on O.and i s  

omi 5ted i f  t h e  f i e l d  con ta ins  an;rthing e l s e .  These s,ij .tches c o n t r o l  respec-  

t i v : l y :  t h e  h ip ,  nothing,  t h e  c l e s t ,  nothing,  t h e  e l b w ,  t h e  hsnd, t h e  knee, 

t h e  f o o t .  

To avoid congest ion,  only t ~ e  man i s  p r i n t e d  ou t  wi th  connecting d o t s .  

A l l  of t h e  c o n t a c t  s u r f a c e s  have only t h e i r  end p o i n t s  p r i n t e d  out and must 

be 2onnected by t h e  use r ,  S i m i l i r l y ,  only t h e  end p o i n t s  of t h e  lower shoulder  



and s e a t  b e l t s  a r e  p r i n t e d ,  and t h e  upper shoulder b e l t  should be conncctcn 

t o  the  f i f t h  jo in t .  The con tac t  r a d i i  a r e  ind ica ted  a s  unob;rusively as 

poss ib le .  

B. INFORMATION TABLES 

The fol lowing t a b l e s  desc r ibe  t h e  subscr ip t ing  usrd  i n  the  program. I n  

add i t ion ,  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  given a s  we l l  a s  q u a n t i t i e s  

used i n  t h e  i n j u r y  c r i t e r i a  model. C e r t a i n  t a b l e s  l i s t e d  e a r l i e r  i n  t h e  

t e x t  a r e  repeated i n  t h i s  s e c t i o n  f o r  ease  and a s s e s s a b i l i t y  t o  t k e  user .  

TABLE VIII. SUBSCRIPTS OF BODY JOINTS 

I Spine ) sp ine  I I I 

Subscr ip t  
J o i n t  

TABLE I X .  SUBSCRIPTS OF BODY SEGMENTS 

1 

Hip 

TABIE X ,  SUBSCRIPTS OF CONTACT ARCS 

Subscr ip t  
Bodysegment 

2 
Lower 

TABLE X I .  LCONTL VALUES 

1 
Lower 
Torso 

Subscr i  t 

[ O  - P r i n t s  Summary + Krunch A i f  IBUG=O 

3 
Upper 

LCONTL = 1 - P r i n t s  Summary + Krunch A 

2 
Middle 
Torso 

'7 ' Upper ' Head Elbow Hand Knee Foot 
Torso 

3 

( 2 - P r i n t s  Krunch A 
k 

4 
Neck 

3 
Upper 
Torso 

4 

5 
Shoulder 

4 
Head 

6 
Elbow 

5 

7 
Knee 

3 
Upper 

A r m  

7 5 8 

6 
Lower 

A r m  

7 
Upper 

Leg 

8 
Lower 

Leg 



TABLE XII. BELT PARAMETER IhTDM 

Belt parameter index = 2, lower shoulder belt 

3, upper shoulder belt 

TABLE XIII. NBELT VALUXS 

i 
0 no belts 
1 lap belt 

NBELT = 
2 shoulder belts 
3 lap belt and shoulder belt 

TABLE XIV. OCCUPAXT POSITION OFTIONS 

1, driver 

Occupant position option := 2, front passenger 

3, ??a? passenger 

TABLE XV. NORMAL COIJTACT SURFACE INDICES 

Index* Normbl Contact Surface 

0 floor 
seat back 
roof or head rnst 
upper steering wheel, 
upper dash, back of 
front seat 
windshield 

5 lower steering wheel 
6 lower panel 

steering column 
t oeboard 
steering wheel 

*It is permLs~;ible to use any index for any 
other contact surface as long as it is com- 
patible with the table of possible contacts 
in Table XVI. For example, an air bag could 
be simulated by using the various segments 
of the steering wheel. 



k n /I 
n M 3 
d 'C] w w 

rl 
a, 
a, 
C 
3 
M 
C 
.rl 
k 
a 
a, 
4J - 
01 cu 

d 
k u 
a, 
Pi-  
PI 
5 u 



TABLE XVI. CCCTJPANT CONTACTS VERSUS VEHICLE CONTACTS (page 2 )  

Contact Front Front 
Arc Passenger ( 2 )  Passenger ( 3) 

Subscript Driver (1) Contacts Contacts Contacts 

elbow ( 5 )  sea t  back ( 1 )  [15] s e a t  back (1) [12] sea t  back (1) [ll] 

knee (7) lower panel ( 6) 1163 lower panel ( 6 )  [13] back of f r o n t  sea t  (3)  [12] 

foot  ( 9) floorboard (0)  [17] floorboard (0 )  [14 1 floorboard ( 0 )  [13] 

toeboard ( 8) [18] toeboard (8)  [18] back of f r o n t  s e a t  (3 )  [ l k ]  



TABLE X V I I .  INPUT TABLE SWITCHES 

i 1 - vehicle  dece lera t ion  funct ion 

Input t a b l e  = 2 - time-varying debugging switches* 

3 - ( r ead  but  not  used) 

*Use of t h i s  switch i s  cont ro l led  by IBUG value i n  
Table X V I I I .  

TABLE X V I I I ,  IBUG SWITCHER 

negat ive in t ege r  - Input t a b l e  2 i s  used 

- no debugging pr in tout  

- various l e v e l s  of debugging 
(See Debug sec t ion )  



TABLE X I X ,  INDICES FOR THE INJURY CRITERIA QUANTITIES 

Index Quantity 

1 Sever i ty  Index 

2 Head Pi tch Acceleration (rad/sec2)  

3 Chest Load ( l b )  

4 Shoulder Belt  Load ( l b )  

5 Pelvic  Belt  Load ( l b )  

6 Knee Load (each)  ( l b )  

7 Chest A- P GLoad 

8 Chest S-I G-Load 

9 Hip Angle Flexion (deg)  

1 0  Lower Spine Angle Flexion ( deg ) 

11 Upper Spine Flexion ( deg) 

12  Neck Angle Flexion (deg)  

13 Shoulder Angle Flexion (deg)  

1 4  Elbow Angle Flexion (deg)  

15 Knee Angle Flex-ion (deg) 

16 Hip Angle Hyper 3xtension (deg) 

17  Lower Spine Angle Hyperextension (deg)  

18 Upper Spine Angle Hyperextension ( deg) 

1 9  Neck Angle Hyperextension (deg) 

2 0 Shoulder Angie Hyperextension (deg)  

21 Elbow Angle Hyperextension (deg)  

2 2 Knee Angle Hyperextention (deg) 

Note: See Reference 28 f o r  a discussion of t h e  i n ju ry  
c r i t e r i a  model and a sample output generated by 
the  computer program, 



TABLE XX, PROBABILITY LABZLS 

Index Card 1 Card 2 Card 3 

0 ( User option) (User option) (user option) 

1 Front collision Driver No restraint 

2 Rear collision Right front passenger Lap belt only 

3 - - Right rear passenger Shoulder harness only 

Left rear passenger Shoulder harness and 
lap belt 

Airbag and lap belt 
use 

Inverted y-yoke and 
lap belt use 



C .  GENERAL PROGRAM OUTPUT 

The program p r in tou t  cons i s t s  of the following pa r t s :  run statement 

a n d  map, allowable contact  spec i f i ca t ions ,  input  data ,  intermediate  general 

p l i n t o u t  with various possible  debugging options, and t abu la r  summary. 

There a r e  four  l e v e l s  of debugging p r in tou t  provided i n  the  program. 

The f i r s t  l e v e l  of p r in tou t  (IBUG = 0)  i s  always pr in ted  upon program execu- 

t i o n .  However, not  a l l  of i t  i s  pr in ted  i f  For t ran  Logical Unit Number 6 i s  

s e t  t o  *DUMMY* or equivalent.  The other  l e v e l s  ( I B U G  = 1, 2, 3)  a r e  s e t  up 

w i n g  the  input  da t a  cards  labeled "v." Because of the piecewise-linear 

neture of information input ted t o  t he  computer program using "v-cards" it 

i s  poss ib le  t o  i s o l a t e  small time segments within the  forward in t eg ra t ion  

period covered by the simulation and produce de t a i l ed  debugging pr in tout  a s  

needed. 

Although var iab le  l e v e l s  of debugging pr in tout  a r e  spec i f ied  only by 

piecewise l i n e a r  sect ions,  only in t ege r  values of TRVG have meaning, so the  

bes t  p rac t i ce  i s  t o  use a very small time s t e p  between in t ege r  values of 

IBUG. A sample of t he  "V card" input  i s  given i n  Table XXI and graphed i n  

Figure 34. 

I f  a p r i n t  time occurs while IBUG i s  a l i n e a r  ramp, some intertriediate 

IBUG p r in tou t  w i l l  occur ( I B U G  = 1, 2)  a s  the  values a r e  rounded off approxi- 

mately t o  i n t ege r  values. 

The f i r s t  i tem pr in ted  out a f t e r  the  EXECUTION BEGINS statement i s  a 

t ~ b l e  of the  permissible  contac ts  f o r  the  NPASGR option selected.  "NS" i s  

the t o t a l  number of contac ts  and t h e  next two l i n e s  give the  ind ices  of the  

body segment and i t s  corresponding allowed contact  surface (see Table XV). 



TABLE XXI. SAMPLE V CARD DEBUG IXPUT DATA SET 

It should a l s o  be noted t h a t  contact  forces  a r e  labeled by the  following 

scheme i n  p r in tou t s  from subroutines LODFEC and CONTAC ( s e e  Table XXII),  

Data Card Column 

Information on 
each da ta  card 

Indices  1, 2, and 3 a r e  b e l t s  ( l a p ,  lower shoulder harness, upper shoulder 

21 

0. 
0, 099 
0,100 
0.149 
0.150 
0.200 

harness) .  Index 4 i s  v e s t i g i a l .  The index p a i r s  l i s t e d  under I and A a r e  

labeled from 5 through a maximum of 18 ( see Table XVI ). 

3 1 

0. 
0. 
3. 
3. 
0. 
0. 

1 

V2. 
V2 , 
v2. 
V2. 
V2. 
v2. 

The input  da ta  follows the  l i s t i n g  of t he  contacts .  These variables  

11 

1. 
1. 
1. 
1 
1 
1 . 

a r e  described i n  Par t  IV, Section A of t h i s  paper. The surface index A i s  

p r in ted  one g rea t e r  than the  l i s t i n g  i n  Table V I I .  For example, A = 1 i s  

t he  f l o o r  index whereas t h e  value i n  the  t a b l e  i s  zero. 

Intermediate general  p r in tout  can be described by a t ab l e  and a l i s t  of 

accompanying comments. Table XXII cons i s t s  of t he  debug leve l ,  the  subroutine 

generat ing the  output, and the  var iab les  included i n  each output group and 

Table X X I I I  l i s t s  spec i f i c  comments which a r e  generated by the  program indi-  

ca t ing  c e r t a i n  e r r o r  condit ions and other  aspec ts  of program function. 



Time - Sec. 

F i g u r e  33 .  D e s c r i p t i o n  o f  t i m e - v a r y i n g  debug  t a b l ? .  



TABLE X X I I .  INTEBNEDIATE GENERAL PRIXTOW (page 1) 

Debug Level* 
(and debug p r i n t o u t  

number) 

0 (1) 

Routine 

MAIN 

M A I N  

KRUNCH 

GETY 

SEAT 

Label 

IGNORE 

- - 

STEP 

SEAT 

Contents 

Number of contact  su r faces  ( N S ) ,  index 
of con tac t  a r c s  ( I ) ,  index of con tac t  
su r faces  ( A )  ( s e e  note  on Table XXIII) 

Output or' inpu t  (See P a r t  IV.  A of 
r e p o r t )  ( s e e  note  on Table XXIII) 

Switch i n d i c a t i n g  s t a t u s  of t h e  con tac t  
su r faces  (tl = no con tac t ,  -1 = no 
f r i c t i o n ,  0 = f r i c t i o n )  

Present  time (ARG) ,  time modulo 24 (MOD 
ARG) , t a b l e  number ( TABLE), o rd ina te  
( o m )  

2 s i n  Qi, cos Qi, Qi2, LiBi , aiQi2 i n  
f i v e  columns f o r  i = 1-8 i n  e i g h t  l i n e s .  
( L  = i n , )  ( 8  = rad)*.  Quanti ty "a" i s  
matr ix  ps.rameter. 

Z ( i n )  ( d i s t a n c e s   fro^ h i p  t o  f r o n t  of 
s e a t  ) 
FS ( F s )  ( l b )  ( h i p  s e a t  f o r c e )  
FSPRM ( F ' s )  ( l b )  ( f r o n t  edge s e a t  f o r c e )  
FZ ( F Z )  ( l b )  ( f o r c e  on f r o n t  s e a t )  
SMALLF ( f )  ( l b )  ( f r i c t i o n  f o r c e  magni- 
tude)  
SUMBY ( \ y S  + fpyS2 + ~ ~ ~ ~ 3 1  ( l b )  (non- 
l i n e a r  h i p  f o r c e )  
ZMLCTS ( z - L7 cos Q7) ( i n .  ) ( d i s t a n c e  
from knee t o  f r o n t  of s e a t )  

*(ai  = l b  i n - f o r  i = 1-8, l b  f o r  
i-g,  1 i n .  f o r  i = 10-17.) 

*NOTE: The terms "Debug Level" and "IBUG value " a r e  equivalent  throughout 
t h i s  r e p o r t ,  



TABLE X X I I .  INTERMEDIATE GENERAL PRINTOUT (page 2)  

Debug 
Level 

0  ( 7 )  

Routine 
- -- 

LODFEC 

CONTAC 

LODFEC 

C ONTAC 

Contents 

N ( index  of force)  (See Table XVI  and 
t e x t  above) 
SDL ( 6 )  ( i n . )  (de f l ec t ion )  
SDD ( b )  ( in . / sec)  (de f l ec t ion  r a t e )  

( F )  ( l b )  (contac t  force)  
ET ( E )  ( i n ,  l b )  (energy s ince l a s t  unloaded 
cyc le)  
EPSLNT ( 8 )  ( i n .  :I ( permanent deformation) 

N ( index  of contact)  
DZLOA ( 6 )  ( i n . )  (de f l ec t ion )  
DELIAD ( b )  (in./'sec) (de f l ec t ion  r a t e )  
PN (?.I) ( l b )  ( f o x e )  
EONE ( r: ) ( i n .  11;) ( t o t a l  conserved energy) 
EPSLNY t&)  ( i n .  ) (permanent deformation) 

C ONT AC 

BODY 

VECTOR 
QUE (Subscript  I = 1-10 r e fe r r ing  t o  the 
body segments (1-8) as  defined i n  Table 
I X  and the x-y cscrdinates  of the hip. 
Units f o r  s u b s c ~ i p t s  1-8 a re  in .  l b  and 
f o r  9-10 a r e  l b )  (cont r ibu t ion  t o  genera- 
l i zed  force vector of contact surfaces i s  
defined i n  Tablt? XV.) 

BODY 1 I ( index f o r  each l i n e  defined as QW 
subscr ip ts )  
GEE ( g r a v i t a t i o n a l  ~ o r ~ t r i b u t i o n  t o  gen- 
e ra l ized  force  vector)  
DEE (cont r ibu t ion  of s ea t  bottom and b e l t s )  
BEE ( contr ibut ion of cen t r i fuga l  forces)  
SMALLB ( t o t a l  generalized force  vector) 

ZMAKER 

ZMAKER 

ZMAKER 

A 
MATRIX 

A 
INVERSE 

CHECK 
OF 

INVERSE 

AA (doubly subsc:ripted matrix of differen-  
t i a l  equations. Rows possess u n i t s  defined 

i n  QUE) 

ANVERS (doubly subscripted inverse of AA) 

CK ( A - ~ A  + A A - l )  (chec i of inversion 
r o u t i r e )  



TABLE XXII. INTERMEDIATE GENERAL PRINTOUT (page 3) 

Debug 
Level 

1 (14) 

1 (15) 

1 (16)  

1 (18)  

1 (17)  

1 (19)  

Routine 

DELZMK 

KRWCH 

KRUNCH 

JITTER 

JITTER 

JITTER 

Label 

DELZMK 

ZK 
BASE 

TIME 
IMPX 

I 
AK 

ZRV = 

ZPPP = 

D E W  = 
FMM = 

Contents 

A subscript ion comment "FOR MODE No. ( 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  mode. 
F > r  K = 1-7, index r e f e r s  t o  jo in t .  For 
K = 8, index r e f e r s  t o  sea t  cushion, For 

K = 9, ..., index i s  k + 4, see page 26, 
DELZ (J,K) This doubly subscripted vector 
shows the change i n  acce lera t ion  vector 
( J  = 1-10) due t o  an i n s t a b i l i t y  ( K  = l , , ,  

ZJECPP (acce lera t ion  vector due t o  con- 
t inuous forces  and unstable f r i c t i o n  forcc 
Subscripts  r e f e r  t o  angular coordinates 
( 1-8) )  l i n e a r  coordinates ( 9-10), and 
vehicle (11) .  Units a r e  rad/sec2 and 
in. /sec2)  

Time since beginning of co l l i s ion  event, 
M I  (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 modes 
with subscript  I = 1, ..WXI) 

I ( index of averaging p a i r )  
AK (weighted averaging coef f ic ien t  used 
i n  el iminat ing i n s t a b i l i t i e s )  

Comment: MODE ( index)  TURNED ON ( or OFF 
or JITTER FOR MODE (index) 

Relat ive accelerat ion from ZKBASE f o r  
mode N 
Relat ive accelerat ion from previous . 
averagings 
Relat ive acce lera t ion  from DELZMK ( K  = 7 )  
Slope of vehicle  decelerat ion (,in./sec3) 
These quan t i t i e s  a r e  la rge ly  v e s t i g i a l  

- - 



TABLE XXII. I N T E ~ I A T E  GWERAL PRINTOUT (page 4) 

Contents 

ITAU ( i T )  ( index of j i t t e r i n g  f r i c t i o n  
contac t )  
TAUHAT (4) ( se lec ted  time i n t e r v a l )  
TAU1 ( a l l  predicted time i n t e r v a l s )  
( I  = 1-16, i n  two l i n e s )  

1 (21)  

Label 

T  AUMAK 

Debug 
Level 

1 (20)  

3 (22)  

1 (24 )  
(0 a t  
p r i n t  
times) 

1 

Routine 

T A W  

TAUMAK 

1 (23 )  

L IMID T 

MODE 

FECLOD 

NORMUT 

MODE (Switch a r ray  s t a t i n g  whether each 
f r i c t i o n  mode (1-16) i s  on ( t l ) ,  off (-1)) 
or  unstably j i t t e r i n g  ( 0 )  .) 

LIMIDT 

XHIP 
YHIP 
XC AR 

I ( index)  
AZ ( r a d  or in . )  (pred ic ted  angular posi- 
t i o n  of body elements, 1-8, x  and y  h i p  
pos i t i on  9-10) and c a r t  l oca t ion  11)  
AZP ( r ad l sec  or  in . / sec)  (assoc ia ted  
v e l o c i t i e s )  
AX ( i n .  ) ( ~ o r i z o n t a l  j o i n t  coordinates.  
Note index 8 r e f e r s  t o  knee and both 1 
and 7 t o  t he  h i p  j o i n t  here only) 
AY ( i n . )  ( v e r t i c a l  j o i n t  coordinates)  
AXE ( in . /sec)  (ho r i zon ta l  j o in t  ve loc i ty)  
AYD ( in . /sec)  ( v e r t i c a l  J o i n t  ve loc i ty)  

FECLOD 

AT TIME 
THETA 

elements 1- 8) 
ZVECP ( deg/sec) ( angular v e l o c i t i e s )  
ZVECPP (deg/sec2) ( angular acce lera t ions)  
ZVEC, ZVECP, Z7~CPP ( i n . ,  in . /sec,  in./secZ) 
(9-12) (pos i t i on ,  veloci ty ,  and accelera-  
t i o n  of h i p  i n  x and y d i r ec t ions  and of 
t he  vehic le )  

TIME ( s e c )  ( t ime)  
INDEX ( index  of contact  force  checked) 
SDEL ( i n . )  (pred ic ted  def lec t ion)  
SDELD ( in . /sec)  (pred ic ted  de f l ec t ion  r a t e )  
FIT ( l b )  (pred ic ted  contact  fo rce )  

TIME ( sec)  
ZVEC ( deg) (angular  pos i t i on  of body 



TABLE X X I I .  INTERMEDIATE GEHZRAL PRIKTGUT (page 5 )  

Debug 
Level 

I Routine I Label / Constants 

TIME 
F S 
FSPRM 

SMALLF 

TIME ( s e c )  
FS ( l b )  ( s e a t  bottom force  on h ip)  
FSPRM ( l b )  ( f o r c e  a t  f r o n t  edge of s ea t  
bottom) 
SMALW ( l b )  ( f r i c t i o n  force  from sea t  
bottom) 

GAMMA 

XHEAD, XCHEST ( in . / sec2)  (ho r i zon ta l  ac- 
ce l e ra t ion  of head and chest c. g. ) 
YHEAD, YCHEST ( in. /sec2)  ( v e r t i c a l  ac- 
ce l e ra t ion  of head and chest  c. g , )  
AHEAD, ACHEST ( in. /sec2)  ( r e s u l t a n t  
acce lera t ion  of head and ches t )  
GHEfiD, GCHEST (deg)  (angle of r e su l t an t  
acce lera t ion  vector)  

or  
1 
i f  
LCONTL 
> 0 

Index of b e l t  segment: seat  b e l t  (1) 
upper shoulder ( 2 ) )  lower shoulder (3) .  
SDELTA ( i n , )  (e longat ion of b e l t )  
SDELTD ( i n .  sec)  ( r a t e  of b e l t  elongation) 
PN ( l b )  ( b e l t  fo rce )  
PHI (deg)  ( b e l t  angle) 
EONE ( in . / l b )  ( t o t a l  energy conserved i n  
b e l t )  
EPSLNY ( i n .  ) (permanent b e l t  deformation) 

- 

MAXR (present  number of f r i c t i o n  modes 
being considered) 
RVEL ( 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) ( r e l a t i v e  accel- 
e r a t ion  f o r  f r i c t i o n  modes considered) 

KFRINT ( p r i n t  switch) 
KINFL ( inf ' lection switch) 
KSTED (maximum time s t e p  switch) 
ITAU (mode se lec ted)  
TAUHAT ( s e e )  (minimum predicted mode time) 
TPRINT ( s e c )  (next  p r i n t  time) 
TINFL ( sec) (next  i n f l e c t i o n  time) 
TSTEP ( sec)  ( l a s t  i n f l e c t i o n  time) 
DELTAT ( s e c )  ( t ime s t e p  se lec ted)  
TIME ( s e c )  (new time) 



TABLE X X I I I .  PROGRAM COMMENTS (page 1) 

GETY 

GETY 

NOTE: These comments w i l l  be pr in ted  out regard less  of whether Unit 5 
i s  s e t  t o  *DUMMY* or not .  

Subroutine 

GETY 

LODFEC 

LODFEC 

LODFEC 

LODFEC 

LODFEC 

ZMA KER 

JITTER 

LIMID T 

Comment 

TABLE HAS NO ENTRIES - 
.4ND CALLED UPON 

TABLE . - MINX = - 
EXCEEDED BY ARG - 
Y SET TO - 
TABLE - w =  - 
EXCEEDED BY ARG - 
Y SET TO - 
CHANGED R FROM - TO - 
FOR INDEX 

RESET CONSERVED ENERGY TO 
LOWER LIMIT AT T = - SEC 

RESET CONSERVED ENERGY TO 
UPPER LIMIT AT T = SEC - 
CHANGED G FROM - T 0 - 
FOR INDEX 

OUTSIDE MONOTOMIC RANGE OF 
L O D I N G  CURVE FOR INDEX N = 

BAD MATRIX. DUMP 

TWO LINEAR JITTER MODES 
AT T = 

AT TIME = DELTA 
T = -  RESET TO - 

LODFEC 

Conditions 

empty tnb le  

off low end of t a b l e  

off high end of table 

R, G, not compatible 

R r e s e t  lower 

R r e s e t  higher 

R, G not compatible 

during loading pa r t  of cycle 
F ( t )  < F  ( t  - ~ t )  

determinant of matrix = 0 

2 contact  f r i c t i o n  j i t t e r  
modes want t o  j i t t e r  a t  same 
time ( f a t a l )  

some forward contact  forces  
predicted t o  change by > 1000' l b  

NEGATIVE FORCE SET TO 
ZERO FOR INDEX N = - 
AT TIME = 

during loading pa r t  of 
cycle F ( t )  < 0; se t  
equal t o  zero. 



TABLE X X I I I .  PROGRAN COMMENTS (page 2)  

Logical input /output  unit s used a re :  

6 f o r  statement's and most output except f i r s t  two items 
of Table X I 1  and a l l  of Table X I 1 1  

Conditions 

Indica tes  j i t t e r  mode selected 

lei[ > 360' ( f a t a l )  

Space a l lo t ed  t o  s torage f o r  
j i t t e r  p roces swou ldbe  
exceeded ( f a t a l )  

f a t a l  

Subroutine 

TAUMAK 

KRUNCH 

KRUNCH 

FEC LOD 

9 f o r  s torage f o r  SUMMARY 

C omment 

RESET MODE ( )TO ZERO 

AT TIME = , ANGLE 

- EXCEEDS 360 DEGRElES 

AT TIME = -) MORE 
THANEIGHTITEMS INJITTE?, 
RUN STOPPED 

AT TIME = FORCE -- 
COMING ON FF OM BEHIND FOR 
INDEX 

These must be specif ied jn  t he  run statement. 

D.  TELETYPE USERSt GUIDE 

This sec t ion  i s  a technical guide f o r  t he  user  of t he  two-dimensional 

crash vict im simulator wt.0 i s  f ami l i a r  with MTs27 and wishes t o  exercise  the  

model from a te le type  terminal  remote from The University of Michigan. The 

RUN statement which causrs  t he  model t o  be exercised i s  described, followed 

by a descr ip t ion  of the use of a conversat ional  program which allows the .user  

easy access t o  desired port ions of the  output generated i n  an exercise  of the  

model. 

The RUN statement f o r  t he  two-dimensional crash victim simulator i s  

$RUN SP78: 2D SCARDS=datafile g=summary f i l e   DUMMY* 

SPRINT=*DUMMY* 

The terms "data f i l e "  and "summary f i l e "  r e f e r  t o  f i l e  names which must 



be supplied by the  user .  The input  da t a  f o r  exerc is ing  the program, which 

has been described i n  Pa r t  IV, Sect ion A of t h i s  r epo r t  i s  s tored i n  "data 

f i l e .  " The output from the  program must be s tored  i n  a f i l e  ( r e f e r r e d  t o  here 

a s  "summary f i l e " )  which should be approximately 25 pages i n  length.  The 

command  DUMMY*" de le t e s  p r i n t i n g  of 0- level  debug output out over the  

t e l e type  terminal .  If i t  i s  no t  desired t o  produce the  output on paper a t  

The Universi ty  of Michigan Computing Center, then the  command "SPRIFUT=*DW*" 

should be used. If p r in tou t  i s  desired,  then "*DUMMY*" should be replaced 

by another f i l e ,  approximately 25 pages i n  length.  

Because the  complete output from one exerc ise  of the  program could take 

up t o  t h ree  hours t o  p r i n t  out a t  a t e l e type  terminal,  i t  i s  necessary t o  

provide a technique f o r  accessing sec t ions  of t h e  output quickly and conve- 

n i en t ly .  Use of t he  program which accomplishes t h i s  i s  described i n  t he  re- 

mainder of t h i s  sec t ion ,  

The program can a l s o  be used t o  r e t r i e v e  information from the  output of 

a previous run. In  e i t h e r  case, t he  summary option must have been used i n  

car ry ing  out t he  exercise .  The f i l e  i n  which the  summary information i s  

s tored ( "summary f i l e " )  becomes the  input  f i l e  t o  the  t e l e type  output access 

program. 

The program has th ree  sec t ions  : " i n i t i a l ,  " Itgeneral, " and "complex. " 

The " i n i t i a l "  sec t ion  enables the  use r  t o  l i s t  any of 54 d i f f e r e n t  input  

values which were used i n  car ry ing  out t he  exercise .  The "general" sec t ion ,  

allows the  user  t o  l i s t  any of 61 d i f f e r 2 n t  output var iab les  over any time 

period. The "complex" sec t ion  enables t he  user  t o  make comparisons. When one 

var iab le  reaches a c r i t i c a l  value, t h e  values of o ther  var iab les  can be,de- 

t ermined. 

The model i s  designed t o  be conversst ional  with t h e  user .  However, t h e  

user  i s  given the  option of pu t t i ng  h i s  i n s t ruc t ions  i n  a f i l e .  

The following command w i l l  t r i g g e r  ~ x e c u t i o n  of t h e  program. 

$RUN ~u8: TALK2 1 = summary f i l e  

o r ,  i f  no conversation with the  program i s  desired:  



$RUN SP78:TALK2 1 = summary f i l e  7 = * D W *  4 = i n s t ruc t ion  f i l e  

The program w i l l  begin with 

ENTER 6 IF CONVERSATIONAL, 7 IF NOT 

I f  a 7 i s  entered,  the  pr3gram w i l l  proceed t o  ge t  the  r e s t  of i t s  information 

from the f i l e  spec i f ied  02 l o g i c a l  u n i t  4. I f  the  end of t h i s  f i l e  i s  reached 

and the  program has not been terminated, the  program w i l l  r e tu rn  t o  conversa- 

t i o n a l  mode. I f  a 6 i s  entered, the  program w i l l  proceed t o  prompt the  user 

f o r  i n s t ruc t ions  beginning with: 

ENTER 1 IF INITIAL, 2 IF GENERAL, 3 IF COMPLEX, 4 IF DONE 

Entering a 1, 2, or  3 w i l l  cause the program t o  go t o  the  indicated section- 

each of which i s  descr ibe1 below, and a 4 w i l l  r e s u l t  i n  termination of the 

program. 

In using the  " i n i t i a l "  sec t ion  of the  t e l e type  output access program, 

the  user  i s  prompted by tile following: 

1 ENTER VARI.1BLE NUMBER - 0 IF DONE 

( ) 

2 ( ) 

3 ENTER CCCU 'ANT POSITION NUMBER 

Statement 1 ind ica t e s  tha-,  the  user  should en ter  a number. The entry of a 

number from 1 t o  54 resu l i , s  i n  the  *ralue of the corresponding input constant 

( a s  described i n  Tables X:IV and XXV) being pr inted,  Then, the user  i s  

prompted f o r  another numbf1r by a p a i r  of parentheses only. This process can 

be discontinued a t  any t i l le  by en ter ing  a 0. 

The f i r s t  time t h a t  ,I, 13, or  39 i s  entered, the user  w i l l  be prompted 

with statement 3. A 1, 2 or  3 must be entered, corr?sponding t o  d r ive r ,  

f r o n t  s ea t  passenger or  r , $ a r  sea t  passenger.  h his information i s  used only 

t o  make t h e  t i t l e s  more d ? sc r ip t ive  and does not change any of the numerical 

r e s u l t s .  ) 

In  using the   genera:^" sec t ion  of the  te le type  cutput access program, 



t h e  user  i s  prompted by the  following: 

1. HOW MANY VARIABLES 

2, ENTER TIME INTERVAL 

FROM ( ) (  ) (  ) 

3 ENTER TIME INTERVAL 

FROM ( t o  ( ) 

4. ENTER OCCUPANT POSITION NUMBER 

5 .  ENTER VALUE OF "PHEAD" 

6. ENTER VALUE OF "CHEST" 

Statement 1 wants t o  know how many v:triables the user i s  i n t e r e s t ed  i n  

seeing. This number can be from 1 t o  4. Statement 2 asks f o r  the  appropriate 

number of var iab le  numbers. These number.; range from 1 t o  61 and correspond 

t o  the  variables  as  l i s t e d  i n  Tables XXVI and XXVII. I f  a 50 or  55 i s  entered, 

statement 4 w i l l  ask f o r  t he  occupant pos:.tion number. Enter 1 i f  dr iver ,  

2 if f r o n t  s e a t  passenger, or  3 i f  r e a r  s ea t  passenger. I f  a 44 or 45 i s  

entered, statement 5 w i l l  ask f o r  a value of "PHEAD. " This i s  the  dis tance 

from the  neck jo in t  t o  t he  loca t ion  of tht? head accelerometer. If a 46 or  

47 i s  entered f o r  a var iab le  number, statc?ment 6 w i l l  ask f o r  the  value of 

"PCHEST." This i s  the  loca t ion  of the  chilst accelerometer. After the  vari-  

able  numbers have been recorded, a time i l l t e rva l  must be specif ied.  A car- 

r i age  r e tu rn  w i l l  r e s u l t  i n  i n i t i a l  value:: being pr inted.  Pny other time 

period must be specif ied i n  the appropria1;e spaces. (NOTE: If a contact 

t h a t  does not occur i s  asked f c r ,  the  comtlent CONTACT NUMBER XX NEVER OCCURRED 

w i l l  be pr in ted  and the  co r r e s~ond ing  heading w i l l  be meaningless. ) 

In  using the  "complex" sec t ion  of tht! t e le type  output access program, 

the  user  i s  prompted by the  following: 

1. ENTER DECISION VARIABLE 

2 .  ENTER COMPARISON VALUE 

3. ENTER COMPARISON MODE - 1 i f  GI, 2 i f  LT 

4. HOW MANY VARIABLES? 



5 .  ENTER VARIABLE NUMBERS 

( ) (  ) (  1 

7. ENTER OCCUPANT POSITION NUMBE.:R 

8. ENTER VALUE OF "PHE~~D" 

9. ETJTER VALUE OF "PCHEST" 

This sec t ion  p r i n t s  t he  values oi' var iab les  a t  the  time when another 

var iab le  reaches a  c r i t i c a l  value. Ar,y of t h e  variables  l i s t e d  i n  Tables 

XXVI and X X V I I  can be observed i n  th i : :  manner. For example, the user i n t e re s t ed  

i n  l,he pos i t i on  of the  head when it hf.ts the  windshieid would make the f o l -  

lowing e n t r i e s .  

(head on windshield i s  the  decis ion 
va r i ab 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 the force  becomes 
g r e a t e r  than 0 (hence the  1) . )  

(NOTE: maximum i s  3 )  

( ~ o r m a l l y  the  time i n t e r v a l  should cover 
the  e n t i r e  run, although some variab1c.s 
reach the  c r i t i c a l  point  severa l  times 
during the  run and the time i n t e r v a l  must 
be ca re fu l ly  chosen i f  you a r e  not i n t e r -  
es ted  i n  the  f i r s t  occurence.) 

The use r  w i l l  be prompted by statements 7, 8, and 9 only i n  c e r t a i n  

ins tances  a s  described i n  t ke  "generaT." sec t ion ,  page 116. 

The output of t h i s  sect ion  consi::ts of t he  time a t  which the c r i t i c a l  

value was exceeded, along wjth t he  value of t he  decis ion variable  and the  

o ther  var iab les  a t  t h a t  t i m e .  



TABLE XXIV. INPUT CONSTANTS (NUMERICAL ORDER) (page 1) 

Number . Descript ion 

1 Floor-X 

2 Seat Back-X 

3 Roof -X 

4 Upper S teer ing  Wheel-X 
Upper Panel-X 
Front Seat Back-X 

6 Lower Steer ing mee l -x  

7 Lower Panel-X 

8 Steer ing  column-x 

10 Floor-Y 

11 Seat Back-Y 

12 Roof -Y 

13 Upper Steer ing Wheel-Y 
Upper Panel-Y 
Front Seat Back-Y 

i4 Windshield-Y 

15 Lower S t  eer:'.ng Wheel-Y 

16 Lower panel-,Y 

17 Steer ing  CoI.umn-Y 

19 Hip Contact Arc Radius 

20 Upper Torso Contact Arc Radius 

2 1 Head Contact Arc Radius 

2 2 Elbow Contact Arc Radius 

2 3 Hand Contact Arc Radius 

2 4 Knee Contact Arc Radius 

(when NPASGR=~) 
(When NPASGR=2) 
(h l en  NPASGR=~) 

(When N P A S G R = ~ )  
(When NPASGR=~)  
(When NPASGR=~) 

25 Foot Contact Arc R ~ d i u s  

26 To Chest Center of Curvature 



TABLE XXIV. I N W T  CONSTANTS (NUMERICAL ORDER) ( page 2) 

Number Descr ip t ion  

27 To Head Center of Curvature 

2 8 Lower Torso Length 

2 9 Center  Torso Length 

30 Upper Torso Length 

3 1 Center Torso t o  Upper A r m  

32 Upper A r m  Length 

3 3 Lower A r m  Length 

3 4 Upper Leg Length 

35 Lower Leg Length 

36 Floor- Length 

37 Sea t  Back-Length 

38 Roof -Length 

39 Upper S t e e r i n g  Wheel-Length 
Upper Panel-Length 
Front  Sea t  Back-Length 

( When NPASGR=~)  
(When N P A S G R = ~ )  
(When N P A S G R = ~ )  

40 Windshield-Length 

4 1  Lower S t e e r i n g  Wheel-Length 

42 Lower Panel-Length 

43 S t e e r i n g  Column-Length 

44 Toeboard-Length 

45 Distance From Hip t o  Sea t  Front  

46 Number of Be l t  Segments 

47 Lower Torso-Center of Grav i ty  t o  Lower J o i n t  

48 Center T o r s o - C a t e r  of Grav i ty  t o  Lower J o i n t  

49 Upper Torso-Cer~ter of Gravi ty  t o  Lower J o i n t  

5 0 Head-Center of Gravi ty  t o  Lower J o i n t  

51 Upper Arm-Center of Gravi ty  t o  Lower J o i n t  

52 Lower Arm-Centcar of Gravi ty  t o  Lower J o i n t  

5 3 Upper Leg-Centw of Gravi ty  t o  Lower J o i n t  

tj 4 Lower Leg-Centtlr of Gravi ty  t o  Lower J o i n t  



TABLE XXV. INPUT CONSTANTS (ALPHABETICAL ORDER) (page 1) 

Number Descript ion 

3 9 Back of Front Seat-Length ( ~ h c n  N P A S G R : ~ )  

4 Back of Front Seat-X (When N P A S G R = ~ )  

13 h c k  of Front Seat-Y (When NPASGR=~)  

26 Chest Center of Curvature (Distance t o )  

48 Center Torso-Center of Gravity t o  Lower J o i n t  

2 9 Center Torso-Length 

31 Center Torso t o  Upper A r m  (Distance from) 

2 2 Elbow Contact Arc Radius 

3 6 Floor-Length 

1 Floor-X 

10 Floor-Y 

2 5 Foot Contact Arc Radius 

2 3 Hand Contact Arc Radius 

2 7 Head Center of Curvature (Distance t o )  

50 Head-Center of Gravity t o  Lower J o i n t  

21 Head Contact Arc Radius 

19  Hip Contact Arc Radius 

45 Hip t o  Seat Front ( ~ i s t a n c e  from) 

2 4 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 Gravity t o  Lower J o i n t  

35 Lower Leg-Length 

42 Lower Panel-Length 

7 Lower Panel-X 

16 Lower panel-Y 

41 Lower S teer ing  Wheel-Length 

6 Lower Steer ing Wheel-X 

15 Lower S teer ing  Wheel-Y 



TABLE XXV,  INPUT CONSTANTS (ALPHABETICAL ORDER) (page 2)  

Number Descript ion 

47 Lower Torso-Center of Gravity t o  Lower Jo in t  

28 Lower Torso-Length 

4 6 Number of Seat Bel t  Segments 

38 Roof-Length 

3 Roof -X 

12 Roof -Y 

3 7 Seat Back-Length 

2 Seat Back-X 

11 Seat Back-Y 

43 Steer ing  Column-Length 

8 Steer ing column-X 

17 Steer ing  Column-Y 

44 Toeboard-X 

18 Toeboard-Y 

51 Upper Arm-Center of Gravity t o  Lower Jo in t  

3 2 Upper Arm-Length 

53 Upper Leg-Center of Gravity t o  Lower Jo in t  

3 4 Upper Leg-Length 

39 Upper Panel- Length (When NPASGR=~)  

4 Upper Panel-X (When NPASGR=~)  

13 Upper Panel-?! (When NPASGR=2) 

39 Upper S teer ing  Wheel-Length (When NPASGR=~) 

4 Upper S teer ing  Wheel-X ( When NPASGR=~)  

13 Upper S teer ing  Wheel-Y (When NPASGR=~)  

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 

3 Windshield-X 

14 Windshield-Y 



TABLE XXVI. VARIABLES ( I N  NUMERIC& ORDER) (page 1) 

Number - 
1 

Descript ion 

Lower Torso 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 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Pos i t ion  

Posi t ion Center Torso 

Upper Torso Position 

Head Posi t ion 

Upper A r m  Posi t ion 

Lower Arm Posi t ion 

Upper Leg Pos i t ion  

Pos i t ion  Lower Leg 

Lower Torso Velocity 

Velocity Center Torso 

'Jelocity Upper Torso 

'Jelocity 

' Jeloci ty  Upper A r m  

Lower A r m  

Upper Leg 

Lower Leg 

'Jeloci t y  

' Jeloci ty  

Je loc i ty  

Lower Torso 

Center Torso 

Upper Tors o 

He ad 

Acceleration 

Acceleration 

Acceleration Upper A r m  

Acceleration Lower Arm 

Acceleration Upper Leg 

Lower Leg 

Hori z ont a1  

Hor i z ont a1 

Acceleration 

Position'  

Velocity 

Horizontal 

Ver t i ca l  

Acceleration 

Posi t ion 

Velocity 



TABLE XXVI. VARIABLES ( I N  NUMERICAL ORDER) (page 2)  

Number 

30 

Description 

Vehicle Motion 

Vehicle Motion 

Vehicle Motion 

Vehicle Motion 

Belt  Forces Lap Belt 

Belt  Forces Lower 

Belt Forces Upper 

Seat Forces Hip 

Seat Forces Front Edge 

Relat ive Head Posi t ion 

Relat ive Head Posi t ion 

Belt Angles Lap Belt  

Belt  Angles Lower 

Belt  Angles Upper 

Accelerometer Head 

Accelerometer Head 

Accelerometer Chest 

Accelerometer Chest 

Hip on Seat Back 

Upper Torso on Seat Back 

Upper Torso on Upper Steer ing Wheel 
Upper Torso on Upper Panel 
Upper Torso on Front Seat Back 

Upper Torso on Lower Steer ing Wheel 

Upper Torso on Steer ing Column 

Head on Seat Back 

Read on Roof 

Head on Upper Steer ing Wheel 
Head on Upper Panel 
Head on Front Seat Back 

Vf?locity 

Velocity 

Velocity 

Acceleration 

Shoulder 

Shoulder 

Shoulder 

Horizontal 

Ver t ica l  

Shoulder 

Shoulder 

Resultant 

Angle 

Re s u l t  ant 

Angle 

(When N P A S G R = ~ )  
(When NPASGR=~)  
(When N P A S G R = ~ )  

(Wehn NPASGR=~) 
(When P N A S G R = ~ )  
(When NPASGR=~) 



Number 

5 6 

5 7 

58 

59 

60 

61 

TABLE XXVI. VARIABLES ( I N  MIMERICAL ORDER) ( page 3) 

Description 

Head on Windshield 

Head on Lower Steer ing Wheel 

Elbow on Seat Back 

Knee on Lower Panel 

Foot on Floor 

Foot on Toeboard 



TABLE XXVII. VARIABLES ( ALPHABETICAL ORDER) (page 1) 

Number - 
47 

46 

45 

44 

41 

42 

43 

34 

35 

3 6 

18 

2 

10 

2 0 

4 

12 

22 

6 

1 4  

24 

8 

16 

17 

1 

9 

2 1 

5 

13 

23 

Accelerometer 

Accelerometer 

Accelerometer 

Accelerometer 

Belt  Angles 

Belt  Angles 

Belt Angles 

Belt Forces 

Belt  Forces 

Belt  Forces 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angle 3 

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 

Body Angles 

Description 

Chest 

Chest 

Head 

Head 

Lap Belt 

Lower 

Upper 

Lap Belt 

Lower 

Upper 

Center Torso 

Center Torso 

Center Torso 

He ad 

Head 

Head 

Lower Arm 

Lower A r m  

Lower A r m  

Lower Leg 

Lower Leg 

Lower Leg 

Lower Torso 

Lower Torso 

Lower Torso 

Upper Arm 

Upper A r m  

Upper A r m  

Upper Leg 

Angle 

Result ant  

Angl e 

Re su l t  ant  

Shoulder 

Shoulder 

Acceleration 

Posi t ion 

Velocity 

Acceleration 

Posi t ion 

V e l ~ ~ c i t y  

Acceleration 

Position 

Velocity 

Acceleration 

Position 

Velocity 

Acceleration ' 

Posi t ion 

Velocity 

Acceleration 

Posi t ion 

Velocity 

Acceleration 



TABLE XXVII,  VARIABLES ( I N  ALPHABETICAL ORDER) (page 2 )  

Number 

7 Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Angles 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Body Motion 

Elbow 

Foot 

Foot 

He ad 

He ad 

Head 

He ad 

He ad 

He ad 

He ad 

Hip 

Knee 

Rela t ive  Head 

Rela t ive  Head 

Seat Force:: 

Seat Forces 

Upper Torso 

Upper Torso 

Descript ion 

Upper Leg 

Upper Leg 

Upper Torso 

Upper Torso 

Upper Torso 

Horizont a1  

Horizontal 

Horizontal 

Ver t i ca l  

Ver t i ca l  

Ver t i ca l  

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

On 

Pos i t ion  

Pos i t ion  

Hi? 

Front Edge 

On 

On 

Pos i t ion  

Veloci1;y 

Acceleration 

Pos i t ion  

Velocity 

Acceleration 

Pos i t ion  

Velocity 

Acceleration 

Pos i t ion  

Velocity 

Seat Back 

Floor 

Toeboard 

Front Feat Back ( 3 )  

Lower Steer ing 'Wheel 

Roof 

Seat Back 

Upper Panel ( 2 )  

Upper Steer inf  Whe~ll ( 

Windshit?ld 

Seat Back 

Lower Panel 

Horizontal 

Ver t i ca l  

Front Seat Back ( 3) 

Lower S teer ing  Wheel 



TABLE XXVII .  VARIABLES ( IN ALPKABETICAL ORDER) ( page 3) 

Number - Description 

49 Upper Torso On Seat Back 

52 Upper Torso On 

50 Upper Torso On 

50 Upper Torso On 

3 3 Vehicle Mot i on 

31 Vehicle Motion 

32 Vehicle Mot i on 

Steer ing Column 

Upper Panel ( 2 )  

Upper Steer ing Wheel ( 1) 

Acceleration 

Posi t ion 

Velocity 



E. OVERALL PROGRAM DESCRIPTION AND FLOW DIAGRAM 

Figure 34 i s  a flowchart f o r  the computer program. I n i t i a l l y  data. i s  

read, constants  computed, and the  problem i n i t i a l i z e d  t o  zero where nec~3ssary. 

The c a r t  acce lera t ion  and the  l e v e l  of output p r i n t i n g  a re  then ascertained 

from the  data.  Acceleration components due t o  i n e r t i a ,  continuous jo in t  re- 

ac t ions  and ex terna l  forces  a r e  computed i n  subroutine ACCEL. The e f f ec t ive  

acce lera t ion  due t o  discontinuous fo rces  i s  then comput,ed and added t o  the  

continuous acce lera t ions  i n  subroutines,  J ITTER and TAUMAK. A f t e r  t h e  accel- 

e r a t ions  a r e  f i n a l l y  predicted,  standard checking, s tor ing ,  incrementing and 

i n t e g r a t i n g  of r e s u l t s  a r e  ca r r i ed  out. The program then i s  run i n  loop 

fash ion  f o r  t he  required number of p r i n t  time increments. 

Figure 35 shows how the  subprograms i n  t he  computer implementation f i t  

together  i n  usage. The l e f t  margin of t he  f igu re  contains  a numbered l i s t  of 

t he  subroutines which comprise the  program. Across the  top  i s  a l i s t  of 

numbers, each represent ing t h e  subprogram with the  same number on the l e f t  

margin. The f i g u r e  i t s e l f  cons i s t s  of a s e t  of " ~ " ' s  a t  various in t e r s?c t ions  

of raws and columns. An "x" a t  the  mth - row and n th  - columns ind ica t e s  t h a t  

subroutine n makes use of subroutine m. The row f o r  a p a r t i c u l a r  subroutine 

shows a l l  the  other  subroutines which use i t .  The column f o r  a pa r t i cu l a r  

subroutine a l s o  shows 811 the  subroutines which i t  uses. A >  

Figure 36 i s  s imi l a r  t o  Figure 35 and shows the  uses of l i b r a r y  rout ines .  

INTEGRATION OF DISCONTINUOUS ACCELERATIONS 

In  the d i g i t a l  computer simulation, i n t eg ra t ion  i s  done by mathematical 

approximation. The usual technique i s  t o  ba,se t he  in t eg ra t ion  on a poly- 

nomial which has been f i t  through severa l  ordinate; of the  integrand. This 

a,pproach w i l l  work well  only when the  integrand i s  very much l i k e  the  poly- 

nomial obtained by the  curve f i t t i n g ,  I f  the  integrand i s  continuous, i t  i s  

poss ib le  t o  f i nd  a s e t  of I n t e r v a l s  over each of which the  integrand "looksf' 

l i k e  a polynomial. I f ,  however, the  integrand i s  discontinuous, t he  discon- 

t i n u i t y  w i l l  remain regard less  of t h e  length  of t he  i n t e r v a l  within which i t  
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Figure 34. Simplified program flow chart. 

MAIN - Initialize to zero. 
Read input data. Compute constants. - 

KRUNCH - Initialize output. Compute constants. 

$. 
KRUNCH - Determine debug switch 
and deceleration. - 

ACCEL - Compute continuous accelerations. 

t 
KRUNCH - Determine jitter modes. 

w 1 

JITTER - Determine 
accelerations. 

KRUNCH - IS MAXI * O? 
(Are there any accelerations in jitter?) 

Yes ' 
No 

~ R E L S E L  - Compute relative accelerations. I 
$. 
1 

TAUMAK - Compute time next acceleration will jitter. 
Check values of external forces. 
Update storage of output. 

KRUNCH - Update print and inflection times. 

KRUNCH 
IS t r tmax? 

KRUNCH 
Reset 
t = t t A t  

No KRUNCH 
l ntegrate 

Yes 
Yes 

t V 
IN - More data? ~ S U M R Y  - Print summary 







i s  imbedded, so decreasing the  i n t e r v a l  length  i s  not e f f ec t ive .  I n  t h i s  

s i t u a t i o n ,  e i t h e r  the  i n t e g r a t i o n  must be s ty l ed  t o  t h e  d i scon t inu i ty  or  t h e  

d i scon t inu i ty  removed. For the  two-dimensional crash vict im simulator,  the ! 

l a t t e r  course i s  adopted. 

D i scon t inu i t i e s  a r i s e  i n  t he  model f o r  s ea t  f r i c t i o n  force ,  c o n t ~ . c t  

surface f r i c t i o n  force ,  and f r i c t i o n - l i k e  fo rces  i n  t he  jo in t s .  Each of these 

models has a  velocity-dependent component ( f o r c e ,  torque, or slope of torque)  

which assumes a  f i xed  value "or a l l  v e l o c i t i e s  g rea t e r  than the  ve loc i ty  

l i m i t  ( 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 the  v e l ' x i t y  l i m i t ,  and zero f o r  t he  open i n t e r v a l  

def ined by minus and plus  values of t he  ve loc i ty  lirriit. 

Each ins tance  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 he  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  I f  t h e  mode i s  i n  the  zero i n t e r v a l ,  t he  mode i s  said 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  negaCuive ( t h e  poin ts  of d i s -  

con t inu i ty ) ,  one of severa l  th ings  can happen, which may be catagorized i n t o  

one of two general  p o s s i b i l i t i e s .  E i ther  the  mode w i l l  pass on through the  

lidt point  without mishap t o  f u l l  on o r  f u l l  off i n  the  other  d i r ec t ion ,  or  

t he  mode w i l l  t r y  t o  do one of these and be thrown back. In  t he  l a t t e r  case,  

t he  mode i s  said t o  be "in j i t t e r . "  J i t t e r  w i l l  o f ten  take  the  form of a  

rapid a l t e r n a t i o n  of the  f u l l  on and ful.1 off s t a t e s .  This occurs when momen- 

tum arid other  fo rces  d r ive  the  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  node back t o  o f f .  The mode going 

i n  t u r n  causes t he  mode fo rce  t o  go t o  zero which leaves the  momentum and 

o ther  fo rces  f r e e  t o  dr ive  the mode on €!gain and so on, and on. 

The j i t t e r  type of phenomenon occwSs 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 rash  vict im simulator t o  compensate fo:. j i t t e r  i s  based on the observation 

t h a t  rap id  a l t e r n a t i o n  of the  on-off s t a t e s  would e f f ec t ive ly  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 



s ingle  i s  j i t t e r i n g ,  e f f ec t ive  accelerat ions computed 

be a weighted average of t he  acce lera t ions  computed with the mode turned f u l l  

off and those computed with the  mode turned fill on, such t h a t  the mode accel- 

e r a t ion  i s  made zero, o r  the  mode ve loc i ty  i s  the  same a t  the  end of the  time 

i n t e r v a l  a s  it was a t  the  beginning. 

-b -+ -. -P -+ 

'eff 
= Z - 'L (Zon - Zoff) off 

where 

- v 
off 

a = + - +  
on off 

. . 
-+ 

'eff 
i s  t he  e f f ec t ive  generalized acce lera t ion  vector. 

+ 
Z i s  the  generalized acce lera t ion  vec~tor with the  mode f u l l  on. 

on 
. . 
-b 

Zof f 
i s  the  generalized acce lera t ion  vector with the mode f u l l  o f f .  

i s  t he  mode acce lora t ian  magnitude with the mode f u l l  off .  
off 

i, i s  the  mode acce lera t ion  magnitude v i t h  t he  mode f u l l  on. 
on 

When the  mode i s  inful tnced by an outside accelerat ion (such as  vehicle 

decelerat ion)  applied a rb i t :>a r i l y ,  t he  mode accelerat ion forced t o  zero may 

not guarantee t h a t  there  w i : . l  be no change i n  ve loc i ty  over an in t e rva l .  

Arbi t rary accelerat ions a r e  t r ea t ed  by the  two-dimensional crash victim simu- 

l a t o r  a s  piecewise l i n e a r  f:mctions. Those modes which zre dependent upon 

vehicle acce lera t ion ,  e.g., any in t e rac t ion  of contact surface and contact 

a rc ,  a r e  termed "coupled" modes and lead t o  " l inear"  j i t t e r .   ine ear j i t t e r  

requi res  a d i f f e r e n t  weighted average and a l s o  an i t e r a t i m  f o r  resolut ion.  



i, - off - 112 C on 
a = + - $  

3n off  

' 0 ;I cos J, 
a 

where 

J, i s  t he  o r i en t a t ion  angle of t h e  contact  surface i f  a contact surface a 
i s  involved i n  t h e  mode. $a i s  defined zero i f  no contact surface 
i s  involved i n  t he  mode, e.g., s ea t  cushion. 

A 
T i s  a computed time i n t e r v a l  i n  which the  mode w i l l  reach the  ve loc i ty  

0 
limit. It i s  used i n  the  i t e r a t i o n  as  shown on page 135. 

For severa l  modes i n  j i t t e r  or  "multiple j i t t e r , "  a l l  possible  combina- 

t i o n s  of the  j i t t e r i n g  modes i n  t he  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  of the  s ingle  mode aver- 

aging procedure so  t h a t  a l l  the  mode v e l o c i t i e s  s r e  held constant.  Only one 

1i:lear j i t t e r  can be handled a t  one time and must be processed l a s t  i n  com- 

billation with other  j i t t e r i n g  modes. 

If no mode changes s t a t e  during a time i n t e r v a l ,  then the generalized 

acce lera t ions  a r e  continuous. If the  time i n t e r v a l  i s  kept small enough, 

t he  generalized acce lera t ions  a r e  near ly  constant  over the i n t e r v a l  and a 

one point  i n t eg ra t ion  scheme can be va l id ly  employed. 

The grand s t r a t egy  f o r  i n t eg ra t ion  i n  t he  twedimensional crash vict im 

simulator revolves around maintaining the  vcllidity of these two requirements 

and taking advantage of t h e i r  consequences. A t  each time throughout the  

i n i t i a l  value so lu t ion  of the  equations of riotion, 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 t he  requirements t h a t  the generalized Fccelerat ions 

a r e  continuous and approximately constant .  The determination of t h e  time 

i n t e r v a l  i s  car r ied  out by tak ing  the smallc?st 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 l : .  no longer be met due t o  one or  

another cause. I n  p a r t i c u l a r ,  the  computer program p red ic t s  the riext time a 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  t i m ( -  

t o  which the  program would i n t e g r a t e  from other  considerat ions (dece l e ra t ion  

slope change, p r i n t  time, e t c .  ) , t he  program i n t e g r a t e s  t o  t h a t  time and indi -  

c a t e s  t h a t  t he  mode i s  j i t t e r i n g .  The program always employs the averaging 

procedure t o  reso lve  t h e  quest ionable acce l e ra t ions  from j i t t e r i n g  modes. 

The time i n t e r v a l  pred ic t 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  l v l  > 5 and sgn v # sgn t 

5 i s  t he  mode ve loc i ty  limit 

v i s  t he  mode ve loc i ty  

i s  t h e  mode acce l e ra t ion  

Note t h a t  i f  = 5 ,  then r i s  not used s ince the  mode i s  already known t o  

be j i t t e r i n g .  If lv 1 > 5 and sgn v = sgn $, then  T i s  i n f i n i t e  s ince the mode 

i s  going away from t h e  ve loc i ty  l i m i t .  The corresponding equation f o r  a 

coupled mode i s  

f o r  1. I v l  > 5 and sgn v = sgn C 

2. Iv1 = ( 

3.  a rg  of r a d i c a l  i s  negat ive 

where a i s  t he  acce l e ra t ion  r a t e  and t h e  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  wMch it i.s a l t e r -  
A 

nated with the  acce lera t ion  averaging procedure and recomputation of T o u n t i l  



two consecutive values of T a r e  approximately the  same. 

G. SUBPROGRAMS DESCRIPTIONS AND FLOW DIAGRAMS 

For each of t he  subprograms which make up the  computer implementation of 

t he  model a sho r t  descr ip t ion  toge ther  with a flow diagram i s  presented here.  

These a r e  i n  a lphabet ica l  order by the subprogram name with the  main program 

ordered a s  i f  i t s  name were MAIN. This form i s  thought t o  be the  most useful  

reference.  The subrout ines  included a re :  

1 ACCEL 

2 ARCSIN 

3 BELT 

4 BODY 

5 CONTAC 

6 DATE 

7 DELZMK 

8 FECLOD 

9 GETY 

1 0  ITOPOW 

11 JITTER 

12 KRUNCH 

13 LIMIDT 

14 LODFEC 

15 MAIN 

16 m~ni 
1 7  NORMLTT 

18  PAGE^ 

19 REISEL 

20 RELVEL 

21 SEAT 

22 SIPP 

23 STYX 

24 SUMARY 

25 TAUMAK 

26 ZKMAKR 

27 ZMAKER 



Subroutine ACCEL c a r r i e s  out  t h e  following s t e p s :  

1. Computes s i n e s  and cosines  of body ang les  and o ther  needed var ia ,b les .  

2.  Gets sea.t f o r c e s  and c o n t r i b u t i o n s  t o  t h e  genera l i zed  f o r c e  vector  via .  
SEAT. 

3 Computes a , l l  j o i n t  coordina1,e p o s i t i o n s  and v e l o c i t i e s .  

4. Gets b e l t  f o r c e s  and c o n t r i b u t i o n s  v i a  BELT. 

5 Gets con tac t  f o r c e s  and c o n t r i b u t i o n s  v i a  CONTAC. 

6. Computes j o i n t  e l a s t i c i t y  to rques  and c o n t r i b u t i o n s .  

7. Procures genera l i zed  f o r c e  v e c t o r  from BODY. 

8. Computes v a r i a b l e  matr ix  elements. 

9. Procures a c c e l e r a t i o n  vec to r  from ZMAKE3. 



ACCEL 

Compute body 
a n g l e  s i n e s  and 
c o s i n e s  t o g e t h e r  
w i t h  o t h e r  i n t e r -  
m e d i a t e  v a r i a b l e s .  

t 

L I I,," 

d e b u g g i n g  
i n f o r m a t  i o n  
number f i v e ,  
T a b l e  X X I I .  w!L, 

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. 

Compute 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 b e l 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  I BELT. I 

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. 

1 

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  
v e c t o r  u s i n g  equa-  
t i o n s  II.F.5. 

I 
Compute t o t a l  
c o n t  i n o u s  
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  
BODY. 

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. 

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  
by  c a l l i n g  ZMAKER. 

v 
RETURN 



Function ARCSIN f inds  t h e  angle f o r  a. given s i n e  value. The a,rgument X i s  in 
t he  range -1 5 X I 1 and i s  t h e  s i n e  of the  angle t o  be computed by t h i s  rou- 
t i n e  . 

ANS = XX 

RETURN 
SQ = 1- 1x1 

S e t  extreme va lues  a s  

I1 - 
ARCSIN = 2  IF X > O  

ARCSIN -ll /2 IF X<O 
N 0 

'I 
Eva lua t e  a r c a i n e  magnitude by  fo l lowing  power s e r i e s .  

ANS = - {l -x( - ,001262491 xx7 + .OO667OOg X X ~  - . 01708813  xx5  

t . 0 3 0 9 0 1 8 8  xx - . 0501743  xx3 t .08897899  xx - . 2145989  xx 
rI 

t2 1 

ARCSIN = - tANS 1 I Where ANS i s  g iven  I I t h e  same s i g n  a s  X ( 



Subroutine BELT c a r r i e s  out t h e  following s t eps :  

1. Computes angle,  elongation, and r a t e  f o r  each b e l t .  

2. Obtains b e l t  force  from LODI'EC. 

. Computes t o t a l  b e l t  generalized force  vector and adds it t o  s e a t  t o t a l  
generalized 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  elo ' lga- 
t l 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  lower  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  I I . G . 2  ancl 3.  

Compute b e l t  forsce 
by ca l t l i ng  LODFEC 
wi th  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 ,  
e t c .  

v- 
Compute b e l t  fame 
f o r  upper  shou l r , e r  
h a r n e s s  u s i n g  equa- 
t i o n s  I I .G .2  an(,  3 
and c a l l i n g  LODI'EC. 

Compute g e n e r a l i z e d  
f o r c e  c o n t r i b u t i m s  
from h a r n e s s  u s i n g  
e q u a t i o n  I I . 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.1 and 
c a l l i n g  LODFEC. + - 

+ 

Compute g e n e r a l i z e d  
f o r c e  c o n 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. 

RETURN A 



Subrout ine  BODY 

Computes genera l i zed  f o r c e  v e c t o r s  due t o  g r a v i t y  and c e n t r i f u g a l  fo rce ,  a u  

Combines a l l  f i v e  continuous genera l i zed  f o r c e  vec to r s  f o r  t o t a l .  

BODY ] 

Compute angular 
gravitational 
generalized forces 
using equation 

Compute total 
continuous 
generalized force 

Print debugging 
output number 
10, TABLE XXII, 
if IBUG is non- 

I zero. I 



Subrout ine  CONTAC c a r r i e s  out  t h e  fol lowing s t e p s  

Searches t a b l e  of p o s s i b l e  c o n t a c t s  ( a s  s e t  up i n  MAIN) and determines 
whether c o n t a c t  e x i s t s  usink; coordinates  of body segment c e n t e r  of c w v a -  
t,ure a.nd con tac t  s u r f a c e  re l 'e rence point ,  

iloes bookkeeping f o r  l i n e a r  j i t t e r  modes. 

Obtains c o n t a c t  f o r c e s  from LODFEC. 

Computes c o n t r i b u t i o n  of corl tacts t o  t o t a l  genera l i zed  f o r c e  vec to r .  

J i t t e r .  mode 

Find body seg- 
ment index ,  "i" 
from KTABLE. C +  

Compute c o o r d i n a t e s  
of body segment 
c e n t e r  of  c u r v a t u r e  
and ra t  e s  us ing  
equa t ions  1I.D. 4 
and 5 .  

Comput 1 d e f l e c t i o n ,  S h i f t  c o n t a c t  
p a r a l l + ? l  d i s t a n c e ,  i n d i c e s  from 
and ve!oci ty us ing  

t 
IFORK t o  JFORK P r i n t  debug- 

equa t1)ns  I I . D . 3 .  and s - t  IFORK g ing  ou tpu t  

i n t e  ,acton N 
from KTABLE. 

allowed f o r  



Compute contact 
force for this 
interaction by 
calling L O D F E C .  

Eliminate this 
mode from J F O R K  

allowed for and set M O D E .  

MAXR= 
Update count MAXR-?. 
index by one. 

( l a s t  pq;e  ) 

force vector using 

in J F O R K  and set 

set MODE: for 
to minus one. of MODE to 





Subroutine DATE 

Ca.lls L ibra ry  r o u t i n e  TIME t o  g e t  d a t e  program i s  being run f o r  p r in t -ou t  
i d e n t i f i c a , t i o n .  

DATE 7 
1 O b t a i n  c a l e n d 3 7  

d a t e  by c a l l i n g  
MTS l i b r a r y  

1 routine TIME. I 

RETURN 6 



Subroutine DELZMK 

Computes cont r ibu t ions  t o  t h e  acce lera t ion  vector  of j o in t ,  s e a t ,  and contact 
f r i c t i o n .  The argument K of DELZMK i s  t h e  mode number f o r  which'-acceleration 
contr ibut ions a r e  t o  be computed. 

Compute p r o p e r  
j o i n t  s t o p  and 
f r i c t i o n  t o r q u e s  
u s i n g  K f o r  I i n  
e q u a t i o n s  I I . F . 2  
t h r o u g h  4 .  

Compute a c c e l e r a t i o n  * 
c o n t r i b u t i o n s  by 
a p p l y i n g  p r o p e r  i n -  
v e r s e  columns t o  
j o i n t  t o r q u e  u s i n g  
e q u a t i o n  I I . F . 6 .  
I 

- 
Compute a c c e l e r  a- 
t i o n  c o n t r i b u t i o n s  
by a p p l y i n g  n i r  t h  
u n i v e r s e  columr t o  
s e a t  f r i c t i o n  f o r c e  
w i t h  p r o p e r  s i ~ n .  

O b t a i n  c o n t a c t  
s u r f a c e  i n d e x  
and body i n d e x  
from IFORK. 

P r i n t  o p t i o ~ ~ a l  
d e b u g g i n g  o71t- 
p u t  i f  IBUGAO. 

Compute f r i c t  :on 
f o r c e  w i t h  p r o p e r  
s i g n  u s i n g  eq:ia- 
t i o n  II.D.1. 

+ 
Compute a c c e l e r n -  
t i o n  c o n t r i b u t i o n s  
by a p p l y i n g  p r o p e r  
i n v e r s e  columns t o  
f r i c t i o n  f o r c e  u s i n g  
e q u a t i o n s  1I.D. 1 4  
t h r c u g h  2 2 .  

r I 

P r i n t  d e b u g g i n g  
o u t p u t  number 
14, T a b l e  X X l I  
L f  IBUG i s  nc t 
z e r o .  



Subroutine FECLOD i s  used t o  p red ic t  contact  and b e l t  forces  during t h e  
se l ec t ion  a new time step. 

Copy v a r i a b l e s  
needed i n t o  
temporary 
: to rage .  

Se t  f o r c e  - t o  

r e l a t i v e  d e f l e c t i o n  
and s e t  p rev ious  
d e f l e c t i o n  r a t e  t o  
one .  

No 

t o  
100 

P r i n t  debugging 
p r l n t o u t  number 
2 3 ,  TABLE X X I I ,  
if IBUG not ze ro .  

RETURN - 



Subroutine GETY 

determines t h e  ord ina te  of piecewise-linear t a b u l a r  func t ion  f o r  a given 
abc issa .  

Arguments a r e :  

XX = abcissa  desired 

ITABL = t a b l e  number, and 

ORD = computed ordinate .  

ORD = YYY(IMAX,II) 

Y SET ro YYY(IMAX,II) 

S t o r e  c u r r e n t  
positton i n  table. 
IPOST(II)=JJ 

TABLE XXII. 

XXX(1,II); NOT EX- 
CEEDED BY ARC-' TS' 



Function ITOWW raises 2 t o  an in t ege r  power. The argument J i s  t h e  power of 

f t h a t  i s  desired. 

( ITOPOW ) 

( ITOPOW = zJ ( 

(RETURN) 



Subroutine JITTER 

Computes the  e f f e c t i v e  acce l e ra t ion  vector by combining t h e  continuous aceel.- 
e r a t ion  vector with the  cont r ibu t ion  of f r i c t i o n a l  fo rces  i n  t he  form of d i s -  
continuous acce l e ra t ions  using a weighted averaging technique. 

in 0 H V 

d r ( V  Odd 
e r  2-0) 

u u m u u m  
0 

15 d O : . C  O r i  

U U  ( L L O  

n u  m c u ,  
E V  r u  U L 
0 0  j o u r i  
U E ' . Y  mk. 



output number 19, 
TABLE XXII If IBUG 

ompute total 

acceleration 
for ( ITop+l  It 

TAHATZ using 
equatl ons 
IV.F.2. 

I"'"'"" comment about 

more than one 
linear jltter. 



Subrout ine  KRUNCH c a r r i e s  out  t h e  fo l lowing  s teps :  

I n i t i a l i z e s  v a r i a b l e s  and parameters.  

Recomputes j o i n t  s t o p  c o e f f i c i e n t s  a s  needed. 

S t a r t s  t ime loop  by f i n d i n g  debug v a r i a b l e  and v e h i c l e  a c c e l e r a t i o n  from 
t a b l e s  v i a  GETY. 

C a l l s  ACCEL f o r  body a c c e l e r a t i o n s  due t o  continuous f o r c e s .  

Computes r e l a t i v e  v e l o c i t i e s  between body segments and between t h e  h i p  
and s e a t  cushion.  

P r e d i c t s  uns tab le  computational behavior and s e t s  up t h e  tneans ( j i t t e r  
v e c t o r )  f o r  compensating f o r  it. 

Computes t h e  turned on f r i c t i o n  f o r c e s  c o n t r i b u t i o n s  t o  t h e  a c c e l e r a t i o n  
vec to r  v i a  DELZMK. 

Checks number of j i t t e r  mcdes. 

Computes e f f e c t i v e  a c c e l e r a t i o n  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  a c c e l e r a t i o n s  v i a  RELSEL. 

Computes next  t ime i n t e r v s l  v i a  TPUMAK. 

Resets  p r i n t  and i n f l e c t i c l n  t imes a s  needed. 

Checks t ime f o r  end of prclgram: ( 1 )  i f  done, r e t u r n s  t o  MAIN, and, 
( 2 )  i f  no t  done, updates t ime and cont inues .  

I n t e g r a t e s  body v a r i a b l e s .  

I n t e g r a t e s  veh ic le  d e c e l e r a t i o n .  

Returns t o  3. 







Subroutine LIMIDT c a r r i e s  out t he  following s teps:  

1. In t eg ra t e s  body var iab les  forward t o  a t e n t a t i v e  new time. 

2. Computes new forward contac t  fo rces  v ia  FECLOD. 

3 .  Checks t o  see i f  changes i n  forces  a r e  more than 1000 l b s ,  I f  any one 
is ,  t he  time increment i s  decreased proport ionately . 

LIMIDT (JP,JI,JS) u 
v e h i c l e  p o s i t i o n  and v e l o c i t y .  Se t  t h e  t ime s t e p  decrement 
a t  1. Compute s i n e s  and cos i r les .  Compute t h e  h o r i z o n t a l  
anci v e r t i c a l  p o s i t i o n s  and v e l o c l . t i e s  f o r  t h e  j o i r i t s .  

p r i n t  DEBUG 
number 2 2 ,  
Table X X I I .  

Compute new forward 
c o n t a c t  f o r c e s  u s i n g  S e t  L=force/1000 

FECLOD I 

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 .  

Se t  L t o  t h e  change i n  
f o r c e  d iv ided  by 1000. 

I 

4 

I n c r e a s e  t h e  t ime s t e p  
decrement i f  L  i s  too  
l a r g e .  

S e t  JP,JI, and J S  
t o  ze ro .  Compute 
t h e  t ime increment RETURN 
t h a t  was used.  

I 
I P r i n t  comment I 



Subroutine LODFEC c a r r i e s  out t he  following s teps:  

1. Determines whether ex terna l  forces  a r e  on loading or unloading port ion 
of fo rce  deformation p ro f i l e .  

2, I f  loading, forces  a r e  computed from f i f t h  order polynomial i n  both t 1 ~ f ' l ~ c : -  
t i o n  and r a t e .  

3. If unloading, forces  a r e  computed from second order polynomial. 

4. If i n  t r a n s i t i o n ,  the  peak value i s  selected and coe f f i c i en t s  f o r  unload- 
ing computed. 



LODFEC Ci 

11. 

Compute r e l a t i v e  
d e f l e c t i o n  a g a i n  
and s e t  p rev ious  
r e l a t i v e  d e f l e c -  
t l o n  t o  z e r o .  

Compul e zr$l,ril 1 1  
orcle:, l o , ~ ~ l - ~ t , , ~ ' i ~ , r ~  1 n h S  
~ ~ o e ~ ? i < ~ l ~ ~ l l l  ,:. I ,- 
t ~ q : ~ , l ' ~ . i < ~ r  i1  i ' ,' 

1 

Compute d e f l e c t i o n  
p o r t i o n  o f  f 3 r c e  
and t o t a l  f o r c e  
u s i n g  e q u a t l m  
II.D.2. 

1 L  

conserved ene rey ,  and 

ou tpu t  num'\er 
I ,  seven ,  Table  

XXII i f  I B J O  

( mum) 





The main program c a r r i e s  out  t h e  fo l lowing s t eps :  

Zeroes some input  and v a r i a b l e s .  

Defines some cons tan t s  and t a b l e s .  

Reads inpu t  d a t a  f o r  atnin program up t o  and inc lud ing  Z card ,  

S e t s  up t a b l e  of con tac t  i n d i c e s  f o r  occupant and p r i n t s  it ou t .  

S e t s  up inpu t  d e c e l e r a t i o n  and debug t a b l e s .  

P r i n t s  out  inpu t  da ta .  

Computes cons tan t s .  

S e t s  time t o  zero.  

Rewinds b u f f e r  s to ragf ,  u n i t  9, 

C a l l s  KRUNCH. 

C a l l s  SUMARY. 

Reads a d d i t i o n a l  da ta  decks i f  cny. 



S e t  up t h e  a r r a y  IDATE with 
t h e  EBCD e q u i v a l e n t  o f  t h e  

I c u r r e n t  d a y ' s  d a t e .  I 

1 E j e c t  t o  a new page  I 

A A 
BBB 
Bi 
CPSIA 

D A 
FMM 

FMUA 
G A  

IPOS? 
MAX 
NEW 
PHI 
PSIA 
R A 
SDEL? A 

SDEL'I D 
SIGME 

SIGMA). 
SIGMA(' 
SPSIA 
SWITCII 
XISMLji 
XSMALI, 
X X X  
YSMALti 
Y Y Y 
ZERO 

--J 

MFORI ';o 

I S e t  

S e t  t h e  u n d e r f l o w  t r a p  



1 Read I 
I D  f rom column 1 w i t h  A f o r m a t ,  
8  f i e l d s  i n t o  CARD from columns 
2-10, 11-2G, 21-30, 31-40, 41-50, 
51-60,  61-70,  and 71-80 r e s p e c t i v e l y .  

" I l l e g a l  Card 
Sk ipped"  and 

I t h e  i n p u t  c a r d . 1  

I D  
l e t t e r  

C o r t l n u e  a t  t h e  
s t z t e m e n t  number3 
f o i  nd o p p o s i t e  
t h :  v a l u e  o f  i 
in t h e  t a o l e  b e l o w .  

i 

1 4  
1 5  
16 
17 
1 8  
1 9  
2  o 
2 1 
2  2 
2 3 
2 4 
2  5 
2  6 

Sta temer  t 
number 

660 
7  0  0  
7 30 
760 
8  o o 
104 
107 
8  5 c 
900 

1000 



Note : 
E n t e r  a new p o i n t  
i n t o  one o f  t h e  
s t o r a g e  t a b l e s .  

C A 3 D  V -- TABLE READ r 
ITABL = CARg(1) rounded  

( g e t  t a b l e  no .  o f  t a b l e  f o r  new e n t r y )  
I. 

SWITCH (ITABL) = CARD(2) 
I1 = min o f  MAX(1TABL) + 1 and 3 0 0  

Y Y Y  (11, ITABL) = CARD(4) 
XXX (11, ITABL) = CARD(3) 

( s c a n  t y p e  s c t t i n ~ )  
( s t o r a g e  pos '  t i o n  for> r3f>i,; 
p o i n t  ) 

(new Y v a l u e '  
(new X v a l u e  



Note:  
D e l e t e  a  r a n g e  
of l i n e s  from 

CARD W -- TABLE DELETE 
one o f  t h e  
s t o r a g e  t a b l e s .  

ITABL = CARD(:)  roucded 
( g e t  t a b l e  n o ,  o f  t a b l e  
t o  be  d e l e t e d  fyom) 

( i 1 l e i ; a l  t a t  1 e no. ! 

MAX(ITABL1 = 0 
NEhI(ITABL) = 0 

I1 = 1 
XA = min o f  c a r d ( 2 )  and c a r d ( 3 )  
XB = max of  c a r d ( 2 )  and c a r d ( 3 )  
( S e t  up  independen t  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 



CARD W -- TABLE DELETE ( c o n t )  . 

( S k i p  p o i n t  i n s i d e  
interval) 



Copy CARD 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  
CPRIME on t h r o u g h  s e v e n .  

(new c a r d )  

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  EYE 

(new c a r d )  

I C A R D  C I 

Copy CARD 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  
BIGKI one  t h r o u g h  s e v e n .  

1 CARD D / 

Copy CARD 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  EL 
one t h r o u g h  e i g h t .  



t h r o u g h  e i g j ~ t  i n t o  EM 
one t h r o u g h  e i g h t .  

EMFVSX = E M ( ~ ) + E ; M ( ~ )  (sum of 5 , 0 )  
EMTHSX = Sum o f  3 , 4 , 5 , 6  
EMTWSX = Sum o f  2 , 3 , 4 , 5 , 6  

Copy CARD 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  AR 
one througk. e i g h t .  

I C A R L  G I 

t h r o u g h  s t m v e n  i n t o  
TPRIME one, t h r o u g h  
s e v e n .  



/ CARL H I 

v r 

Copy C A R D  e l e ~ 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 .  

L 

I 

Copy C A R D  e l e m ? n t s  f i v e  
t h r o u g h  e i g h t  i n t o  THATPW, 
TEATPV, THATPX, and THATPS, 
r e s p e c t i v e l y .  

- - .- .-. -- -- 

t h r o u g h  s e v e r  i n t o  OMEGA 
e l e m e n t s  one t h r o u s 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 CARD elements one 
through seven into RPSI 
elements one through 
seven, converting ther. 
from degrees to radians. 

Copy CARD elements one 
through eight in50 RHO 
elements ore thrcugh 
eight. 1 

- -  - -J  

-- 
o n e 7  

through eight into THETAZ 1 
elements one through eight, 
converting them from degrees 
to radians. Simultaneously 
compute the slne and cosine 
for each e1emt:nt of THETAZ 
and store them in the cor- 
responding element:; of 
STHETZ and CTilETZ 

- -- - -. . - - 

168 



, 
Copy C A R D  e l e m e n t s  o n e ,  
two ,  f o u r ,  f i v e ,  and s i x  
t o  FSPRMZ, ?,H, WZERG, 
RHOPTZ, and RHOPFZ r e s -  
p e c t i v e l y .  

I 

Conver t  CA3D(7) f r o m  
d e g r e e s  t o  r a d i a n s  
and p u t  i t  i n  GANZER. 

Put  t h e  rounded a b s o l u t e  
v a l u e  o f  CARD(8) i r t o  
LCONTL a s  an i n t e g e r .  

-. 

2opy 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  C S ,  
S, ZPSI(~), FMUS, BETA 
e l e m e n t s  one t h r o u g h  
t h r e e ,  and ZZERO r e s p e c -  
t i v e l y .  

I 



Copy C A R D  elemeri , s  one 
t h r o u g h  e i g h t  i n  ;o 
ELPTEN, ELTWTY, ILTHRY, 
H ,  FEPTEN c o n v e r  ; i n g  
f rom d e g r e e s  t o  r a d i a n s ,  
DESTEP, R Z ,  and 32 r e s -  
p e c t i v e l y .  

S e t  DELTAT = D S T E P  

Copy :ARD el em en';^ two 
t h r o u g h  e i g h t  in ' ;o  G ( M )  , 
R ( M )  , PHIZ(M), D.:LTA(M), 
S I G M P  ( l , ~ ) ,  S I G M ~ ( ~ , M ) ,  
SIGMA(3,N) r e s p e : t i v e l y ,  
c o n v e r t i n g   CARD(^) f rom 
d e g r e e s  to r a d i a l s  b e f o r e  1 
s t o r i n g  i t  i n  PHIZ(M). I 



Put rounded value of 
CARD(1) into M as an 
integer. '1 

Copy CARD elements two 
through eight into 
SIGMA(4,M) through 
SIGMA(10,M) respectively. 

L 



I 

1 copy C A R D  c l e m e n t s  two,  I 
t h r e e ,  f i v f h ,  s i x ,  and I 
s e v e n  i n t o  XPACZ, XVEI IZ , i  
APRNTD, TZMAX, and EMC ' 
r e s p e c t i v e  Ly . i 

o f  CARD(1) i n t o  NPASGR a f t c r  
i t  h a s  been  f o r c e d  i n t o  t h e  
r a n g e  one t o  t h r e e .  

1 

I 

CARD(8) i n t o  PCNTL. 

7'- 1 
1 DTPRNT = PCNTLNAPRNTD / 

I 

I S e t  BPRNTD t o  t h e  l a r g e r  o f  DTF'RNT- 
APRNTD and APRNTD. I 



version of CARD(1)+1 

1 

Put CARD(8) converted from 
degrees to radians into 

I PSIA(1A) and the sine and ' cosine of this angle into 
SPSIA(1A) and CPSIA (IA) 
respectively. 

I 



I Pul t h e  ruuriticcl i r i t  e g e r  
v e l ~ s i o n  o f  C A I f D ( 1 ) t  1 
i n ' . o  IA. 

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  
FMU,I( IA)  and SIGMAA( I ,  IA) 
t h r o u g h  SIGMAA(6, IA) r e s -  
p e c ' i i v e l y  . 

1 C A R D  U I 

Put  t h e  rounded i n t e g e r  
v e r s i o n  o f  C A R D ( 1 ) t l  i n t o  1 I*. 

4 Yes 

Copy C A R D  e l e m e n t s  two 
t h r o u g h  f i v e  i n t o  
SIGlYAA(7,IA) t h r o u g h  
SIGIfAA(10,IA) r e s p e c t i v e l y .  



@ ( S k i p  C a r d )  
- 

-- g ( s k i p  C a r d )  - 

(Use p r e s e n t  b e  c o n s t a n t  v 
t a b : e  2 f o r  f o r  a l l  t i m e  
DB o u t p u t )  

of' SIGZ and 28  e l e m e n t s  
o f KTABLE . 



S e t  
KTAULE(1,h) = 3 
KTAf3IAE(2,4) = 6 
KTABLE(1,5) = 3 
KTABLE(2,5) = 8 
NS = 18 
K = 10 
M = 6  

S e t  
5 - 7 8  
L - 2  

KT.IBLE(~,~) = 1 

( S e t  up t a b l e  o f  
p o s s i b l e  c o n t a c t  
i n t e r a c t i o n s  ) 

KYABLE(1,N) = 4 
Kr'ABLE (2, N) = 2tl\!-?i: 

KTABiE(1,2) = 3 
KTABLE12,1) = 2 
KTABLE'! ,3) = 3 
KTABLE(2,I) = 2 

MAZN 18 

, St? t  
K - 7  
M = 4  
NS = 15 

Set 
K t 6  
N = 11 
,J = 4 
L = O  
NS = 114 



( T n i t i a l i n e  c o n t a c t  
d o f o r 2 m a t i o n  r a t i o s )  

F o r  a l l  N f r o m  5 t o  NS, s e t  
G ( N )  = GA(KTABLE(2,N-4)) 
R ( N )  = RA(KTABLE(2,N-4)) 

F o r  a l l  J f r o r .  1 t o  NS-4, 
s e t  MODE(J) KTABLE(2 ,J ) - i  

(Prlnt p o s s i b l e  
inters-tions) 

Fr7i!1t Ids, KTAi!LE(l ,  J )  a n d  MODE(J) a c r o s s  
t w o  l i n e s  f o r  J = 1 t o  NS-4. 
I f  IBUG i s  a p p r o p r i a t e ,  p r i n t  Debug  n u m b e r  1,  T a b l e  X X I I .  

S e t  IGYORE(1) = 1 , 





P r i n t  t h e  i n p u t  I f  IBUG 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 ,  

p r i n t  debug  
number 2 ,  
TABLE XXII. 

/ 

S e t  
PHI2 (1)  = F E P T E U + ~ ~ ~ - ' ( - )  

S e t  
F), H 

FEPTZF; = i 3 i i 1 z ( l ) - s i n - '  (--I ELPr:'E I 

Compute a r r a y s  A ,  GRAVA, ELAME 
a c c o r d i n g  t o  form l l a s  found  i r  
Eqn II.C.5, and E t n  II.C.7 

(Compute c r a s h )  

( R e p o r t  r e s u l t s  

( S t a r t  O v e r )  



Subroutine MULLER solves a  r e a l  polynomial f o r  i t s  complex roo t s .  

I t s  arguments a re :  C O E ( ~ O ) ,  which i s  the  a r r ay  of coe f f i c i en t s  of t hc  poly- 
nomial i n  descending order;  N1, which i s  the  order of t h e  polynomial; ~001 ' l i ( l ' j )  
and ROO TI(^^), which a r e  r e spec t ive ly  the  r e a l  and imaginary p a r t s  of t h r  roots .  

MULLER 

N2 = KL'? 

Search for first non-zero 
coefficient and set 
J = its index. 

Copy the non-zero 
coefficients to the 
beginning of the 
array COE and modify 
N2, N1 to correspond. 

ROOT1 ( 1 ) 

TEMl=AXR-ROOTR(I), 
TEM2=AXI-ROOTI(I), 
TE1= (TEM1) 2+ (TEM2 ) 2. 

Yes 

Calc1;;ate 
TE2=(TEMR*TEMltTEMl*TEN2)/TE1, 
TEl=(TEMl*TEMl-TEMRYTEN2)/TE1, 
TEMH=TE2. 

Set 
TEMR=O , 
TEMI=O . 



/L\ Set BET2R=TEMR. / - \  

2alculate 
I'El=ALP13-ALP3R, 
TE2=ALPlI-ALP31, 
rE5zALP3R-kLP2RJ 

No 

Calculate 
T E ~ =  ( T E ~ * T E ~  ~TE~*TE~)/TEM, 
TE~=(TE~*TE~-TE~*TE~)/TEM. 

Calculate 
TE7 = TE3t1, 
TE9 = T E ~ * T E ~ - T E ~ * T E ~ ,  
TElO = 2*TE3*TE4, 
DE15 = TE~*BET~R-TE4WBET31, 
DE16 = T E ~ ~ B E T ~ I - T E ~ W B E T ~ R ,  
TEll = TE~*BET~R-TE~*BET~I~BET~R-DE~ 5, 
TE12 = TE~*BET~I-TE~*BET~R+BET~I-DEI~, 
TE7 = TE9-1, 
TE1 = TEg*BET2R-TElOflEETZI, 
TE2 = TEg%ET2ItTElO*BET2R, 
TE13 = TElsBETlR-TE7*BET3RtTE10YBET: I, 
TE14 TE2-BET~I-TE?*BET3I-TElO*BET:R, 
TE15 = D E ~ ~ V E ~ - D E ~ ~ V E ~ ,  
TE16 = D E ~ ~ * T E ~ + D E ~ ~ * T E ~ ,  
TE1 = T E ~  3**2-~E14**2-4* ( ~ ~ l l * T ~ 1 5 -  TEl2*TE16 ) , 
TE2 z . * T E ~ ~ ~ E ~ ~ - ~ * ( T E ~ ~ * T E ~ ~ + T E I ~ * T E ~ ~ ) ,  
TEM = SQRT(TE~**~+TE~**~). 



Calculate 
T E ~ =  ,/1/2 (TEM-TE~) 

Calculate 
TE3= J1/2 (TEM+TE~ r .  

i 8 Calculate 

TE7=TE13tTE3, 
TE8=TE14tTE4, 
TEgzTE13-TE3, 
T E ~ O = T E ~ ~ - T E ~ ,  
TE1=2*TE15, 
T~2=2*TEl6. 

Calculate 
TEM=(TE~)~+(TE~)~- 

4 
Calculate 
TE~=(TE~*TE~+TE~*TE~)/TEK, 
~'E~=(TE~*TE~-TE~*TE~)/TEM. 

1 
Set 
TE3=0, 
TE4-0. 

I I 
Calculate 
AXR = ALP~R~TE~"E~-TE~"EE~, 
AX1 = ALP~I+TE~*TE~+TE~*TE~. 





Subroutine NORMUT c a r r i e s  out t he  following s teps :  

1. Computes head and ches t  r e s u l t a n t  acce lera t ion  vectors  (magni tndcs  and 
angles)  a t  t h e i r  cen te r s  of grav i ty .  

2. Writes normal output on u n i t  6. 

3. Writes da t a  f o r  SUMARY on unit 9. 

+ 
Calculate head and chest center of gravi:y acceleration 
magnitudes and directions. 



Subroutine PAGE 4 computes p robab i l i t y  data and p r i n t s  it  out a f t c r  r cnc in i :  
th ree  input  cards  f o r  t he  necessary information. 

P r i n t  a 
s u b  h e a d i n g .  

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  

v a l u e  and  t h e  
a s s o c i a t e d  l a b e l .  

P r e p a r e  t h e  

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

Upda te  t h e  

P r i n t  t h e  t o t a l  
p r o b a b i l i t y .  



Subroutine RELSEL determines base r e l a t i v e  a c c e l e r a t i o : ~  o f  j o i n t s  anci cont,::i.i 
su r faces  sub jec t  t o  j i t t e r  via R E L E L  and adds contr ib l i t ions  o f  c t n t l > i S l ~  *i1 

a c c e l e r a t i o n s  for  l i n e a r  j i t t e r  modes. 

RELSEL ii 
Compute b a s e  r e l a t i v e  a c c e l e r a t i o n s  
o f  j o i n t s  and c o n t a c t  s u r f a c e s  
u s i n g  RELVEL 

i s  a c o n t a c  

Complete t h e  c o m p u t a t i o n  o f  t h e  
b a s e  r e l a t i v e  a c c e l e r ~ t i o n s  by 
a d d i n g  t h e  c o n t r i b u t i c n s  o f  
c e n t r i f u g u a l  a c c e l e r a t i o n s .  



Subroutine RELVEL 

Computes r e l a t i v e  ve loc i t i e s  between j o i n t s  or  contact  surfaces and body se, - 

ments which a r e  subject  t o  j i t t e r .  

(RELVEL) 

Get t h e  body i n d e x  
f rom IFORK. Get r 

t h e  s u r f a c e  i n d e x  Get t h e  a n g l e  i n d e x  
f rom IFORK. Corn- f rom MFORI. Compute 
p u t e  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 a s  t h e  d i f f e r e n c e  o f  
compute t h e  angu- t h e  two a n g u l a r  
l a r  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  

b 

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

t h e  o c c u p a ? t f s  v e l o c i t y  
minus t h e  ~ e h i c l e  v e l o c i t y .  



Subroutine SEAT c a r r i e s  out t he  following s teps:  

1. Computes v e r t i c a l  h ip  s e a t  force .  

2 .  Computes v e r t i c a l  s e a t  f ron t  force and appl ies  it t o  proper l eg  segment. 
Computes hor izonta l  force  on lower l eg .  

3 .  Computes magnitude of s ea t  f r i c t i o n  force.  

4. Computes t o t a l  continuous generalized sea t  force vector .  



Iritiallze seat 
(rr Teralize,: r2rc) 

7eztor to eero. 

Print debugging 

Compute vertical 
hip motion and 
rate from equa- 

seat force 
using equa- 
tion II.E.l. 

Compute g~nerallzed 
?...."? - 9 - *  ?!b,  +,,.-,s - - - -  - -  - - -  -: .~ _i_l_i-l . -L .Z?3  

..slrrd rq,ratlo.ls 
t -  C 

-I-->- L . , " s  

I1  E 5 .  and Y for .. - . 
- -  ~ 

"::IL- -7 _ _  z - .%:-; * =  %",. - 
l P p c r  ''5 .- - - - - .  - 

. 
I 

. - = _  - 

I 
- . , 1.z- 

- .. - .  
~ . - 7 -  - - -  

I 



Subroutine SIPP c a r r i e s  out t h e  following s t eps :  

1. Reads cards t o  r e s e t  i n j u r y  to le rance  l e v e l s  ( i f  any) and pr i r . t s  values,  
e t c .  

2 .  Scans c e r t a i n  var iab les  t o  s ee  i f  any exceed t h e i r  to le rance  l e v e l  and 
p r i n t s  out values,  t imes, and dura t ions  above to le rance  f o r  those t h a t  do. 

3 .  Cal l s  PAGE 4 fo r  p robab i l i t y  output i f  des i red .  



Subroutine STYX c a r r i e s  out t h e  following s teps :  

1. Reads i t s  input cards t o  determine s i z e  and content of output s t i c k  Pig- 
ures.  

2 .  Computes pos i t ions ,  e t c . ,  s e t s  up p l o t  images, and p r i n t s .  

F 3AD 

NHL, VSBH,NVL,NSB7J, IZERO , ISYEP ,METE,NCRT, 
XMIK,XMAX,YMIN,YMAX,FIRST,LELTA. 

ISTEP = MINO(ISTEP,2CO) + 
1 

READ 
NCNTCT 

CALL ($ 
Calculate and s e t  rn 

Set 
ZERO(I)=O. 

VZERO (I )=VZERO (1-1 )+VLINE 
f o r  I=2,MSBH, 

Calculate 
SALEY=(YMAX-yMIN)/(RNSBH/6), SCALEX. (XMAX-XMIN) /(RNSBV '10. ) , 
YFLOOR(~)=YFLOOR(~)-DA(~)*SPS~A(~), XFLOOR(~)=XFL~OR(~)-DA(~)~CPSIA(L), 
Y S E A T ( ~ ) = Y S E A T ( ~ ) - D A ( ~ ) % I A I ~ ) ,  XSEAT(~)=XSEAT(~)-DA(~)*C 'SIA(2), 
YSEAT(~)=YSEAT(~)+ZZERO*TGAMZ. XSEAT(~)=XSEAT(~)+ZZE~~, 
YR(~)=YR(~)-CA(~)*SPSIA(~), XR(2)=XR(l)-DA(3)*CPSIA(3). 



L J 

Calculate 
A.9.375,' (xMAX-XMIN) , 
B=AVMIN, 
c=g. 375/ (YMAX-YMIN) , 
DmCVMIN. 

Write 
ISTEP,NBELT,XL(~),YL(~) 
XU(1) ,YU(l) ,YLAP(l) 
XSEAT,YSEAT,A,B,C,D onto 9 

XJOI;;L\I;=POST(K,?), 
XJOINT(l)=POST(K,4), 
DTR=THETA(K,l,I)*.Ol7453'925, 

for I=1,8 CZVEC(I)=COS(DTR), 
SZVEC(I)=SIN(DTR), 

XLEN ( I ) =CZVEC ( I ) /PTLEN, 
YLEN(I)=SZVEC (I)/PTLEN, 
N(I)=PTZENQL(I)+l., 
N(4)=360./ANG, 
NT=O . 

+ -- 



Set JJ=N(Z) w----1 

ANGLE=((360.-?HETA(K,l,l) 
+THETA(K,:,~))/~.) 

DRP W GRIC . *.017453;325, 
TS=THETA(K,l, l)*.0171532925, 

COS(TS), 

SIN(TS), 

\ 

$- 
/ 

PLOT HIP PC -2 

Print 
IDATE,IPAGE 
STIME ( K) . I 



f o r  XCHT(J)-XR~O+AR(~ )RCOS(TS), 

J=1,3 YCHT(J)=YRHO+A3(3)*SIN(TS), 
TS=TS+FRTYFV, 

f o r  TSuTStFRTYFV, 
5-4,6 XCHT(J)=XRHO+A3(3)*COS(TS), 

YCHT(J)=YRHOtAR(?)*SINITS). 

PLOT CHEST POSITION. I 
sZXTY.60 .*.0174532925, 

YHND(J)=YJoINT(?)+AR(~) 

i PLOT EANE POSITION. 
Calculate 

~~=~~~~~(~,1,8)'.0174532925, 
ANGLE=( (180.+THETA(K31,7) 

-THETA(K,~,~) )/'+'-0174532925, 

*COS(TS), Yes 

*SIN(TS). 

Calculate 
TS=(THETA( ,1,8)-180)*.0174532925 
TS=TS+SIXI 
XFT(J)=XJC ~T(~)+AR(~)*cos(TS), 
YFT(J)=YJO VT(~)+AR(~)*SIN(TS). 



C a l c u l a t e  
XLA~(~)=XLA?(~)+BL~(K)*CSS(?:~I~(K)~ I 

NBELTZ! YLA~(~)=~LAP(~)+BL~(%?*SIN(?~I~(%?). / 

-1 PLOT LA? BELT ?OSIT;OK. 1 
I 

(84- PL3T SHOULDER BELT PCSITiON. 1 

PLOT THE P0SITIOI.i OF I EACH OF THE 9 JOINTS. 1 
PRINT LABELS, 
SCALING FACTORS. 



Subroutine SUMARY c a r r i e s  out t h e  following s teps :  

1. Writes end-of-run ind ica tor  on summary record and rewinds it. 

2. Reads one i n s t r u c t i o n  da t a  card. 

3 .  Al te r s  labe l ing  of contact sur faces .  

4. Reads s torage summary record, s e t s  up page images, and p r i n t s .  

5 Calls  SIPP t o  produce in ju ry  c r i t e r i : i  i f  desired.  

6 .  Uses University of Michigan p l o t  subroutines and produces graphical  out- 
put  i f  des i red .  

7 .  Cal l s  STYX t o  produce s t i c k  f igures  a t  se lec ted  times i f  desired.  

SUMARY 

P r i n t  s t a n d a r d  
o u t p u t  pages  

W r i t e  end o f  f o r  t i m e  p o i n t s  
summary r e c o r d  ,r from s t a r t i n g  
i n d i c a t o r  and i n d e x  t o  end- 
r ewind  r e c o r d .  i n g  i n d e x ,  

Read summary 
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  from 
summary 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 .  + Car ry  o u t  i n j u r y  

1 
t o l e r a n c e  c h e c k i n g  

Read t i m e  dependen t  by c a l l i n g  S I P P  
v a l u e s  from summary i f  d e s i r e d .  
r e c o 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 u s i n g  t h e  p r i n t e r  
s t o r e  a l l  t h i s .  

t t o  e n d i n g  I n d e x  
and e ~ d i n g  i n -  

S e t  s t a r t i n g  dex t o  t h e  
t i m e  p o i n t  minimum o f  t h e  
i n d e x  t o  one 
and e n d i n g  
t i m e  p o i n t  
i n d e x  t o  mini-  
mum o f  number 
o f  t i m e  p o i n t s  
and 52 .  



Subroutine TAUMAK c a r r i e s  out t h e  following s t eps :  

1. Computes time i n t e r v a l s  i n  a  manner t o  reduce t h e  probabi l i ty  o f  i n s t n -  
b i l i t y  . 

2 .  Ut i l i ze s  LIMIDT t o  check time i n t e r v a l  f o r  force change s i z e .  

3 .  Modifies e f f e c t i v e  acce l e ra t ion  vector t o  s u i t  time i n t e r v a l .  

4. Cal ls  NORMUT f o r  normal p r in tou t  s torage .  

5 .  Updates switches . 







Subroutine Z M K R  

Se ts  up t h e  components of an a r r ay  of acce lera 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 h e  appropriate  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  accelera-  
t i o n s  due t o  t h i s  combination. 

RETURN 

Check e a c h  b i n a r y  b i t  o f  L i n  t u r n ,  
i f  z e r o ,  s k i p .  If non-ze ro ,  add t h e  
a p p r o p r i a t e  DELZ t o  ZQ, 



Subroutine ZMAKER c a r r i e s  out  t h e  following s t eps :  

1. Inve r t s  matr ix  by c a l l i n g  on SSP rout ine .  

2 .  Computes acce l e ra t ion  vector  by applying inverse  matr ix t o  general ized 
force  vec tor ,  

3 .  Checks mat r ix  invers ion  by pre- and pos t -mul t ip l ica t ion  i f  des i red .  

Copy the  computed t r i a n g u l a r  por t ion  o f  t he  
matr ix i n t o  t h e  o the r  por t ion  and i n t o  a  
dummy matr ix f o r  t h e  inve r se .  

7 1  
from t a b l e  X X I I .  

Obtain t h e  matr ix inverse  b y  
c a l l i n g  l i b r a r y  rou t ine  M I N V .  

Call SUMARY. 
E xit 1 

Check inve r se  b y  pre- and 
post  m u l t i p l i c a t i o n  and 
add i t i on .  

A 

) P r i n t  d e b u ~  #13 
from t a b l e  X X I I .  



H. SYMBOL DICTIONARY 

The d ic t ionary  which follows i s  arranged i n  alphabet ical  order by the 

FORTRAN name of each variable  or  a r ray  used i n  the program. I f  the  same 

FORTRAN name i s  used i n  d i f f e r en t  subroutines with d i f f e r en t  meanings, the 

meanings a r e  l i s t e d  on separate l i n e s  f o r  each of the  uses. The second column 

i s  the FORTRAN dimension which i s  specif ied f o r  arrays.  The t h i r d  column i s  

the ana ly t i ca l  symbol which corresponds t o  t h i s  FORTRAN narne and i s  supplied 

i f  such a  correspondence ex i s t s .  The four th  column gives the physical un i t s  

f o r  those quan t i t i e s  which have them. The numbers shown a r e  subscript  ranges 

i f  un i t s  a r e  not the  same f o r  a l l  elements of arrays.  The l a s t  column i s  a  

short  de f in i t i on  of the  quant i ty .  

As an appendix t o  the symbol dict innary,  there  i s  an alphabet ical  l i s t  

of ana ly t i ca l  symbols together with the corresponding FORTRAN names of each 

quant i ty .  This l i s t  ind ica tes  the  name which can be used t o  f i nd  the def in i -  

t i on ,  



.d 

.d 
C  
.d 

% 
cd 

n 
G 

d X 

c, 
m x" g .d 

- k  
4J 

g k l l  
+' 

P O W  
C  m 8 a d k  

a, rl 
hO a, a o t 2 
0 rl 

m 

X 
8 

rl 

c, 
m h  z c a ,  

m .d u 
d X 
a, rl 

k  X 
2 $ 2  
U m 
rl 

3 rl 
cd m &  

c, 
.d a 

2 % Z  rl 

0 cd Ti 
N Q k  
.d m c, k 
k C C  
0 O a ,  

P o k  

A U U  

d 
CU 

i <  
e r l  CU 

U U 
a, 
m 

CU a, 
U m 

d a, 

I 
cu ad d 
0 \ a d  I I 

SCUU 

a, CU 
U P  

5 m: 
0 

a, d - r l P  rr\ CU (U 

5 "  c o l d  0 m v  U 

P P2 I m a, 
r l h h  m 

4J a, a, 
ad rn m 

hd rl - 0 4  \ 
cod m 

\ \ 

Y hhd l a ,  d 
T I  m d  A O \ k  .d 

ul 
2 

C  
0 
.d 

2 I 
a, e- 
6 d 

f i  

0 4 4  
Fr 



5 -d 

d 

aJ 
d 
hi) 
d 
cd 

g 
d 
4 
cd 
d 

't 
k 

! 
rl 

PI 
0 
4J 
a 
4J 
d 
d 
0 
"7 







Symbol Dictionary (page 3 )  

FORTRAN 
Dimension Symbol Units Definition 

Name 

BETA 3 

BIGKI 7 

pm 1, lb/in. hip seat force spring coefficients 
2, ~b/in.~ 
3 ,  lb/in.3 

- - imaginary part of first polynomial evaluation 

- - real part of first polynomial evaluation 

- - imaginary part of second polynomial evaluation 

- - real part of second polynomial evaluation 

- - imaginary part of third polynomial evaluation 

- - real part of third polynomial evaluation 

- g-units/in. head horizontal acceleration linear coefficient 

I% in. lb/rad joint elasticity coefficient for each joint 

Je in. lb joint elasticity torque for each joint 

BL 3 in. belt segment length for each belt segment lk 

BL1 200 - in. lap belt length storage 

- in. 

- in. 

lower shoulder belt length storage 

upper shoulder belt length storage 
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Symbol Dictionary (page 16 ) 

FOFrmAN 
Dimension Symbol 

Name 
Units Definition 

HZERO 130 - in .  hor izonta l  dis tance represented at  p l o t  o r ig in  

I - i - general  index but  of ten  body segment index 

IA - a - contact surface index 

IBIG 8 Ik 

IBUG - 

I D  - 

IDA'IIE 3 

IMlRK 3 98 

contains alphabet ic  characters  f o r  ident i fy ing  input 
cards 

contains indices of modes i n  j i t t e r  state i n  order t h a t  
they came in j i t t e r  except f o r  l i n e a r  j i t t e r s  which a r e  
always l a s t  

debug pr in tout  colltrol l e v e l  

input card i d e n t i f i c a t i o n  f i e l d  s torage 

contains calendar da te  of  t h e  current  run 

element one i s  body segment index, element two is  con- 
t a c t  surface index, and element th ree  i s  t h e  in terac t ion  
index f o r  each of e igh t  possible l i n e a r  j i t t e r  modes 

contains a switch f o r  each of the  contacts  which t e l l s  
whether t h e  surface i s  not used br has no f r i c t i o n  

body segment index 

temporary s torage f o r  predict ion of summary p l o t s  



E k p ,  a s B  
m r n m  
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Symbol Dictionary (page 34 ) 

mI(mUVT Dimension Symbol Units Definition 
Name 

A 

'I'HATPV - in. lb/rad upper shoulder joint stop torque coefficient 
T$ 

THATPW - in. lb/rad upper hip joint stop torque coefficient 

THATPX - in. lb/rad upper elbow joint stop torque coefficient 

THEDSQ 8 6; (rad/sec) square of body angular velocity 

THEFEE - - r ad  i n i t i a l  value of relat ive angle between l m e r  torso 
centerline and lap  be l t  

THETA 200,323 - (?? deg, etc. 
body angular position, velocity, and acceleration 

(r storage 

THETAZ 8 @io rad i n i t i a l  values ef body angles 

TIA - Ti t% in. 

TIMAX - 

TIME - 

TIMTJ 16 

TIM!CJZ 16 

T* sec 

tmax sec 

t sec 

- rad 

- rad 

length of the l ine  joining the body center of curvature 
t o  the contact surface reference point projected on the 
coiltact surface 

minimum of pr int  interval, inflection interval, and max- 
h u m  time step 

duration of simulation 

value of time during simulation 

body relative angles 

i n i t i a l  values of body relat ive angles 



Symbol Dictionary (page 3 3 )  

FOIiTRAN 
Dimension Synibol Units Defini t ion 

Name 

t i m e  of next vehicle  accelera t ion  t a b l e  entry ( inf lec-  
t i o n  time) 

TMATII 8 T in .  l b  jo in t  s top  torque 
i j 

TOF - sec time t h a t  t h e  tolerance v io la t ion  ceases toff 

TOL 22 - - tolerance l e v e l  values 

TON - 'on sec time t h a t  t h e  tolerance v io la t ion  begins 

\?? TPRIME 7 
--J 

TPRINT 

TSA 

TSB 

TSC 

TSTEP 

Ti in.  lb/rad symmetric o r  lawer jo in t  s t o p  torque coeff ic ient  

- sec next p r i n t  time 

temporary s torage 

temporary s torage 

temporary s torage 

temporary s torage 

last vehicle  accelera t ion  i n f l e c t i o n  time 

body angles 

body angle v e l o c i t i e s  

VAR in ju ry  tolerance quant i ty  











Symbol Dictionary (page 4 0 )  

FOIiTRAN 
Dimension Symbol Units Definition 

Name 

YCHEST - - in./sec 
2 chest center of gravity upward acceleration 

YCHT 6 - in. y-coordinates of chest contact a r c  points 

YELB 3 - in.  y-coordinates of elbow contact a r c  points 

YEPSLN - in. cumulative permanent deflection 

YFLOOR 2 - in. y-coordinates of f loor  end points 

YFT 3 - in .  y-coordinates of foot  contact a r c  points 
IU 
F- 
ru YHEAD - - in./sec 2 head c e ~ l t e r  cf grs-.rity upward acceleration 

YHEAD 200 - in. head center of gravity y-coordinate storage 

YHIP 3 - in. y-coordinates of hip contact a r c  points 

YHM> 5 - in.  y-coordinates of hand contact a r c  points 

YIDOT 7 

Y J O r n  9 

- in./sec 

- in.  

jo int  upward velocity 

y-coordinates of jo ints  including wrist and ankle 

YKNE 3 - in.  y-coordinates of knee contact a rc  points 

YL 2 - in. y-coordinates of lower shoulder be l t  end points 

Y LAP 2 - in ,  y-coordinates of l a p  shoulder b e l t  end points 



Symbol Dictionary (pge  41 ) 

FOIiTRAN 
Name 

Dimension Symbol Units Definition 

YLEN 8 - in. y-coordinates of p lo t  arcs  

YLP 2 - in. y-coordinates of lower panel end points 

- in .  

- in. 

y-coordinates of lower steering wheel end points 

y-coordinates of s t i c k  f igure points 

YMAX - - in. maximum y-coordinate of p lo t  area 

YMDl - - in. minimum y-coordinate of p lo t  area 

IU 
5 YPRM 8 - in. y-coordinates of body centers of curvature 

YSC 2 

YSEAT 3 

YSMALA 10 

YSP - 

- in.  y-coordinates of roof end points 

- in. y-coordinate of chest center of curvature 

y s in. deflection of hip  sea t  spring 

- in.  

- in.  

- in. 

gs in./sec 

y-coordinates of steering column end points 

y-coordinates of s ea t  end points and intersection 

y-coordinates of contact surface reference points 

deflection r a t e  of hip seat  spring 

- in.  y-coordinates of toeboard end points 



Symbol Dictionary (page 42) 

Dimension Symbol Units Definition 
Name 

W - - in. y-coordinate of upper shoulder belt anchor point 

YUSDF 2 - in. y-coordinates of steering wheel end points 

YWS 2 - in. y-coordinates of windshield end points 

YYY 300,3 - 1, in./sec2 ordinates of input tables 
2,3, - 

in. 

- z in. 

vertical distance from the Front edge of the seat to the 
point of seat cushion directly beneath the hip joint 

horizontal distance of the front edge of the seat from 
the hip joint 

ZERO - - - (vestigial) 

ZERO 130 - - zero line plot array 

11,128 
" 

ZK z 1-8, rad/sec2 generalized acceleration contributions for all combina- k 
9-ll, in./sec tions of jitter modes on and off 

ZKB 11 - 1-8, rad/sec base acceleration vector including both all continuous 
9-11, in./sec and tuned on discontinuous 

ZKBASE 11 - 1-8, rad/sec2 base acceleration vector including both all continuous 
9-11, in./sec2 and turned on discontinuous 

XMLCTS - - in. horizontal distance of knee joint from front edge of 
seat 
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Symbol FORTRAN ~ a m e (  s ) 

a KA, LA, IA 

AK 

BEE 

SMALLB 

CEE 

C ZERON 

C ONEN 

CTWON 

C S 

C PRIME 

DEE 

EONE 

MAT 

E 0 

FORCE, FT, FTT 

FFM 

FTOLD 
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Symbol FORTRAN Name( s 1 

FSPRM 

FS PRMZ 

SMALLF 

GEE 

g GRAVI T 

K I ,  L I ,  I, I1 

Ki 
BIGKI 

BIGMI 

EL 

ELP 

B'L 

ELZTEN 
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Symbol 

S 
z 

T i a  

FORTRAN ~ame(  s 1 

A A 

ANVERS 

P I  

QUE 

R, RNEW 

R A 

AR 

RZ 

S 

sz 

T I A  

TMATII 

T PRIME 

THATPW 

THAT W 

THATPX 

THATPS 

TIME 

TIMAX 

TOF 
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symbol FORTRAN NAME( S )  

TON 

VTIA 

V X I  A 

VY I A  

WZERO 

XC 

XC P 

PLC 

U P  

PIX 

HEADX 

x, Ax 

m 

xz 

YS 

YSP 

YZZERO 

Y A 

YAP 

PLY 

HEADY 
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Symbol FORTRAN ~ame(  6 1  

Y, AY 

ZZERO 

AZP 

ALFAI 

BETA 

LITGAM 

GAMZER 

DELL, DELTA 

DELTAT 

DESTEP 

DELZ 

DELNN, DELNU 

SDELT A, SDELA 

SDL 

DELOLD 

SDELTD, SDELD 

OLDELD, DELDOD 
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Symbol FORTRAN Name( b 1 

EPSLNY 

EPSLNP 

ETA 

THETAZ 

TV 

THEDSQ 

T A 

ELAMB 

FMUA 

FMUS 

RVEL 

RSEL 

RPSI 

XISMLA 

PI 

RHO 

RHOPRM 

RHOPTZ 

RHOPE'Z 
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Symbol FORTRAN ~ame( s 1 

SIGZ, SAGXX 

S I GMAA 

SIG, SIGMA 

TAU1 

TIMP.SK 

TAUHAT 

TAHATZ 

FEPTEN 

PHI 

F'HIZ 

PS I A  

OMGT, FOM 

OMEGA1 

POMO 
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