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Volume One i s  intended primarily for the analyst who i s  interested in 
the theoretical bases of the MVMA Two-Dimensional Crash Victim Simulation. 

This vol ume contains the detailed formulation of the equations of planar 
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Vol me two presents a detailed description of the i n p u t  data quantities 
required by the computer model and the normal output produced. Volume Three 
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PART 1. INTRODUCTION TO THE MVMA 2-D CRASH 
VICTIM SIMULATION 

Since 1966, soph i s t i ca ted  analyses have been developed whi ch can 

be used f o r  es t ima t i ng  the  dynamic response o f  a human o r  an anthro- 

pomorphic dummy i n  a crash environment. The use o f  such mathematical 

models as t o o l s  i n  automotive s a f e t y  design has been made poss ib l e  

by modern 1 arge-storage, high-speed computers. 

The problem o f  determin ing occupant dynamics i n  a crash env i ron-  

ment can be s imply  s ta ted .  A d e s c r i p t i o n  o f  a mechanical o r  b i o -  

mechanical system, t he  occupant, i s  g iven. A d e s c r i p t i o n  o f  a poten- 

ti a1 l y  i n t e r a c t i n g  mechanical system, the  occupant compartment, i s  

g iven. The occupant 's p o s i t i o n  and o r i e n t a t i o n  and t h e i r  r a t e s  o f  change 

a re  s p e c i f i e d  f o r  some s i n g l e  i n s t a n t  i n  t ime. And f i n a l l y ,  t he  mot ion 

i n  space o f  t he  occupant compartment as a f u n c t i o n  o f  t ime i s  spec i f i ed .  

I t  i s  r equ i r ed  t o  determine t he  subsequent mot ion o f  t he  occupant and 

the  forces which descr ibe h i s  i n t e r a c t i o n  w i t h  t he  v e h i c l e  i n t e r i o r .  

F igure 1 i l l u s t r a t e s  the  r e l a t i o n s h i p  between t h e  mot ion and t he  

forces. From the  i n i t i a l  p o s i t i o n  and v e l o c i t y  cond i t i ons  o f  t he  occu- 

pant re1  a t i v e  t o  a v e h i c l e - f  i x e d  re fe rence  frame, the  instantaneous s t a t e  

o f  displacements between body and v e h i c l e  elements, and hence t he  i n t e r -  

a c t i o n  fo rces ,  may be determined. Fur ther ,  t he  instantaneous i n t e r a c t i o n  

forces thus found, toge ther  w i t h  the  mot ion equat ions o f  c l a s s i c a l  

mechanics , namely Newton ' s Laws, determi ne t he  instantaneous accel  era- 

t i o n s  e s s e n t i a l l y  as a = F/m, o r  {a}  = [MI-' {F}  i n  a vec to r  fo rmu la t ion .  

I n t e g r a t i o n  o f  t h e  acce le ra t ions  then y i e l d s  the  occupant v e l o c i t i e s  and 

p o s i t i o n s  a t  a new t ime, d i f f e r e n t  f rom the  t ime a t  which forces were 

determined by an a r b i t r a r i l y  small amount, d t  o r  ~ t .  New p o s i t i o n  and 



velocity conditions having been determined, new deflections can be 

determined and  so forth so t ha t  the en t i re  time his tor ies  f o r  motion 

and forces a re  established. This flow sequence i s  an appropriate 

description fo r  a l l  mathematical models which could be used fo r  

determining occupant dynamics. 



FIGURE 1 R e l a t i o n s h i p  o f  P o s i t i o n  Condi t i c n s  znd I n t e r a c t i o n  Forces 
W i t h i n  t h e  Framework o f  an I n i t i a l  Value Problem 

t=O 

POSITIONS AND 
VELOCITIES (OF (1 

OCCUPANT AND 
VEHICLE) 

DEFLECTIONS (2  

w 4 

ln tegrat ion  Load-deflection 
to t+ At propert ies of 

deformed elements 

INTERACTION 
FORCES ( 3  1 

Newton's Laws 
(d i f f e ren t i a l  equations 

of motion) 

ACCELERATIONS 

{ a )  = [MI-' j F )  
L 

( 4 )  



The M V M A  Two-Dimensional Crash Victim Simulator (Version 1 ) came 

into being in 1973 [ I ] .  This model was developed by the Highway Safety 

Research In s t i t u t e  (HSR1)--now UMTRI-- and was an extension of the MODROS 

model, released in 1972  by General Motors [2]. The predecessors of 

MODROS, in turn ,  were ROS (1971) [3] and Cal 2-D (1966) [4], released by 

the then Cornel 1 Aeronautical Labs. 

Since 1973, the MVMA 2-D model has undergone continuing development 

a t  UMTRI. The current release of the computer model (June 1988) i s  over 

42,000 Fortran 1 ines in length and eight  times as long as the immediate 

predecessor of the MVMA 2-D model, MODROS. Versions 2 a n d  3 were re- 

leased in January and June of 1974 [5,6], and since 1974 there have 

been computer tape releases representing several additional stages of 

model development. 

In addi t ion,  a "Val idation Command Language" program was completed 

and released in December 1976 [7]. This program performs many post- 

processing operations on MVMA 2-D generated data and was developed to  

aid the automotive safety researcher in quantifying comparisons between 

impact t e s t  r esu l t s  and  predictions of mathematical simulations. 

In April 1977, HSRI released a Tutorial System for  the MVMA 2-D 

model [8]. This consists  of a 397-page Self-study Guide and a 298-page 

Audio-Visual Program with two hundred 35mm sl  ides and nearly f ive  hours 

of narration on tape casset tes .  The Tutorial System Self-study Guide i s  

the most detai led document available fo r  aiding the model user in pre- 

paration o f  input data se t s .  

In 1979 Version 4 of the MVMA 2-D model was released. For various 

reasons Version 3 continued t o  be used, however, and Version 4 was n o t  

p u t  into use. Nonetheless, th i s  three-vol ume report s t i l l  r e f l ec t s  the 



1979 update t o  Version 4 of the 1974 Version 3 documentation. 

Material relating t o  Version 4 in the documentation (mostly in Volume 

3) can be ignored. Differences between Version 3 and Version 4 were pri- 

marily in program layout and were transparent t o  the user. Material in 

Volume 3 (the "programer's manual") relating t o  Version 4 should n o t  be 

confusing since -- with respect t o  program layout -- Versions 3, 5 ,  a n d  6 

are "subsets" of Version 4.* 

Several releases of Version 3 were made from 1979 t o  1984. Major 

modifications t o  Version 3 in 1985 led t o  releases of a new version , Ver- 

sion 5 ,  in 1985 and 1986. Versions 5 .1 ,  5 .2 ,  5.3, and 5.4 were released 

in 1987 and 1988. More recent work has led t o  the current release, MVMA 

2-0 CVS, Version 6.** To the user the differences between Version 5 and 

Version 6 will be transparent except for the many new features in Version 

6. Even beyond the new features,, however, Version 6 represents a major 

updating of the model since Version 6 code i s  ANSI standard Fortran 77 as 

opposed t o  the Fortran IV (66)  code of a l l  ear l ier  versions of MVMA 2-D 

CVS. This means t h a t  the model can now be installed on almost a l l  computers 

of sufficient size and run easily with almost any operating system. 

The MVMA Two-Dimensional Crash Victim Simulator i s  a model intended 

t o  be used for simulating crash events in which primary occupant motions 

may be expected t o  l i e  in a plane. Thus, i t  i s  most useful for simulating 

front-end and rear-end impacts. With care, however, i t  can be used for 

some oblique and side impacts as well. Appl ications have include simu- 

lating anthropomorphic dummy drops o n t o  a hard surface and  human fall  

victims s t r i  king yielding and unyielding surfaces. They have included 

simulating pedestrians struck by a vehicle. Simulations have been made 

of laboratory tests in which lateral neck response of human subjects was 



measured when t h e  head was j e r k e d  t o  t h e  s i d e  by a  f a l l i n g  we ight .  The 

model has been used t o  s i m u l a t e  headlneck dynamics of  v o l u n t e e r  s u b j e c t s  

i n  impac t  s l e d  t e s t s .  Bu t  use o f  t h e  MVMA 2-D model need n o t  be r e s t r i c t e d  

t o  s i m u l a t i n g  human o r  human-analog systems. D ive rse  a p p l i c a t i o n s  a r e  pos- 

s i b l e  i f  t h e  u s e r  i s  i m a g i n a t i v e  i n  u t i l i z i n g  t h e  many f e a t u r e s  o f  t h e  

model. 

* A b r i e f  d e s c r i p t i o n  o f  Ve rs ion  4 i s  g i v e n  he re  f o r  completeness. The 

p r i m a r y  d i f f e r e n c e  between Vers ion 3 and 4 was an e x t e n s i v e  r e o r g a n i z a t i o n  

of  t h e  computer mode1 , documented i n  Volume 3. Vers ion 4 examined t h e  

i n p u t  da ta  s e t  as a  f i r s t  s t e p  and was then  ab le ,  t h r o u g h  au tomat i c  gene- 

r a t i o n  o f  supplementary sub rou t ines ,  t o :  

1 )  a s s i g n  minimum s t o r a g e  space necessary f o r  t h e  s i m u l a t i o n ,  and 

2)  make unnecessary t h e  "1 oad ing" ,  o r  "1 i n k - e d i t i n g " ,  o f  program 

r o u t i n e s  which w i l l  n o t  be re fe renced .  

Vers ion 5 and Vers ion  6 accompl i s h  t h e  f i r s t  o f  t hese  f u n c t i o n s  f o r  

Ou tpu t  Processor  s t o r a g e  ( o n l y )  t h rough  an Ou tpu t  Pre-Processor.  

** See S e c t i o n  3.2-A.1 f o r  a  d e s c r i p t i o n  o f  t h e  c u r r e n t  r e l e a s e ,  Vers ion 6.0.  



PART 2. ANALYSIS 

Fol 1  owing d e f i n i t i o n  o f  t h e  coord inate  sys tems desc r ib ing  occupant 

p o s i t i o n ,  the fo rmu la t ion  o f  the  equations o f  mot ion us ing  Lagrangian 

techniques i s  d e t a i l e d .  The a d d i t i o n  o f  fo rces t o  t h e  equations of mot ion 

i s  descr ibed i n  general supplemented by s p e c i f i c  analyses f o r  vehi  c l  e- 

occupant contac t ,  g r a v i t y  , j o i n t s  , and r e s t r a i n t  systems. 

2.1 COORDINATE SYSTEMS AND GEOMETRY 

The bas ic  approach used t o  descr ibe the  crash dynamics has been t o  

d e f i n e  two independent dynamical sys tems , t h e  occupant and the  vehi c l  e, 

r e l a t i v e  t o  an i n e r t i a l  re ference and then t o  determine the i n t e r a c t i o n  

o f  the  systems w i t h  appropr ia te  coord inate  t ransformat ions.  I n  t h i s  

manner, the p o s i t i o n  and o r i e n t a t i o n  o f  the occupant are  determined by 

the i n e r t i a l  coordinates X2, Z2, oi, i = 1,2,3, . . . , 9 (e9= eneck = en) 

and the r e l a t i v e  coordinates XS, ZS, Ln, as shown i n  Figures 2, 3,and 6. 

A l o c a l  coord inate  system i s  f i x e d  t o  each occupant body segment w i t h  the  

o r i g i n  co inc iden t  w i t h  the cen te r  of mass of the  segment. This i s  il l u s -  

r a t e d  i n  F igure  4, which shows, as an example, the  p o s i t i o n i n g  o f  a  

" foo t  e l l  i pse" w i t h  respect  t o  t h e  coord inate  frame f i x e d  t o  the lower 

leg .  The v e h i c l e  p o s i t i o n  i s  s p e c i f i e d  by t h e  i n e r t i a l  coordinates 

Xv, zv , and e v  as i l l u s t r a t e d  i n  F igure  5. The a x i s  system iv - k, 

i s  assumed t o  be f i x e d  a t  any a r b i t r a r y  p o i n t  i n  the veh ic le .  B e l t  anchor 

p o i n t s  are  defined re1 a t i  ve t o  t h i s  v e h i c l e - f i x e d  a x i s  system. Force- 

generat ing contac t  surfaces may be at tached e i t h e r  t o  the v e h i c l e  re ference 

frame o r  t o  t h e  i n e r t i a l  frame. 

I n  a d d i t i o n  t o  the  nine-segment occupant l inkage,  an a r b i t r a r y  number 

o f  un l i nked ,  u s e r  s p e c i f i e d  .'mass elements may be modeled. These e l e -  

ments have var ious uses (see Sect ion 2.10). Each adds th ree  degrees of 

freedom t o  the t o t a l  system. 



FIGURE 2 .  Arti cul  a t e d  Body Schemati c 
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FIGURE 5. Space a n d  Vehicle F i x e d  Coordinate Systems 
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The positions of the occupant's joints relat ive t o  the ine r t i a l  frame 

are : 

where L i - l  , i  i s  the in te r jo in t  distance between joints i-1 and i . 

The jo int  velocit ies in the ine r t i a l  frame are easi ly determined 

from equations ( I ) ,  where the generalized coordinates X2, Z2. e l ,  . . . e 8. 

a n '  in X,, and Z, are time dependent an3 the quantities oi. L . and 0 are 
j k c 

constants. 



The shoulder parameters L27 and ec  are f o u n d  in terms of the inputted 

quanti t ies a = ASH and b = BSH (Card 201 ) as 

L,, = J+bT 
-1  b e, = tan - L 2 ,  # 0. a ' 

The coordinates a and b f i x  the shoulder jo int  attachment p o i n t  on the 

upper torso. They are defined in tile description of input data for  the 

201-card and i l lus t ra ted  in Figure 6 . The point ( a ,b )  serves b o t h  as the 

center of  a stop c i rc le  for  shoulder element stretching and as an equilibrium 

point to  whi ch the shoulder j o i n t  (point  7 in Figure 6 ) tends to return. 

The stop c i rc le  can be thought of as the base of the three-dimensional 

excursion cone, o r  " jo int  s inus,"  swept out by the clavicle a t  extreme 

angul a t i  on ,  (See Reference 9 ) . 
The positions, velocit ies,  and accelerations of the centers of mass 

of the segments re la t ive  t o  ine r t i a l  space are easi ly written down: 





.I I .  * 1 

t,= t, - (L,)-1%) eZv, gZ-c,, b3 -h i+ meqL- L% i3woj -R( 4 
' 2  * ' 2  . 't . 

&$+ L3uQ3~83tb5 e;4&6+4~~~ @ 5 k 8 5 + f 6 < - ~ 6  
,I .I ' . I. 

X 7 =  f i r  + ~ ~ ~ e ~ h  (e,-@,)- (x, ~ ~ e , - z , ~ e , ) e ~ - f , e ,  h.;$ 

+ X, + gs -e3 + L*, 6; w (4-Q,) -1,~; we, 
" 

- 2 x,~,AQ,+ 2 t,ez -8, - tiz' (xXt w e 2  + ts A%) 
, . , I  . . 
t7= 3, + L ~ , B =  M@,-e,)-(x, ~ ~ , + t , ~ e , ) e ~  -R,Q;, WQ, 

" I 2 .  ' 2  1 - xs -e,+ is -9,- ~ ~ , e %  -(e,-e,)+~,e, h e ,  
I * t - ' K ~ Q ~ L * @ ~ - L ~ ~ Q ~  AQ, + B;L ( K $ , & Q ~ -  tS ~ 8 ~ )  







2 . 2  FORMULATION OF THE EQUATIONS OF MOTION 

The equations of motion describing the dynamic behavior of the eight- 

segment art iculated occupant were derived using the Lagrangian formulation 

where T i s  the total  system kinetic energy; V ,  the system potential energy; 

D ,  the system energy dissipation function; Q , the classical  generalized 
q i  

force acting on general i  zed coordinate q i  . 
The body kinetic energy (exclusive of neck mass) expressed in the ine r t i a l  

coordinaterof the centers of mass i s :  

Equations 4 are used t o  express the kinetic energy in terms of the system 

generalized coordinates and velocities. I t  i s  noted here that  the kinetic 

energy terms in Equation 6 can be reduced t o  the form 
8 8+ 

A 2T 2T - 
; 

(See Reference 10) .  
a 



Tile e x t e n s i b l e  neck element i s  cons idered t o  have a  t o t a l  mass mn which 

i s  lumped a t  t h e  e x t r e m i t i e s  o f  t h e  element, a t  t he  head-neck and neck- to rso  

j o i n t s .  Where a i s  an i n p u t  parameter, t h e  masses a t  t he  upper and lower  

neck j o i n t s  a re  amn and (1-a)mn, r e s p e c t i v e l y .  Neck moment o f  i n e r t i a  about 

a  neck cen te r  o f  g r a v i t y  would be redundant s i n c e  t h e  neck mass i s  a l ready  

d i s t r i b u t e d .  The va lue  rnn i s  a1 lowed t o  be zero.  The k i n e t i c  energy of t h e  neck 

i s  Tn = 1/2  am,(^:)^ + 112 (~-a)m,(A;)~ . ( 9 )  

Th is  leads t o  a d d i t i o n a l  t e m s  f o r  the  Lagrange equat ions  ( 6 ) .  

They are: 

J J The d e r i v a t i v e s  o f  XI and X q  are  ob ta ined  f rom Equat ion 1. 

The e f f e c t s  o f  g r a v i t y  and j o i n t  sp r i ngs  can be i n c l u d e d  i n  t e m s  

o f  a  p o t e n t i a l  f u n c t i o n ,  V ,  as f a l l ows .  
8 8 2 1 V = C - , ~ [ Z ~ ~ O ) - ~ ~ ]  A + K* ,  A t  [eu-eY] A. + i s  r ~ , t  [L - -L th (a] 

A 

3 
(11)  

Here, r e l a t i v e  j o i n t  angles a re  d e f i n e d  by 

where the  i n d i c e s  are r e l a t e d  as f o l l o w s :  



The second term in equation 11  i s  for  1 inear ( e l a s t i c )  joint  s t i f fnesses .  

The th i rd  and fourth t e rm  represent lengthwise e l a s t i c  deformation of the 

necK' and shoulder spring elements which connect joints  1-2 and 7-9, 

respectively. e; in the f i f t h  term i s  angular deformation beyond a 

motion limiting stop and T; i s  the associated nonlinear torque, defined 

by Equation 33. The l a s t  two terms are for  nonlinear resistance to 

lengthwise deformation of the neck and shoulder e lemnts .  RS i s  the radius 

of a "stop" c i rc le  fo r  shoulder element deformation. (Force i s  zero unless 

Ls > Rs*  

*The neck i s  a1 1 owed t o  have different  characterist ics for  elongation 
.! and compression. See Cards 213 and 242. 



k The to rques T, and t h e  fo rces  F;, F:, F;, F;, and T  SH , j  
are  d e f i n e d  

i m p l i s i t l y  by Equat ions 12  and 13. 

A1 though t h e  genera1 i zed coo rd ina tes  f o r  the  f l  e x i  b l  e  s  hou l  d e r  are X s  

and Zs, t h e  e q u i v a l e n t  coo rd ina tes  (LS ,eS) are used i n s t e a d  i n  some p a r t s  

of t h e  a n a l y s i s ,  as i n  Equat ion  11. F i g u r e  6 and Equat ions14 d e f i n e  and 

r e l a t e  these q u a n t i t i e s .  

The l a s t  t e r m  i n  Equat ion  6 r e s u l t s  f rom an assumed dependence o f  t he  

r e s i s t a n c e  t o  l e n g t h e n i n g  o f  Ls on the  angu la r  d i r e c t i o n  o f  t h e  deformat ion .  

The s t i f f n e s s e s  KS ,i are i n p u t t e d  as t a b u l a r ,  p e r i o d i c  f u n c t i o n s  o f  eS on 

Cards 239-241. Then the  p a r t i a l  d e r i v a t i v e s  are  found as 

gKs; 1~ 26, A= =,& 

so t h a t  '‘ti det a%j 

and 



The individual  con t r ibu t ions  t o  the  equations of  motion from grav i ty  and 

spr ings  in  Equation 13 are:  



3v - - x s - A , , f  A 8 ,  + f - 
a& 'S + TSH, Xs 

( I  6)  cont inued)  

The q u a n t i t i e s  Ai a re  constants  d e f i n e d  i n  Equat ion  24. The to rques T and 

f o r c e s  F a r e  a  sum o f  l i n e a r  and n o n l i n e a r  p a r t s  f rom Equatiol: 13, i .e., 

R n T", = T", + T", 

Energy d i s s i p a t i o n  occurs a t  t h e  j o i n t s  th rough t h e  mechanisms o f  

fri c t i o n  and v i s c o c i  t y .  The energy d i s s i p a t i o n  f u n c t i o n  may be o b t a i n e d  

by i n t e g r a t i n g  t h e  to rque  o v e r  t h e  angu la r '  . - v e l o c i t y  , as i n  t h e  f i r s t  term of 

o f  Eq. 18. The l a s t  two terms of t h i s  equa t i on  a re  f o r  v iscous damping a long  

neck and shou lder  l i n k s .  

f With t h e  d e f i n i t i o n  T i  = Ti + T Y  we o b t a i n  the  c o n t r i b u t i o n s  t o  t h e  

equat ions  o f  mot ion  o f  energy d i s s i p a t i n g  to rques and fo rces  as: 



(19) 

( con t inued)  

Fo r  s o l u t i o n  purposes, t he  equat ions o f  mot ion  f o r  t he  fou r teen  degree' 

o f  freedom occupant model may be arranged i n  m a t r i x  fo rm as 

where the  elements o f  t h e  m a t r i x  [ M I  and the vec tors  [q], [B], [C] ,  [D],[E] 

w i  11 be g i ven  i n  the t e x t  which f o l l o w s .  The v e c t o r  [q] conta ins  a1 1 t h e  

second o r d e r  d e r i v a t i v e s  o f  t h e  genera l i zed  coord inates .    qua ti on20 i s  

s o l  ved f o r  these general  i zed acce le ra t i ons  be fo re  each i n t e g r a t i o n  s tep  

i n  the c a l  c u l  a t i o n  procedure. 

* A d d i t i o n a l  degrees o f  freedom a r e  assoc ia ted w i  tli use r -de f i  ned 

non-body l i -nks ,  which a r e  d iscussed i n  Sect ion  2.10. 
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The m a t r i x  o f  c o e f f i c i e n t s ,  [ M I ,  i s  g i ven  by Equat ion  22where the  c o n s t a n t  

mu1 t i p l i e r s ,  A, a re  d e f i n e d  i n  Equat ion  2 4 - *  The v e c t o r  [B]  i n c l u d e s  t h e  

e f f e c t  o f  c e n t r i f u g a l  f o rces  r e s u l t i n g  f r o m  body k i n e t i c  energf (Equat ion  7 ) 

and g r a v i t a t i o n a l  f o r c e s  ( p a r t  o f  Equat ion  l a .  The components o f  v e c t o r  [B ]  

a re  g i ven  as Equat ion  25. The e f f e c t s  o f  j o i n t  l i n e a r  and n o n l i n e a r  t o r s i o n a l  

s p r i n g s  (Equa t i on  12 as w e l l  as j o i n t  d i s s i p a t i v e  e f f e c t s  (Equa t i on  19 are  

lumped t o g e t h e r  t o  f o rm t h e  v e c t o r  [ C ]  as g i ven  i n  Equat ion  27. The v e c t o r  

E  i s  developed i n  S e c t i o n  2.3.2. I t accounts f o r  t h e  e f f e c t  o f  t ime-dependent 

muscle c o n t r a c t i o n  fo rces .  

* 
The c o n t r i b u t i o n s  o f  neck mass and moment o f  i n e r t i a  t o  [MI and [ B ]  a re  

8 and BY i n  Equat ions 22 and 25. T h e i r  non-zero values a re  g i ven  i n  
1 j 

Equat ions 23 and 26. 



The elernelits of [MI given i n  Equation 22 are the non-zero elements in 

the upper tr iangle.  R] The elements in the lower tr iangle are Mji = Idi j. 

M,, = A ,  + M~ I I 

MI3 = A* Rl;rr9, - A + ,  me, 
- M,,+ - A, ~ ; r e , - ~ , ~ ( e , - e , ) + ~ , , ~ ~ , ~ ~ , t t , ~ ~ ,  1 

M,5 = - A + & e 3  - + M" 
14 

M,, - -AS&€!+ 
M = - A b  

I7 - M,, - -A, &Q6 

M~, = -A,&Q,  
M 1) 10 = -A, R'Jlgt 

N 
M ,,,, = /",Ln*&Qe + M 

rJ 
1, tl 

M 1,12 = -m, C MI,IZ 

,,I, = 
M',14- = A,,&, 

I4 
M 22 = A , + M  22 
M a3 = A,we,  + A,, &Q, 

Mt4 = A 3 ~ ~ , - ~ , , c m ( ~ , - @ , ) - ~ , , ( x ~ ~ ~ , + ~ , ~ ~ ,  ) 
= -A,oQ, 25 + ML 



M33 = A,, + A,, 
N1+ A ~ 4 )  (e,-e,) - A,, 1% - (9%- Q,) 

M 3,1r = A , ~ ~ L . ~ J ~ @ ~ - ~ , ) - P ~ , L , ~ ( ~ , - ~ , )  ( 2 2 )  - - A, & i ! - e , )  + A+, (0,- e,) cont inued 
M3,IZ 



M 5 5  = A,% 
M 54 = - ( ~ ~ - 0 3  

M,, = A,, :- (05-e3) ~ 

MSa = A3% GB Ce&) 

M = A , ,  
77 

M l g  = A,S @ ( ~ ~ - e , )  

MqC) = A16 

M ~ , I O  = A,, w (ego%) 

M $13 = -~,n*;r(e,-e,) 

M4,)) = -~,-[e,-eJ 

(22 )  

con t i n  ued 

M 13,13 = A, ,  





6 AS, = A6 L45 

A , , =  r+tn,R:+i +si,, c ~ .  A A,, = A L 
7 4s 

A = A, Ls6 
2 35 

A 14 = Is +- 5 R ' + + L ~ ~  5 A,, = 2 m, 
A,, = I6 + "bR; 

2 A,, = ZA, ,  4, = I, + m*, 17t + mb8 L7& 
A3g = ZA*, 

4 7  = It+&% 8 R 2  a' 
3 - - Z%, 



'2 8 ' 2  Q ' 2  , 
Bb = Azs 6, -(Q,-@,) + A,, 6, - (e+-Q3)-A3,Q5 ~ ( Q S - Q , )  

' 2  , ' 2  . ' 2  , 

8, = A,, ~ u c  (% 9%) + A,, Q, **l(~~-@,) + A,,@+ -(Q,-@+) 

- A, bc A&L (4- Q ~ )  



8 13 = A 18  2 12 is + ~ ~ ( L , M Q ~ - x ~ ) - A ~ * ~ M ( B , - ~ ~ )  (25 )  

- A~ e: a (8)- 6% ) continued 

"L . 4, = A = 27 ,+AG,)]+A,Q,-(~,-Q 

+ A , Q : ~ * ~ ( B ~ - % )  



'2 
0'' I A,, Q, - @ I  



I I I 

Where Ti = Ti + T i ,  FN = FH + FN, and Fs = FS + F,, 

Classical generalized forces r e s u l t  from the action of r e s t r a i n t  be l t s  and 

contact between vehicle contact surfaces and the crash victim. These are 

combined in the Q of Equation 28. The spec i f i c  analyt ical  content 
qi 



o f  Equat ions 27 and 28 due t o  j o i n t ,  b e l t  and c o n t a c t  f o r c e s  w i l l  be d e f i n e d  i n  

d e t a i l  i n  t h e  s e c t i o n s  which f o l l o w .  



Moments acting a t  each of the eight simulated joints are assumed t o  be 

derived from five sources: biodynamic muscle tension, e las t i  c i ty ,  viscous 

damping, coulomb fr ic t ion,  and nonlinear energy-dissipati n g ,  motion-restri cting 

stops. Tie joints are numbered as shown i n  Figure 1 .  Muscle tension i s  dealt 

with in Section 2.3.2 and the others in Section 2.3.1. 

2.3.1 Passive Joint Torques 

A constant fr ict ional  torque i s  simulated when the magnitude of the relative 

angular velocity e y ,  i s  greater than a small velocity threshold, v:. For 

velocities smaller than the threshold, the fr ict ion torque i s  assumed t o  be a 

1 inear ramp function o f  velocity to  reduce occurrence of f r i c t i  on-induced osci 1- 

lations i n  the solution. A schematic of joint  f r ic t ion i s  included as Figure 7 .  

Relative angles are given by: 

R The relative velocities are 0: = ei  . 
If ] e y  1 2 V: , the f r i  ctional torque i s  gi ven by 

J v ~f = F~ sgn e i  i = 1 ,  ,,., 8 ( 3 0 )  
J where the value of the fr ict ion torque constant, Fi ,  i s  specified as program 

v J input data. When l e i / <  v i ,  



Constant  Friction T o r q u e  

J 

- F: / I  vi R e l a t i v e  A n g l e  V e l o c i t y  

FIGURE 7. Joint f r i c t i o n  at joint "i" 



The e f f e c t  of a l i nea r  e l a s t i c  torsional spring i s  included as 

R where the e l a s t i c  constant ,  Ki i s  given as program input and e i  (0 )  

i s  the r e s t  angle re la t ive  orientat ion of adjacent body sections.  The non-  

l inea r  terms which model energy-absorbing, motion-restricting stops are 

given by equation (33) or a1 ternatively by torque versus deflection tab1 es.* 

where 

, I  K i , 2  and Ki  ,3 are  bending s t i f f ne s s  coeff ic ients  

f o r  the joint-stop torques. 

0' are  the locations where the j o in t  stops become act ive  
i  , j  

(Figure 8) .? 

1f eR > eS and 0 .  < . e  
i - i , 2  then T? = 0. Hysteresis dependent on the r a t i o  

1 - i , l '  

of conserved t o  to ta l  energy absorbed by the stop i s  represented. A schematic 

i l l u s t r a t i n g  these spring propert ies i s  included as Figure 8. 

*The term "nonlinear jo int  torque" i s  used throughout to mean "joint-stop torque," 

and i t  can include a 1 inear term (eq.  33) whenever the e las t i c  torque (eq.  32) i s  

n o t  included in a simulation. When jo int  "material s"  a re  defined more generally 

by use of input data cards 243 through 247, the e l a s t i c  1 inear term may always be 

used and joint-stop s t i f fnesses  and hysteretic unloading character is t ics  may be 

tabularly specified i f  desired as functions of deflection against the stop. Also, 
joint  s top viscous damping coefficients  may be specified for both positive and 
negative deflection ra tes .  

3 9 1/6/82 



The f i g u r e  shows t h e  case where t h e  1 i n e a r  e l a s t i c  c o e f f i c i e n t  i s  non-zero. 

S The t o r q u e - d e f l e c t i o n  curve i s  ze ro  i n  t h e  range [a iy2 ,  when t h i s  coe f -  

f i c i e n t  i s  zero.  The s i g n  convent ions f o r  d e f i n i n g  r e l a t i v e  angles and angu la r  

l i m i t s  f o r  j o i n t - s t o p  t o rque  i n i t i a t i o n  a r e  shown i n  F igures  9 and 10. 

Viscous damping i s  i n c l u d e d  as a  l i n e a r  f u n c t i o n  o f  t h e  r e l a t i v e  angu la r  

v e l o c i t y  between body segments; 

where C: i s  t h e  damping c o e f f i c i e n t  which must be inc luded  as i n p u t  da ta  t o  t he  

program. * 

Combining equat ions (30) ,  (31 ) ,  (32 ) ,  (33), and ( 3 4 )  

y i  e  1  ds 
- f 
Ti 

= Ti f T; f T? + T~ 
1 i 

(35) 

Th i s  prov ides t h e  necessary formulae f o r  i n c l u s i o n  i n  v e c t o r  [ C ]  i n  t h e  

equat ions o f  mot ion (See Eqns. 20, 27). 

j *If cards 243-247 a re  used t o  de f i ned  j o i n t  - s top  "mate r ia l s , "  Ci can be spe- 
c i f i e d  t o  have separate  cons tan t  values f o r  cases o f  p o s i t i v e  and nega t i ve  de- 
f l e c t i o n  r a t e s  when t h e  d e f l e c t i o n  i s  i n t o  a  j o i n t  s top .  The j o i n t  s t o p  damping 
c o e f f i c i e n t  rep laces,  r a t h e r  than adds to ,  the  e l a s t i c  range damping c o e f f i c i e n t  
f o r  d e f l e c t i o n s  i n t o  a  s top.  



Spring Torque 
Joint 

Lower Stop I---- +A I i 1 

I -- 
Relative 

"Natural" Upper at Joint 
Link Anale Stop 

SPRING 2 
TORQUE = 'k ELASTIC ' D(K1,STOPldl  STOP A + K 3 , ~ ~ ~ ~  

Linear, elastic Nonl inear ,  joint-stop component  
component  

Angle 

FIGURE 8. E l a s t i c  and J o i n t - S t o p  Torques 



Posit ive Re la t ive  A n g l e  

In.-Line 
O r i e n t a t  ion  

La = body link nearer to h e a d  

La = body link nearer to feet 

FIGURE 9 In-line O r i e n t a t i o n  
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Lower 
Joint Stop 

"Natural" 

Joint Stop 

(a,$) - joint 

L a  = body link nearer 
to head  

Lp = body link nearer 
to feet 

+ rotation 

F I G U R E  10 D e f i n i t i o n  o f  j o i n t  s t o p  a n g l e s  and 
n a t u r a l  l ' i nk  p o s i t i o n  



2.3.2 Muscle Tension Forces 

In most crash si tuations a vehicle occupant i s  aware t h a t  a coll is ion 

i s  impending. In such a case i , t  i s  natural for  him t o  involuntarily 

tighten his muscles in anticipation of the impact. Even when he i s  n o t  

aware that  a coll is ion i s  impending, i t  can be expected t h a t  reflex action 

of body musculature wil l  occur as a resul t  of the impact. Contraction of the 

muscles can have a s ignif icant  e f fec t  on the crash dynamics of the system. 

Analytical representation of the ef fect  would seem t o  be of obvious value. 

Fi gure 11. General ized Muscle Element Model 
The associated relat ive coordinate R may be e i t he r  an angle or a length. 

Experimental work done by Moffatt, Harris, and Haslam (1 1 ) involving 

the knee joint  indicates t h a t  this  property i s  properly represented by a 

Maxwell element, i . e . ,  a spring and damper in series,with spring a n d  damping 

coefficients that  are simple functions of the voluntary s t a t i c  knee moment, M. (see 

~ i ~ u r e l 1 J  Equations 37 and 38 give these coefficients as l inear  functions of the 

absolute value of M ,  i  . e , ,  of the "tightness" of the muscles. 

The values of the constants a , ,  a2 ,  and a3 are joint  properties and depend 

on the person involved. I t  i s  clear  tha t  when the muscles are completely 

relaxed ( M  = 0 )  the Maxwell element has no e f fec t  on motion a t  the joint  

since c i s  then zero. 

The t es t s  of Moffatt, Harris,  and Haslam, involved forced sinusoidal 

motion, with amplitude up  t o  12O, about an i n i t i a l  value of the joint  angle. 
4 4 



They s t a t e  that  in the t es t s  performed there was no discernable dependence of 

the model coefficients upon joint  angle and, also,  no systematic dependence 

upon t e s t  amplitude. 

In order t o  include muscle tension as a bio-dynamic property of the 

occupant model , the muscle contraction parameters Mi are consi dered functions 

o f t i m e , M i = M i ( t ) ( i = l ,  ..., l l ) , w h i c h a r e i n p u t t e d i n  tabular 

form on 238-cards. The results  (37) and (38) will be assumed t o  hold, 

in form, a t  a l l  joints -- not only a t  the knee. Generalized forces are 

found for muscle tension torques a t  the eight joints. A simi 7ar torque i s  

calculated to  r e s i s t  ejmotion fo r  the shoulder link. Muscle tension resistance 

t o  elongattrdn of the neck and shoulder links i s  also modeled. 

Bowman (10) shows tha t ,  where R i s  the re la t i  ve coordinate associated 

with a Maxwell element internal t o  the linkage of a dynamic system and F 

i s  the force (or  moment) that  the Maxwell element exerts on the system through 

the coordinate R ,  the generalized forces on the system are 

where F i s  determined from 

Thus, since the eleven relat ive coordinates Ri constrained by muscle 

R R R elements ( e l .  8 2 ,  ... , 0 8 ,  B S ,  L n ,  L S )  a" functions of the generalized 

coordinates, there are eleven f i  rst-order equations with the form of (40) whi ch 

are coupled t o  the system of 1 4  second-order Lagrange equations. They are inte- 

grated together as a system of simultaneous f irst-order equations. (Note t h a t  

the inversion required t o  solve fo r  the generalized accelerations i s  unaffected; 

i t  i s  s t i l l  for a 14 x 14 algebraic system.) 

The elements of the vector [El in Equation 20 are thus determined 

from (39) and (40). 





2.4 ADDITION OF FORCES TO THE EQUATION OF MOTION 

Several features of the model represent force producers which contribute 

t o  the generalized force vector, [ D l ,  of the equations of motion (see equations 

20 and 28). Two examples are the res t ra int  be1 t forces and the forces generated 

due t o  contact beGeen the occupant and the vehicle. The properties of the 

force-deformation or force-strain relations allowed in th is  model as well as 

the means used t o  compute the generalized forces for  the various cases are 

discussed in th is  section, 

2.4.1 Force-Deformation Relations 

Consider a typical force-producer. I t  may be a be1 t pulling on the 

occupant, an e l l ipse  impinging against a contact 1 ine, a collapsible steering 

column pressing against a chest, etc.  The force produced by such a feature has 

been generally treated in the past as a function of deflection and deflection' 

ra te ,  where deflection i s  defined appropriately for  each feature. The usual 

analytical form for the force i s  a sum of polynomials, one in deflection plus 

another i n  deflection rate.  

Extensive experience with th i s  type of model has lead t o  the conclusion 

that the deflection rate polynomial i s  useful only in very special cases and  i s  

often destructive t o  the accuracy of the model, A more useful model has been 

suggested by Danforth and Randall (Reference 1 2 )  which consists of two func- 

tions of deflection over different ranges which are added t o  obtain the total 

force. One function models the s t a t i c  deformation of the material and 

another function models the deformation due t o  dynamic effects .  I t  

has been nated that  the dynamic effects usually take the form of a high spike 

which dies o u t  rapidly as a function of deflection and which docs n o t  reappear 

with repeated loadings. We shall call these two functions the Sta t ic  Curve 

and tile Inert ial  Spike Curve. A general description of these functions i s  

gi ven i n  Figure 12 



wnere 

Deflection 

= deflection a t  peak i ne r t i a l  force " = deflection a t  e l a s t i c  l imi t  (y ie ld  point )  

jg = termination of use of auxi l iary  polynomial 

F = sa tura t ion force l imi t  ma x 

n = deflection a t  which unloading begins, that  i s ,  the maximum 
deflection f o r  the pa r t i cu la r  load-unload cycle 

= calculated permanent deflect ion fo r  cycle (unsaturated) 

2' = calculated permanent deflect ion fo r  cycle ( sa tu ra ted)  

w l  = maximum par t i a l  reload point a f t e r  pa r t i a l  unload 

c2 = point of return or\ unload curve a f t e r  pa r t i a l  unload-partial 
re 1 oad 

3 = slope of sa tura t ion unloading curve 

6 = breaking point D 

L F  = endpoint of break down curve 

= t o t a l  permanent deformation 

F' = force a t  maximum deflection 

f i  gure 12 ,  tiSR1 Representation of Force-Deflection Curves 
48 



For purposes of explanation, l e t  us assume tha t  a completely r ig id  sphere 

i s  being gradually impressed upon a planar panel of some f lexible  material such 

as sheet metal. The description t o  the model of the load-deflection proper- 

t i e s  of the panel centers around seven input constants: b A ,  6~~ 6 C , b D ,  Fmax,  and 

B .  The f i r s t  three quanti t ies are defined as shown in Figure 12 and have been 

suggested by the work of Danforth and Randall, The other four quanti t ies con- 

t ro l  extensions of that  work. The f i r s t  s i x  quanti t ies must be non-negative. 

The f i r s t  two quanti t ies together with the fourth and f i f t h  must form a mono- 

tonically increasing sequence. The fourth and f i f t h  must not be equal. 

Before undertaking a physical description of these seven quant i t ies ,  i t  

i s  necessary to  specify the form of the two functions together with two additional 

input quanti t ies.  I 

The S t a t i c  Loading Curve consists of a sixth order polynomial in deflection 

( the constant coefficient  i s  assumed zero) or  a table of Force versus Deflection 

which i s  l inearly interpolated between points. The Iner t ia l  Spike Curve may 

also be a polynomial or  a table as described above. An additional res t r ic-  

tion t ha t  th i s  curve assume a zero value a t  deflection equal t o  6~ must 

be adhered to in order to avoid possible premature termination of the model 

run. 

Tile f i r s t  additional input quantity i s  the G-factor which i s  defined 

as the fract ion of permanent deflection over maxi mum deflection. The G-factor 

must be in a closed interval from zero t o  one and can be supplied t o  the 

model as e i t he r  a constant value o r  a table of G-Factor versus Deflection as 

above. 

The l a s t  i n p u t  quantity i s  the R-factor which i s  defined as the fraction 

of conserved energy over to ta l  e n e r g .  I t  too must be in the closed interval 

from zero and one and can be supplied as a constant value or a table of R-Factor 



versus Deflection. I t  should be understood that  G and R-factors include a11 

the accumulated effects  for  a part icular  deflection and are used only a t  the 

beginning of the unloading part  of each cycle. 

The quantity can be described as the deflection a t  which the ine r t i a l  

ef fects  of the panel begin t o  break down irreparably. Usually th i s  quantity 

i s  s e t  t o  the deflection a t  which the maximum of the Iner t ia l  Spike Curve 

occurs although th i s  is  n o t  a requirement. I f  unloading begins before th i s  

point i s  passed and  the e l a s t i c  y ie ld  point s C  i s  also not passed, loading, 

unloading, and reloading are a l l  along the Combined Curve. The Conbined Curve 

i s  defined as the sum of the Inert ial  Spike Curve and the S t a t i c  Curve a t  

each point. I f  the e l a s t i c  y ie ld  point has been passed, regular unloading 

(explained below) takes place b u t  reloading i s  again t o  the Combined Curve. 

The quantity 6B can be described as the deflection a t  which a l l  ine r t i a l  

ef fects  cease. If a A  has been exceeded and  a g  has not been exceeded, regular 

loading i s  on the Combined Curve. If  unloading begins and the e l a s t i c  yield 

point has no t  been passed, unloading' i s  along a 1 inear segment connecting the 

point of maximum deflection (n) with the origin and reloading will be to  the 

S t a t i c  Curve a t  n. If the yield point has been passed, unloading i s  regular 

and  reloading will also be to  the S ta t i c  Curve a t  n. 

The quantity can be described as the deflection a t  which massive 

breakdown of the whole panel begins. If s g  has been exceeded and 6D has 

no t  been reached, regular loading i s  on the S ta t i c  Curve. If the yield 

point has n o t  been reached, unloading and reloading are also along the 

S ta t i c  Curve. I f  the yield point has been passed, regular unloading takes 

place and reloading i s  t o  the Sta t ic  Curve a t  n. 

d F  can be described as the deflection a t  which complete fa i lu re  takes 

place. Once a F  has been exceeded, the model w i  11 always produce zero force. 

I f  " has been exceeded and d F  has not been reached, loading i s  along a  l inear  

segment connecting the point on the S ta t i c  Curve a t  d D  w i t h  a zero a t  jF. 

5 0 



where 

wnere FB i s  value of force a t  6D. If unloading takes place before failure i s  

complete and i f  the yield point has n o t  been reached, unloading and reloading 

are along the minimum of tne Static Curve and the value of the linear segment 

a t  n. If  the yield point has been passed, normal unloading takes place and 

reloading i s  t o  the linear segment a t  n. 

i s  called 'the Saturation Force Limit and i s  intended t o  model special 

materials which exhibit the property of breaking down in such a way as t o  . 

maintain a specific maximum force until reaching the breaking point. This 

feature i s  applied only t o  the Stat ic Curve. Whenever the Saturation Force 

Limit i s  exceeded by the Stat ic Curve, the regular loading sequence i s  super- 

seded. Note that the Inertial Spike Curve i s  unaffected, and i f  the Combined 

Curve i s  being used, the Inertial Spike Curve will continue t o  be added until 

b g  i s  reached. Once s t a t i c  curve saturation comes i n t o  play, the force for 

loading on the S ta t i c  Curve i s  set  t o  Fmax until lD i s  reached. If unloadin(i 

takes place on the saturated Stat ic Curve, normal unloading i s  replaced by 

the use of the seventh input constant, S which i s  called the Saturation 

Unloading Slope. If 3 i s  negative, the G factor i s  used t o  determine the 

permanent deformation. If 6 i s  positive, i t  i s  taken as a linear slope t o  

determine the permanent deformation. In either case, i f  the new permanent 

deformation f a i l s  t o  exceed the old permanent deformation or 3 i s  zero, 

the o l d  permanent deformation i s  used. Unloading and reloading are along 



a linear segment connecting a zero a t  the point of permanent deformation t o  

where 

and where 

Otherwise 

where w t  i s  the l a s t  established U. If  this unloading takes place in the 

range where the combined curve i s  used, the same rules apply as were explained 

above except the Fmax replaces the Stat ic  Curve. Note that the e las t ic  y i e l d  

point has effect before saturation and during breakdown af te r  saturation b u t  

n o t  during saturation. 

ilormal unloading is modeled by determination of permanent deformation 

and conserved energy using the G and R factors evaluated a t  the maximum 

deflection (Q). Let u be the permanent deformation, F '  be the force a t  n, and  

I E be the conserved energy. Then, as was done in the HSRI two dimensional 

model (Reference l 3 ) ,  a quadratic i s  f i t t ed  which unloads t o  the permanent 

deformation with the proper conserved energy. 

The regular unloading curve i s  

where 



I t  wi 11 occasionally happen that the curvature of a quadratic i s  n o t  adequate 

t o  achieve both the proper zero and the proper area without the physically 

unrealist ic  ef fect  of a negative force loop. If  th is  contingency ar ises ,  

then the second zero of the unloading curve l i e s  between u and n. 

The location of the second zero i s  

A 

The quantity 6 i s  tesied for E [u, a ] .  If s i s  in th i s  range, then 

the unloading and reloading are computed from two l inear  segments which rnain- 

tain the proper permanent deformations and conserved energy. 

For UJC $4 A ? 

and for  nk Jr n, 

where u = force during an unloading cycle 



A = w + ~ ( a - W )  ( S  a t  intersection of l ine  segments) 

M = (2X + E -1)F' (force a t  intersection of 1 ine segments; 
< < note that  1-2x - E - 1 i s  range of no negative 

loop) 
(energy r a t i o )  

F' (Q - w )  

E ' = conserved energy. 

I f  O<x<l, then E = 1 - A; otherwise E i s  chosen t o  y ie ld  a  s t ra igh t  l ine 

unloading to  w ,  i . e . ,  i s  s e t  to - 5 ,  yieldi,ig E = .5. 

An unloading curve may be determined by interpolating between user- 

specified unloading curves instead of from G and R r a t ios ,  as just  described. 

I f  b o t h  types of unloading specifications are included i n  the data deck for a  

material,  then G and R rat ios are  ignored. Unloading from the s t a t i c  loading 

curve i s  described by a  family of bi l inear unloading curves, as i l lus t ra ted  

in Figure 12-1. Any number of bi l inear unloading curves may be prescribed. 

One of the curves should have a s3 coordinate greater than the greatest  deflec- 

tion expected for simulation. The user describes each bil inear curve by f ive 

input parameters : deflections 6 ,  , 6 2 y  and 6 3  a t  the 1  ine segment endpoints 



Figure 1 2 - 1 .  B i l i n e a r  Unloading Curves 



and s lopes  S1 and S2. 

A b i l i n e a r  u n l o a d i n g  c u r v e  f o r  u n l o a d i n g  from a  d e f l e c t i o n  bm between 

6 3  (i) and S 3  ) f o r  two a d j a c e n t  u s e r - p r e s c r i b e d  u n l o a d i n g  cu rves  i s  d e t e r -  

mined by i n t e r p o l a t i o n  i n  t h e  f o l l o w i n g  manner. Def ine q u a n t i t i e s  D  and d  as 

Consider  t h e  d o t t e d  l i n e  between p o i n t s  A and B.  The " b r e a k p o i n t "  f o r  t h e  

computed b i l i n e a r  cu rve  i s  r e q u i r e d  t o  l i e  on t h i s  l i n e  a t  a  p o i n t  between 

A and B .  I t  w i l l  be a t  e n d p o i n t  A f o r  d/D equa l  t o  0 and a t  e n d p o i n t  B f o r  

d/D equal  t o  1 .  I n t e r m e d i a t e  p o s i t i o n s  a r e  i n  p r o p o r t i o n  t o  d/D, i .e. ,  t h e  

c o o r d i n a t e s  o f  t h e  p o i n t  ( 8 ,  ?) a r e  

S i m i l a r l y ,  t h e  p o i n t  on t h e  F = 0 a x i s  wh ich  d i v i d e s  t h e  segment between 

and 6, ( j t 1 )  i n  t h e  r a t i o  d/D i s  (i, i ) ,  where 

L e t  each segment o f  t h e  b i l i n e a r  u n l o a d i n g  f rom 6 be expressed by 
m 



where S is  the slope and K i s  the F-intercept. The parameters of the bilinear 

unloading curve may be determined from the foregoing results as 

I ower I 
segment ) 

segment 
C 

- - 5 s -  

K, = FeS,b 

Reloading i s  always along a straight l ine toward the point on 

the Stat ic Curve from which the previous unloading began. This reloading 

model i s  reasonable for normal materials. Whether the permanent defor- 

mation associated with unloading is  1 arge or small, reloading hysteresis 

exhibited by normal materials i s  approximated by this  model. The equation 

of t h e  reloading curve i s  

where n1 = f - w p ( f ' - f ) / ( n - w 2 )  

and n 2  = (F1- f ) / (0-u2)  



One special case which should be mentioned i s  described by the l ine  

u w2 01 i n  Figure 9.  The material unloads par t ia l ly  from point F' to  

w 2  and then reloads par t ia l ly  from u2 t o  ~ 1 .  In th i s  case, unloading from UI 

proceeds back down the same curve t o  02 where the normal unloading to  u i s  

res umed. 

I n  the case of be l t s ,  force-strain i s  allowed as an optional replacement 

for  force-deflection. If  th i s  option i s  elected, then S A ,  d B ,  S C ,  b D ,  S F ,  13, 

and the specifications of b o t h  the S ta t i c  Curve and the Inert ial  Spike Curve 

are treated as s t ra in  instead of deflection. The S ta t i c  and Iner t ia l  Spike 

Curves are evaluated a f t e r  the current deflection has been converted t o  s t ra in .  

Unloading and reloading are carried out as described above except that  the 

input quanti t ies are f i r s t  converted t o  deflections before being used. 





2.4.2 Mutual  Deformat ion  Between Two Force Producers 

I n  t h e  r e a l  wor ld ,  when two bod ies  a re  pushed i n t o  each o the r ,  b o t h  

v r i  11 deform a1 though by  d i f f e r e n t  amounts depending on m a t e r i a l  p r o p e r t i e s .  

I f  we imagine an e l  1 i p s e  b e i n g  pushed i n t o  a  l i n e ,  (see F i g u r e  13) t h e  com- 

b i n e d  d e f l e c t i o n  ( 6 )  i s  d e f i n e d  as t h e  d i s t a n c e  f r o m  t h e  u n d i s t u r b e d  l i n e  t o  t h e  

tangen t  l i n e  o f  t h e  e l l i p s e  p a r a l l e l  t o  the  l i n e .  The conbined d e f l e c t i o n  i s  

d i s t r i b u t e d  between t h e  two s u r f a c e s ,  each d e f l e c t i o n  be ing  t h e  d i s t a n c e  f rom 

t h e  undeformed shape t o  t h e  deformed shape. 

A t  any p o i n t  i n  t ime,  we know e v e r y t h i n g  about  t h e  p a s t ,  we a r e  a b l e  

t o  compute t h e  combined deformat ion ,  and we know t h e  fo rce -de fo rma t ion  p roper -  

t i e s  f o r  each s u r f a c e .  The two components o f  t h e  t o t a l  de fo rma t ion  a r e  assumed 

a t  each t i m e  t o  be such t h a t  t h e  two f o r c e  producers  y i e l d  b a l a n c i n g  ( e q u a l )  

f o rces .  Expressed m a t h e m a t i c a l l y ,  we assume t h a t  we have found t h e  a c t u a l  

de fo rma t ion  when we s a t i s f y  t h e  f o l l o w i n g  system o f  equa t ions .  

61  + 6 2  = 6 

F(6,) = G(62.1 

tie re ,  

6 = t h e  combined d e f l e c t i o n  

6 1 = the  d e f l e c t i o n  f e l t  by t h e  f i r s t  f o r c e  p roducer  

6 2 = t h e  d e f l e c t i o n  f e l t  by  t h e  second f o r c e  p roducer  

F(6 l) = f o r c e - d u f o r m a t i  on f u n c t i o n  o f  t h e  f i r s t  f o r c e  p roducer  

G ( A ~ )  = fo rce -de fo rma t ion  f u n c t i o r i  o f  t h e  second f o r c e  producer .  

T h i s  system can be s i m p l i f i e d  by  s o l v i n g  the  f i r s t  e q u a t i o n  f o r  one o f  

t h e  unknowns and s u b s t i t u t i n g  i n t o  t h e  second equa t ion .  

~ ( 6 ~ )  = F(61) - G(6-6,) = 0 (58) 



Figure 13. Mutual Deformation of an Ell ipse on a Line 



S a t i s f y i n g  (57 )  amounts t o  f i n d i n g  t h e  zero  o f  a  s i n g l e  v a r i a b l e d  func- 

t i o n  i n  (58) and then r e c o v e r i n g  d 2  f rom t h e  f i r s t  e q u a t i o n  o f  ( 5 7 ) .  The sys-  

tem (57)  i s  s o l v e d  u s i n g  an i t e r a t i o n  based on t h r e e  b a s i c  methods. Since 

a l l  t h e  d e f l e c t i o n s  can be cons ide red  f u n c t i o n s  o f  t i m e  and s i n c e  t h e  i n t e -  

g r a t i o n  o f  t h e  equa t ions  o f  mot ion  r e q u i r e  f r e q u e n t  e v a l u a t i o n s  i n  t ime ,  t h e  

f i r s t  s t e p  o f  t h e  i t e r a t i o n  i s  based on a  l i n e a r  e x t r a p o l a t i o n  o f  t h e  two load -  

de fo rma t ion  curves.  

where 

and a t  = t h e  t i m e  s i n c e  t h e  l a s t  e v a l u a t i o n .  

The second s t e p  i s  a  d i r e c t  a p p l i c a t i o n  o f  Newton's method. 

where 

t h e  second s u b s c r i p t  on t h e  6 ' s  s i g n i f i e s  t h e  i t e r a t i o n  s t e p  number 

and 

The t h i r d  s t e p  employed depends upon t h e  outcome o f  t h e  second s tep .  

If t h e  second s t e p  o r  any l a t e r  s t e p  i s  on the  o p p o s i t e  s i d e  o f  t he  ze ro  of 

~ ( 6 ~ )  f r o m  t h e  p r e v i o u s  s t e p ,  t h e  method o f  h a l v i n g  t h e  i n t e r v a l  i s  employed 

t o  complete t h e  i t e r a t i o n .  



where 61+ and 6i- are chosen from al l  previous values of 6 ,  such that 

n ( s , + ) > O ,  A ( ~ ~ - ) < O ,  and Is l+  - 61-1 i s  minimized. 

If a t  the third step or la te r  steps i t  has n o t  yet happened that two 

evaluations of ~ ( 6 ~ )  have straddled the zero point, the classical secant method 

i s  employed; 

This type of step i s  continued unti 1 a point i s  obtained for which the 

value o f  ~ ( 6 ~ )  has the opposite sign of previous evaluations. The total nuther 

of steps due t o  all  methods i s  limited t o  an inputted number. 



2.4.3 Addition of Generalized Forces from Contacts 

Suppose the occupant t o  be in contact with a force producer of the type 

of Sections 2.4.1 and 2.4.2, i . e . ,  one fo r  which the contact force i s  definable 

in terms of deformation. The potential energy associated with such an inter-  

action i s  
r 6 

where f ( x )  i s  the force-deflection relat ionship.  Contributions t o  Equation 

6 will be of the form 

for  i = 1,  ..., 1 4  

The quantity a 6 / a q i  will be referred t o  as the "lever arm." If  the 

generalized coordinate i s  rotational and the force fo r  the force producer such 

that  i t  tends to push or pull the body segment in a direction perpendicular to  

the l ine  joining the center of rotation t o  the point of application of the 

force,  then th i s  quantity will be the actual length of that  l ine  and hence, 

the lever arm. I n  other cases, i t  contains factors which yie ld  the perpendicu- 

l a r  component of the force as well as i s  an "effective lever arm." Equation 

64 strongly resembles the relat ion Torque = Force X Lever arm; thus the reason 

fo r  adopting th i s  nomenclature. In general, the generalized forces Q i  are 

N 

Q = -  
i 

L 
fo r  N such force producers. 

A convenient usage of the lever arms i s  noted here. The chain rule gives 



where the $ ' s  are the variables, including the 14  generalized coordinates, 

upon which deflection depends. Hence, b ,  whenever needed, can be computed, 

by summing up each lever arm' times the corresponding general i zed velocity. 

In  most cases, th i s  i s  the actual technique employed. 

Contact forces, deflection and lever arms will be expl ic i t ly  defined 

in Section 2.6. 

2.4.4 Addition of General i zed Forces from Be1 t s  , Ai rbag, and Steering Assembly 

In the deri vati on of the general i zed force corresponding t o  each genera1 i zed 

coordinate, i t  i s  assumed tha t  the applied forces are resolved to  two components 

of force along the ine r t i a l  axis directions a t  the segment center of mass, and 

a moment of force about the center, of mass as shown in Figure 1 4 .  

The virtual work done during a vir tual  displacement and rotation of the 

center of mass i s :  

or: 

' Consequently, since the virtual displacements of the generalized coor- 

dinates are independent and arbi t rary , 



F i g u r e  14,  Resultant Forces and Moment on Body Segment i 



Carrying out the 'I'ndi cated operations for  the genera1 i zed coordinates for  

forces and moments that  exis t  a t  any time, t ,  we obtain Equations (71) : (see 

next page,) 

The components o f  force and moment acting on each segment are obtained 

from the sumnation of the individual external forces derived in following 

sections for  be1 ts*, ai rbag, and steering assembly. 

* Generalized forces for  the advanced bel t  system ( B E L T Z )  are found as forces 
multiplied by lever arms i n ' t he  manner o f  Section 2.4.3 rather than as 
explained in th i s  section for the MODROS be l t  model ( B E L T ) .  





2.4.5 Addition of Head A ~ ~ l i e d  Forces 

Provision i s  made fo r  d i rec t  application of a time-dependent force t o  

any specif ied point on the head. Force components Fx and F, may be specif ied 

ei  tner  in head coordinates or i n e r t i  a1 coordinates. Tabu1 ar force-time curves 

are  inputted on 606-cards. 

The generalized forces f o r  a force 7 applied a t  a point with i n e r t i a l  po- 

s i t i o n  vector ? are 

Let Fx and F, be applied force co-mponents in the head frame. Let a and c be 

tile coordinates in the head system of the point of force application (see  Fig. 1 5 ) .  

Then, where I and K a re  the i n e r t i a l  unit  vectors,  equation 71.1 becomes 

I t  i s  eas i ly  shown t h a t  equation 71.2 becomes 

where the head coordinates ( x l  , z l )  are given by equation 3.  Clearly, contribu- 

tions t o  the equations of motion r e s u l t  only f o r  q k  = ( x 2 ,  z 2 ,  e l ,  e 2 ,  e n ,  L ) ,  
n 

I f  i n e r t i a l  force components 5 and F, are inputted,  then equation 71.3 

s t i  11 appl ies ,  but the force components Fx and F, are calculated as: 



F I G U R E  1 5 .  Schemat ic o f  Force  A p p l i e d  t o  Head 



2.5 COMPUTATION OF B E L T  FORCES 

The MVMA Two-Dimensional Crash Victim Simulator incl udes two independent 

belt system models for optional usage. The f i r s t ,  hereafter designated as 

B E L T  (Figure 16), consists of: a )  a one-piece lap belt  attached t o  the lower 

torso element and anchored a t  each end t o  the vehicle; b) an upper torso 

harness strap attached t o  the upper torso element and anchored t o  the vehicle; 

c )  a lower torso harness strap attached optionally t o  any torso element and 

anchored t o  the vehicle. The second, hereafter designated as BELT2,  includes 

the following features: a )  seven belt  segments (see Figure 17 )  which may be 

independent or, a t  option, may be paired in certain conkinations t o  act as 

a lesser number of separate lengths of webbing by use of various free slipping 

and friction elections a t  the torso and lap and a t  s l ip  points; b )  a s l i p  

point in the three-be1 t upper harness system; c )  a s l i p  p o i n t  between the 

lower torso and lap sections; d )  optionally, inertia reels (ei ther  vehicle 

sensitive or webbing sensit ive) a t  three of the four anchor locations. 

The analysis for the B E L T  submodel follows in Section 2.5.1. The 

analysis for the advanced be1 t system BELT2,  i s  in Section 2.5.2. 

2.5.1 A Three-Be1 t Submodel ( B E L T )  

A lap be1 t and two individual belt  elements attached t o  the torso 

provide belt restraint.  The lap belt  9s assumed t o  pass over the pelvic 

region a t  a given point and remain attached t o  the pelvic segment a t  that  

point. The belt  anchor points in the vehicle need n o t  be coincident and 

the right and l e f t  sides of the belt  can be of unequal length. Equal ten- 

sion is  assumed in the lap belt. The upper torso restraint  consists of two 

individual straps; an upper strap attached t o  a fixed point either on or 

off the upper torso l ink, and a lower strap attached t o  a fixed point 

either on or off the upper, mid, or lower torso link. Experience with 
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FIGURE 16. Simple a e l t  System Geometry 



occupant simulations has shown that  independently acting belts  can be used 

t o  simulate actual be1 t performance more closely t h a n  be1 ts having a r t i  f i  cia1 ly 

tension* Few changes have been made t o  the lap be1 t system incorporated 

in MODROS (Reference 2 ) .  A schematic of be l t  geometry i s  included as 

Figure 12 .  

2.5.1.1 Lap Belt 

The position and velocity of the lap be1 t /pelvic attachment point in 

space i s :  

TABLE 1 

BELT INDEX SPEC1 FICATIONS (Submodel B E L T )  , 

Belt Index 

1 

2 

3 

4 

Be1 t Segment Identification 

Lap Belt Segment 1 (inboard or outboard) 

Lap Be1 t Segment 2 (outboard or inboard) 

Upper Torso Belt 

Lower Torso Be1 t 



where the various geometric quant i t ies  are  defined in Figure 16, Figure 1 and 

Equation 1 .  The positions and veloci t ies  in ine r t i a l  coordinates of the 

r e s t r a i n t  be l t  anchor positions are given by: 

where 

X v 9  Zv, e v  are vehicle coordinates in space. 

"" YA are be l t  anchor point in vehicle coordinates xi 9 z, 

The lap be l t  length i s  then calculated from 

where cBL i s  the out of plane webbing length determined from the i n i t i a l  

conditions . 

where R~~~ i s  the to ta l  measured webbing length and ABL i s  t o t a l  

l  i  near slack. 

The lap be l t  angles are: 



The velocity of belt elongation i s :  

Finally, the lap belt  strain i s :  

6 j a ~  
Based on lap belt s t ra in ,  6 , and the rate of belt  elongation, , 

a belt  force i s  computed 

using the force-deformation rules discussed in Section 2.4.1 and a call  t o  

the appropriate HSRI-developed subroutine? Combining the effects due t o  b o t h  

lap belt segments, the components in the x and z iner t ia l  directions are 

and the moment about the center of gravity of the lower torso element i s  

*As an option belt  force can be determined as a function of elongation instead 
of s t ra in.  7 1 



2 . 5 . 1 . 2 .  "Shoulder" Be1 t 

The shoulder b e l t  i s  attached a t  a general point (s:, 5 ; )  on the upper 

torso element as shown in Figure 1 6 .  The length of t h i s  b e l t  i s  

where x i  and zi are the locations in space o f  the be l t  attachment points on 

the occupant. They are  obtained in a manner s imi la r  t o  the lap be1 t at tach-  

ments given in  Equation 72. The vehicle anchor points ,  xSA and r s A ,  a re  

given by Equation 73,  The shoulder b e l t  angle i s  given by 

The shoulder b e l t  s t r a i n  and ra te  of elongation a re  given 5; < DL . 
and lC3 respect ively.  

ahere A'" i s  the t o t a l  unstretched length of the shoulder b e l t .  9 e l t  force 

i s  computed as  a function of elongation ( b r  s t r a i n )  and i t s  ra te  using the 

general force-deformatSon relatf  ons. 

The x and z components of t h i s  force are  
or RT I3 F, = - /=  & 7 - d 3  

and the moment about the center  of mass of the upp2r' torso element i s :  
7 2 



2 , 5 , 1 . 3  Lowsr Torso Belt 

A th i rd  be l t ,  usually the lower section of the shoulder bel t ,  can 

be attached a t  a general point ( 5;) located on the lower, middle, or 

upper torso, The length of t h i s  be l t  i s  

where ( x ,  2:) are the ine r t i a l  coordinates of the attachment point on the 

crash victim and (x:~ , ztA) are the i nerti a1 coordinates of the be1 t 

anchor. The belt  angle i s  

Belt s t ra in  and elongation rate are respectively 

where l B L i s  the unstreiched be l t  length. The bel t  force i s  determined from 

these quanti t ies in general as 

The x and z components of t h i s  force are 



and the moment about the center of mass of  the par t icular  body segment t o  

which the be l t  i s  attached i s  given by 

where i = 2 ,  3 ,  4 refers  t o  the upper, middle, or  lower torso body segment. 

2.5.1.4 Addition of Belt Forces t o  the Equations of Motion 

For the three b e l t  elements included in t h i s  simulation, the generalized 

forces given in Equation .71 reduce to 

For the case of a lap be l t  only, the various quant i t ies  in Equation 94 are  

For the case of a lap be l t  and both torso harnesses on the upper torso  

element ( 2 ) ,  the various quan t i t i e s  in Equation 94 are 



For the case of a l a p  be l t ,  the shoulder harness on the upper torso, and 

the lower harness on the middle torso, the various quantities i n  Equation 

94 are 
$7 P: = F, I P = F ! ~  1 MI = M ,  IS 

For the case of a lap bel t  and the lower harness attached t o  the lower torso 

as we1 1 as the shoulder strap attached t o  the upper torso, the various 

quantit ies in Equation 94 are 
67- * - RT f'.X = Fx , P A  = tt , ~ f =  M :  

With the specific terms defined in Equations 95-98 the general i zed force 

contributions from bel ts  (Equation 94) are entered into the equations of 

motion through the D vector, Equation 28. 

2 . 5 . 2  An Advanced Be1 t System Submodel (BELT2) 

The system has four anchor points, designated as A1, A*, A3,  A4. 

Anchor "deformation" ( fo r  frame and/or spoolout) force-deflection data 

may be specified for any anchor. Any of the anchors A l ,  A*, A j  may have 

vehicle-sensi t ive or webbing-sensi t i  ve lockup characteristics.  The 

outboard lap belt  anchor A4 i s  always locked, i . e . ,  the outboard lap 

belt  segment, i f  present, fastens securely t o  t h i s  anchor. 

The system includes two s l i p  points where three be1 t segments come 

together. One i s  in the upper harness system and one i s  between the lower 



FIGURE 17. Advanced Belt  System Geomtry 



torso and lap sectiois.  The s l i p  points are R1 and R2 in Figure 17  and 

hereafter will be called "ring 1 , I 1  or the "upper ring," and "ring 2," or 

the "lower ring." The rings may be fastened t o  ring s t raps,  which lead t o  

anchors A1 and A2, or they may be fixed t o  the vehicle frame a t  anchor 

locations A1 and A 2 ,  in which case the corresponding ring s t rap(s )  (B6 and/ 

or B 5 )  are absent. Belt segments B 5  and B 6  are always "independent" o f  

other belt  segments since they fasten to the s l ip  rings. Through each 

ring, however, passes a strap of webbing shown in the figure as a pair  of 

be1 t segments, either B1 and B 7  or B2 and B3. A t  option the members of 

these pairs can be made independent by prohibiting slipping of the com- 

bined strap through the ring. In this  case the ring location i s  a juncture 

of three independent straps of webbing. The pairs B1-B7 and B2-B3,  

however, may be considered common straps that may s l ip  freely through the i r  

respective rings or with an amount of frictional resistance which depends 

on the resultant normal force a t  the ring. 

I 

-I 

TABLE 2 .  

B E L T  INDEX SPECIFICATIONS (Submodel BELT2) 

Belt Index 

1 

2 

3 

4 

5 

6 

7 

Belt Segment Identification 

Upper torso belt  

Lower torso belt 

Inboard 1 ap be1 t 

Outboard lap be1 t 

Lower ring strap 

Upper ring strap 

Upper torso bel t  extension 



The upper and lower torso  be1 t s  , B1 and B2, may be independent or  the 

separate b e l t  forces may be made interdependent by use of i n t e r -be l t  influence 

options, These are of three types: a )  a force adjustment determined on the 

basis of normal force f r i c t i on  a t  the torso  surface;  b )  an adjustment fo r  

maintaining a force-difference sa tura t ion l eve l ;  c )  a posi t ive  or negative 

percentage influence of one be1 t force on the other.  In addition a force 

equalizat ion option i s  available f o r  the torso b e l t  and lap be l t  combinations. 

Torso and lap  be l t  segments a t tach t o  the  occupant a t  points on the  torso  

elements. The upper to r so  be1 t attachment i s  on the upper torso element 

and the attachment f o r  lap  be l t  segments i s  on the lower torso.  The user 

may specify an attachment on any of the  three  torso  elements fo r  the 

1 ower torso  be1 t. 

Force-deformation re la t ions  fo r  b e l t  segments may be inputted in e i t he r  

tabular  o r  polynomial form. They may be e i t h e r  force-s t ra in  re la t ions  o r  

force-deflection r e l a t i ons ,  b u t  a mixture f o r  the various be l t  segments i s  

n o t  allowed. St ra in  i s  taken as deflect ion divided by the unstrained s t r ap  

length. Further, be l t s  B1 and B, should have the same material unless they 

are made independent by the conditions a t  R1. In general,  any be1 t segments 

t ha t  should be t rea ted  as par ts  of a common s t r ap  should be assigned the 

sane material .*  Whenever bel ts  should be t rea ted as a common s t rap  b u t  the 

materials  fo r  the separate segments a r e  d i f f e r en t ,  the program a r b i t r a r i l y  

uses the material for  one of the members. 

2.5.2.1 Belt Deflections and Lever Arms 

Deflection i s  defined as elongation beyond the unstrained be1 t 

length and i s  formulated as 

*Segments a r e  independent i f  separatzd by no-sl ip speci f ica t ions  a t  ring or body. 
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where 

n i s  be l t  segment number (1 ,  2 ,  3, o r  4 )  
-f 
a i s  anchor position vector (see Figure 18) n 
+ 
8, i s  attachment position vector 

A n  i s  the specified slack in the be1 t (negative fo r  i n i t i a l  be l t  tension) 

pT i s  the position vector of the torso element C G  

P,, i s  the position vector of the vehicle reference point 

The components of z, and 3, are taken re la t ive  t o  vehicle and torso 

element coordinate systems as shown in the following equations: 

Here, j can be 2 ,  3, or 4 ,  corresponding t o  the three torso elements. The 

i ne r t i a l  position of the anchor point i s :  

and the i ne r t i a l  position of the torso attachment point i s :  

Hence, 
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Lever arms then take the form 

h h 
h 

- %"I 
- + -  2&- zn 2gh - - - ax ,  

b 

agi 4 3% 1, 9%; 
A h 

Here, the pa r t i a l s  of xn and zn are 

where "i-2,j i s  the Kronecker del ta ,  equal to  1 i f  i-2 = j and 0 otherwise. 

Generalized forces are fo r  be1 t s  are'introduced i n  the same manner as fo r  

contact forces,  i . e . ,  as a summation of forces multiplied by lever arms: 

Here, Fn i s  the tension in be l t  n ,  determined as explained in l a t e r  sections.  

This metl~od of introducing generalized forces contrasts t o  t ha t  used in the 

simpler be1 t model, explained in Section 2.4.4. 

2.5.2.2, Force Equalization ( f ree  s l ipping)  

Either the torso be l t  pai r  o r  the lap be l t  pa i r  ( o r  both) may be "force 

equalized." The following simple procedure yields equal tensions in the two 

be1 t segments. 

The instrained s t rap  length fo r  the combined be1 t s  i s  given by 

where e io  i s  the i n i t i a l  length of one be l t  element, e .  i s  the i n i t i a l  
JO 



length of the other belt  element, A i  and A .  are the slacks in those be1 t s .  
- 

J 
a i s  the length of strap between attachment points on the body and may 

include an inputted out-of-plane component for e i ther  the torso or lap 

bel t  combination. A t  each point in time, belt  length i s  

L = " + f b + k  
j * (710) 

The quanti ty  

is  then determined. If  L t  - L 2 0, then Fi  = 
Fj 

= 0, If n o t ,  the belt  

elongation i s  determined as: 

This deflection i s  then used t o  generate a force based on special material 

properties which ref lect  deformation properties of the ent i re  be l t  loop 

and the restrained occupant. 

2.5.2.3. Torso Belt Interbelt Influence: Adjustment for Be1 t S 2  
->- 

I n  more complex belt  and harness arrangements, f r ic t ion and geometric 

considerations lead t o  unequal be1 t tensions. Three optional methods have 

been supplied with th is  model t o  allow the forces in one torso be1 t (the 

infl uencer) t o  influence the forces i n  another be1 t (the influencee), They 

are described in the following three sections, The computer program logic 

a1 lows any of these three influences t o  be applied to  the torso belt  pair 

even i f  i t  has previously been force equalized by the method of Section 

2 . 5 . 2 . 2  (However, equal ized force values will n o t  be further modified by 

the "force difference saturation" method. ) . . 

Normal-force Friction . The f i r s t  inter-belt  influence option i s  in- 

tended t o  simulate the effect  of s t a t i c  and sliding friction between belts 

a n d  the occupant. 

8 2 



For the  F ixed Attachment Method: 

Cons idw a be1 t p a i r  ( i  , j )  w i t h  unadjusted be1 t tens ions 

Fi > F ( o ) .  Then be1 t i i s  considered t o  be the  i n f l  uencer and be1 t j 
j 

the  in f luencee .  The f o r c e  Fi ( o )  i s  ad justed downward and F 
j 

i s  ad justed 

upward by an amount est imated t o  represent  t he  f r i c t i o n  e f f e c t  w i t h  the  

r e s t r i c t i o n  t h a t  the  i n f l uencee  tens ion  i s  never made t o  exceed t he  i n f l u e n c e r  

tens ion.  I n  p a r t i c u l a r ,  where uk i s  the  s l i d i n g  c o e f f i c i e n t  o f  f r i c t i o n  

and angles 8. and B .  are  as i l l u s t r a t e d  i n  F igure  19, we r e q u i r e  f i n a l  
1 

(ad jus ted)  forces F: and F. such t h a t  J 
Fi - Fj pk(Fi COSpi + Fj C O S B . ) ~ .  

J (113) 

Here, Z i s  s e t  t o  zero i f  the  normal force, Ficos~i  + F.cos8 i s  l ess  than 
J j ' 

zero.  Otherwise, Z i s  1  . 
S p e c i f i c a l l y ,  Fi and F .  rep lace  F 

J i 
and F 

j 
and 

Fi = F ~ ( O )  - (1  - 5 ) ~  ( 1  14a) 

Fj = F j ( ~ )  + sa, ( 1  14b) 

where A i s  c a l c u l a t e d  by the model and where 5 ( i n p u t )  i s  t he  f r a c t i o n  o f  the 

t o t a l  f r i c t i o n  f o r ce  adjustment t o  be appor t ioned t o  the  in f luencee ( lower  

tensioned) b e l t .  A value 5 = . 5  i s  most reasonable and i s  recommended. 

Equations 113, 114a, and 114b may be so lved fo r  Fi , F and A t o  y i e l d :  
j ' 

Fi ( o )  and F ( o )  w i l l  n o t  be ad jus ted  f o r  s l i ppage  i f  t he re  i s  no 
j 

i n t e r - b e l t  i n f luence ,  i . e . ,  i f  the  i n p u t  data s p e c i f i e s  t h a t  t he  b e l t  

attachment p o i n t s  on t he  occupant a re  t o  be considered as f i x e d  end 

po in t s  o f  separate and independent b e l t  segments. Also,  t he re  w i l l  be 

no s l i p p i n g  adjustment i f  / F ~ ( o )  - F ( o )  I does n o t  exceed a s t a t i c  
j 



F i g u r e  1 9 .  Torso Belt Friction 



coeff ic ient  of f r i c t i on  u s  multiplied by the normal force against the 

occupant. Note t ha t  free-slipping can be guaranteed by inputting p k  and 

ps  as 0; a non-slip condition i s  guaranteed by inputting ps as a very 

large number. 

For the Force Equalization Method: 

The normal force f r i c t ion  option jus t  described c lear ly  requires 

there to be a difference between the i n i t i a l  estimates of the belt  tensions, 

F ~ ( o )  and F ( o ) ,  i f  there 7s t o  b e a  nonzero f r i c t ion  adjustment. Fi ( 0  

j 

and F ( o )  will be unequal in general i f  the force-equalization (free-sl ipping) 
j 

option has not been selected for the torso bel ts ,  so in t h i s  case i t  i s  the 

aforedescribed normal force f r i c t ion  model which i s  used. I f  the force- 

equalization option has been selected,  however, the f r i c t ion  adjustment i s  

calculated as below, where the normal force N i s  the factor in parentheses 

in equation 113: 

F j  = F j  ( 0 )  - 5 P  N 

wiiere Fi (0 = F j  ( 0 )  

and5 i s  usually selected as 0.5. The user speci f ies  on Card 719 whether 

the bel t  with the larger tension ( F i )  should be the upper torso be l t  o r  

the lower. 

Force Difference Saturation. An inter-be1 t infl  uence option can be 

selected which will simulate the e f fec t  of be1 t f r i c t ion  in an ent i re ly  

d i f ferent  manner. Here, a "force difference saturation" i s  imputted by 

the user for the torso bel t  pair .  Whenever the difference i n  tension 

between the two be1 t s  exceeds t h i s  force saturat ion value, the greater 

of the forces i s  reduced by an amount such that  the difference in ten- 

sions i s  equal to  the saturat ion value. The tension i n  the outer belt  

i s  unchanged. This adjustment of the force difference i s  intended to  

represent par t ia l  slipping against s t a t i c  f r i c t i on .  
8 5 61 30/ 88 



Thus, where F .  i s  the lesser of the original belt  tensions, Fi i s  the 
J 

adjusted force: for the belt  of  greater tension, Fi( ') i s  the unadjusted 

(or iginal)  greater belt  tension, and Fs i s  the inputted force saturation level, 

the following analysis applies. 

If Fi (0 - F j  2 F s ,  then no modification of F ~ ( o )  i s  required; i .e . ,  

Fi = Fi ( ' ) .  However, i f  F ~ ( o )  - F j  > FS ,  then we seek the adjustment bi  t o  

Fi( ' )  such that 

where 

Clearly, from these conditions , 

Percentage Influence. The third interbelt  influence option allows 

the user t o  specify the positi ve or negative percentage of the infl  uencer 

tension which will be applied as an additive a,djustment to the influencee. 

Note that only for this  influence option does the user specify which bel t  

is  the influencer and which the influencee. (Card 719.) The influencer i s  

determined automatically a t  each value of time for the other two options. 

In conjunction with this  option, the user supplies a "maximum influence force 

bound."  I f  the force adjustment, in absolute value, i s  greater than 

this bound,  then the b o u n d  i t s e l f  i s  applied as the adjustment t o  the influen- 

cee (wi t h  proper s i  g n )  . 
Thus, where Fb > 0 i s  the influence bound, P i j  i s  the fractional,  per- 

centage influence factor,  Fi i s  the influencer, and F 
j 
(O) i s  the unadjusted 

influencee force, the modified forces are determined as follows. If  



then t he  adjustment t o  be1 t j due t o  be1 t i i s  

Aij = P . .  Fi. 
1J 

Otherwise, 

A i j  = FB sgn pij. 

The adjustment t o  F  ( o )  then y i e l d s  
j 

I f  the  r e s u l t i n g  i n f l u e n c e  t ens ion  F  i s  l e s s  than zero, then i t  i s  s e t  t o  zero. 3' 
2 . 5 . 2 . 4  I n e r t i a  Reels: Spoolout,  Frame Deformation, Lockup 

Spoolout and/or frame deformat ion can be s p e c i f i e d  i n  t h e  form o f  "anchor 

deformat ion"  data. F i e l d s  8-9 o f  Cards 710-716 can be used t o  designate t he  

name o f  a  f o r c e - d e f l e c t i o n  t ype  m a t e r i a l  f o r  t he  anchor. 

A  maximum o f  t h ree  anchors, Al , A2, 'and A3, (see Figure 17) may have 

e i t h e r  v e h i c l e - s e n s i t i v e  o r  webbi ng -sens i t i ve  lockup c h a r a c t e r i s t i c s .  A 

v e h i c l e - s e n s i t i v e  r e e l  can be made t o  l o c k  a t  some i n p u t t e d  t ime o r ,  a l t e r n a -  

t i v e l y ,  when e i t h e r  o f  two cond i t i ons  occurs:  a) t h e  r e s u l t a n t  i n e r t i a l  ac- 

c e l e r a t i o n  a t  t h e  anchor l o c a t i o n  exceeds, i n  abso lu te  value, an i n p u t t e d  

l i m i t ;  b) v e h i c l e  p i t c h  exceeds, i n  abso lu te  value, an i n p u t t e d  l i m i t .  A 

webbing-sensi t ive r e e l  w i l l  l o c k  e i t h e r  when t h e  r a t e  o f  b e l t  feed-out o r  

t he  a c c e l e r a t i o n  o f  be1 t feed-out exceeds an i n p u t t e d  1  i m i t .  Since be1 t 

feed-out  r a t e  and a c c e l e r a t i o n  a re  ob ta ined  f rom rough numerical d i  f f e r e n -  

t i a t i o n s  t he  modeled webbing-sensi t ive r e e l s  may n o t  be as w e l l  behaved as 

v e h i c l e - s e n s i t i v e  r e e l s .  Once a  r e e l  o f  e i t h e r  t ype  locks  i t  w i l l  remain 

locked f o r  t h e  d u r a t i o n  o f  t h e  crash h i s t o r y .  Since lockup normal ly  occurs 

a t  o r  near t ime zero, Cards 721-723 are  u s u a l l y  n o t  used. 

2 . 5 . 2 . 5  S l i p  Po in ts ,  o r  Rings 

The upper and lower r i n g s  (F igure  17) a re  e i t h e r  f i x e d  t o  t he  veh i c l e  

frame o r  fastened t o  t he  end o f  r i n g  s t raps ,  B5 and B6. I f  a  r i n g  i s  n o t  

anchored t o  the veh i c l e ,  then i t s  l o c a t i o n  a t  any va lue  o f  t ime  i s  determined 

by t h e  c o n d i t i o n  t h a t  x- ,  y- ,  and z - fo rces  a t  t he  r i n g  l o c a t i o n  sum t o  zero. 
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This involves solving simultaneous nonlinear equations in X r i  n g ,  Yring, 

and  'ring and i s  done by the method discussed br ief ly  in Section 2.5.2.6.  

Ring posi tions , once determined, are considered t o  be quasi -s ta t ic  anchor 

points fo r  b e l t  segments 1 t o  3. 

The primary charac te r i s t i c  of the rings i s  t h a t  the webbing straps passing 

through them are allowed t o  s l i p  e i t he r  f ree ly ,  or with a desired amount of 

f r ic t ional  resistance,  o r  n o t  a t  a l l .  Free sl ipping i s  handled by determining 

a deflection fo r  the combined be l t  segment ( e i t he r  B,-B, or B2-B3) a n d  then 

s e t t i ng  b o t h  b e l t  segment tensions equal t o  the result ing be l t  force. The 

"no s l i p "  case i s  handled by t rea t ing  the individual segments as independent 

s t raps .  

The case of non-zero f r i c t iona l  resistance t o  s l ipping i s  t rea ted as 

follows. F i r s t ,  the f ree  sl ipping tension i s  determined, as previously ex- 

plained. ~ i e x t ,  the torso be l t  force i s  adjusted upward by an amount represen- 

t ing  f r i c t iona l  resistance a t  the ring. The f r i c t ion  force i s  determined as 

an inputted coeff ic ient  of f r i c t i on  multiplied by a "normal force" a t  the 

ring. The normal force i s  defined as the absolute value of the: vector sum of 
* 

the two force vectors determined from free  sl ipping.  

Where F i s  the'common value of tension f o r  the free sl ipping pai r ,  we see 

(with reference t o  Figure 20) t h a t  
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Hence, the normal force is  

The cosine term i s  most easily calculated by using the Law of Cosines since 

the endpoints of b o t h  be1 t segments are known. 

Supposing 5 t o  be the unadjusted torso belt  force vector, we finally 

obtain the modified belt tension as 

2.5.2.6 Determination of R i n ~  Position 

Ring position at each instant of time is determined by solving the three nonlinear 

equations of force equilibrium at the ring for ring x, y, and z. The minimization method of 

Davidon as implemented by Fletcher and Powell (Ref. 2 0) is used. For a set of n equations 

as shown in eq. 124, an objective function V' = Ce may be defined. Here, {R]  is a vector 

of "residuals" of the n functional relationships. Minimizing the function V' yields R, = 0 

and thus establishes a solution vector {X).  An initial guess vector {X,) must be provided. 

For the ring force equilibrium problem, n is equal to 3. 



The method requires values f o r  a fk /ax i ,  the so-called "influence coeff ic ients ."  

These are  determined below f o r  the speci f i c  problem a t  h a n d  ( see  Figure 21 ) ,  

i . e . ,  determination of the point (xc, y z given anchor points (x l ,y ,  , z l ) ,  
C 

(x,,y2,Z2) a n d  (x3 ,y3, i3)  and the means of determining b e l t  forces acting a t  
L 

Figure 21. Belt Geometry a t  a S l ip  Point 

The conditions of force balance a t  ( x ~ , ~ ~ ~ z ~ )  

where T I ,  T p ,  Tg  a re  the b e l t  tensions in three dimensions and the YiTi 

a re  the components in the  x - z  plane. The tensions are  known fo r  any deflect ion 

Where nyi i s  a  user-speci f ied  endpoint-to-endpoint out-of-plane dimension for  

be l t  i ,  t h e  be l t  segment lengths a r e  

and the  coeff ic ients  Yi a r e  

f p. = , ;. 1 \ 1 3  . (1 28) 



Since  abi/a(xc,zc) = aei/a(xc,zc), we have t h a t  

- 4 

ze- 3; 
rr * 

The s i n e s  and cos ines  o f  equa t i ons  125 a re  
L* A 

Consequent ly ,  t h e  i n f l u e n c e  c o e f f i c i e n t s  can now be found as :  

= X where, f o r  k = 1  and 2, ql = x c  q 2  = zC, Q1 
j ,  Q2 j=Z j ,  

K=3-k, ~ = l - 2 l k - i  1 ,  
I = 3 - i ,  and 

J J  

The r e s i d u a l s  a r e  

The f o r e g o i n g  r e l a t i o n s h i p s  a r e  m o d i f i e d  as necessary  f o r  t h e  cases 

o f :  a )  f o r c e - s t r a i  n  r e 1  a t i o n s h i p s  i n s t e a d  o f  f o r c e - d e f l  e c t i o n ;  b)  s l i p p i n g  

o r  f r i c t i o n  th rough  t h e  r i n g ,  f o r  wh ich  case a s i n g l e  d e f l e c t i o n  i s  used 

f o r  t h e  common s t r a p .  
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MVMA 2-D BELT SYSTEM: FRONT VIEW 

Figure 21 - A .  Schematic f o r  Out-of-Pl ane Be1 t System Dimensions ( b y i )  
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2 . 5 . 2 . 7  Adjustment  o f  Lap B e l t  At tachment P o i n t  

The l a p  b e l t  a t tachment  p o i n t  on t h e  lower t o r s o  l i n k  i s  a l l owed  t o  

v a r y .  Adjustment o f  t h e  x- and z - c o o r d i n a t e  va lues  i s  most impor tan t  f o r  

i a s e s  i n  which t h e r e  i s  s i g n i f i c a n t  f o r w a r d  mo t ion  o f  t h e  t o r s o ,  which 

occurs  when o n l y  t he  l a p  b e l t  i s  used o r  when t h e  t o r s o  b e l t  p rov ides  

o n l y  loose r e s t r a i n t  f o r  t h e  t o r s o .  I n  t hese  cases t h e  lower t o r s o  l i n k  

can r o t a t e  fo rward  (c lockwise)  t o  a  degree t h a t  a  f i x e d  l a p  be1 t 

a t tachment  p o i n t ,  moving w i t h  t h e  l i n k ,  would be r o t a t e d  downward th rough 

t h e  upper l e g .  T h i s  i s  c l e a r l y  u n r e a l i s t i c  and r e s u l t s  i n  l a p  b e l t  

f o r c e s  b e i n g  a p p l i e d  a t  an i n c o r r e c t  ang le .  

User s p e c i f l c a t i o n s  on Card 7 1 2  f o r  t h e  l a p  b e l t  a t tachment  

coo rd ina tes  on t h e  lower t o r s o  l i n k  a r e  used a t  t ime  z e r o  t o  d e f i n e  

c o n s t r a i n t  c o n d i t i o n s  f rom which  an ad jus tment  i s  c a l c u l a t e d  f o r  t he  l a p  

b e l t  at tachment a t  each i n t e g r a t i o n  t ime  s t e p .  The c o n s t r a i n t  c o n d i t i o n s  

are .based on the  l i n e  between t h e  h i p  j o i n t  and t h e  l a p  b e l t  at tachment 

p o i n t .  S p e c i f i c a l l y ,  t h e  c o n s t r a i n t s  s a t i s f i e d  a t  each v a l u e  o f  t ime 

a r e :  1) t he  l i n e  l e n g t h  f rom t h e  h i p  j o i n t  i s  cons tan t ;  2 )  t h e  l i n k  4 

( lower t o r s o )  t o  l i n e  t o  l i n k  5 (upper l eg )  ang les  a r e  i n  c o n s t a n t  

p r o p o r t i o n .  





2.6 COMPUTATION OF CONTACT FORCES 

A model based on t h e  i n t e r a c t i o n  o f  c i r c l e s  w i t h  p lana r  con tac t  sur faces,  

a l though u s e f u l ,  does n o t  p r o v i d e  s u f f i c i e n t  d e t a i l  t o  a l l o w  accura te  p r e d i c t i o n  

o f  occupant load ings  i n  some cases, A  s p e c i f i c  problem i s  t h e  d i r e c t i o n  

o f  f o rces  a p p l i e d  t o  t h e  occupant by the  con tac t  sur faces.  Even though t h e  

su r face  may deform, t h e  f o r c e  generated i s  a p p l i e d  i n  a  d i r e c t i o n  pe rpend icu la r  

t o  t he  o r i g i n a l  p o s i t i o n  o f  t he  c o n t a c t  surface. I n  some cases t h i s  can cause 

e r r o r s  i n  body G-loadi ngs and rebound k inemat ics.  

The proposed s o l u t i o n  t o  t h i s  problem i s  a  r e a l  l i n e  model where a  s ide  

view s e c t i o n  o f  an automobi le i s  used t o  a c c u r a t e l y  descr ibe  t h e  v e h i c l e  

i n t e r i o r .  Each con tac t  reg ion  (e.g. i ns t rumen t  panel,  w indsh ie ld ,  sea t )  

w i l l  be represented by  a  network o f  p o i n t s  w i t h  t h e i r  d e n s i t y  determined 

by the  rad ius  o f  cu rva tu re  o f  t h e  p a r t i c u l a r  sur face.  The o b j e c t i v e  i s  

improvement o f  v e h i c l e  geometry w i t h o u t  ex tens i ve  expansion o f  i n p u t  data 

requirements. Therefore the  new c o n t a c t  model i s  designed t o  r e q u i r e  a  

s e c t i o n  view o f  t h e  v e h i c l e  p l u s  t a b u l a r  fo rce-deformat ion  data f rom 

standard SAE t e s t  procedures where they  are a v a i l a b l e  (e.g, , an i ns t rumen t  

panel pendulum t e s t  o r  an EA column t e s t  us ing  a body. b lock ) .  

Contact  f o rces  are  generated when e l l i p s e s  a t tached  t o  t h e  c rash  v i c t i m  

i n t e r s e c t  t h e  v e h i c l e - i n t e r i o r  p r o f i l e . "  These e l l i p s e s  are  s i m i l a r  t o  t h e  

body e l  1  i p s o i  ds o f  t h e  HSRI three-dimensional ,  six-mass model (Reference 13) 

and are  s p e c i f i e d  by t h e  User. ~i gure 22 i l l u s t r a t e s  t y p i c a l  occupant and 

v e h i c l e - i n t e r i o r  p r o f i l e s  f o r  an MVMA 2 -D  data s e t .  

Cons idera t ion  was g i ven  t o  us ing  a s i m i l a r  r e a l  1  i n e  concept f o r  t he  

contac t -sens i  ng vehic le-occupant  ou t1  i ne .  It i s  f e l t ,  however, t h a t  complex i t ies  

assoc ia ted  w i t h  t h e  i n t e r a c t i o n  between two r e a l  1  i ne sur faces  outweigh what- 

ever  advantages t h i s  approach may have over  t h e  one se lec ted .  The r e p r e s e n t a t i o n  

se lec ted  w i l l  approximate the  a r c - l i n e  segment r e p r e s e n t a t i o n  i f  p r o p e r l y  used. 

*See Sect ion  2.10.4 rega rd ing  a1 1  owed/di s a l l  owed i n t e r a c t i o n s .  
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F I G U R E  22 Seven Occupan t  El1 j p s e s  and Eleven Line Sapments f o r  P o t e n t i a l  Contact  



The real l ine in ter ior  can include various regions, e .g.  : roof 

header, windshield, apex, upper, middle, and lower in ter ior  panels, 

dash, toeboard, f loor ,  seat  cushion front ,  seat  cushion and seat  back 

regions, head res t ,  bulkhead, steering column. This 1 i s t ,  however, need 

not be considered as a l l  inclusive nor are any of these regions required. 

The vehicle in ter ior  can in fact  be made up of any connected or disconnected 

combination of 1 i ne segments. 

Each region i s  further broken down into a ser ies  of s t ra ight  l ine  

segments. The number of these can be chosen t o  approximate the vehicle 

in ter ior  defined by the side view section drawing as closely as desired,* 

End points of each individual element are inputted, in vehicle coordinates, 

as tabular functions of time so that  region deformation and passenger compart- 

ment collapse can be represented, In addition el 1 i ptical ly shaped vehicle- 
in te r io r  panel s can be specified. 

Many of the features included in the contact model have been discussed 

in previous reports and will be specialized for the two-dimensional model 

a t  hand in the text  which follows. These include: 1 .  determination of  the 

penetration, 6 ,  and the penetration ra te ,  i ,  of a contact sensing e l l ipse  

into a real l ine contact region (generates a force using the input force- 

deformation tables or polynomials) ; 2. determination of force m u 1  t ip l ica t ion 

"effectiveness factors" fo r  contacts a t  edges of l ine segments; 3. tan- 

gential contact forces resulting from fr ic t ion or plowing of an e l l ipse  

l a te ra l ly  into a surface; and, 4. time-dependent tabular input of contact 

region l'ocation and shape t o  allow user specification of passenger compartment 

collapse. 

"However, for optimal model performance, no s t ra ight  line segment should be 

much smaller than the largest  contact e l l ipse  that  is  l ikely t o  s t r ike  i t .  



Several new features have been added t o  make the MVMA two-dimensional 

model even more r e a l i s t i c .  These are:  1 .  the ends of each region may be 

optionally anchored t o  the vehicle frame of reference a t  ~ p e c i f i e d  points;  

2. the segments o.f regions describing the vehicle i n t e r i o r  can move and deform 

in response t o  contact by body e l  1 ipses maintaining geometric continuity 

a t  corner positions where elements within a region are connected ( the  migration 

ru le ,  Section 2.6.9) ; 3. magnitude and direct ion of a force will  be continuous 

a t  corners within regions (See Section 2.6.10); and, 4. when two body e l l i p s e s  

in te rac t  simultaneously with same contact surface element, the resulting 

deflect ions are computed based on both loads (See Section 2.6.11). 

One example of the need for  surface geometric continuity i s  i l l u s t r a t e d  

by Figure 23. The method of representing permanent deformation in previous 

models has been t o  o f f se t  the deformed surface para1 le l  to  i t s  original 

position by an amount equal to  the permanent deformation. I t  i s  c lear ly  seen 

tha t  a surface discontinuity resul t s .  

An example of the purpose of combining the influences of two e l l i p s e s  

interact ing with one l ine  segment i s  i l l u s t r a t e d  by Figure 24. As 

normally modeled, contact e l l ipses  ac t  independently against a contact 

surface, as shown a t  the t o p  of the f igure,  However, suppose f o r  the 

sake of i l l u s t r a t i o n  tha t  e l l i p s e  number 1 depresses the surface 

before e l l i p s e  number 2 approaches. Then e l l i p s e  number 2 should 

in terac t  with a surface displaced from i t s  original position. The 

overall deformity of the surface caused by e l l i p s e  number 1 would be similar  

to the dotted l ine  shown in the figure a t  the bottom. I t  i s  t h i s  surface 

that  e l l i p s e  number 2 should see. 

2.6.1 General Geometry of a Contact Surface Element 

The force interact ions between the crash victim and his environment 

are modeled by impingement of e l l ipses  attached t o  body segments in to  l ine  
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Permanent deformation 

Resulting surface discontinuity 

Figure 2 3 -  Results of Surface Geometric Di~contjnujty 



Two Independent in teract ions  with one l ine  segment 

Rea l i s t i c  deformation from s ingle  in teract ion 

Figure 2 4 .  Mu1 t i p l e  El l ipses  In teract ing With A Single Line Element 



elements attached t o  a moving vehicle reference frame or attached t o  the 

iner t ia l  reference frame.* This general model i s  i l lus t ra ted  in Figure 25. 

Both the e l l ipse  and the l ine surface can deform as each may have i t s  own 

unique se t  of force-deformati on characteristics. In addition t o  th is ,  

forces may be generated when an e l l ipse  attached t o  one body segment inter- 

acts  with an e l l ipse  attached t o  another body element (e.g.,  head on knee). 

The normal force generated during such an encounter i s  dependent on deflection 

(and n o t  deflection rate)  where deflection i s  defined as the maximum 

perpendicular distance, 6 ,  the e l l ipse  extends into the con tac t  surface 

or other e l l ipse .  This force acts  t o  p u s h  the e l l ipse  outward perpendicular 

t o  tne contact surface a t  the location of maximum deflection. A tangential 

force also may be generated during contact, which i s  considered t o  be a 

fr ict ional  or plowing force. Hence, i t s  value i s  related t o  the value of 

the normal force. The direction of th i s  force depends on the tangential 

velocity vector which exists  between the e l l ipse  and  the other surface. 

The model user nay specify any number of body e l l ipses ,  contact regions, 

individual l ine elements for  constructing the regions, and materials for  

describing vehicle, crash victim, and be1 t deformations. 

Each of the el l ipses can be attached t o  any of the eight body segments, ** 

centered a t  an arbitrary displacement from the body segment center of 

gravity and with principal axes a t  any desired angle with respect t o  the body segment 

coordinate system,as shown in Figure 26, Thecontact surfaces can be attached 

to the vehicle (or  t o  the inert ial  coordinate frame) and moved relat ive t o  

the reference coordinate system as a function of time t o  represent such 

* Body e l l ipses  may also in teract  w i t h  curved elements attached t o  the vehicle 
reference frame or the ine r t i a l  reference frame. See Section 2.10. 

*:+ Also, see Section 2.6.6.1 regarding 1 ink. sharing for  el  1 ipse attachment. 
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' Contact Point 

F I G U R E  25 Deflection Between a Straight-Line Segment and an Ellipse 



Figure 26. Ellipse 'el Attached t o  Reference System I n '  



physical events. as occupant compartment deformation or intrusion. Each 

contact surface i s  specified by two corner points given as a function of time 

in tabular form relative t o  the reference coordinate system as shown for a 

vehicle in Figure 27. Only the in i t i a l  1ocati:on need be specified i f  the 

surface i s  stationary w i t h  respect t o  the reference coordinate system. 

2 . 6 . 2  Effects a t  the Edqe of a Contact Surface Element * 

The effects a t  the edge of a contact surface element will be described 

in terms of a single linear element within one of the regions. How the 

elements are coupled together i s  discussed l a t e r  in th is  part of the report. 

Edge properties of a contact surface are i l l  ustrated in Figures 28 and 29. 

The extent of the contact surface i s  indicated by Points A and B,whi ch 

define the end points of the line in vehicle space. Their coordinates are 

provided as input data t o  the program. 

Since the to ta l  interaction of the el l ipse w i t h  the line i s  represented 

by w h a t  happens a t  the point of maximum impingement, a quantity (A) called the 

"edge constant'' has been introduced t o  handle cases where a n  el l ipse inter- 

acts w i t h  the edge of a contact surface or a t  a corner where contact surfaces 

meet. In th i s  case, maximum impingemnt l i e s  outside the region defined by 

the line b u t  yet the el l ipse makes firm contact with the surface. I t  i s  

assumed in developing an analytical tool t o  handle this  problem that the 

contact force decreases as the point of maximum impingement moves away from the 

edge of the contact surface. The computer simulation approximately resolves 

these edge problems by employing the following device. The force i s  

computed using the deflection and deflection rate in the normal manner. 

The resulting force i s  mu1 tip1 ied by an "effectiveness factor" ( E )  which ranges 

from unity in a region i n  the middle of the contact surface down t o  zero i n  the 

regions outside the contact surface. The effectiveness factor i s  i l lustrated 

i n  Figure 28 by plotting i t s  value corresponding t o  the various points on 

* Edge effects can be eliminated i n  some applications by using curved vehicle 

interior  contact surfaces. See Section 2.10. 
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Figure 2 7 .  Contact Surface Line Element Attached t o  the Vehicle 



F e f f  = E F ( & )  

FIGURE 28 E f f e c t i v e n e s s  F a c t o r  E  as a F u n c t i o n  o f  s ,  t h e  P o s i t i o n  o f  
Con tac t  P o i n t  w i t h  Respect  t o  L i n e  Segment, W l t h  Edge 
Constant  h as a  Parameter  



F I G U R E  29 Effectiveness Factors for Edge Constant Values o f  0 ,  and . 5  



and near t h e  c o n t a c t  s u r f a c e  above t h e  l e v e l  o f  t h e  l i n e .  For example: 

( 1 )  E f f e c t i v e n e s s  f a c t o r  f o r  c o n t a c t  i n  a  range about t h e  m i d p o i n t  

o f  t h e  c o n t a c t  segment AB has t h e  va lue  o f  u n i t y ;  

( 2 )  E f f e c t i v e n e s s  f a c t o r  a t  endpo in t  A  i s  0 - 5 ;  

( 3 )  E f f e c t i v e n e s s  f a c t o r  a t  endpo in t  B i s  0.5; 

( 4 )  Away f rom t h e  c o n t a c t  su r face ,  t h e  e f f e c t i v e n e s s  f a c t o r  i s  reduced 

t o  zero  i n d i c a t i n g  t h a t  no c o n t a c t  w i l l  be p r e d i c t e d  between t h e  e l l i p s e  

and t h e  c o n t a c t  s u r f a c e .  

Each ramp i s  a  t r a c e  o f  t h e  va lues o f  t h e  f a c t o r  as t h e  p o i n t  o f  maximum 

impingement o f  an e l l i p s e  i n t o  t h e  s u r f a c e  moves toward and beyond t h e  edge 

o f  t h e  c o n t a c t  s u r f a c e  a long  t h e  su r face .  The r e s u l t  i s  t h a t  f o r  a  g i ven  

d e f l e c t i o n ,  f o r c e  w i l l  be reduced t o  zero  as t h e  e l l i p s e  moves o f f  t h e  edge 

o f  t h e  s u r f a c e .  

The a n a l y s i s  f o r  edge e f f e c t s  i s  s i m i l a r  t o  t h a t  used i n  t h e  HSRI 

th ree -d imens iona l ,  six-mass model (Reference 1 4 ) .  However, s i n c e  a  s t r a i g h t  

l i n e  segment has one dimension w h i l e  t h e  c o n t a c t  p lanes o f  t h e  three-d imens iona l  

model have two dimensions, t h e  e f f e c t i v e n e s s  c o e f f i c i e n t  E f o r  mu1 t i p 1  i c a t i o n  

w i t h  a  f o r c e  has o n l y  one f a c t o r  i n s t e a d  o f  two. Thus, where A i s  an i n p u t t e d  

parameter such t h a t  

0 L X 6 . 5 ,  



the effectiveness coefficient  i s  

Where a normalized position parameter s indicates the position of 

arbitrary points on the l ine ,  S i s  the value of s for  the projection o n t o  

the l ine of the point of maximum penetration. Now, 

where x i s  the x-coordinate i n  the vehicle system of a point on the l ine and 
A A A A 

the ti are end points of the contact surfaces, ( x i ,  z l )  and ( x 2 ,  z 2 ) ,  

defined i n  vehicle coordinates: 
4 

x f  = f I I  J $ 1  = PI, 

In car t  coordinates the iner t ia l  point ( x 0 ,  zO) i s  



I t  can be shown that  the x-coordinate of the projection of (G, q) anto 

the l ine i s  

S i s  equal t o  s ( x  ) ,  so substitution of equation136 into equation 133 leads 
P 

t 0 

The edge constant i s  the mechanism by which a user of the MVMA 2-D mocd 

specif ies the interaction of a body e l l ipse  with the edge of a contact sur- 

face and must be provided as input data for  each contact surface in order t o  

exercise the model, I t  should be selected on the basis of a comparison of 

the geometries of a part icular  contact surface and the body e l l ipse  which 

i s  most l ikely t o  interact  with the surface. For instance, assume that  the 

surface shown in Figure 28 i s  55 inches long. If  i t  i s  assumed that  a 

body e l l ipse  with a semi-major axis length of 15.15 inches i s  the most 

l ikely or important interaction,  then the edge constant s h ~ u l d  be selected as 

= 13.15 / 55 = 0.33 

I f  th i s  value i s  used, a contact force equal t o  zero \ / i l l  be predicted if the 

contact e l l ipse  just  misses the surface, b u t  when any part of the e l l ipse  

touches an edge of the contact surface, a small force will be computed. 

This force wi 11  be a t  a maximum when the contact e l l ipse  interacts  with the 

center region of the contact surface. 



2 . 6 . 3  The Thickness of a Contact Surface Element 

Occasionally a body e l l ipse  can approach a contact surface from ei ther  

side. Consider the case of a contact region representing the t o p  of a dash 

panel and a body e l l ipse  attached t o  the knee of an unrestrained occupant. 

In some vehicles the t o p  of the dash panel i s  d i rect ly  above the knees. Con-  

s ider  a hypothetical case where the vehicle i s  impacted in the rear and i s  

pushed into the path of an oncoming truck. During the rear-end part of the 

col l i s ion,  the occupant i s  often propelled upward along the slope of the 

seat back. During the frontal col l i s ion,  the occupant then moves forward. 

I n  th i s  series of events i t  i s  possible that  the knees of the occupant could 

impact very high on the instrument panel due t o  the unusual i n i t i a l  positioning 

for the frontal crash event. I t  i s  desired in th i s  case that  the knee feel 

a force from contact with the top of the dash panel and not a large 

force due t o  the i n i t i a l  seating position where the knee i s  below the panel. 

Another example of t h i s  kind of problem i s  the rear seat  passenger which 

vaults the front  sea t ,  s t r ik ing the front seat back. 

This simulation resolves th is  kind of d i f f icul ty  by requiring the user 

t o  assign a positive or front side to  each contact surface. No force wi 11 

be generated unless the e l l ipse  approaches from the front side. In order 

t o  determine simply whether an e l l ipse  has approached from the front or 

back, the user i s  required t o  specify the "penetration l imit ,"  a parameter 

which represents the maximum penetration into the surface which can occur 

in one integration t i w  step. Then, i f  an e l l i p se ' s  f i r s t  deflection into 

the surface i s  greater than t h i s  value, the e l l ipse  i s  assumed t o  be coming 

u p  from behind and no force i s  computed until  the e l l ipse  gets to ta l ly  in 

front of the contact surface and then comes back and hi ts  the surface. 
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The positive side specificstion is made by a user input indicating 

whether the inertial origin lies behind or in front of the contact surface. 

The inertial origin should not lie exactly on the infinite extension of any of 

the contact surfsces although it is permissible for any line to pass 

arbitrarily close to the origin. Figure 30 illustrates definition of 

direction factors ( D . F . )  for various line segments. 

2.6.4 The Generation of Force between a Contact Ellipse and a Contact Line 

2.6.4.1 Cefinition of Terms 

The equations relating contact ellipse and contact line position and 

geometry to interaction deflections and lever arms are developed in this 

section. 

The following definitions apply to the analysis. 

Terrn Description 

reference system for line segment attachment; 
subscript indicating coordin.ate system associated with 
general segment I'm" (e.g., 4-8  for body links, 9=vehicle, 
lO=inertial, >10=user-defined links) 

pos i ti on of or i g i n of the "m" system with respect to the 
inertial frame 

0, orientation angle of the "m" system with respect to the 
inertial frame (positive counterclockwise) 

A A h A 
( x  , ) - ( x  2 % )  1 i ne segment endpoint coordi ~ a t e s  wi th respect to system 'm" 

reference system for ellipse attachment; subscript 
indicating coordinate system associated with general 
segment "n" 

position of origin of the "n" system with respect to the 
inertial frame 

or, orientation angle of the "n" system with respect to the 
inertial frame (positive counterclockwise) 

ae 'e semi-axis lengths for ellipse axes 1 and 2 

X e 'e position of ellipse center with respect to system "n" 

111 6 /  30188 



o r i e n t a t i o n  a n g l e  o f  e l l i p s e  a x i s  1 w i t h  r e s p e c t  t o  
x-ax i s  o f  sys tem "n"  (pos i t i v e  c o u n t e r c l o c k w i  se) 

2 . 6 . 4 , 2  E q u a t i o n  o f  L i n e  

I t  i s  e a s i l y  shown t h a t  t h e  norms1 f o r m  o f  a l i n e  i n  sys tem "mi' i s  

where  

and 

Here ,  k # 0 and pS + ra = 1 .  The s i g n  f o r  & k  can  be t a k e n  as + o r  - ,  b u t  i t  

w i l !  be c o n v e n i e n t  . to  choose i t  i n  a p a r t i c u l a r  way. T h i s  w i l l  be done l a t e r .  

The c o o r d i n a t e s  x l  and z '  o f  e q u a t i o n  138 may be e l i m i n a t e d  i n  f a v o r  o f  

i n e r t i a l  c o o r d i n a t e s  X and Z by  use  o f  t h e  f o l  l o w i n g  c o o r d i n a t e  t r a n s f o r m a -  

T h i s  g i v e s  

as t h e  e q u a t i o n  o f  t h e  l i n e  i n  t h e  i n e r t i a l  sys tem.  Here ,  

and 

The s i g n  f o r  k i n  e q u a t i o n s  139 i s  s e l e c t e d  so t h a t  t h e  i n e r t i a l  o r i g i n  i s  

" beh ind "  t h e  l i n e  A X + C Z + D = 0 . T h i s  c o n d i t i o n  i s  i n d i c a t e d  i n  



the MVMA 2-D code by F (0,O) = D  > 0 in equation 141. Here, "behi nd" means "on 

the material side of" the line, The material side of the line is specified by 

the user (on the 409-Card) by indicating for time zero whether or not the 

inertial origin is on the material side. 

Equation 141 is the equation of the line that might be involved in an 

ellipse interaction. The equation for a potentially interacting ellipse will 

now be determined. 

2.6.4.3 Equation of Ellipse 

Consider an ellipse fixed in a local coordinate frame with its center at 

the origin and with its axes a and c along the x- and z-coordinate axes. The 

parametric equations for the ellipse in this coordinate system are 

x = a cos & 

z = c sin& , o( a parameter . 
A coordinate transformation c:n be made to show that the parametric equations 

in inertial coordinates are 

Here, X,and Zaare the inertial coordinates of the ellipse center: 

2 . 6 . 4 . 4  Ellipse-Line Deflection 

The relative deflection between a contact line and an ellipse will be 

considered to be the maximum distance from the line to ellipse points that lie 

behind the line. This is, of course, the distance from the contact line to a 

line which is tangent to the ellipse and parallel to the contact line. The 

geometry of contact between an ellipse and a line is illustrated in Figure 30-1. 

Let ( X o  ,Z,) be the point of tangency. It may be determined by considering 



F i g u r e  30-1. Contact Between an Ellipse and a Line 



the relation for distance between the contact line and a general point on the 

el 1 ipse. The distance from any point (X,Z) to a 1 ins is 

where the normalized from of the line is as in equation 141 and the radical 

equals unity. 

The ellipse point coordinates X and Z of equation 143 may be substituted 

intc equation 145, and the point of maximum deflection my be found by 

/ 
determining the value of the parameter OC for which d (o() = 0 . The results 

of this procedure are as follows: 

where 

X, = X, 4 K (I*, A -++c) 

PI  = ,=(B, t e,) + c; -*(oe + e p )  
p,= ( c - a : ) p v n . ~ 8 , + e L ) w ~ ~ n + e , )  
P3 = A; -%(en+ 4 q a2& + %)e) 

= Jp, AZ + 2+AC c ~ ~ c ' '  

K = J / X  
The sign uncertainty in equation 146 results because an el 1 ipse always has two 

different tangent lines that arc parallel to any given line. The two 

different results for (Xo,Z,) can be substituted into equation 141, and the 

resulting sign of F determines whether (X,,Z,) i,s a point of maximum 

deflection or whether it is the paired point, which is of no interest. 

Alternatively, and more simply, the sign may be selected so as to give 

the largest value of d (distance) from equation 145. Equation 145 yields 

where the sign for is the same as selected for equations 146. The value $ 



is the relative deflection between the ellipse and the contact line. (Here, 

is the effective semiwidth of the ellipse measured normal to the line and 

I A XL + C Zk+ D 1 is the distance from the contact 1 ine to the el 1 ipse 

center .) 

2.6.4.5 General ized Forces 

The force associated with the deflection 5 is determined from the 

material properties of the contact ellipse and contact line and is known as a . 
function of 6 and A :  

F = -f (s, i) , 
The generalized forces associated with this contact force are 

k = 1 ,  2, ... , NDOF (150) 

where NDOF is the number of degrees of freedom resulting from the MVMA 2-D 

a6 data set. The "lever arm" - can be shown to be 
S k  

. 
The deflection rate 8 i s  



where 





2.6.5 Specified Motion of a Contact Surface Relative t o  the Vehicle (Occuoant 

Compartment Intrusion) 

The motion of any of the contact surfaces relat ive t o  vehicle coordinates 

i s  specified as input data t o  the MVMA crash victim simulator by presenting 

the positions of the two end points a t  a sequence of time points. Implicit 

in this  type of specification i s  the ab i l i ty  t o  change length and orientation 

as well as position of a contact surface as a function of time. 

Figure 31 i l lus t ra tes  th is  general type of motion in a contact surface 

specified a t  three time points. The sample contact surface s t a r t s  o u t  as a 

l ine a t  t=O, moves to the right and becomes longer by t=t, , and moves further 

t o  the r ight  while changing orientation and length by t=t2. 

Each of the four coordinates defining the position of the end points 

are treated as piece-wise l inear functions of time. A typical coordinate, 

the x-coordinate of Point 1 ,  i s  shown in Figur~ 32, The coordinate rate i s  

a step function b u t  i s  made continuous by adding ramps from one level to the 

next within a small time interval.  Values for corner coordinates and coordinate 

rates determine the i. for  j= 1-3 used in Equation 148. 
J 

2 .6 .6  Generation of Tangenti a1 Contact Forces (Frict ion) 

The force which i s  generated tangential t o  a surface when a body element 

e l l ipse  contacts a vehicle contact surface i s  modeled by the modified tangential 

Coulomb fr ic t ion force, T y  



Figure 31. A Moving C o n t a c t  a t  Three Time Points 



Figure 32 ,  A corner  Coordinate Value and Rate as a Function o f  Time 
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where 
- 
1 = velocity of contact p o i n t  over surface (;I inherently zero or positive) 

F = normal force 

P = coefficient of f r ic t ion = p 1  t p26 t p36* ( 1  54) 

C = 1 i f  1; z v  and a l inear ramp from 0 t o  1 i f  < v 

v = ramp length ( inlsec) 

pl = Coulolrb f r ic t ion coefficient specified as computer program 

input data. 

p 2  and u 3  = nonlinear coefficients t o  represent the ef fect  of 

plowing are computer program input d a t a .  

As the tangential forces are chosen t o  be dissipative in nature, the i r  con- 

tribution t o  the right hand sides of the equations of motion are given 

in the terms, 

The quantity i s  the speed of the notion of the contact point across the 

contact surface. 

The length of a contact surface with end points ( 1 ,  2 )  i s  called e .  
The computations in the program are based on a unit length so that the same 

logic may be used for each contact. The coordinate of th is  surface i s  s ( E q .  133). 

The speed of the contact point is 

The equation 155 may now be written in terms of the individual contact planes 



Because 5 ' S ( q i  ) 

and thus 

Because s i s  a p o i n t  on the line for which analytical expressions have 

already been presented, i t  i s  relatively easy from this  point to compute the 

contributions t o  the right hand sides of the equations o f  motion resulting 

from tangential contact forces using formulae similar t o  those developed in 

Section 2.6.4. 

2.6.6.1 L ink  Shar inq f o r  Hip,  Knee, and Elbow E l l i p s e s  

A con tac t  i n t e r a c t i o n  f e a t u r e  c a l l e d  " l i n k - sha r i ng "  can be spec i -  

f  i ed  f o r  e l  1 ipses a t  the h i p ,  knee, or  elbow. Use o f  t h i s  f ea tu re  i s  

op t i ona l  b u t  recommended. I t  i s  se t  "on" by values i n  f i e l d  8 o f  Card 220. 

"Link-shar ing" i s  important i n  making more r e a l  i s t i c  the way t h a t  

an e l  1 ipse a t  (or near) a  j o i n t  produces t angen t i a l  fo rces  w i t h  a  1 i ne  

segment. Card 2 1 9  i s  used t o  s p e c i f y  the l i n k  o f  attachment f o r  each 

e l l i p s e ,  When the  l i n k  r o ta tes ,  the e l l i p s e  r o t a t e s  w i t h  i t .  Consider 

the case o f  a  c i r c l e  a t tached t o  the lower t o r so  l i n k  and pos i t i oned  

w i t h  i t s  center  e x a c t l y  a t  the  h i p  j o i n t .  Consider, a lso,  a  s i m i l a r  

data set  i n  which the c i r c l e  i s  a t tached ins tead t o  the  upper leg  

l i nk - -and  s t i l l  pos i t i oned  e x a c t l y  a t  the h i p  j o i n t .  I t  seems d e s i r -  

ab le  t h a t  these two data sets  produce the same r e s u l t s ,  bu t  they w i l l  

no t  unless l i n k - s h a r i n g  i s  requested s ince  f o r  one the  h i p  c i r c l e  



r o t a t e s  w i t h  t he  lower t o r s o  and f o r  the  o the r  i t  r o t a t e s  w i t h  the  upper 

leg.  Th i s  means t h a t  s l i p  p o i n t  v e l o c i t i e s  and t h e r e f o r e  a l s o  tangen t i a l  

fo rces  w i l l  be d i f f e r e n t .  Th i s  f e a t u r e  w i l l  cause the  h i p  c i r c l e  t o  

r o t a t e  ( i n  essence) as an average o f  lower t o r s o  and upper l e g  r o t a t i o n s .  

Th is  i s  much more r e a l i s t i c  than a  r o t a t i o n  w i t h  e i t h e r  one o r  the  o the r  

o f  the  two 1 inks  associated w i t h  the  h i p ,  knee, and elbow j o i n t s .  

The MVMA 2-D model a1 lows s p e c i f i c a t i o n  i n  f i e l d  8 o f  t he  220-Cards 

(h ip,  knee, and elbow) o f  va lues  f o r  t he  l i n k  number o f  t he  a d j o i n i n g  

l i n k ,  i.e., t he  l i n k  which "shares" the  e l l i p s e  w i t h  regard  t o  c a l c u l a -  

t i o n  o f  r o t a t i o n a l  terms f o r  t he  s l i p  v e l o c i t y ,  d e f l e c t i o n  and l eve r  

arms f o r  e l l i p s e - l i n e  contac t ,  e t c .  For t h e  case descr ibed above, f o r  

example, where the  219-Card f o r  the  h i p  e l l i p s e  has a  "4." i n  f i e l d  5, a  

"5." can be pu t  i n  f i e l d  8 o f  t he  220-Card ' to t u r n  on l i n k  shar ing.  

Th is  f e a t u r e  i s  most reasonably used when the  e l  l ipses a re  c i r c l e s  (or 

near ly )  and a re  pos i t i oned  a t  o r  near t o  t h e  j o i n t . *  

I n  1 i eu  o f  equations, a  d e s c r i p t i o n  i s  now g i ven  o f  the  method by 

which " l i n k  shar ing"  i s  accomplished f o r  h ip ,  knee, and elbow e l l i p s e s .  

A t  t ime zero, the  i n e r t i a l  p o s i t i o n  and o r i e n t a t i o n  o f  t he  e l l i p s e  a re  

determined from input  data.  From these r e s u l t s ,  the  p o s i t i o n  and 

o r i e n t a t i o n  w i t h  respect  t o  bo th  the  l i n k  o f  attachment and the  

contiguous 1 ink  ( the  shared 1 ink)  a re  ca l cu la ted .  These r e l a t i v e  

p o s i t i o n s  and o r i e n t a t i o n s  a r e  saved. They are  constant  va lues  which 

d e f i n e  the attachment coord ina tes  ( x ,  z ,  and the ta)  t o  t he  two 1 inks  o f ,  

r e s p e c t i v e l y ,  one user-def i ned and one der ived (conceptual) e l  1 i pse. 

A t  a l l  subsequent t imes the  i n e r t i a l  p o s i t i o n  and o r i e n t a t i o n  o f  an 

"average e l l i p s e "  are determined as the  average o f  t h e  i n e r t i a l  p o s i t i o n s  

and o r i e n t a t i o n s  o f  t he  de f i ned  e l  1 i pse ( f i x e d  on the  1 ink  o f  attachment) 

A 1  lowed 1 ink  p a i r s  on Cards 219 and 220 f o r  shared attachment are: 
(4.,5.) (5.,4.) (5.,6.) (6.,5.) (7.,8.) ( 8 . , 7 . )  [h ip ,  knee, elbow] 



and the der ived el l i pse (f i xed on the shared 1 i nk) . These averaged 

inertial values are then used throughout the contact algorithm in calcu- 

lation of deflection, deflection rate, slip position, slip velocity, 

forces, torques, 1 ever arms, and genera 1 i zed forces. 

Use of this feature except for defining what is, in essence, an 

averaged contact ellipse at a joint is unreasonable, The concept and its 

implementation in the model have the most meaning for circles that are 

centered at the allowed joints. It is not unreasonable to use this 

feature for ellipses that are not centered at a joint, but an advisory 

warning message is printed either if the ellipse is not a circle or if it 

is not located (almost) exactly at the joint connecting the two 1 inks. 

Also, if the secondary attachment specified in field 8 of Card 220 does 

not define a legitimate link pair for sharing, then a warning is printed 

and sharing is ignored for that ellipse. 

2.6.7 Force l nteract ions Between Contact El 1 i pses 

Allowance is made in the model for contact interaction between body 

segment "ellipses."* Regardless of whether the user provides circles or 

true ellipses, each interaction is modeled as one circle against another. 

A user-defined ellipse is replaced either by a circle fixed to the 

body element or by a circle which can migrate along the major axis of the 

ellipse to a position of minimum distance from an approaching circle. 

Whether the fixed circle or the migrating circle is used depends on whether 

the ellipse does or does not approximate a circle. The definition of this 

criterion, the selection of circle radii, and definition of the extreme 

allowed positions on either side of the ellipse center for a migrating 

circle, or "replacement circle," are discussed in the following text. 

* A body ellipse may also interact with an elliptically shaped element 
fixed to the vehicle frame of reference, to the inertial frame of 
reference, or to a user-defined link. 



Since a c i r c l e  migrating along the major axis essent ia l ly  reduces an 

e l l i p s e  t o  paral lel  l ines  with a semicircular cap a t  each end, the approximation 

i s  best  for  e l l ipses  with a>>c. 

Figure 33 i s  a schematic showing the approach of a c i r c l e  t o  a contact 

e l l i p s e ,  

The parametric equations f o r  1 ine , m  are 

whereXiis y e t  t o  be determined b u t  can f o r  now be represented as 

The distance between the center of a n  approaching c i r c l e  and points on the 

l ine  m i s  given by 

The shor tes t  distance i s  found from 

which gives z 



i x o i l  i s  the i ne r t i a l  center  posit ion o f  the e l l i p s e  cia  1 

{ x l i  1 i s  the  i ne r t i a l  center position of the migrating c i r c l e  

ex = c~unterclockwise angle from link x-axis to e l l i p se  axis I1 
(zero i f  c i r c l e )  

a n  = link angle in ine r t i a l  frame 

Figure 33. Approach of Circle to  E l  1 ipse 



Now, {xi(qj i s  the position of the center of a c i rc le  s l i d  along the 

major axis t o ' a  point opposite the approaching c i rc le  as long as -15 FS 1 .  

If lr1.1, then the c i rc le  may be positioned a t  F=i1. The e l l ipse  i s  thus 

represented by paral lel  lines with semicircle (radius R )  a t  each end. 

i f  T< - 1 ,  s e t  7 = - I .  

I f  T >  1 ,  s e t  T =  1 .  

Then evaluate 
L 

If th is  i s  positive then the c i rc les  intersect  and 

The derivative i s  

- 

Since 

we have 

Therefore, 
L 3x0; JX; - j A i  

- - + t  -) -- 3 ti 



where 

and 

The derivatives of Ti jn are non-zero only i f  they are taken w i t h  respect t o  

the generalized coordinate of the member on which the body e l l i p se  i s  located. 

The distance components Xi (see Equation 161) will now be determined. 

From Figure 33 we have: 

Thus, 

Therefore, by Equation 161, 



and 
ah 9 Q, - =-L ( ~ e , b c ; t , e , +  -eYLse,)- 

F i g u r e  34 i s  a  schemat ic  showing t h e  approach between two body e l l i p s e s .  

The p a r a m e t r i c  equa t i ons  f o r  l i n e s  m and n  a re  

where 

The d i s t a n c e  between two p o i n t s  on t h e  l i n e s  i s  

The s h o r t e s t  d i s t a n c e  i s  found b y  m i n i m i z i n g  d  w i t h  r e s p e c t  t o  t and s  and 

- - 
If F< - 1  ; t > I ;  s .: -1;  7 >1 , then  and 5 a r e  s e t  t o  F=-1;' 7=1; y=-1; 



Figure 34. Approach o f  Ellipse t o  Ellipse 



i s  positive then 

and  i t s  derivative i s  
0 - J&. --+t-- 5 -) 

%h 3 %  d )n 3 t n  

6 -  ( R +  r )  
(181) 

The form of the derivative quanti t ies i s  s imilar  t o  that  for  tile c i rc le-  

el 1  ipse contact discussed previously. 

I f  the denominators of Equation 178 are zero, then the major axes of 

the e l l ipses  are paral lel  and the problem must be treated as a  special case. 

A body e l l ipse  i s  replaced by a  c i rc le  for  the purpose of "e l l ipse-  

e l l ipse"  interaction i f  i t  i s  suff ic ient ly  l ike  a  c i rc le .  The cri terion 

i s  as follows: lihere a, c, the e l l ipse  i s  replaced by a  c i rc le  i f  8 ,  

where B i s  an input parameter. If  th i s  condition i s  sa t i s f i ed ,  then R=c and 

the c i rc le  will be positi.oned a t  the center of the e l l ipse .  Alternative 

definitions of R ,  such as R=(a+c)/Z or ~ = [ ( a ~ + c ~ ) / 2 ]  '" were considered, 

b u t  R=c i s  f e l t  t o  be the best selection. 

If an e l l i p se  f a i l s  the c i rc le  replacement t e s t  just  outlined, then 

a radius must be assigned for  a  c i rc le  which migrates along the major axis. 

This radius i s  taken as R=c, where a  l c. This i s  i l lus t ra ted  in Figure 35. 

Given R fo r  the migrating c i rc le ,  how should) be selected? The 

following form i s  used: 

1 = 8 (4- R )  

Here, y,(l i s  an input parameter. Note tha t  y=l puts the c i rc le  flush t o  

the end of the e l l ipse .  A t  the use r ' s  option speci f ic  "e l l ipse-e l l ipse"  

interactions are  e i t he r  a1 lowed or disallowed. 
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Ellipse rep lacement  

circles a t  the extreme 
a l lowed positions 

C 
Ellipse with - < B a 

FIGURE 35 Approximation of an Ellipse by a Replacement Circle 
o f  Varying Position 



Sect ions  2.6.5-2.6.10 

Sec t i ons  2 .6 .3  th rough 2.6.10 (pages 128-148) are  o b s o l e t e  and have 

been removed f rom Volume 1. 



2.7 INFLATABLE OCCUPANT RESTRAINT SYSTEM SUBMODEL (a l so  see Section 2-11 1 

Available as an option i s  a submodel of an inf la table  occupant 

res t ra in t  device (a i rbag) .  The airbag i s  intended t o  contact b o t h  the 

occupant and vehicle i n t e r i o r  while restraining forces due t o  the internal 

pressure and skin tension' are generated when the bag i s  ful ly inf la ted .  The 

shape of the bag i s  allowed t o  conform t o  that  of the occupant and the 

vehi cle in te r io r  with free sections of the perimeter defined as c i rcular  

segments. ldhen the pressure in the b a g  reaches a specified le'vel, gas i s  

allowed t o  flow o u t  of the bag through defined or i f ices .  

2.7.1 Ai rbaq Enclosure 

The airbag expands within a closed area i l lus t ra ted  in Figure 45. The 

area i s  defined by: a )  five inputted s t ra igh t  l ine  segments attached, 

respectively, t o  the upper torso, middle torso, lower torso,  upper legs,  a n d  

lower legs (see Figure 46) ; b )  calculated s t ra igh t  l ine  segments joining 

the endpoints of the f ive primary l ine segments; c)  two calculated s t ra igh t  

1 ine segments approximating the f ront  of the head; d )  from one t o  five inputted 

frontal in te r io r  l ine  segments (special entr ies on standard 41 1 cards) ; 

e )  a roof l i ne  extending t o  above and  behind the head; f )  and two cal- 

culated l ine  segments which close the area (a-b and 10-A in Figure 45 ) .  

In Figure 45 the bag source, or "attachment point," i s  (XA,ZA) This 

point i s  inputted in vehicle coordinates on the 901 and 902 cards and i s  

fixed in the vehicle. For the example frontal i n t e r i o r  for  airbag contact 

in the figure s i x  ent r ies  on 411 cards define the pcints A ,  B ,  C ,  D Y E ,  F and 

thus the l ines A B ,  B C ,  C D ,  D E ,  EF.  All vehicle in te r io r  l ine  segment end- 

points can be prescribed as functions of time, and the airbag wi 11 sense any 

collapse of the l ines A B ,  BC, ,DE,  and EF about i t .  These l ines are sensit ive 
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FIGURE 45 MVMA 2-D A i  rbag Model 



FIGURE 46 Ai rbag  Contact  L ines  on Occupant 



only t o  ai rbag contact while the example vehicle i n t e r i o r  configuration 

defined by FGEDCBHAI  i s  sens i t ive  only t o  in terac t ion  with contact. ellipses, 

Airbag forces and moments are applied to the occupant a t  segments C - 1 ,  1-2, 

3-4, 5-6,  7-8. 

2. 7.2 Assum~tions 

Tile approach chosen fo r  developing a mathematical submodel f o r  the 

simulation of in f l a t ab le  occupant r e s t r a in t s  was to  produce the simplest 

model tha t  would provide acceptable agreement with experimental data. This 

approach was taken t o  minimize the time and e f f o r t  required t o  develop the 

model and to moderate the computer time required t o  run the simulation. 

Assumptions made in the formulation of t h e  mathematical model were based upon 

both analysis of the physical processes involved and observation of high- 

speed movies of t e s t s  of prototype in f l a t ab le  safe ty  r e s t r a i n t s .  User 

experience with the model may suggest a l t e ra t ion  of some of the assumptions 

or generalization of some of the algorithms used t o  cover a  wider variety 

of physical s i t u a t i o n s ,  Observation of high-speed movies of t e s t s  led to  

four ass umptions : 

1. No r e s t r a i n t  force i s  exerted upon the occupant unti l  the bag i s  

fu l ly  expanded. This i s  equivalent to s t a t i n g  t h a t  the mass of the bag and 

i t s  contents can be neglected. 

2 .  The skin of the bag does n o t  s t r e t c h .  

3. The perimeter of the bag cross sect ion in the plane of motion con- 

forms to  the shape of the automobile i n t e r i o r  o r  to  the occupant wherever 

they touch. Elsewhere the perimeter i s  described by c i rcu la r  arcs. 

4 .  The bag s l i p s  f ree ly  over the  occupant surface a f t e r  contact,  i . e . ,  

f r i c t iona l  forces a re  small compared with normal forces. 



Four o ther  assumptions were made t o  simplify the model. 

1. Thermodynamic propert ies  of the gas in the bag  are calculated using 

adi abati c  expansion of i  deal nitrogen , neglecting poten t i  a1 energy of the 

gas. Flow of gas through the deflat ion membranes i s  calculated assuming 

unchoked flow through a converging nozzle. 

2. The gas generator i n f l a t i n g  the bag del ivers  gas a t  a predetermined 

r a t e  . This implies t h a t  the area of the cross sect ion of the b a g  

increases a t  a predetermined ra te  unt i l  the b a g  i s  f i l l e d .  

3. The point a t  which the b a g  attaches t o  the automobile i n t e r i o r  i s  

fixed with respect t o  the i n t e r i o r .  This means t h a t  the b a g  may n o t  be 

attacned t o  a  col laps ib le  s t ee r ing  column. 

4. Restraint  force due to  tension in the skin of the bag, caused 

primarily by the bag wrapping around the s ides  of the occupant, i s  approxi- 

mated by a simple algorithm which takes in to  account the most important 

variables: pressure in the b a g ,  width of the occupant and depth of pene- 

t r a t ion  in to  the bag .  

2.7.3 Simulation Description 

The di f f e ren t i a l  equations f o r  occupant motion requi re val ues fo r  

forces and moments, from a1 1 sources, act ing on the occupant. A t  each s tep  

of the numerical integrat ion a central routine c a l l s  the airbag submodel, 

presents i t  with an updated occupant and vehicle position a n d  receives in 

return updated forces and moments on the occupant due t o  the airbag. Basic 

organization of the airbag simulation i s  shown in Figure 47.  

The bag may be a r b i t r a r i l y  positioned within the passenger compartment; 

f o r  example, on the instrument panel. A vector heading must be speci f ied  

to  define an axis  along which the bag center  progresses as the bag becomes 

an ever-expandi n g  ci rc le .  This heading remains cons tan t before contact  
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occurs with the l ine  segments described in Section 2.7.1. In each integra- 

tion s tep  the radius of the undeformed portion of the bag i s  computed. Next, 

a  radial search vector of th i s  length originating a t  the bag center i s  allowed 

to sweep through a c i r c l e  in three degree increments. I f  th i s  search vector 

in tersects  any of the l i ne  segments used to constrain the bag, the bag outl ine 

coincides with the l ine  segment up t o  the point of the sweep vector inter-  

section.  I f  no intersection occurs, the bag shape conforms t o  the undeformed 

c i rc le .  In th i s  procedure, the summation of the bag perimeter components i s  

checked and the radius of the undeformed portion adjusted so that  the perimeter 

requirements are met. Before maximum in f l a t i on ,  the perimeter of the bag 

depends on the instantaneous volume of the bag, which i s  determined from the 

gas thermodynamics and the mass rate of the bag in f la t ion .  After fu l l  in f l a -  

tion the bag perimeter i s  maintained a t  the given input value. The i  nstan- 

taneous perimeter i s  deemed acceptable i f  i t s  increase i s  less than 5% in 

the adjustment s tep  even though the perimeter requirements are not met. This 

procedure i s  included t o  permit undeformed bag arc segments adjacent t o  the 

occupant and i n t e r i o r  contact areas. 

Bag shape i s  calculated in three ways corresponding to  three di f ferent  

s i tuat ions  : 

1 .  I f  the bag i s  neither fu l ly  inf la ted  nor in contact with the 

occupant, the shape i s  assumed t o  be c i rcular .  The bag becomes " fu l l "  

when the gas volume'becomes as large as 7r2 w ,  where w i s  the inputted 

bag width and r  i s  the filled-bag radius, as determined from the inputted 

f i  1 led-bag perimeter, 

2 .  I f  the bag i s  not fu l ly  inf la ted  b u t  has contacted the occupant, 

the shape i s  calculated to enclose the known volume of gas thus f a r  supplied 

by the source. The bag becomes " fu l l "  when the calculated perimeter of the 

deformed bag becomes as large as the inputted filled-bag perimeter. 
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3. I f  the bag i s  f u l l ,  the shape i s  calculated to  f i t  the inputted 

perimeter fo r  the ful ly  inf la ted  bag. Whether o r  n o t  the fu l ly  inf la ted  

bag i s  contacted by the occupant, i t s  volume i s  calculated from i t s  geometry, 

and the corresponding pressure can then be found. (After the pressure 

exceeds an inputted b o u n d ,  the deflation membranes burst a n d  the flow rate 

through them must also be calculated. ) I f  the bag i s  contacted by the 

occupant, then the volume i s  lessened additionally by the intrusion of the 

occupant. Here, an assumption i s  made t h a t  the deformed section has half 

the width of the bag. 

Forces on the b a g  are caused by contact with the occupant and the 

i n t e r i o r .  I t  i s  assumed t ha t  forces in the vehicle x-direction caused by 

contact with the occupant are balanced by forces caused by contact with the 

i n t e r i o r .  This assumption i s  viable i f  the b a g  i s  squeezed between the 

instrument panel and the occupant. In the z-direction the forces on the 

bag are balanced by changing the angle of the l ine  along which the b a g  center 

moves during bag expansion. 

Forces on the occupant are calculated as a sum of incremental forces 

caused by incremental areas of contact between bag and occupant as shown in 

Figure 48. Forces are accumulated fo r  each of the body segments representing 

head, torso and upper legs. Moments on each segment are calculated in the 

same process. Each incremental force i s  made up  of two parts  : one caused 

by pressure inside the bag a n d  the other by tension in the bag skin.  The 

f i r s t  of these i s  calculated from the incremental length, the width of 

the occupant a t  t ha t  point and the pressure in the bag. The skin tensior, 

force resul ts  from the tendency of the bag t o  wrap around the sides of the 

occupant. Since th i s  simulation only calcula tes  the shape of  the bag in the 



~ l j  = Incremental length of contact in plane of motion. 
w j  = Width of occupant at this increment. 

Fi gure 48. Irlcrernental Force Generation. 



p l a n e  o f  m o t i o n ,  s k i n  t e n s i o n  f o r c e  can o n l y  be r o u g h l y  approx imated .  

The v a r i a b l e s  o f  s t r o n g e s t  i n f l u e n c e  on s k i n  t e n s i o n  f o r c e  a r e  p r e s s u r e  

i n s i d e  t h e  bag, w i d t h  o f  t h e  o c c u p a n t  a t  each i n c r e m e n t  and t h e  d i s t a n c e  t h e  

occupan t  has p e n e t r a t e d  i n t o  t h e  bag a t  t h a t  i nc remen t .  The a p p r o x i m a t i o n  

used i s  an a t t e m p t  t o  t a k e  a l l  t h r e e  o f  t hese  f a c t o r s  i n t o  accoun t  w i t h o u t  un- 

d u l y  i n c r e a s i n g  t h e  c o m p l e x i t y  o f  t h e  program. The e q u a t i o n s  f o r  f o r c e s  

on t h e  occupan t  a r e  d e r i v e d  i n  S e c t i o n  2.7. 6. 

2.7.4 N o t a t i o n  

I n  t h e  a n a l y s i s  s e c t i o n  2.7.5 t h e  f o l l o w i n g  n o t a t i o n  w i l l  be  used 

m  mass, l b m  

h  s p e c i  f i  c  e n t h a l p y  , BTU/l bm 
- 
v RMS v e l  o c i  ty , f t / s e c  

W work,  f t - l b  

U  i n t e r n a l  energy ,  BTU 

u  s p e c i f i c  i n t e r n a l  energy ,  BTU/l bm 

T t empera tu re ,  OR 

P 
c o n s t a n t  p r e s s u r e  s p e c i f i c  h e a t ,  BTU/l bm-OR 

volume, f t  

p r e s s u r e ,  l b / f t  2 

s u p p l y  c y l  i n d e r  1 
n o z z l e  e x i t  \ 
e x h a u s t  \ 
(no  s u b s c r i p t )  bag  

area ,  f t  2 

r a t i o  o f  s p e c i f i c  h e a t s  ( C  / C  ) 
P  " 

s u b s c r i p t  i n d i c a t i n g  " n o z z l e "  

see F i g u r e  49 

s u b s c r i p t  i n d i c a t i n g  " sou rce "  o r  " s u p p l y "  
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NOZZLE EXIT 

SUPPLY CYLINDER 

F i g u r e  49.  Supply  C y l i n d e r  and Bag. 



( )i q u a n t i t y  e v a l u a t e d  a t  t h e  i th i n t e g r a t i o n  i nc remen t  

Oim1 q u a n t i t y  e v a l u a t e d  a t  t h e  ( i - 1  )St i n t e g r a t i o n  i nc remen t  

A t  i n t e g r a t i o n  i nc remen t ,  sec 

t t ime ,  sec 

U n i t s  and Constants 

The u n i t s  used a r e  B r i t i s h  e n g i n e e r i n g  u n i t s  as suggested by Reference 22. 

t empera tu re  " R 

mass I bm 

f o r c e  1  b  

h e a t  BTU 

l e n g t h  f e e t  

I n  t h i s  u n i t  system t h e  gas c o n s t a n t  and work e q u i v a l e n t  o f  h e a t  a r e :  

- 
55.15 f o r  n i t r o g e n  

J f t - 1  b  
BTU 778 

i.lewton's law i n  t h i s  u n i t  sys tem i s :  

F = ma/go where go = 32.2 l b m - f t  
1  b-sec2 

I t  i s  n o t e d  ']ere t h a t  w h i l e  t h e  MVM* 2 - D  

model can be r u n  i n  e i t h e r  E n g l i s h  o r  m e t r i c  u n i t s  ( i n t e r n a l  u n i t s  i n - l b - s e c  

o r  m-N-sec) , a1 1  c a l c u l a t i o n s  w i t h i n  t h e  package o f  a i  r b a g  s  ubmodel s u b r o u t i n e s  

a r e  i n  E n g l i s h  u n i t s .  



2 . 7 . 5  Thermodynamic Model 

The thermodynamic model c o n s i s t s  o f  a s e t  o f  d i f f e r e n t i a l  equat ions  

t o  be n u m e r i c a l l y  i n t e g r a t e d  a long  w i t h  the  o t h e r  system equat ions .  

Equat ions f o r  t h e  thermodynamic model are:  

Volume d u r i n g  i n f l a t i o n  i s  

Pressure d u r i n g  compression i s  

The b a s i c  assumptions used a re :  

1. The gas i s  i deal n i  t rogen.  

2. The process i s  a d i a b a t i c .  

3. Change i n  p o t e n t i a l  energy due t o  changes i n  e l e v a t i o n  i s  n e g l i g i b l e .  

2.7.5.1 Thermodynamics Dur inq  I n f l a t i o n  

Assume: 1. Steady f l o w  through the  n o z z l e  o f  t h e  supp ly  c y l i n d e r  

2. The gas i n  the  supp ly  c y l i n d e r  i s  a t  r e s t .  

N i  t h  these assumptions t h e  f i r s t  law o f  thermodynamics f o r  an a d i a b a t i c  

open sys tem reduces t o :  



For an ideal gas the speci f ic  enthalpy i s  a  function only of  temperature. 

For temperature below 810°R, constant pressure speci f ic  heat and therefore 

speci f ic  enthalpy varies less than 10% (Reference 23,, Table 1 )  so assume i t  

i s  constant. I n  this  case, 

Hence, the temperature a t  the nozzle e x i t  i s  

tiow, consider the expanding bag as an open system with 6mex = 0 ( i . e . ,  

before rupture of the deflation membranes). In this  case, the f i r s t  law of 

thermodynami cs i s  : 

The work term i s  6'd = P6V .  Assume that  in the expanding bag the pressure 

i s  constant ( a t  I atmosphere), tha t  h n  and \ are constants, and that  

kinetic energy of gas inside the bag i s  negligible. Then, since 6m = 

6m - sm the above equation yie lds :  n ex' 

From the equation of s t a t e  PV = mRT; the definition of enthalpy 
RT U = m(h--) J ; the relation h n  - h = C ( T  - T )  ; equation 211 for  T n ;  equation 

P n 



213 reduces to :  

T h a t  i s ,  given the aforementioned assumptions, the temperature of the gas 

in tile expanding b a g  approximates the supply temperature before bursting 

of the deflation membranes. 

2.7.5.2 Thermodynamics Durins Exhaust 

S t a r t  with the derivative form of the f i r s t  1 aw of thermodynamics fo r  an 

adiabatic  open system. 

Assume: 1 .  Kinetic energy of the exhaust gas i s  small. In th i s  case the 

exhaust i s  an isenthalpic throt t l ing .  

2 .  Kinetic energy of gas inside the bag  i s  small. 

3. The work term i s  solely due to the moving boundary of the 

system (expansion or compression of the b a g ) .  

4. Cp i s  constant. 

For an ideal gas: 

RT 1. U = m ( h  - -J) defini t ion of enthalpy 

With T, from(2ll)in h n -  h = Cp(Tn - T )  and from m = An - me,, equation 21.5 may 

be reduced t o  solve fo r  the ra te  of change of temperature of the gas in the 

bag .  
0 



I n l e t  mass flow rate i s  a tabular  input t o  the simulation. The 

exhaust mass flow ra te  i s  calculated from the equation for  unchoked flow 

through an o r i f i c e  with no losses ( i , e , ,  a value of 1 f o r  the o r i f i c e  

discharge coefficient ,  CD).  

Rate of work a t  the moving bounda-ry i s  determined in the program by 

numerical d i f ferent ia t ion using stored val ues of the bag pressure and  volume 

cal cul ated fo r  the previous integration time increment (See Figure 5 0 ) .  

2.7.6 Restraint Force Calculation 

Restraint  forces are assumed t o  ex i s t  only when the bag i s  fu l ly  in- 

f la ted  and in contact with the occupant. Restraint forces are calculated 

a t  tile same time t ha t  the bag shape i s  being determined. 

A radial search vector (see Section 2 . 7 . 3 )  begins a t  an angle o l  = e R  

and rotates by three degree increments tiirough the ful l  c i rc le .  'The search 

vector i s  equal in length to  the current bag radius. The intercepted length 

fo r  bag contact i s  R n .  When the bag i s  fu l ly  in f la ted ,  r e s t r a i n t  forces are 

present whenever the vector in tersects  the occupant. There are two con- 

t r ibut ions  t o  r e s t r a i n t  force: pressure over the contact area and skin tension 

force. The contributions for  each three degree increment are determined 

in tile direction of the search vector and the component normal t o  the con- 

tacted l ine  segment i s  then resolved to components in the iner t ia1  frame of 

reference. 



F i g u r e  50. Rate o f  l l o r k  o f  Moving Boundary. 



BAG ATTACHMENT 
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Fi  gure 51 . Radi a1 Search Vector. 
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2.7.6.1 Pressure Force 

As the radi us vector rotates by ~ a ,  i t s  t i p  sweeps out an increment 

of length Ae = Rn A U .  Assuming t h a t  the jth segment of the occupant has con- 

s t a n t  w i d t h  w. leads t o  a contact area increment of A A  = w .  A & .  The pressure 
J J 

force contribution in the direct ion of the search vector i s  then 

where P i s  absolute bag pressure and Pa  i s  atmospheric pressure. 

2.7.6.2 Skin Tension Force 

The component of r e s t r a i n t  force caused by tension in the bag skin can 

only be approximated in a two-dimensional simulation. The variables tha t  

influence skin tension force are pressure in the bag, width of the portion 

of the occupant contacting the bag, and the distance the occupant has 

penetrated in to  the bag. A tlorizontal s l i c e  through tile bag before and 

a f t e r  con'tact i s  i l l u s t r a t e d  in Figure 52. 

I t  i s  assumed tha t  the tension force in the skin of the bag contacted 

by the occupant i s  caused by pressure on the ends of the bag. Because 

r e s t r a i n t  forces are calculated as a sum of incremental forces ,  the 

tension force must be divided u p ,  This i s  equivalent t o  regarding the 

skin of the bag as being made up of a s e r i e s  of bands connecting the ends. 

Each of the bands i s  in tension b u t  i s  supporting only i t s  geometrical share 

of the to ta l  tension (See Figure 53). 

The tension per unit  length of bag skin i s  



BEFORE OCCUPANT CONTACT: 

I 
1-PLANE OF SIMULATION 

AFTER OCCUPANT CONTACT: 

T = Skin Tension Force 

wj = Occupant Width at This Station 

Fi gurc 5 2 .  S k i n  Terlsion Force. 



F i g u r e  53. 

HORIZONTAL SLICE 

Occupan t -Bag  Con t a c t .  



Figure 54. Bag Penetrat ion by Occupant. 



where AE i s  the area of the end of the bag and p i s  the total  bag perimeter 

i n  the plane of simulation. The incremental skin tension force T i s  cal- 

culated assuming that  the bag i s  composed of independent s t r i p s  of width 

From Figure 52 i t  i s  clear  that  the total  component of force re- 

straining the occupant i s  

The factor cos B .  i s  found from Figure 54. I f  i t  i s  assumed tha t  
J 

the bag skin does n o t  s t r e tch ,  then w = w .  + 2 d  , where w i s  the bag width 
J j 

and w . i s  the occupant width. Hence, 
J 

W-W dj = j 
2 

Then, where r .  i s  penetration into the bag, B .  i s  seen t o  be cos-' ( r  ./d . )  , or 
J J J J  

cos B = 2r./(w-w.). 
j J J (223)  

Hence, the incremental skin tension force contribution in the direc- 

tion of the search vector i s  



2.8 E~vERGY ABSORBING STEER1 NG COLUMN 

S e c t i o n  2.8 (pages 173-210) i s  o b s o l e t e  and has been removed f r o m  

Vo 1 ume 1 . 



2 .9  VEHICLE MOTIONS 

Vehicle dynamics are  constrained and specified by input t o  the com- 

puter program. The occupant compartment angular acceleration or angular 

position i s  described as a tabular function of time. Four ,basic options 

are available for specif icat ion of translat ional  motion. 1 )  The two 

ine r t i a l  components of 1 inear acceleration a t  the defined vehicle origin 

point ( i  . e . ,  origin of the vehicle-fixed coordinate frame) may be de- 

scribed as tabular functions of time. 2 )  Iner t ia l  horizontal and ver t i -  

cal positions may be defined for  the vehicle origin.  3) Two l inear  ac- 

cel erations along the vehicl e-fixed axes, for a user-speci fied acceler- 

ometer location (a ,c )  in the vehicle, may be prescribed. (See Figure 

63.) 4)  Finally, the user may specify the vehicle x-axis component of 

acceleration a t  a n  accelerometer location together with motion of a 

"pivot point" for vehicle pitching. The usefulness of th is  l a s t  option 

i s  suggested from examination of film of crash t e s t s .  Here, the word 

"pivot" i s  used fo r  a point for which position i s  constrained in one 
ine r t i a l  coordinate ( z ) ,  n o t  bo th  x and z. ( x  motion of the pivot point 

i s  unconstrained only i n  the sense that  i t  i s  n o t  exp l ic i t ly  prescribed.) 

Consider f i r s t  a  point ( the  pivot point) fixed with respect t o  the vehi- 

cle frame, i  . e . ,  a  p o i n t  with constant coordinates ( p , q )  in the vehicle 

system. (See Figure 63. ) Suppose th i s  point on the vehicle i s  con- 

strained to  move paral lel  to the ine r t i a l  x-axis regardless of vehicle 

pitching motion, i.e., i t s  ine r t i a l  z coordinate i s  held constant. Such 

a point i s  the simplest type of pivot point that  the user can define 

with the fourth option for specif icat ion of translat ional  motion. For 

the general case, the user may prescribe a time varying ine r t i a l  z posi- 

t ion,  P z ( A ) ,  for the pivot point. Additionally, t h e  pivot point need 

21 1 2/2/81 



Inertial reference frame 

Figure  63. Accel erometer Location and Pivot  Po in t  

211.1 



n o t  be f i x e d  w i t h  r e s p e c t  t o  t h e  v e h i c l e  c o o r d i n a t e  frame, i . e . ,  t h e  co- 

o r d i n a t e s  p  and q may a l s o  be s p e c i f i e d  as f u n c t i o n s  o f  t i m e .  For a l l  

cases, x  m o t i o n  o f  t h e  p i v o t  p o i n t ,  w h i l e  n o t  p r e s c r i b e d  by t h e  use r ,  i s  

de termined f rom t h e  x -acce l  erometer  da ta ,  t h e  p i v o t  p o i n t  z-motion, and 

t h e  v e h i c l e  a n g u l a r  mo t ion .  

The v e h i c l e  t r a n s l a t i o n a l  degrees o f  freedom used i n  t h e  equa t i ons  

o f  m o t i o n  f o r  t h e  occupant  a r e  t h e  i n e r t i a l  c o o r d i n a t e s  o f  t h e  v e h i c l e  

o r i g i n  p o i n t .  The p o s i t i o n s  o f  a l l  c o n t a c t  pane ls ,  b e l t  anchors, e t c . ,  

a r e  desc r i bed  w i t h  r e s p e c t  t o  t h a t  p o i n t .  I t  i s  necessary,  t h e r e f o r e ,  

t o  de termine t h e  components o f  t h e  i n e r t i a l  a c c e l e r a t i o n  v e c t o r  f o r  t h e  

v e h i c l e  o r i g i n  f rom whatever t r a n s l a t i o n a l  m o t i o n  da ta  have been spec i -  

f i e d  by t h e  use r .  V e l o c i t i e s  and p o s i t i o n s  a r e  o b t a i n e d  f rom i n t e g r a t i o n  

o f  t h e  a c c e l e r a t i o n s .  The p e r t i n e n t  equa t i ons  w i l l  now be developed. 

Consider  t h e  genera l  t h ree -d imens iona l  case o f  r e l a t i v e  mo t ion .  
2 

L e t  a  p o i n t  i n  t h e  v e h i c l e  be d e f i n e d  by i t s  p o s i t i o ' n  v e c t o r  R i n  t h e  

v e h i c l e  frame. The i n e r t i a l  v e l o c i t y  v e c t o r  o f  such a  p o i n t ,  i n  a  t r a n s -  

l a t i n g  and r o t a t i n g  frame o f  r e f e r e n c e ,  i s  g i v e n  by t h e  v e c t o r  equa t i on :  

A 

where Vo i s  t h e  v e l o c i t y  o f  t h e  o r i g i n  o f  t h e  r o t a t i n g  frame r e l a t i v e  t o  

t h e  i n e r t i a l  frame o f  r e f e r e n c e ,  i . e . ,  t h e  v e h i c l e  o r i , g i n .  
fr 

Where R i s  t h e  t ime  r a t e  o f  change as seen f rom t h e  i n e r t i a l  frame 
IS 

o f  v e c t o r  R d e f i n e d  i n  t h e  r o t a t i n g  frame, i s  found as 



where: 
-r 
R i s  t h e  v e c t o r  i n  t h e  r o t a t i n g  f rame 

d i i  - i s  t h e  t i m e  r a t e  o f  change r e l a t i v e  t o  t h e  r o t a t i n g  f rame o f  d t 

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

t o  t h e  i n e r t i a l  f rame.  
2 

I f  R i s  t h e  p o s i t i o n  v e c t o r  o f  a  p o i n t  r e l a t i v e  t o  t h e  r o t a t i n g  

frame, t h e  a c c e l e r a t i o n  o f  t h e  p o i n t  r e l a t i v e  t o  t h e  i n e r t i a l  r e f e r e n c e  

f rame i s ,  f r o m  e q u a t i o n  308, 

o r  by c a r r y i n g  o u t  t h e  d i f f e r e n t i a t i o n  as i n d i c a t e d  b y  e q u a t i o n  308.1, 
A 

T h i s  i s  

A 
Now, i n  p a r t i c u l a r ,  l e t  R be t h e  p o s i t i o n  v e c t o r  f o r  t h e  b i a x i a l  a c c e l e r -  

ometer  ( F i g u r e  63 ) ,  i . e . ,  



Also, in terms o f  t h e i r  components, t h e  o the r  vec tors  in equat ion 309 

a r e :  
A A n 

A = aX i,, + 

Since t h e  accelerometer  l oca t i on  ( a , c )  i s  assumed f ixed  r e l a t i v e  t o  t he  

veh ic le ,  i ,  i, 'a., and 'd a r e  a l l  zero and equat ion (309) reduces t o  

where a x ( t )  and a z ( t )  a r e  accelerometer  da t a .  Since 

we may w r i t e  t h e  component equat ions  of  equat ion (310) a s  



where iiV and 'iV are  the components of (4, zY) - -  the vehicle origin 

i ne r t i a l  acceleration - -  expressed in the vehicle reference frame, i  .e . ,  

the inverse relat ionships t o  

None of the foregoing equations a re  needed i f  the user supplies iv 
and ZV d i rec t ly .  However, i f  accelerometer data a x ( t )  and a , ( t )  are 

specif ied,  equations (312) may be solved for  iv and 4' and then equations 

(313) y ie ld  !v and Y v .  
Consider next the case where a x ( t )  data and pivot point data are  

speci f ied for the vehicle translat ional  motion, i  . e . ,  the case of option 

4 discussed previously. The user speci f ies  pivot data ~ , ( t ) ,  p ( t ) ,  a n d  

q(t) in tabular  form, from which time derivatives are  found by the pro- 

gram. From Figure 63 , i t  i s  seen t h a t  

Therefore, 



and + s 

N O W ,  yV may be determined from equation (312.1) as 

and, s ince (314.3) y ie lds  iV, equation (313.2) es tabl i shes  iV as 

.. 
X v  may then be found from equation (313.1) and solut ion fo r  the i n e r t i a l  

accelerat ion vector (Zv, iv) for  the  vehicle origin i s  complete. Inte- 

gration (o r  tab1 e look-up i  f  numerical di f f e ren t i a t ion  was invol ved) 

y ie lds  ve loci t ies  a n d  displacement. 

NOTE: For i n p u t  of pivot da ta ,  z-accelerometer printout  calculated by 
the program wi 11 be "jumpy" (a1 t h o u g h  n o t  necessari ly inaccurate) unl ess 
a l l  of the  following a re  smooth: a )  x-accelerometer input;  b )  angular 
accelerat ion (from d i r e c t  ent ry  or  numerical d i f f e ren t i a t ion  of tabu1 a r  
e ( t ) ;  c )  i n e r t i a l  Z-acceleration of pivot point (second derivat ive of Z 
iXput).  Even when z-accelerometer calculat ions a re  unrel iable,  vehicle 
i n e r t i a l  ve loc i t i e s  and displacements will  be good, and only these terms 
enter  the equations of motion. 



2.9.1 Specifying Vehicle Motion With Pitching 

The user has several options in relation to specification of 
vehicle motion. [See pages 211, 211.1, 211.2, and 277 (Card 601)l. It 
is recommended that the "pivot pointtt option be used whenever it is 
desired to model vehicle pitch, which normally occurs in barrier crash 
tests. 

This option is easy to use. Any point for which motion with respect 
to both the inertial and vehicle coordinate systems is known is suitable 
for a "pivot point." A point on the header might be used for barrier 
tests. Such a point is easily targeted for determination of motion in 
the inertial system, and its motion in the vehicle coordinate system is 
simple--it is fixed. Model input data specifications for this example 
w l d  be: vehicle x-accelerometer data, location of the fixed point 
("pivot") on the vehicle, z-displacement time history in the inertial 
frame for the fixed point, and the vehicle pitch angle displacement time 
history. (Note: It is not necessary to use a fixed point on the 
vehicle as the pivot, but it is easier than using a moving point, which 
requires specification of motion of the point in both the inertial and 
vehicle systems,) 

To use a fixed point on the vehicle as the 'Ipivot pointtt (or 
"constraint pointH)--say, a point on the header--follow these steps: 

1. Select the pivot point option by entering tf-l." in field 9 of 
Card 60 1 , 

2. Specify x-accelerometer data by using Card 602 and associated 
unnumbered cards. 

3 .  Specify pivot point option parameters on Card 603 as illustrated 
in the example below. The values on the card may be interpreted 
as follows: 

field 1: 49. (example) -- the number or time points that will 
be given for the inertial z-displacement of the 
point on the header 

field 2: 0. -- position data for the pivot point are in 
centimeters 



field 3: 2 .  -- two time points will be given for the (fixed) 
x position in the vehicle frame of the header 
point, viz., equal values for t=O and t=240, the 
beginning and end times for the crash history 

field 4 :  2 .  - two time points will be given for the z 
position (fixed) in the vehicle frame of the 
header point 

field 5:  -25  (example) - typical value for control parameter, 
but see note 7 for Card 602 for method to 
calculate value 

field 6:  12700. -- recommended control value, not critical 
field 7:  5080. -- reconmended control value, not critical 

4 .  Follow Card 603 with as m y  unnumbered cards as necessary (13  
for this example) to specify the time history for inertial 
z-displacement of the header pint. Follow these cards by one 
unnumbered card that has the two time point values for the fixed 
x-position of the header point and then a similar card for the 
z-position of the header point. 

5 .  Specify vehicle pitch motion by using Card 604 and associated 
unnumbered cards. Motion may be given in terms of either 
angular accelerations or angular displacements. Displacement 
data is easier to obtain in most cases. The example 604-Card 
below is for displacement data. 

EXAMPLE VMICLE MOTION SPECIFICATION BY USE OF THE PIVOT 
POINT OPTION FOR A FIXED POINT ON THE VMICLE 

0 .  13.72 0 .  0 .  0 .  0 .  -190. -12. -1. 
241. 1 .  
(61  unnumbered cards with time history for x-accelerometer data) 
49. 0 .  2 .  2 .  .25 12700. 5080. 
0 .  -147.5 11 ,  -147.5 20. -148.4 25. -146.9 
32. -146.4 . 

. ( 13 unnumbered cards for inertial . 

. z-displacement of header point) . 
240. -141.5 
0 .  -282. 240. -282. (x position in vehicle) 
0 .  -147.5 240. -147.5 (z position in vehicle) 
26. 2 .  .13  5000. 
( 7  unnumbered cards with time history for pitch angle) 



2.10 NON-BODY LINKS A N D  ELLIPSE CONTACT PROFILES 

2.10.1 Non-Body L i n k s  

The MVMA 2 - D  occupan t  l i n k a g e  i s  d i s c u s s e d  i n  S e c t i o n s  2.1 t h r o u g h  2.3. 

I t  i s  compr i sed  o f  e i g h t  body-segment  l i n k s  w h i c h  have mass and moment o f  

i n e r t i a  a t t r i b u t e s  (and two non-mass, e x t e n s i b l e  l i n k s  -- t h e  neck and t h e  

s h o u l d e r )  . These e i g h t  1 i n k s  a r e  c a l  l e d  "body 1 i n k s . "  I n  t h i s  s e c t i o n ,  

u s e r - d e f i n e d  mass segments n o t  i n c l u d e d  i n  t h e  body  l i n k a g e  a r e  d i s c u s s e d .  

They a r e  c a l l e d  "non-body l i n k s . ' '  

Non-body l i n k s  a r e  s i ng l e -mass  e l emen ts  w i t h  t h r e e  deg rees  o f  f reedom. 

They can  move t r a n s l a t i o n a l l y  (x  and z )  and a n g u l a r l y  ( t h e t a )  w i t h i n  any 

s p e c i f i e d  c o o r d i n a t e  sys tem.  They a r e  i ndependen t  f r o m  t h e  body l i n k a g e  

e x c e p t  f o r  p o s s i b l e  i n t e r a c t i o n  t h r o u g h  e x t e r n a l  c o n t a c t  o r  v i s c o e l a s t i c  

c o n n e c t i o n s  t h a t  can  be d e f i n e d  w i t h  a body l i n k .  Non-body l i n k s  canno t  be  

c o u p l e d  t o  each o t h e r  d i r e c t l y  (e ,g , ,  a t  " j o i n t s " ) ,  a l t h o u g h  t h e y  can  i n t e r -  

a c t  t h r o u g h  s t a n d a r d  c o n t a c t  f o r c e s .  

Genera 1 uses  t h a t  can  b e  made o f  non-body 1 i n k s  a r e  d i s c u s s e d  be1 ow. 

The re  a r e  two t y p e s  o f  model e l emen ts  t h a t  can  b e  r e p r e s e n t e d :  1 )  i n t e r n a l  

o rgans ;  2) e x t e r n a l  masses n o t  r e l a t e d  t o  t h e  o c c u p a n t  1 i nkage .  

2 .10.1.1 I n t e r n a l  Organs 

For  each u s e r - d e f i n e d ,  non-body l i n k ,  t h e  MVMA 2-D model a l l o w s  

s p e c i f i c a t i o n  o f  numerous p a r a m e t e r s .  A p p r o p r i a t e  s p e c i f i c a t i o n s  make 

p o s s i b l e  a  s i m p l e ,  d e f o r m a b l e  mass model o f  an i n t e r n a l  o r g a n .  As an example,  

c o n s i d e r  t h e  h e a r t .  Pa rame te r s  on  Cards 219, 220, 249-254, and 305 m i g h t  be  

s p e c i f i e d  as f o l l o w s .  

a. A non-body 1 i n k  ( t h e  h e a r t )  i s  d e f i n e d ,  r e f e r e n c e d  t o  t h e  upper  t o r s o  
1 i n k .  

b .  The e q u i l i b r i u m  p o s i t i o n  and o r i e n t a t i o n  o f  t h e  l i n k  w i t h  r e s p e c t  t o  
upper  t o r s o  c o o r d i n a t e  sys tem a r e  s p e c i f i e d .  



c. Viscoelastic (nonlinear spring-damper) coefficients are defined for 
resistance to motion away frorn the equilibrium location. These 
coefficients can be prescribed as functions of the circumferential 
direction of radial displacement away from the equilibrium position. 
This means that it is not necessary to confine the organ mass 
within a cavity of uniform resistance in all directions. 

d. An el 1 i pt ical prof i le (or more than one) is attached to the 1 ink so 
that the heart can interact with external contact-sensing elements 
that might intrude into the body. 

e. Material properties for possible interaction with intruding elements 
are specified. 

Even a simple model such as this allows study of potential injury to internal 

organs. Deformations, accelerations, and force and moment loadings for any 

organ of interest can be determined. (The MVMA 2-D model can a.lso be used in 

ride comfort studies, for heavy equipment, in which motion of internal organs 

is a criterion.) 

Similar links can be attached viscoelastically to the vehicle system or 

to the inertial system, instead of to body links, for special user applica- 

tions. 

2.10.1.2 External Masses 

There are various ways that non-body links not related to the body 

linkage might be used. Such links might be attached viscoelastically to a 

designated reference system, or they might be physically unattached, i.e., 

"free." 

One example is definition of a simple model of an infant held on a 

parent's lap. One or more contact-sensing ellipses can be attached to the 

infant link and appropriate material assignments can be made to the ellipse 

profiles. In addition, contact-sensing straight-line segments could be 

attached to the link as they can be attached to any reference system by use of 

the 401, 40i, and 409-411 cards. Interactions of the infant's profile with 

both the adult occupant's profile and the vehicle interior are determined. An 



example o f  a  s i m p l e  i n f a n t  model i s  g i v e n  i n  Volume 2  f o l l o w i n g  t h e  219-Card 

1 a y o u t .  

Ano ther  t y p e  o f  use t h a t  m i g h t  be made o f  non-organ,  non-body l i n k s  i s  i n  

r e p r e s e n t i n g  v e h i c l e - i n t e r i o r  e l emen ts  w h i c h  have mass and degrees  o f  f reedom. 

Non-body l i n k s  can  be a t t a c h e d  t o  t h e  v e h i c l e  t h r o u g h  u s e r - s p e c i f i e d  m a t e r i a l  

p r o p e r t i e s  so  t h a t  f o r c e s  gene ra ted  by  occupan t  impac t  w i l l  i n c l u d e  b o t h  

i n e r t i a  and q u a s i - s t a t i c  d e f o r m a t i o n  c o n t r i b u t i o n s .  S t r a i g h t - l i n e  c o n t a c t  

s u r f a c e s  can  be used f o r  c o n s t r a i n i n g  ( g u i d i n g )  t h e  m o t i o n  o f  mass e l emen ts  

and f o r  p r o v i d i n g  r e s i s t a n c e  t o  t h e i r  m o t i o n .  Such an a p p l i c a t i o n  m i g h t  be  

made i n  m o d e l i n g  a  s t e e r i n g  co lumn assembly ,  f o r  example. 

2 .10.2 E l l i p s e  C o n t a c t  P r o f i l e s  

2 . 1 0 . 2 . 1  C o n t a c t  P r o f i l e s  on Non-Body L i n k s  

U s ~ ~ a l l y  i t  i s  d e s i r e d  t h a t  a  non-body l i n k  be " coup led "  t o  o t h e r  e lements  

i n  t h e  sys tem t h r o u g h  d i r e c t  c o n t a c t  i n t e r a c t i o n s  i n  a d d i t i o n  t o  " c o n n e c t i o n "  

i n t e r a c t i o n s  o f  a  s i m p l e  spr ing-mass-damper  t y p e .  Con tac t  i n t e r a c t i o n  f o r c e s  

can  be  d e t e r m i n e d  o n l y  i f  p r o f i l e s  f o r  t h e  i n t e r a c t i n g  e lements  a r e  s p e c i f i e d ,  

t o g e t h e r  w i t h  m a t e r i a l  p r o p e r t i e s  r e l a t i n g  t o  d e f o r m a t i o n  o f  t h e  e l emen ts .  

T h e r e f o r e ,  t h e  use r  i s  a l l o w e d  t o  a t t a c h  any number o f  e l l i p s e  p r o f i l e s  

t o  any non-body l i n k  i n  j u s t  t h e  same manner t h a t  t h e y  can be a t t a c h e d  t o  any 

body l i n k .  The d imens ions  and f i x e d  p o s i t i o n  and o r i e n t a t i o n  o f  t h e  e l l i p s e  

on  t h e  l i n k  can  be  s p e c i f i e d .  E l l i p s e  c o n t a c t - s e n s i n g  p r o f i l e s  a r e  d i s c u s s e d  

i n  S e c t i o n  2 .6 .  

"Reg ions"  o f  c o n t a c t - s e n s i n g  s t r a i g h t  l i n e s  ( f o r  i n t e r a c t i o n  w i t h  

e l  1 i p s e s )  can  a l s o  be a t t a c h e d  t o  non-body 1 i n k s  j u s t  as t o  any o t h e r  p r i m a r y  

r e f e r e n c e  sys tem i n  an MVMA 2-D s i m u l a t i o n .  The pu rpose  o f  t h i s  wou ld  u s u a l l y  

be f o r  a l l o w i n g  " i m p a c t  c o n t a c t "  w i t h  e l l i p s e  p r o f i l e s  a t t a c h e d  t o  o t h e r  

e l emen ts  o f  t h e  system. I t  i s  a l s o  p o s s i b l e  t o  d e f i n e  a  sys tem o f  a t t a c h e d  
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contact line segments (as a box) on one 1 ink with a trapped contact ellipse on 

a second link which will fasten the two links together. Such use of the model 

must be done with great care, but there is no other way to couple together two 

non-body links, i.e., they cannot be constrained at a true joint pivot of the 

sort that is on the body linkage. 

2.10.2.2 Contact Profiles on Body Links and on the Vehicle and Inertial 
Reference Sys tems 

There is no fundamental difference between attaching a contact ellipse to 

a non-body link and to a body link -- or to the vehicle or inertial reference 

systems. All links and the vehicle and the inertial frame have their own 

fixed reference frames, and the user can specify attachment of an ellipse to 

any reference system through use of the 219 and 220 Cards (and 249 for 

user-def ined non-body 1 inks) . Simi lar ly, contact regions of straight-l i ne 

segments can be attached to any reference system. 

While the standard manner of defining vehicle-interior profiles is to 

niodel straight-line segment panels, the accuracy of representation of the 

geometry of the vehicle interior can sometimes be improved by using curved 

panels. Such panels should normally used together with straight-line segment 

panels. Curved vehicle-interior panels can interact with either straight-line 

or elliptically shaped elements of the occupant profile. 

One special application of elliptical elements in the vehicle-interior 

profile is in representation of the vertex point of two vehicle-interior 

elements which meet in an acute angle. This can be accomplished through use 

of an elliptical element of small radius of curvature. Edge constants (for 

straight-line elements) probably become less significant in such simulations. 



2.10.3 Summary of Allowed Non-Body Link Specifications 

Imaginative use of non-body links together with other features of the 

MVMA 2-D model make possible the investigation of a variety of dynamic systems 

not related to an occupant or a vehicle interior. The MVMA 2-D features 

listed below are pertinent to standard and non-standard applications of 

non-body links. Data cards used for these features are Cards 219, 220, 249 

through 254, and 305. In addition standard material card subsets described in 

Voiume 2 are used to specify material properties relating to some of the 

features. (These are Cards 403-408, 22 1-226, 704-709, or 81 2-81 7.) 

A non-body link can be defined with respect to the coordinate system 
(reference system) of any body 1 ink, the vehicle, or the inertial frame. 

Mass and moment of inertia are specified for each non-body link. 
Initial position and velocity conditions are also specified by the user. 

A non-b~dy link can be a free body, not connected physica1;y to any 
other element of the system. Alternatively, it can be connected to its 
reference system through material or viscoelastic properties which 
crov i de: 

a. force resistance to radial motion from a specified equilibrium point 

b. torsion resistance to angular motion from a specified equilibrium 
orientation 

c. tangential resistance to circumferential motion 

Nonlinear spring-like resistances and damping resistances to radial 
motions can be defined as functions of circumferential heading. 

Contact el 1 ipses prof i les can be attached to any 1 ink (or other) 
coordinate system. They can be assigned standard material properties 
for deiermi nat ion of interact ion forces with other el 1 ipses or 
straight-line segments. 

2.10.4 Allowed/Disallowed Interactions for Ellipses and Regions 

The user can specify allowed or disallowed interactions for any ellipse 

or region. This is done by setting switches on the 102-Card and by making 

declarations for allowed or disallowed ellipse vs. ellipse and ellipse vs. 

region pairs on 106-Cards. The following rules apply, however, and will 
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override any inappropriate user 106-Card specifications. A warning is given 

for any "allowed interaction" specification that is overridden. 

The general nature of the rules is to restrict interactions to those that 

might reasonably occur in any real mechanical system. For example, ellipse 

profiles fixed to the same link system are not allowed to produce an 

interaction force even though they may overlap. Also, "organ" links are not 

allowed to interact with other organ links even if the ellipses or regions 

which define their profiles are referenced to different body link systems 

since user-assigned radial stiffness/damping properties for entrapment of an 

organ are defined specifically to account for such interaction. In general, 

however, the user has considerable latitude in his specification of inter- 

actions, and he should make his 106-Card declarations with some care. 

Table 5-1 describes the implicit conditions that relate to allowance of 

interaction between two ellipses or between an ellipse and a region. The 

following definitions apply to ellipses and to regions alike: 

Fixed -- rigidly attached to any reference system 1-10 (body links, 
vehicle system, and inertial system, respectively) 

Organ -- attached to a user-defined 1 ink referenced to system 1-8 and 
with at least one Card 250-252 included in the data deck (for 
radial stiffness connection) 

Free --  attached to a user-defined link referenced to a system 9, 10,. .., 
or if referenced to a system 1-8, then wi thout any associated 
Cards 250-252 ( i  .e., not radial ly connected) 



TABLE 5-1. Allowed Ellipse-Ellipse or Eilipse-Region Interactions 

Eilipse or Region Type 

El 1 ipse 

Type 

F l XED 

----------  

O R G A N  

---------- 

F R E E  

F S E E  

a 1 ways 

F l XED 1 O R G A N  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

un l ess 
on same 
segment 

un 1 ess 
on same 
segment 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

unless 
on same 
segment 

a 1 ways 

never a lvays 

always 
un l ess 
on same 
segment 



2.11 ADVANCED AIRBAG SYSTEM (OVERVIEW) 

2  .ll .1 D e s c r i p t i o n  -- o f  t h e  Advanced A i r b a g  System Submodel and Documen- 
t a t i o n  

The Advanced A i r b a g  System Submodel i s  documented i n  a  sepa ra te  manual. 

The submodel i t s e l f ,  however, i s  i n c l u d e d  i n  t h e  MVMA 2-D program code. 

The Advanced A i r b a g  System i s  a  submodel o f  c o n s i d e r a b l e  c o m p l e x i t y  and 

f l e x i  b i l  i ty.  I t s  f e a t u r e s  i n c l u d e  those 1  i s t e d  below. 

1 .  Represen ta t i on  o f  an a r b i t r a r y  number o f  a i r b a g s ,  e x t e r n a l  and/or  

i n t e r n a l  t o  each o t h e r .  

2. Bag s l a p  f o r c e s .  

3.  Pressure  f o r c e s .  

4 .  Membrane f o r c e s .  

5. D e f l a t i o n  th rough  vents  and/or  porous bag f a b r i c .  

6 .  Y i e l d i n g  o f  v e h i c l e  i n t e r i o r  components i n  response t o  bag f o r c e s .  

7 .  Tabu1 a r l y - s p e c i  f i  ed mass i n f l  ux and sou rce  gas tempera tu re  as 

f u n c t i o n s  o f  t i m e  and f a b r i c  p o r o s i t y  as a  f u n c t i o n  o f  p r e s s u r e  

d i f f e r e n t i a l .  

8. User-spec i  f i e d  bag p r o f i l e s  d u r i n g  i n f l a t i o n ,  i .e., an a r b i t r a r y  

number o f  p r o f i l e s  i n  a  t i m e - h i s t o r y  and a r b i t r a r y  po l ygona l  shape 

f o r  each p r o f i l e .  

9. U s e r - d e f i  ned v e h i c l e  and occupant  p r o f i l e s  f o r  i n t e r a c t i o n  w i t h  

bags. 

10.  A n a l y t i c a l  f e a t u r e s  and u s e r  i n p u t s  wh ich  t a k e  i n t o  account  t h r e e -  

d imens iona l  aspects  o f  bag behav io r  even though t h e  MVMA 2-D CVS 

i s  a  p l a n a r  model.  

The Advanced A i  r b a g  Sys tem Submodel manual c o n t a i n s  s e c t i o n s  wh ich  para1 1  e l  

and supplement t h e  t h r e e  volumes o f  t h e  Ve rs ion  3 manuals. 



2.11.2 General Descr ipt ion - of  Submodel Function 

The flow diagram shown here  a s  Figure 63-1 se rves  t o  i l l u s t r a t e  t he  p r i -  

mary aspec t s  o f  t h e  Advanced Airbag System. Also,  re fe rence  may be made t o  

Volume 2 ,  where da ta  requirements a r e  descr ibed f o r  Cards 910-929. 
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