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This investigation i s  concerned with development of an improved 

analytical niodel of a vehicle occupant; fo r  use in d igi ta l  computer 

three-dimensional crash simulation s tudies ,  The vehicle occupant i s  

t reated as a d iscre te  parameter, viscoelast ic system. 

Three-dimensional models in current use a re ,  in various respects ,  

simp1 i s t i c  representations of the human body as a nlechanical system. 

An attcnipt i s  made here to improve upon some of the i r  shortcomings. The 

new features of primary importance are:  1 )  a more r e a l i s t i c  joint: 

model ; 2 )  the capabil i t y  for  positioning joints  off the center l i ne  of 

body elements; 3) a two-joint, extensible neck to replace the conven- 

tional simple ball-and-socket jo int  neck; 4 )  an n-mass torso which a l -  

lows for  twisting and bending; and, 5 )  allowance fo r  the e f f ec t  of mus- 

c le  contraction on the crash kinematics as a function of the degree o f  

voluntary or invol untary "tightening" of the muscles, based upon experi - 
mental findings. 

The solution of the (3n + 9)-degree-of-freedom f ree  motion problem 

i s  formulated as a system of Lagrange equations. As the immediate ob- 

ject ive of th i s  investigation i s  n o t  the developnient of improved re- 

s t r a i n t  systems - the ultimate goal of mathematical crash simulations - 
b u t  rather development of a be t t e r  model of the vehicle occupant for  use 

in such simulations, no provision i s  made fo r  exciting the occupant 

model by way of contact with a vehicle i n t e r i o r ,  However, the analysis 

does allow for  forcing the system through any of the generalized co- 

ordinates,  i . e . ,  tabular or functional time hi s to r ies  may be provided in 

order t o  eliminate any coordinate as a degree of freedom. An IBM 360167 



coniputer i s  used t o  o b t a i n  t h e  s o l u t i o n  o f  the d i f f e r c t i t i a l  equa t i ons  o f  

mo t i on .  

The i n v e s t i g a t i o n  o f  s e v e r a l  c r a s h  s i t u a t i o n s  shows t h a t  t h e  p r o -  

posed model i s  a b l e  t o  p r e d i c t  s e v e r a l  e x p e r i m e n t a l l y  observed  charac -  

t e r i s t i c s  o f  c r a s h  k i ne l l l a t i c s  wh i ch  canno t  be accounted f o r  w i t h  s i n ~ p l e r  

models.  The iiiodel i s  f e l t  t o  be, on t h e  one hand, a  s i g n i f i c a n t l y  im- 

proved  a p p r o x i m a t i o n  t o  t h e  human c r a s h  v i c t i m  and, on t h e  o t h e r  hand, 

n o t  d i s p r o p o r t i o n a t e l y  burdensome i n  terms o f  e i t h e r  demands o f  t h e  

model f o r  r e q u i r e d  b i opa ran ie te r  va l ues  or t h e  c o s t  o f  s o l u t i o n  f o r  c r a s h  

k i n e m a t i c s ,  



CHAPTER 1 

lNTRODUCTION 

I n  r ecen t  years  t h e r e  has been much i n t e r e s t  i n  mathematical  model- 

i n g  o f  veh ic le-occupant  systems f o r  c rash  s i m u l a t i o n  s t ud ies .  The ob- 

j e c t i v e  o f  such i n v e s t i g a t i o n s  i s  t o  o b t a i n  guidance i n  des ign ing  

v e h i c l e  s t r u c t u r e s  and r e s t r a i n t  sys terns which wi  11 min imize t he  e x t e n t  

o f  i n j u r y  sus ta ined  by occupants i n  a crash s i t u a t i o n .  

Models of a wide range of comp lex i t y  have been descr ibed  i n  t he  

1 i t e r a t u r e .  Occupant rnodel s have ranged from one-dimensional , one- 

degree-of  -freedom rep resen ta t i ons  t o  three-dimensional  r ep resen ta t i ons  

hav ing  many degrees of  freedom. Numerous models i n v o l v i n g  occupants 

w i t h  t h r e e  o f  fewer degrees o f  freedom have been developed (1 , 2, 3 ,  4, 

5,  6, 7,  8 ) ,  a l l  i n  one o r  two dimensions. Roberts and Robbins (9 )  have 

s t u d i e d  a s imple three-dimensional  system w i t h  one mass and f o u r  degrees 

o f  freedom. These s imp le r  s imu la t i ons  have n o t  been p recursors  o f  t h e  

more complex s imu la t i ons ,  b u t  i ns tead  have been designed t o  i n v e s t i g a t e  

s p e c i f i c  aspects o f  t he  c o l l i s i o n  dynamics. 

The e a r l i e s t  known model o f  i n t e rmed ia te  comp lex i t y  was developed 

by McHenry (10). McHenry fo rmu la ted  and so lved  a two-dimensional  ( p l a -  

n a r )  problem w i t h  s i x  degrees o f  freedom f o r  occupant mot ion  and a f o r e -  

a f t  c rash  a c c e l e r a t i o n  h i s t o r y  f o r  t he  veh i c l e .  Th i s  work was l a t e r  ex- 

tended by McHenry and Naab (11, 12) t o  a ve r y  s i m i l a r  model hav ing  a 

v e h i c l e  occupant w i  t h  t e n  degrees o f  freedom. A n i  ne-degree-of-freedom, 

two-dimensional occupant model ( w i t h o u t  v e h i c l e )  was developed by  

Roberts,  Ward, and Nahum (13) ; t h e  h i p  p o i n t  i s  r e s t r a i n e d  f rom t r a n s l a -  

t i o n a l  mot ion,  and f o r e - a f t  f o r c i n g  f u n c t i o n s  a re  a p p l i e d  a t  t he  head 

and chest .  Becker and Robbins (14)  reproduced t he  McHenry and Naab 



analysis with s l igh t  modification of some features of the model. This 

model was further extended by Robbins, Bennett, and Roberts ( 1 5 ) .  Nota- 

bly, they add an averaging technique which makes possible a dependable 

numerical integration of discontinuous forces, 

Whi 1 e the aforementioned two-dimensional siniul ations are reasonably 

sophisticated, they are 1 i~nited to  investigation of ei ttier front-end or 

rear-end col l i s ions ,  with motion of the crash victim in the ver t ica l ,  

fore-aft  plane. The study of more general crash conditions requires a 

vehicle-occupant system modeled in three dimensions. 

Thompson (16)  did the ea r l i e s t  known work in three-dimensional sim- 

ulation. The crash victim was modeled as an eight-degree-of-freedom, 

three-mass system. Occupant response and overall vehicle crush could be 

investigated for a two-car coll is ion from any direction. A much more 

complete study was made by Yaung ( I I ) ,  whose analysis allows for a vehi- 

cle motion of a general nature, i . e . ,  three l inear  and three angular 

degrees of freedom in an iner t ia l  frame. A three-dimensional vehicle 

in te r io r  i s  ideal ized by twenty-five planar surfaces. A twel ve-mass 

vehicle occupant with thirty-one degrees of freedom i s  modeled. Two 

arms and two legs are included, each having two masses, and the three- 

mass torso i s  joined to a one-mass head-neck element. Although formu- 

lated as a three-diniensi onal problem, Young's model has been exercised 

only in two dimensions, Thus, there i s  an effective reduction to ten 

degrees of freedom, and th is  simulation becomes nearly identical to  the 

most advanced two-dimensional models ( 1  1 , 15). The validi ty of Young's 

model seems to be restr icted to the planar case because of the analyti- 

cal representation of the joints of the crash victim.* The most recent 

three-dimensional simulation was done by Robbins, Bennett, and Roberts 

*See Section 3.3.2, pages 23 and 24. 



(18).  A  complete ly  general  , s i  x-degree-of-freedoil l  vch i  c l e  acce le ra t i on  

h i s t o r y  can be p rov ided  t o  descr ibe  a  crash.  A v e h i c l e  i n t e r i o r  can be 

def ined having up t o  twen t y - f i ve  p l ana r  sur faces,  which may be f i x e d  o r  

moving w i t h  respec t  t o  the  veh i c l e .  Up t o  t e n  "con tac t  e l l i p s o i d s "  nlay 

be f i x e d  t o  t h e  crash v i c t i m  a t  a r b i t r a r y  p o s i t i o n s  f o r  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 .  The twel  ve-degree-of-freedom crash v i c t i m  has 

t h ree  r i g i d  masses, which represen t  head, t o r s o ,  and 1  egs connected a t  

"neck" and "h i p "  j o i n t s .  Th is  model i s  f u l l y  ope ra t i ona l  i n  t h ree  d i -  

mensi ons . 
I t  i s  f e l t  t h a t  t h e  three-dimensional  c rash v i c t i m  models developed 

t o  da te  a re ,  i n  var ious respects ,  s i m p l i s t i c  represen ta t ions  o f  the  hu- 

man body as a  mechanical system. An a t tempt  i s  made i n  t h i s  i n v e s t i g a -  

t i o n  t o  improve upon some o f  t h e i r  shortcomings. The new fea tu res  o f  

p r imary  importance a re :  1 )  a  more r e a l i s t i c  j o i n t  model; 2 )  t he  capa- 

b i l i t y  f o r  p o s i t i o n i n g  j o i n t s  o f f  the  cen te r  l i n e  o f  body elements; 3) 

a  t w o - j o i n t ,  ex tens ib l e  neck t o  r ep lace  t he  convent iona l  s imple b a l l -  

and-socket j o i n t  neck; 4 )  an n-mass t o r s o  which a l lows  f o r  t w i s t i n g  and 

bending; and, 5)  a l lowance f o r  the e f f e c t  o f  muscle t ens i on  as a  func- 

t i o n  o f  the  degree o f  vo l un ta r y  o r  i n v o l u n t a r y  " t i g h t e n i n g "  o f  t h e  

muscles, based upon exper imental  f i n d i n g s .  As t he  purpose o f  t h i s  s tudy 

i s  t o  develop a  more soph i s t i ca ted  v e h i c l e  occupant model and n o t  spe- 

c i f i c a l l y  t o  i n v e s t i g a t e  the  k inemat ics  o f  c rash s i t u a t i o n s  , p r o v i s i o n  

i s  n o t  made f o r  i n t e r a c t i o n  o f  t he  occupant w i t h  a v e h i c l e  i n t e r i o r .  A  

r a t h e r  general  f o r c i n g  capab i l  i ty has been prov ided,  however, f o r  s tudy-  

i n g  t h e  dynamic response o f  t h e  model. Also,  s i nce  f l e x i b l e  neck and 

t o r s o  represen ta t ions  a re  the  p r imary  concern, l e g  elements have n o t  

been i nc l uded  e x p l i c i t l y  as a p a r t  o f  the  system s tud ied ,  a1 though the  



capabil i ty of the i r  inclusion i s  itliplicit in the analysis.  

Certain work which provided guidance in selectioti of the torso siod- 

el i s  discussed in Chapter 2.  Chapters 3 and 4 togetllcr provide a 

complete description of the analytical model, Chapter 3 i s  intcnded 

t o  provide a general description of the basic features of the en t i r e  

model. These features are  described in greater detai 1,  analyticdl ly 

and p ic to r i a l ly ,  in Chapter 4 ,  along with development of the  differen- 

t i a l  equations of motion, and use o f  the Table of Contents should be 

invaluable for  finding detailed information in Chapter 4 regarditlg any 

speci f ic  feature of the  model. Chapter 5 discusses the numerical solu- 

t ion of the equations of motion. In Chapter 6 i s  described the  means 

by which the equations of motion, as derived and as implemented in the 

computer program, were verif ied.  The manner in which forcing excitat ion 

of the vehicle occupant model i s  provided i s  discussed in Chapter 7 .  

The material in Chapters 8 and 9 i s  preparatory t o  the s e t  of f ina l  

model ver i f ica t ion  computer exercises described in detai l  in Chapter 10. 

Appendices A through E provide considerable de ta i l  on various aspects 

of t h i s  investigation which are discussed less  fu l ly  in the t ex t ,  

Appendix F i l  l u s t r a t e s  the basic jo in t  charac ter is t ics  of the three- 

dimensional analytical model in terms of two-dimensional analogues. 



INVESTIGATORY MODELS 

The i n v e s t i g a t i o n  of severa l  two-dimensional mechanical systems 

preceded development o f  the  conlplete three-dimensional  head-neck-1:orso 

model. These systerils were designed ma in ly  t o  answer c e r t a i  1-1 ques1:i ons 

regard ing  a n a l y t i c a l  approach t o  the  t o r s o  problem and computat ional  

f e a s i b i l i t y .  

The pr imary candidates f o r  t he  t o r s o  model were: 1) an ex tens ib l e  

sp ine model and 2 )  an i nex tens i  b l e  spine model. These were i n v e s t i g a t e d  

by numer ica l l y  s o l v i n g  t h e  equat ions of mot ion f o r  a  "chain" of n  l i n k s  

connected a t  t h e i r  end po in t s  by e i t h e r  spr ings o r  p i ns ,  r e s p e c t i v e l y .  

(See F igure 1  .) A s i nuso ida l  d isplacement was imposed a t  one ex t r em i t y  

of the cha in .  The two systems have, r espec t i ve l y ,  3n - 2 and n  degrees 

o f  freedom. 

It was seen immediately,  as expected, t h a t  the mot ion o f  t he  system 

w i t h  spr ings connect ing the l i n k s  cou ld  be made t o  approach, as c l o s e l y  

as des i red,  the  mot ion o f  the system w i t h  p i n  j o i n t s  by  choosing l a r g e r  

and l a r g e r  values f o r  t he  sp r i ng  r a tes .  Since the  extens ion ( o r  com- 

p ress ion)  of the  sp ine w i t h  respec t  t o  i t s  uns t ra ined  l eng th  must; be 

r e l a t i v e l y  smal l  even i n  a  v i o l e n t  c rash s i t u a t i o n ,  t h e  sp r i ng  r a t e s  

which would account f o r  ex tens ion  o f  t h e  sp ine i n  a  t o r s o  model would be 

r e l a t i v e l y  " la rge . "  Hence, as f a r  as the  gross mot ion i s  concerned, t h e  

i n e x t e n s i b l e  sp ine model should be a reasonable s u b s t i t u t e  f o r  t h e  more 

r e a l  i s t i c  ex tens ib l e  sp ine model. 

The pr imary advantage i n  us ing  t h e  ex tens ib l e  sp ine model would 

seem t o  be t he  immediate a v a i l a b i l i t y  o f  fo rces  o f  t ens i on  and com- 

p ress ion  a long t he  sp ine.  But  i n  t h e  l i m i t ,  as sp r i ng  r a t e s  approach 



n links 

Figure 1. Two-dimensional "chain" systems for investigating 

extensible and inextensible spine model formulations. 



in f in i ty  , these forces become p r a i  s ~ l y  the  contitrai nt forces w l l i  ch are 

i~\!~nediately available 'if the  p i n  jo in t  nlodel is  solved as a (311 - 2)- 
degree-of-freedom sys tern in terms of Lagrange mu1 t i p l  i e r s .  Since know- 

ing the tension and compression forces in the spine i s  of potential val- 

ue as an injury predictor,  t h i s  second approach t o  the inextensible 

spine problem was t r i ed  as an a l t e rna t ive  t o  the other two models. The 

motion obtained by t h i s  method of solution was iden t ica l ,  of course, to  

tha t  obtained by the numerically simpler method fo r  the pin j o in t  prob- 

lem, The constraint  forces determined in t h i s  manner had local pclsitive 

and negative peak values tha t  were qui te  s imi lar  t o  spring forces in the 

extensible spine model . 
I t  was thus determined t ha t  there i s  no great  advantage of the ex- 

tens ible  spine model over the Lagrange mu1 t i p l  i e r  formulation of the in-  

extensible spine model . Each, however, has s ignif icant  disadvantages in 

comparison with the f i r s t  formulation of the p i n  jo in t  problem. F i r s t ,  

i t  i s  noted tha t  solution of the l a t t e r  involves solving a system of n 

simultaneous l inear  algebraic equations each time tha t  the integration 

algorithm requires new values f o r  time derivatives,  while the previously 

mentioned formulations involve systems of s i z e  3n - 2 and 5n - 4 ,  re- 

spectively. The system fo r  the Lagrange mu1 t ip l  i e r  formulation i s  the 

l a rges t  because n o t  only a re  none of the degrees of freedom analyt ica l ly  

eliminated b u t  a lso  two Lagrange mul t ip l iers  fo r  each jo in t  a r e  present 

as unknowns (with the generalized accelerat ions) in the equations of 

motion. Since a s ign i f i can t  percentage of the to ta l  number of opera- 

tions required to perform the integration over uni t  time wil l  be a t t r i b -  

utable t o  the inversion of the algebraic system, and since the number of 

mu1 t ipl  icat ion operations fo r  the inversion of a system of order N i s  



n e a r l y  p r o p o r t i o n d l  t o  fi3, i t  i s  c l c a r  t h a t  t h e  cos ts  o f  de te rm in ing  t h e  

mot ion  f o r  t he  va r ious '  fo rn iu la t ions  w i l l  d i f f e r  g r e a t l y .  For n  equal t o  

3, the  r e l a t i v e  c o s t  r a t i o s  will be n e a r l y  27:343:1331, o r  1:12.7:49.3, 

The e x t e n s i b l e  sp ine  model has a  d isadvantage ove r  and above t h e  

one j u s t  d iscussed.  The system o f  d i f f e r e n t i a l  equat ions f o r  t h i s  f o r -  

m u l a t i o n  has an i n h e r e n t  " i n s t a b i l i t y "  i n  t h a t  any numerical  i n t e g r a t i o n  

a l g o r i t h m  must r e q u i r e  s m a l l e r  and s m a l l e r  t ime s teps as l a r g e r  values 

f o r  s p r i n g  r a t e s  a r e  chosen. P h y s i c a l l y ,  t h i s  i s  a  m a n i f e s t a t i o n  o f  t h e  

g r e a t e r  and g r e a t e r  n a t u r a l  f requenc ies  assoc ia ted  w i t h  t h e  mechanical 

system. Since i n t e g r a t i o n  t i m e  steps w i l l  i n  'general be s m a l l e r  t han  

f o r  t h e  o t h e r  f o r m u l a t i o n s ,  t h e  c o s t  w i l l  be increased f rom what i t  

would have been o the rw ise  i n  approximate p r o p o r t i o n  t o  t h e  i nc rease  i n  

number o f  t i m e  s teps r e q u i r e d  f o r  i n t e g r a t i o n  over  u n i t  t ime.  

I n  consequence o f  t h e  f o r e g o i n g  c o s t  cons ide ra t i ons ,  i t  was dec id-  

ed t h a t  o n l y  an i n e x t e n s i b l e  sp ine  can be considered as p r a c t i c a l  f o r  

t h e  three-dimensional  t o r s o  model and t h a t  c o n s t r a i n t  f o r c e s  r e s u l t i n g  

d i r e c t l y  f rom a Lagrange m u l t i p l i e r  f o r m u l a t i o n  a re  a  l u x u r y  t h a t  cannot  

be a f f o r d e d .  It d i d  become c l e a r ,  by  t h e  t ime t h a t  computer s o l u t i o n  o f  

t h e  complete th ree-d imens iona l  model was completed , t h a t  c o s t  would i n  

f a c t  have been p r o h i b i t i v e  f o r  e i t h e r  of t h e  o t h e r  proposed formula t ions ,  

An a d d i t i o n a l  purpose i n  i n v e s t i g a t i n g  the  "cha in"  1 inkage d i s -  

cussed i n  the  f o r e g o i n g  was t o  see i f  l a r g e  numbers o f  degrees o f  f r e e -  

dom m i g h t  p o s s i b l y  l e a d  t o  uns tab le  numerical  s o l u t i o n  o f  t h e  equat ions  

o f  mot ion.  As many as t e n  1 i n k s  were t r i e d  f o r  t he  Lagranye mu1 t i p 1  i e r  

f o r m u l a t i o n ,  cor respond ing t o  a f o r t y - s i x t h  o r d e r  a l g e b r a i c  syster~i  and 

a f i f t y - s i x t h  o rde r  systerri o f  d i f f e r e n t i a l  equat ions .  There was no i n -  

d i c a t i o n  o f  d ivergence i n  t h e  numerical  s o l u t i o n .  



CHAPTLR 3 

TtIE A N A L Y T I C A L  MODEL 

In this chapter the general features of the analytical triode1   are 

described. Greater detail i s  presented in Chapter 4 ,  in which the equa- 

tions of niotion are developed. 

3.1 THE KINETIC LINKAGE 

Selection of a n  inextensib1,e spine as a component of the torso mod- 

el has already been discussed in Chapter 2 .  The neck model used here 

was adopted af te r  consideration of the findings of several investigators. 

The head-to-torso linkage used to  date in crash victim models has 

consistently been a simple hinge (pin) in the case of two-dimensional 

models or a simple ball-and-socket joint in the case of three- 

dimensional models, In such models the only mode of relative movement 

of the head with respect t o  the torso i s  one of rotation. I t  has been 

pointed o u t ,  however, by Ewing, -- e t  a1 . (19),  t h a t  the relative motion in 

flexion ( i  . e . ,  forward rotation of the head-neck) includes in addition a 

trans1 ation component, Ti sserand and Wisner (20) similarly conclude 

that translation can be significant in extension (backward rotation of 

the head-neck). Significant rotation occurs in an impact only a f t e r  the 

translation phase, which i s  obs'erved as the in i t ia l  part of the motion. 

Translation terms will resul t  i f  a head-to-torso linkage having two 

or more "joints" i s  selected. A six- or seven-joint neck might niake a 

good model since the cervical spine has seven vertebral bodies." I t  i s  

*Jackson notes that there are thirty-four joints (of sor ts)  in the neck 
(21 I(p.77). 



f e l t ,  howcver, that  a t w o - j o i n t  neck i s  a good comprorliise agalnst the 

cost disadvantage (and others) or a more coniplex neck. ~ a r r i g r e  a n d  

Sapin ( 2 2 )  point o u t  t h a t ,  w i t h  regard to the flexion-extension o f  the 

head, there are ttro rriain axes of rotation. One i s  situated a t  the base 

of the neck and passes through the middle of the art iculat ion of the 

seventh cervical vertebra w i t h  the f i r s t  thoracic vertebra. The other 

i s  located a t  the base of the cranium and passes through the middle of 

the atlanto-occipi tal art iculat ion.  Therefore, a model with ball -and- 

socket joints  a t  these positions provides the mechanism for the two pri- 

mary flexion-extension modes as well as for  the translation mode; such 

a niodel i s  developed in th is  investigation. 

I t  should perhaps be made clear that  ~ a r r i s r e  and Sapin do not de- 

velop a mathematical model for  a two-joint neck. The (two-dimensional) 

one-joint model that  they present does not (cannot) allow for a transla-  

tional mode for re la t ive  head motion, b u t  the authors give the following 

reasons fo r  hypothesizing a single axis of rotation a t  the seventh- 

cervicallf irst- thoraci  c vertebral art iculat ion : "1. Articular mechanics 

show that  rotation occurs around th is  axis fo r  movements of large ampli- 

tude, The center of rotation descends from the upper portion of the 

cervical colunin to  the lower portion as the amplitude of the movement 

increases. 2 .  The pathological anatomy of the injuries found in t r a f f i c  

accidents shows that  most dislocations (luxations or fractures)  occur a t  

the l a s t  cervical ver tebraeN They also note that  i t  can be d i f f i cu l t  to  

determine the range of importance of viscoelastic coefficients i f  too 

many degrees of freedom are considered; and this  i s  certainly true.  B u t  

the f i r s t  argument given by ~ a r r i i r e  and Sapin i s  not necessarily valid 

for  dynamic si tuations (indeed, the findings of Ewing and Tisserand and 





Figure 2. Profile of t h e  k i n e t i c  linkage of the  
crash victim model (n=3). 



Figure 3 .  Profile of the kinetic linkage o f  the 
crash victim model, with two leg elements (n.5). 



3 . 2  THE GENERALIZED COORDINATES 

The n torso masses are joined by n - 1 ball-and-socket joints  

along the "spine." The distances between successive joints  are con- 

s t an t s ,  thus giving the torso alone 6 + 3(n - 1 )  degrees of freedom. 

The uppermost mass i s  assigned s ix  general i zed coordinates, xCG, yCG, 

zCG ( C G  = center of gravity) ,  and Euler angles (yaw), 0 ( p i t ch ) ,  and 

cp ( r o l l ) ,  a l l  i n e r t i a l .  The 3(n  - 1 )  constraints then allow each of the 

other torso masses to be described by three additional Euler angles. 

Since an extensible neck model has been selected, s ix  additional coor- 

dinates are required to  f ix  the position and orientation of the head. 

Three are iner t ia l  Euler angles for  the head, The remaining three have 

been chosen as the cartesian coordinates of the neck-head joint  ( N - H )  

with respect to the rotating frame of reference fixed to  the f i r s t  

(upper) torso mass b u t  with origin displaced to the ncck-torso joint  

(N-T). (The computer program accepts the corresponding spherical coor- 

dinates as i n i t i a l  conditions, however, and also calculates the spheri- 

cal coordinates from the internal cartesian coordinates for the purpose 

of output.) 

There are many valid definitions fo r  Euler angle coordinates. They 

are defined as follows fo r  th is  analysis. 

Let 

be the basis for  a rotating frame fixed to  body element i ,  where i = 1 ,  

2,  . .. , n ,  n + 1 ,  there being n torso elements and one head element. 



i 
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Figure 4 .  Ine r t i a l  Euler angles f o r  element i. 



Let 

be for  a selected ine r t i a l  frame, and consider, temporarily, a coinci- 

dence of the rotat ing frame with the ine r t i a l  frame. The orientat ion of 

body element i can now be described uniquely for  the range - $ 4 Bi < " S 
by Euler angle rotat ions t ,  Qi ( t ) ,  ( t )  - yaw, pi tch,  and ro l l  - 

* ** 
taken successively about the k ,  j , and i axes, where ( * )  indicates 

the f i r s t  intermediate position and (**) indicates the second intermedi - 
a t e  position. The orthogonal bases are  "right-handed" and a l l  rotations 

are taken as "right-handed ," a r b i t r a r i l y .  These rotat ions are i l l  us- 

t ra ted  in Figure 4.  

"Relative" yaw, pi tch,  o r  ro l l  angles fo r  element i with respect t o  

element j can be defined similarly by replacing the ine r t i a l  basis e by 

e Relative Euler angles are used a t  several places in the analysis ,  
j 

b u t  not as generalized coordinates. 

A few comments a re  made here regarding the body axes, e i .  The i th  

body element will  have an ine r t i a  tensor Ti. Principal axes are chosen 

fo r  body coordinate axes (so as to  diagonal ize a l l  i ne r t i a  tensors) .  I t  

follows, then, since any axis  of symmetry of a body i s  a principal axis 

and since some "longitudinal" axis of any (nearly symmetrical ) torso 

element should be approximately an axis  of symmetry, tha t  one body axis 

fo r  each element i s  approximately a longitudinal axis  of symmetry. This 

axis  i s  designated as tki ,  + k i  taken a r b i t r a r i l y  as "downward." Similarly, 

i i  i s  an axis  out of the "front" of the i th  body elelllent and ji i s  an 

axis  out of the " r ight  side1' of the body element. Final ly,  i f  constant 



Inass dclisity i s  assumed for  each rigid body ele~ilcnt of the i~lodfl, 

t h t ~  ~ d c l i  liidss c ( ! ~ I ~ c I * , .  \qhicI~ would b c  p r ~ c i  sely rlt so111e i litci'st!cti(~ti 

o f  (tscs o f  sy~mlotry, ltlust 1 i e  approxi~ltatcly a t  an  intersection of  

h u ~ n a n  body principal axes. Mass centers for the .-- model elenients are  

assumed, as in a l l  previous models, to be exactly a t  such intersections,  

i . e . ,  a t  the origins o f  body coordinate axes. 

For completeness tlie notation used i n  Chapter 4 for a l l  of the gen- 

eralized coordinates described in this  section i s  s e t  forth below. 

Upper torso element, i = 1: x l ,  y, ,  z , ,  J1, e l ,  
Remaining torso elements (including leg elements), 2 L, i I n:  

qi¶ 0-j' qi 
Head: Q,,, O h ,  q/, 
Neck-head: x ,  y, z 

3 . 3  THE BASIC JOINT MODEL 

A " joint ,"  i n  a loose sense, i s  a complicated system of muscle, 

tendon, bone, car t i lage,  and 1 igaments which a1 lows relat ive movement 

between body "segments." Internal forces and moments affect  the rela- 

t ive movement in a very complex manner. Moment components a t  opposite 

ends of a body segment are sometimes affected by the same muscle so that  

movement a t  one joint  i s  not always s t r i c t l y  independent from movement 

a t  a second joint.  Further, a t  a given joint  moments resis t ing (or as- 

s i s t ing)  simultaneous rotation about more than one axis are in general 

interdependent to  sorne extent (21, 24).  The effect  o f  these compl ica- 

t ions,  whi7e perhaps not negligible, i s  assumed t o  be small, however, 

and will not be considered in th i s  model. Joints will be represented 

in their  t o t a l i t y  with 1 irni ted expl ici t  consideration of the i r  



s t ructura l  el elnents. 

A1 1 jo ints  in th is  mathematical riiodel are  ball -and-socket joints  

with three superiniposed moment character is t ics .  These are discussed 

qual i ta t ively  in Sections 3,3.1 - 3 . 3 . 3  below and in deta i l  in Chapter 4. 

The moments discussed in Sections 3.3.1 and 3 . 3 . 2  resul t  from Kelvin 

elements, i . e . ,  torsional springs and dampers in para l le l .  The spring 

and viscous damping moment components a r e ,  accordingly, addit ive.  

Spring moments and damping moments are  assumed t o  be proportional to a 

deformation and a deformation r a t e ,  respectively, b u t  with non-linear 

spring and damping coefficients  that  are second-order polynomials in the 

deformation or deformation ra te .  Equivalently, then, the moments may be 

assumed t o  have l i nea r ,  quadratic, and cubic components, each with a 

constant coeff ic ient .  Coulomb f r i c t ion  damping has not been included 

since Johns and Wright (25) have shown that  i t s  contribution i s  negl ig i -  

b le ,  a t  l e a s t  i n  an  -- in vivo study of the human metacarpo-phalangeal 

( f inger)  jo in t .  I t  may be expected that  inclusion of such a moment com- 

ponent would give r i s e  to serious numerical integration d i f f i cu l t i e s ,  as 

has been shown by Robbins, Bennett, and Roberts (15). 

Three angles a re  necessary fo r  describing the re la t ive  orientation 

of body elements connected a t  a jo int .  Relative Euler angles are su i t -  

able,  b u t  they have no general anatomical significance. Therefore, 

three angular coordinates were selected instead which can be interpreted 

eas i ly  i n  terms of angular deformation of a f lexible  body. The f i r s t  i s  

the angle, R ,  between the longitudinal axes of the body elements. (See 

Figure 5 . )  Basically, i t  i s  the amount of re la t ive  bending between the 

adjoining elements, and i t  wi 11 sometinies be referred to as a "general - 
ized pitching angle." The second i s  the "heading angle", 0 ,  which 



b a l l  

-k ( l o u g i t u d i l z a l ,  

ilower ( f r o n t )  

k lower ( l o n g i t u d i n a l ,  down) 

i lower 

Figure 5.  The "general ized pi tching angle" and the  "heading 

angle" f o r  bending a t  a  typical  t o r so  j o i n t .  



describes the angular position relat ive t o  the "front" of the "lawer" 

body element a t  which bending occurs,* The third i s  basically the a- 

mount of relat ive twisting bctween the elements and i s  defined as the 

relat ive yaw angle of the "lower" element with respect to  the "upper," 

These definitions hold s t r i c t l y  only fo r  torso jo ints ,  Neck joint  an- 

gles are determined very similarly,  as explained completely in Chapter 

4. 

3.3,1 Joint  S t o p  Moments 

Each ball-and-socket jo int  i s  f i r s t  considered to have some range 

of free or  almost f ree  motion. The l imits  of th is  range correspond to  

a "hard" anatomical resistance t o  further re la t ive  angular motion. For 

example, the various investigators who have modeled two-dimensional 

crash victims having pin-joint necks have defined th i s  range for head 

motion by "stops" a t  approximately s ix ty  or seventy degrees forward 

(f lexion) and about the same backward (extension). 

In three dimensions the si tuation i s ,  of course, more complex. The 

following reasoning has led to definition of a "free" range for  the 

three-dimensional jo int .  F i r s t ,  generalized pitching stop angles in 

forward and backward directions should be the same as in a two- 

dimensional model. A1 so,  for  the three-dimensional jo int ,  motion must 

be allowed di rect ly  to  e i ther  s ide ,  and, because of sagi t ta l  symnletry of 

the human body, the corresponding stop angle values should be identical .  

*Thus, i f  r ,  e, and $ are spherical coordinates of a point w i t h  respect 
to the body axes of the "lower" element, then the negative longitudinal 
coordinate axis of the "upper" element i s  the unit vector ?, the bending 
angle R i s  n minus the azimuthal angle 4 - always positive - and the 
heading angle O i s  the circumferential angle e.,  



f r o n t  

s i d e  

back 

F igure  6. Stop angle "el 1 ipse" for a ball-and-socket j o i m t .  



Mot ion toward in ter r l ied ia te  p o s i t i o n s  i s  a l s o  p o s s i b l e ,  and s top ang le  

values t h e r e  n u s t  connect the forward,  back\\rard, r i g h t ,  and l e f t  s t o p  

angles as cont inuous f u n c t i o n s  o f  heading angle O and w i t h  s a g i t t a l  sym- 

met ry . 
F igu re  6 i l l u s t r a t e s  t h e  general  s top  angle f u n c t i o n  se lec ted  f o r  

use i n  t h i s  s tudy.  The r a d i u s  o f  t h i s  diagram represents  the  s top angle, 

f , as a  f u n c t i o n  o f  @. Halves o f  two e l  1 i pses  have been se lec ted  as 

reasonable f u n c t i o n s  f o r  j o i n i n g  the  f r o n t ,  back, and s i d e  stops 

( f  = af ,db,  and ds), a l though exper imental  f unc t ions  cou ld  be used i f  

they  become a v a i l a b l e ,  Note t h a t  t h e r e  i s  s lope c o n t i n u i t y  and t h a t  

f o r e - a f t  symmetry i s  n o t  requ i red .  The i n t e r i o r  o f  t h i s  " e l l i p s e "  rep- 

resents  the  range o f  f r e e  mot ion ( w i t h  respec t  t o  genera l i zed  p i t c h i n g  

j o i n t  s top  moment) f o r  t h e  j o i n t .  The o r i g i n  o f  the  diagram corresponds 

t o  a genera1 i z e d  p i t c h i n g  angle o f  R equal t o  zero.  The j o i n t  s top  mom- 

e n t  w i l l  be zero  un less  R i s  g r e a t e r  than f (O) .  

R e l a t i v e  t w i s t i n g  between elements i s  a l s o  r e s t r i c t e d  by a  s t o p  

angle. The corresponding moment i s  zero  un less  t h e  abso lu te  va lue of 

the  r e l a t i v e  yaw ang le  a t  a  j o i n t  exceeds the s top  angle cons tan t  f o r  

t h a t  j o i n t .  

3.3.2 E l a s t i c  Moments 

I n  the  absence o f  muscle t e n s i o n  fo rces  (Sec t ion  3 . 3 . 3 ) ,  what w i l l  

be c a l l e d  " e l a s t i c "  fo rces  a r e  t h e  o n l y  forces which a c t  be fo re  s top  an- 

g l e  fo rces  come i n t o  p l a y .  They rep resen t  r e s i s t a n c e  t o  f r e e  mot ion i n -  

s i d e  the s top  ang le  " e l l i p s e . "  Th is  j o i n t  f e a t u r e  i s  i n t e r p r e t e d  as 

rep resen t ing ,  ma in l y ,  s p i n a l  s t i f f n e s s  aga ins t  bending away f rom an 

e q u i l i b r i u m  c o n f i g u r a t i o n .  I t  i s  assumed t h a t  the  c o n f i g u r a t i o n  a t  the  



onset of the crilsh, time equal t o  zero, defines the equilibrium. Only 

s l ight  modifica.tion would be required in the analysis t o  allow fclr a 

pre-determined anatomical equilibrium configuration, which will cliffer 

s l ight ly in general from the in i t i a l  posture of the vehicle occupant. 

Other authors (11 , 15, 17, 18) have included a similar feature in 

the i r  joint  models. All have in conlmon that the in i t i a l  configuration 

i s  taken as the equi 1 ibrium configuration. While the analytical ap- 

proach i s  1 i kewise almost identical in the two-dimensional models of 

McHenry and Naab (11 ) and Robbins, Bennett, and Roberts ( I s ) ,  i t  i s  

quite dissimilar in the three-dimensional models given by Young (17)  and 

Robbins, Bennett, and Roberts (18),  and by this author in Chapter 4 .  

Young determines w h a t  th is  author has called R, the generalized pitching 

angle. The e l a s t i c  moment i s  then determined on the basis of a deforma- 

tion S = K(t) - R(0). This definition for deformation does not seem t o  

take into account that direction and magnitude of the e las t ic  moment 

must depend on the "headings" of the in i t ia l  and final configurations. 

For example, suppose that  i n i t i a l ly  R i s  R(0) = 5" forward and that 

f ina l ly  R i s  R(t) = 5' t o  the side. Then the spine i s  obviously in a 

deformed configuration, yet the predicted deformation and moment are 

bo th  zero. I t  i s  f e l t ,  therefore, that  th i s  model has validity only for 

two-dimensional si tuations.  Robbi ns , -- e t  a1 . , define three separate de- 

formations - based on relative yaw, relative pitch, and relative r o l l ,  

The combined associated e las t ic  moments do tend t o  restore the in i t i a l  

three-dimensional configuration. As has been mentioned, however, there 

i s  no unique definition of valid Euler angles. Therefore, the p a t h  in 

space of the oscil lation about equilibrium will depend on which defini- 

tion i s  used i f  moments are based directly on change in relative Euler 



angle ,  

The nlodel used i n  , th is  i n v e s t i g a t i o n  at tempts t o  overconie these 

d i f f i c u l t i e s .  The d i r e c t i o n  cosines o f  one l o r ~ g i t u d i n a l  a x i s  a t  a j o i n t  

w i t h  respec t  t o  the  r o t a t i n g  frame o f  the a d j o i n i n g  element a re  de te r -  

mined b o t h  a t  t = 0 and a t  t ime t. The bending deformat ion i s  then 

s imp ly  t h e  angle between the  l i n e s  determined by these se ts  o f  d i r e c t i o n  

cosines.  The assoc ia ted bending moment and a t w i s t i n g  moment based on 

the  d i f f e r e n c e  between i n i t i a l  and f i n a l  r e l a t i v e  yaw angles then tend 

t o  r e s t o r e  t h e  i n i t i a l  r e l a t i v e  o r i e n t a t i o n  o f  the  body elements.* 

3.3.3 Muscl e Tensi on Moments 

I n  most c rash s i t u a t i o n s  a v e h i c l e  occupant i s  aware t h a t  a c o l  li- 

s i o n  i s  impending. I n  such a case i t  i s  n a t u r a l  f o r  h im t o  i n v o l u n t a r -  

i l y  t i g h t e n  h i s  muscles i n  a n t i c i p a t i o n  o f  the  impact. Th is  may q u i t e  

conce ivab ly  have a s i g n i f i c a n t  e f f e c t  on the crash k inenlat ics o f  t h e  

system. A n a l y t i c a l  r e p r e s e n t a t i o n  o f  the e f f e c t  would seem t o  be o f  

obvious value.  

Other i n v e s t i g a t o r s  have at tempted t o  model muscular r e s t r a i n t  i n  

body j o i n t s  by a d j u s t a b l e  values o f  cons tan t  f r i c t i o n  (11, 15).  Th is  i s  

a reasonable j o i n t  p r o p e r t y  i f  s i m u l a t i o n  o f  an anthropomorphic dummy i s  

t h e  goa l .  The goal , however, i s  assumed t o  be s i m u l a t i o n  o f  the 1 i v i n g  

human body. I s  cons tan t  j o i n t  f r i c t i o n  t h e  most reasonable nlodel f o r  

muscle tens ion  i n  t h e  human body? 

Recent exper imental  work done by M o f f a t t ,  H a r r i s ,  and Haslam (24)  

i n v o l v i n g  the  knee j o i n t  i n d i c a t e s  t h a t  t h i s  p r o p e r t y  i s  p r o p e r l y  

- 
*The Young model ( 1 7 )  docs n o t  p rov ide  any res i s tance  t o  t w i s t i n g  a t  any 
b a l l  -and-socket j o i n t ,  



represented by a Maxwell element, i . e n ,  a  sp r i ng  and damper i n  s e r i e s ,  

w i t h  s p r i n g  and damping c o e f f i c i e n t s  t h a t  a re  s imp le  f unc t i ons  of the  

vo lun ta r y  s t a t i c  knee moment, M. Equat ions (3.3.3) and (3.3.4) g i v e  

these c o e f f i c i e n t s  as 1  i n e a r  f unc t i ons  o f  t he  abso lu te  va lue o f  M, i .e., 

o f  the " t i g h t n e s s l ' o f  t h e  muscles. 

c  = a, lMl (3.3.3) 

k = a2 + a31MI (3.3.4) 

The values o f  t h e  constants  al, a2, and a3 a re  j o i n t  p r o p e r t i e s  and de- 

pend on t he  person invo lved ,  I t  i s  c l e a r  t h a t  when t h e  muscles a re  corn- 

p l e t e l y  r e l axed  (M = 0) the  Maxwell element has no e f f e c t  on mot lon a t  

t h e  j o i n t  s i n c e  c  i s  then  zero. 

The t e s t s  o f  M o f f a t t ,  H a r r i s ,  and Has1 am i n v o l v e d  f o r ced  s i nuso ida l  

mot ion, w i t h  ampl i tude up t o  12O, about an i n i t i a l  va lue  o f  t h e  , j o i n t  

angle.  They s t a t e  t h a t  i n  t he  t e s t s  performed t h e r e  was no d iscernab le  

dependence of t h e  model c o e f f i c i e n t s  upon j o i n t  angle and, a lso ,  no sys- 

temat i  c  dependence upon t e s t  amp1 i tude. 

The a n a l y t i c a l  development i n  Sec t ion  4.8 o f  t h e  genera l i zed  f o r ces  

f o r  muscle t ens ion  a l l ows  f o r  i n c l u s i o n  i n  the  computer model o f  bending 

and t w i s t i n g  muscle t ens ion  a t  each t o r s o  and neck j o i n t .  Muscle ten-  

s i o n  r e s i s t a n c e  t o  s t r e t c h i n g  o f  t h e  neck i s  a l s o  modeled. 



CHAPTER 4 

THE DIFFERENTIAL EQUATIONS OF MOTION 

The v e h i c l e  occupant model descr ibed i n  Chapter 3 has N = 12 + 

3 (n  - 1 )  degrees o f  freedom, where n i s  the number o f  t o r s o  masses. 

Equ iva len t l y ,  i f  two t o r so  masses a re  thought o f  as represent ing upper 

and lower l e g  elements, t he  system has N' = 18 + 3 (n '  - 1)  degrees o f  

freedom, where n '  i s  the  number o f  t o r s o  elements. Use o f  a hinge j o i n t  

f o r  the  knee would reduce N'  by two. 

The N ( o r  N' ) d i f f e r e n t i a 1  equat ions o f  mot ion a re  developed i n  

t h i s  chapter  f o r  the f r e e  mot ion problem. A c e r t a i n  c lass  o f  forced 

mot ion problems can be s tud ied  by a s imple mod i f i ca t i on  o f  t he  system 

o f  f r e e  mot ion equations, and t h i s  procedure i s  exp la ined i n  Chapter 7. 

4.1 LAGRANGE ' S EQUATIONS 

The standard Lagrange f o rmu la t i on  i s  the on l y  p r a c t i c a b l e  one f o r  

determin ing the k i n e t i c s  invo lved  i n  a l l  bu t  t he  s imp les t  crash simu- 

l a t i o n s .  The Lagrange equat ions may be w r i t t e n  as 

Here, T i s  t h e  t o t a l  k i n e t i c  energy o f  the  system, V i s  the  t o t a l  po- 

t e n t i a l  energy, and D i s  one-ha l f  t he  r a t e  of energy d i s s i p a t i o n  due t o  

ve l  o c i  ty-dependent damping. The genera l ized forces Qk a c t i n g  on the  

system represent  a l l  forces no t  a r i s i n g  from a p o t e n t i a l ,  w i t h  the 



except ion o f  veloci ty-dependent damping. Ttie qkls and h k ' s  are the 

genera1 i zed coordinates and v e l o c i t i e s  . The motion i s  e n t i  r e l y  def ined 

by t h i s  s e t  o f  N second-order, o rd inary  d i f f e r e n t i a l  equations together  

w i t h  i n i t i a l  cond i t ions  f o r  each o f  the N general ized coordinates and N 

general i zed  v e l o c i t i e s .  

T, V, and D must be w r i t t e n  ou t  as func t ions  o f  the q ' s  and 4 's .  

(They are  a1 lowed t o  be e x p l i c i t  func t ions  of t as we l l  .) Since these 

expressions are  extremely lengthy,  they are no t  completely s e t  down a t  

any p lace i n  t h i s  chapter. Rather, a d d i t i v e  components o f  each are  

d e a l t  w i t h  separate ly .  The t o t a l  k i n e t i c  energy i s  d iv ided i n t o  to rso  

and head pa r t s  and i s  f u r t h e r  d iv ided i n t o  t r a n s l a t i o n a l  and r o t a t i o n a l  

components. The p o t e n t i a l  energy and d i s s i p a t i o n  func t ions  are e l l  so 

f i r s t  d i v ided  i n t o  to rso  and head-neck pa r t s ,  Fur ther  d i v i s i o n  separ- 

ates the  component p roper t ies  o f  the j o i n t s  discussed i n  Chapter 3. 

Muscle t e n s i  on con t r i bu t i ons  are determined as components o f  the gener- 

a l i z e d  forces,  Qk. 

4.2 THE ROTATION MATRIX 

The Euler angle coordinates def ined i n  Sect ion 3.2 make poss ib le  

the d e f i n i t i o n  o f  the  r o t a t i o n  m a t r i x  which takes the i n e r t i a l  frame 

i n t o  the  instantaneous o r i e n t a t i o n  o f  a r o t a t i n g  frame. This ma t r i x  

may be thought o f  as, more prec ise ly ,  a  t ransformat ion m a t r i x  s ince i t  

def ines the  t ransformat ion between the two frames. The elements of i t s  

successive rows are the d i r e c t i o n  cosines o f  the i n e r t i a l  bas is  \id t h  

respect t o  ii, ji, and ki o f  the r o t a t i n g  frame. That i s ,  



o r  w i t h  the n o t a t i o n  o f  Sect ion 3.2, 

The r o t a t i o n  ma t r i x  [Ai] i s  c l e a r l y  orthornormal because o f  t he  r e l a -  

t i o n s  e x i s t i n g  between d i r e c t i o n  cosines. 

The r o t a t i o n s  f o r  , ei, and Qj i l l u s t r a t e d  by Figure 4 corres-  

pond t o  the  t ransformat ions o f  equations (4.2.3). 

a]"" - - 



Combining t h e  above, we o b t a i n  

which becomes 

(4.2.6) 

The ajk 
9 1 are thus determined. 

4.3 THE ANGULAR VELOCITY VECTOR 

The angular  v e l o c i t y  vec to r  f o r  r o t a t i o n s  about a s e t  o f  bod,y axes 

i s  



Resolved i n t o  components along t h e  k ,  j*, and i** axes (see Figure 4), 

Si i s  

Since both  [Ai] and [Ti] a r e  orthogonal,  t h e i r  inverses a re  i d e n t i c a l  

t o  t h e i r  transposes. Therefore, by m u l t i p l y i n g  the t h i r d  equat ion o f  

(4.2.3) by [filT, we ob ta in  

and s i m i l a r l y  (4.2.2) and (4.2.6) y i e l d  

Equation (4.3.2) t he re fo re  becomes 

Comparison o f  (4.3.5) w i t h  (4.3.1) then shows t h a t  



4 . 4  TORSO KINETIC ENERGY 

An n-mass to rso  has a k i n e t i c  energy o f  

where (xi, yi, zi) a re  the center -o f -g rav i ty  coordinates f o r  mass mi, 

Ii, Ji , and Ki are the p r i n c i p a l  moments o f  i n e r t i a  corresponding t o  

the ii, ji, and ki axes respect ive ly ,  and ai, P i  , and 5 are  the angular 

v e l o c i t y  components i n  the  r o t a t i n g  frame, given by equations (4.3.6). 

F igure 7 shows a t y p i c a l  t o rso  element. The constant sp inal  length  

associated w i t h  to rso  element 1 i s  lie The center  o f  mass i s  assumed t o  

l i e  a d is tance ti forward o f  the lower j o i n t  associated w i t h  element i 

and a t  l i /2 upward from the  lower j o i n t .  The j o i n t s  and the center  o f  

mass 1 i e  on the  s a g i t t a l  plane. 

The uppermost t o rso  element w i l l  be labe led  by i = 1 and the  lower- 

most by i = n. Since an i nex tens ib le  spine model has been assumed, i t  

i s  poss ib le  t o  e l  im ina te  a1 1 car tes ian  coordinates except (x, , y,, , z, ) , 
which w i l l  serve as general i z e d  coordinates, from equation (4.4.1). n-1 

vector  cons t ra in t  r e l a t i o n s  may be obtained by consider ing closed loops 

conta in ing  the  o r i g i n  o f  the i n e r t i a l  frame, one o r  more j o i n t s ,  and two 

centers o f  mass. This i s  i l l u s t r a t e d  f o r  masses 1 and 2 i n  F igure 8, 

and r e s u l t s  a re  given by equations (4 .4 .2) .  



j, (s ide)  

ki (bottom) 

I j o i n t s  along 

( f ron t )  

the spine 

b 

Figure 7. Illustration of the relative p o s i t i o n s  of spinal 
joints and the center of mass for torso element i .  



mass 1 

mass 2 

Figure 8. Vector constraint loop for elimination of (x2 ,y2 ,z2)*  



Each o f  t h e  vec to r  equat ions (4.4.2) y i e l d s  t h r e e  s c a l a r  equat ions 

a f t e r  t h e  body a x i s  u n i t  vec to rs  a re  e l i m i n a t e d  by (4.2.1). These 

3(n-1) c o n s t r a i n t s  a r e  expressed i n  equat ions (4.4.3). These equat ions 

may be thought  o f  as rep resen t i ng  r e s u l t s  f o r  f i r s t  and second t ime  

d e r i v a t i v e s  as w e l l  s i n c e  xl , yl , zl, and the  aij ,k 's  occur  l i n e a r l y .  

I 
.I 

Determina t ion  o f  t h e  i . .  s and aij,k's i s  somewhat ted ious .  They 
I J  ,k 

R 
4, = t , - R , a , q , + + ~ , 4 ,  t 1 '%Rl3,,r (4.4.3) (cont inued)  

-r 

X3 - X, - z, A,,, , + - 



(4.4.3) 
2 a l p  (concluded) 

m 
Ll * = Z, - z la~3 ,~ tTAs)~  f k  Z a 33,2 +b0*+&- ,43 ,w1 

a, + -  Z a,,,, + *,GI ,, 
appear i n  Appendix A. Appendix A a l s o  con ta ins  Gi, pi, 4, and t h e  

r e s u l t s  f o r  a l l  p a r t i a l  d e r i v a t i v e s  o f  pi, , q ,  and o f  t he  ii ,k's B i 
which d e r i v e  f rom t h e  k i n e t i c  energy terms o f  the Lagrange equat ions. 

4.4.1 Trans la t i ona l  Terms i n  t he  Equat ions o f  Mot ion 

S u b s t i t u t i o n  o f  (4.4.1) i n t o  t h e  Lagrange equat ions (4.1 .I ) w i l l  

obv ious l y  l e a d  t o  terms o f  t h e  form 

and s i m i l a r  terms f o r  yi and zi. I t  i s  e a s i l y  shown t h a t  t he  f i r s t  term 

o f  t h e  above express ion i s  i d e n t i c a l l y  zero. Go lds te in  (26) shows 

(pp. 16, 17)  t h a t  



an" 22 - = -  
I (4.4.4) 

where i s  the i n c r t i a l  p o s i t i o n  vec to r  o f  any p a r t i c l e  i n  a system and 

q i s  any genera l ized coord inate o f  the system. I f  equat ion (4.4.4) i s  

d i f f e r e n t i a t e d  w i t h  respec t  t o  t ime, w i t h  the  o rder  o f  d i f f e r e n t i a t i o n  

interchanged on the r igh t -hand  side, we ob ta i n  

d dZ - an" 
-C- - * 

f i  a t  a t  
Since '? may represent  the p o s i t i o n  vec to r  f o r  t h e  cen te r  o f  mass o f  any 

o f  the  t o r so  elements, we have 

and t he  o n l y  non-zero t r a n s l a t i o n a l  terms a re  

I ** I .. \ x i -  

(There i s  no s i m i l a r  c a n c e l l a t i o n  t h a t  can be app l i ed  t o  the  r o t a t i o n a l  

k i n e t i c  energy terms. ) 

These t e n s  a re  determined below f o r  xi from equations (4.4.3). 

The same r e s u l t s  ho ld  f o r  yi and zi as l o n g  as x  i s  rep laced by y o r  z 

and second subscr ip ts  on t he  a ' s  a re  replaced by  2 o r  3, respec t i ve ly ,  

Der i va t i ves  t h a t  a re  obv ious ly  zero, f o r  example 



a r e  not writ ten out a t  a l l .  

Let 

Then 

4.4.2 Rotational Terms in the Equations of Motion 

The rota t ional  terms f o r  ai have the form 



dd; 
1 i [hi + a l  - A t -  d sol: - 

2 f k  

The terms for  pi and Yi, with J i  and K i ,  are similar. 

4.5 HEAD KINETIC ENERGY 

The total  kinetic energy o f  the head i s  

The subscript 'h" indicates "head," and the quantities in th is  expres- 

sion are  defined analogously t o  those in equation (4.4.1). 

Figure 9 i l l u s t r a t e s  the relation between the head, neck, and upper 

torso element portions of the kinetic 1 inkage. The general ized coordin- 

a tes  associated with the neck element were defined i n  Section 3 . 2 .  In 

terms of 1 ,  8, and  R they are 

and the velocities are 



Figure 9. The head-neck-torso 1 inkage, 



I t  can be seen from Figure 9 t h a t  the following constraint relation 

holds : 

Where 7 i s  directed from torso t o  head, i t  i s  also clear t ha t  

Equation (4.5.5) i s  used to eliminate? in equation (4.5.4). Also, 

since equation (4.2.1) applies t o  the rotating head frame as well as 

t o  the torso element frames, a l l  of the unit vectors i l ,  j , , k l ,  i h ,  jh, 

and kh may be eliminated from (4.5.4). Equation (4.5.4) then becomes 

Therefore, x,, i s  



The velocity and accelerat ion a r e  

and 

Similar r e su l t s  hold f o r  y h ,  z,,, and t h e i r  derivatives i f  (xl , i,, , i l )  

a r e  replaced by ( y  , , , y ) o r  (z,, i l ,  i l )  and i f  the second subscripts 

on a1 1 a ' s  a r e  replaced by 2 o r  3 ,  respectively.  These r e su l t s  then a l -  

low ih> 4, ih, R h ,  yh ,  and 'ih to  be eliminated from the d i f f e r en t i a l  

equations of motion. 

4.5.1 Translational Terms i n  the Equations of Motion 

I t  was shown in Section 4.4.1 t ha t  only one type of term remains 

uncancelled as a contribution of the t rans la t ional  k inet ic  energ,y t o  the 

equations of motion. For the head t h i s  i s  



The p a r t i a l  de r i va t i ves  i n  t h i s  expression, and a lso  the ones appearing 

i n  the  r o t a t i o n a l  terms, may be found i n  Appendix A. 

4.5.2 Ro ta t iona l  Terms i n  the  Equations o f  Motion 

The r o t a t i o n a l  terms f o r  the  head have exac t l y  the  same form as t he  

t o r so  r o t a t i o n a l  terms. It i s  necessary o n l y  t o  replace a1 1 "i" sub- 

s c r i p t s  by "hn i n  the  r e s u l t s  o f  Sect ion 4.4.2, 

4.6 TORSO POTENTIAL ENERGY AND DISSIPATION FUNCTIONS AND CONTRIBUTIONS 

TO THE EQUATIONS OF MOTION 

I n  t h i s  sec t ion  and i n  Sect ion 4.7 many types o f  con t r i bu t i ons  t o  

t he  t o t a l  p o t e n t i a l  energy and d i s s i p a t i o n  funct ions are d e a l t  w i t h .  

Subscr ip ts  cou ld  be provided t o  expl  i c i  t l y  designate the var ious com- 

ponents, f o r  example, IiVgravi ty " o r  ' IV 'I This i s  no t  done, however, 
9 ' 

as o n l y  one type o f  c o n t r i b u t i o n  i s  discussed w i t h i n  any sub-section; 

use o f  s imply  " V "  o r  'IDf' can lead t o  no confusion regarding the compon- 

en t  being considered. S i m i l a r l y ,  sp r ing  and damping c o e f f i c i e n t s  w i  11 

be s imply  "k" and "c . "  

4.6.1 Torso Grav i t a t i ona l  Terms 

The e f f e c t  o f  g r a v i t y  i n  a crash s i t u a t i o n  i s  no t  s i g n i f i c a n t .  It 

i s  e a s i l y  included, however, i n  the equations o f  motion. 

The t o r so  p o t e n t i a l  energy due t o  g r a v i t y  i s  



The non-zero con2,ributions t o  the equations of motion are 

and 

where: 

The partial  derivatives o f  the a ' s  are in Appendix A ,  

4.6.2 Torso Joint Stop Terms for  Bending 

The generalized pitching angle between torso elements i and I + 1 ,  

as defined in Section 3 . 3 ,  Is 



A f t e r  e l i m i n a t i n g  ki and k j c ,  by equat ion (4.2.1) and c a r r y i n g  ou t  the  

do t  product we o b t a i n  

The heading angle described i n  Sect ion 3.3 i s  shown i n  Figures 10 

and 11. The vec tor  f i s  d i r e c t e d  from the center  o f  mass o f  element 

i + 1 t o  the center  o f  mass of element i .  Reference t o  F igure  8 shows 

t h a t  t h i s  vec tor  can be determined from the f o l l o w i n g  vec tor  cons t ra in t :  

Also, i t  i s  c l e a r  from Figure 11 t h a t  

E l i m i n a t i o n  o f  ; i n  equat ion (4.6.8) by (4.6.7) y i e l d s  

A f t e r  the u n i t  vec tors  i n  (4.6.9) are e l im ina ted by (4.2.1) and the dot  

products c a r r i e d  out ,  t h i s  becomes 



mass it1 

Figure 10. View a l o n g  ki+, , showing heading angle Oi. 

ji+l-cornponent of 1 = d ji+l 

Figure 11. Heading angle Oi as the  angle between i i+, 

and the  p r o j e c t i o n  o f  9 on the  i+l-ji+, plane. 



where 

and 

The joint  stop angle "ell ipse" may now be defined. With reference 

t o  Figure 12 consider that  angles x and y are measured t o  the ( r ight )  

"side" and the "front ,"  respectively. Then, 

Consider, f i r s t ,  the front half-ell ipse.  

Elimination o f  x and y by (4.6.13) gives 



f ron t  

s ide  

back 

Figure 1 2 .  Stop  angle "el l ipse ."  



A1 so, 

I t  i s  clear that similar results will hold for the back half- 

e l l ipse.  I t  i s  necessary only to replace the subscript "f" (front) by 

the subscript lib" (back) in equations (4.6.16) and (4.6.17). 

Joint stop moments may now be determined. Spring and damping com- 

ponents will bo th  be zero unless R i  i s  greater t h a n  fi (Oi). In the fol- 

lowing, "Mi" may indicate either a spring or damping moment component. 

The context of i t s  use will always make clear i t s  meaning. Moments will 

be assumed t o  have l inear,  quadratic, and cubic terms, and a l l  spring 

and damping rates may be assumed t o  have Qi -dependence. 

The spring moment component i s  



Then, 

Hence, f rom (4.6.18) and (4.6.21), 

f o r  Ri > fi. 

The p a r t i a l  d e r i v a t i v e s  o f  Ri and Oi i n  (4.6.22) w i l l  now be de te r -  

mined. 

Define Arg as t he  argument i n  equa t ion  (4.6.6), i .e . ,  



Then, 

This becomes 

or ,  s ince Arg = cosRi, 

(Note t h a t  a d i v i s i o n  by zero when R1 = 0 i s  never a d i f f i c u l t y .  The 

p o t e n t i a l  energy c o n t r i b u t i o n  t o  the equations o f  motion can be s e t  

d i r e c t l y  equal t o  zero i n  t h i s  case since, by (4.6.19), the moment w i l l  

be zero.) By equation (4.6.23) we have 



Also ,  f rom equa t ions  (4.6.10) t o  (4.6.12) we g e t  

+ .  aL'3Ji a,,);,, ) - &(gfJt , i  

a f ~  
;+I 

a%, 



The resul ts  fo r  qk = ( t i+ ,  , Oi+l,  (pi+,) a re  d i f ferent  from (4 .6 .29)  only 

in t h a t  the a ' s  with i  + l ' a s  a  th i rd  subscript ,  instead of i ,  a re  d i f -  

ferentiated with respect to qk. @Ii i s  not a function of any other gen- 

eral  i  zed coordinates. 

The contribution from damping t o  the to ta l  joint stop moment i s*  

(And Mi = 0 i f  Ri 5 f i . )  

The Rayleigh dissipation function i s  then 

which i s  

*All damping coefficients  ci ,j fo r  jo in t  stop damping moments are con- 
s t an t  only fo r  deformation greater  than a specified atnount and increase 
l inear ly  from zero to  the i r  constant values. That i s ,  where C i , j  a re  
the constant values, 6 i s  a  deformation, and A i s  the specified defor- 
mation a f t e r  which ci , = Ci , j ,  the coefficient  values for  6 5 b are  
c = C A .  This defini t ion for  jo in t  stop damping coefficients  i s  i , j  9~ 

necessary because the numerical integration balks a t  the discontinuous 
niorllents a t  6 = (0-,  0') result ing from constant coefficient  values. A 
"ramp" length of A = 5" has been used. 



Therefore,  s ince  a 1 o 1 /aq = (ae/aq)sgne, 

f o r  Ri > fi. 

The v e l o c i t y  kl i s  determined f rom (4.6.6) as 

An impor tan t  observa t ion  i s  made here. The p a r t i a l  d e r i v a t i v e s  i n  

(4.6.33) cou ld  now be obta ined by d i f f e r e n t i a t i o n  o f  (4.6.34). It cou ld  

then be shown by  w r i t i n g  ou t  3Ri/3qk and dki/aik t h a t  they  a re  equal.  

The necess i t y  o f  t h i s  e q u a l i t y  can be demonstrated i n  a general  manner, 

however. Suppose t h a t  F i s  any f u n c t i o n  o f  the genera l ized coorldinates 

alone. We then have equat ions (4.6.35): 

Upon d i f f e r e n t i a t i o n  of t he  second o f  (4.6.35), we o b t a i n  



I n  p a r t i c u l a r  f o r  F = Ri we have 

The genera l  r e s u l t  (4.6,36) w i l l  be used several  times i n  the  r e s t  of 

t h i s  chapter  where damping c o n t r i b u t i o n s  a re  determined. 

The damping c o e f f i c i e n t s  ci , j  may be taken as f unc t i ons  o f  Qi and 

Ri w i t hou t  changing t he  form o f  the  r e s u l t  (4.6.33). The sp r i ng  r a tes  

= k .  .(Q.) cou ld  a l s o  be taken as funct ions o f  Ri by s imply  adding ki,j 1 . j  i 

terms i nvo l  v i  ng 

t o  t he  r igh t -hand  s i d e  of (4.6.22). I n  t h i s  i n v e s t i g a t i o n ,  however, a l l  

s p r i n g  and damping c o e f f i c i e n t s  w i l l  be assumed t o  be constants s ince  no 

exper imental  r e s u l t s  a re  a v a i l a b l e  f o r  the  dependence on Oi and Ri. 

Hence, the  summed term i n  (4.6.22) i s  equal t o  zero. 

4.6.3 Torso J o i n t  Stop Terms f o r  T w i s t i n g  

It was noted i n  Sec t ion  3.3 t h a t  the amount o f  " t w i s t "  a t  a j o i n t  

w i l l  be represented by the  r e l a t i v e  yaw angle o f  one body element w i t h  

respec t  t o  t he  o the r .  The r e l a t i v e  Eu le r  angles which take ei i n t o  ei+, 



w i l l  now be determined. The p i t c h  and r o l l  angles are determined f o r  

ou tpu t  bu t  are never used d i r e c t l y .  

Ca l l  the  r e l a t i v e  angles f;+, , Q ; + ~ ,  and Then, 

i n  t h e  n o t a t i o n  o f  Sect ion 4.2. Since 

we have 

But a lso,  

T Since [Ai] i s  orthogonal,  [A]-' = [A] , and 

Le t  (4.6.43) de f ine  t h e  m a t r i x  [B]. By (4.6.43) and (4.2.6), then, we 

have 



o r ,  ob ta i n i ng  b12 and bl, from the ma t r i x  product i n  (4.6.43), 

Th is  i s  the r e l a t i v e  yaw, o r  " tw is t , "  angle. S im i l a r l y ,  by consider ing 

-b13 1 C O S ~ ~  s g n ( c o s ~ ~ + ,  ) and b23/b33, respec t i ve ly ,  we ob ta i n  

and 

Where fi i s  now a constant (symmetric) j o i n t  stop angle f o r  t w i s t -  

i n g  a t  j o i n t  i, the spr ing  moment f o r  t w i s t i n g  i s  

fo r  , > fi, and Mi = 0 otherwise. Also,  i n  the  same manner as  f o r  

the bending moment, we ob ta in  



The damping nloment i s  similarly 

and 

Let the numerator and denominator o f  (4.6.45)'be called ni and di. Then, 

the velocity in (4.6.50) is 

Also, for q k  = (ti, ei, (Pi), we have 

aa33,; 
(continued) 

3- 2 a,,,; 
A ,l,i+~ + 

;+i 

a 



(concluded) 

The r e s u l t s  (4.6.53) h o l d  f o r  qk = ( q t l ,  Qi+l, 4)itl) as w e l l  i f  t h e  a ' s  

f o r  i + 1, i ns tead  o f  i, are  d i f f e r e n t i a t e d .  By equat ion (4.6.36), 

4.6.4 Torso E l a s t i c  Terms f o r  Bending 

The te rm " e l a s t i c "  i s  p r o p e r l y  a p p l i e d  o n l y  t o  j o i n t  moment charac- 

t e r i s t i c s  which tend  t o  r e s t o r e  a s t a t e  o f  zero deformat ion.  Ve loc i t y -  

dependent damping i s  n o t  such a c h a r a c t e r i s t i c ,  b u t  i t  w i l l  be discussed 

a long w i t h  spr ing- type  e l a s t i c  moments wherever t h e i r  values a r e  based 

upon t h e  same angle,  

The same non-1 i n e a r  form as used f o r  j o i n t  s top  moments i s  assumed 

f o r  e l a s t i c  moments, i . e . ,  t hey  con ta in  l i n e a r ,  quad ra t i c ,  and cub i c  

terms. The e l a s t i c  s p r i n g  moment i s  

where Si, as exp la ined  i n  Sec t ion  3.3.2, i s  the angu la r  d i f f e r e n c e  i n  

the  p o s i t i o n s  o f  ki , w i t h  respec t  t o  ei+l, a t  t imes zero hnd t. The 



c o n t r i b u t i o n  o f  (4.6.55) t o  the  equat ions o f  motion i s  

The angle Si w i l l  now be determined. A t  t = 0 the  p o s i t i o n  o f  ki 

w i t h  respect  t o  the bas is  ( i ,  j, k)itl i s  the i n i t i a l  p o s i t i o n  o f  i n -  

t e r e s t  f o r  ob ta in ing  Si. A t  t ime t the  bas is  has r o t a t e d  i n  space, and 

so has the  vec tor  ki, al though n o t  i n  the  same manner. I f  now the  bas i s  

a t  t i s  r o t a t e d  back t o  i t s  i n i t i a l  p o s i t i o n  ( i o ,  jO, ko)i+l and the  

vec tor  ki along w i t h  it, ki becomes a  vec tor  k / .  Then, Si i s  the  angle 

between ky and k i :  

It remains t o  determine k i .  

Now, k i  has the same o r i e n t a t i o n  w i t h  respec t  t o  e!+, as does ki 

w i t h  respect  t o  ei+, . Therefore, the components i n  the  two systems are 

equal : 



Resolved a long  t he  eg+,-axes, k i  i s  

Therefore,  

where 

and t h e  o t h e r  f a c t o r s  a r e  o f  t he  same form as (4.6.62) except  w i t h o u t  

supe rsc r i p t s .  Si i s  thus determined. 

The p a r t i a l  d e r i v a t i v e s  o f  Si, f o r  (4.6.56), a r e  n e x t  determined. 

De f ine  f a c t o r s  cl, cp, and cg i m p l i c i t l y  by 



c, ( A + I  k' ) + c, (jh; A:)  4 

+ c3 [A",, * k' I ) 

(Compare w i t h  (4.6.61).) Then, f o r  qk = (pi, ei, ql), we ob ta in  

+ -  a's ( a :  
a%b 

r + I  

where 

The r e s u l t  (4.6.64) holds a l so  f o r  qk = (pi+, , Qi+,, qi+l), b u t  f o r  t h i s  

case the  equat ion (4.6:65) must be modi f ied so t h a t  the  a 's  f o r  i + 1, 

ins tead o f  i, are d i f f e ren t i a ted .  Then, 

and (4.6.56) i s  completely determined. Whenever Si i s  zero (e .g~. ,  a t  

t = O), the r e s u l t  (4.6.66) need no t  be ca lcu la ted ,  f o r  Mi i s  then zero. 



The associated damping moment i s  

and 

where 

as  L - as. - A - -  
9 t k  

and 



4.6.5 Torso  E l a s t i c  __ Tcrliis ___-.._. -.---. f o r  T w i s t i a  

L e t  the  i n i  t , i a l  t w i s t  angle be $+, = +i+, ( 0 .  Then t he  e l a s t i c  

s p r i n g  moment i s  

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

where t he  d e r i v a t i v e  on t he  r i gh t -hand  s i d e  i s  g i ven  by equat ion  (4.6.53). 

The corresponding damping moment i s  

and 

where 



4.7 NECK-LINKAGE POTENTIAL ENERGY AND DISSIPATION FUNCTIONS AND CONTRI- 

BUTIONS TO THE EQUATIONS OF MOTION 

4.7.1 Head G r a v i t a t i o n a l  Terms 

The g r a v i t a t i o n a l  p o t e n t i a l  energy f o r  the  head i s  

zh has a l ready  been determined from (4.5.6). Hence, 

Therefore,  



A1  s o ,  

and 

4.7.2 Neck-Torso J o i n t  Stop Terms f o r  Bending 

The equat ions of  motion con t r ibu t ions  assoc ia ted  with the  neck- 

t o r s o  j o i n t  a r e  most simply expressed in  terms of 1, @, and R. (See 

Figure 9 .  ) For t h i s  reason,  and f o r  ou tpu t ,  t he se  q u a n t i t i e s  and time 

de r iva t ives  a r e  determined below. The r e s u l t s  (4.7.6) and (4.7.7) can 

be thought of a s  the  inverse  of (4.5.2) and (4.5.3). 

Figure 1 3  shows the  r e l a t i o n s h i p  of t h e  various neck-torso coordin- 

a t e s .  The r e s u l t s  (4.7.6) a r e  obvious. 



Figure 13. Neck-torso joint coordinates. 

Figure 14. Neck-head joint coordinates. 



From (4.7.6) we obtain 

The accelerations found from (4.7.7) are, a f te r  simp1 if icat ion,  

Where a s ,  a , and ab are the "side," "front," and "back" stop angles f 

for the neck-torso jo in t ,  O i s  the heading angle, and f i s  the joint stop 

angle as a function of 0, the stop angle el l ipse results (4.6.16) and 



(4.6.17) f o r  t he  t o r s o  ho ld  a l s o  f o r  the neck-torso j o i n t ,  Then, w i t h  

the  obvious necessary changes i n  n o t a t i o n  - f o r  example, R r ep lac i ng  Ri 

- t he  r e s u l t s  f o r  t o r s o  bending j o i n t  s top moments and the  general form 

o f  t h e i r  c o n t r i b u t i o n s  t o  the equat ions o f  mot ion represent  equa l l y  we1 1 

t h e  corresponding neck-torso j o i n t  q u a n t i t i e s .  

Spr ing and damping r e s u l t s  a re  hence g iven by equations (4.6.18) t o  

(4.6.22), (4.6.30) t o  (4.6.33), and (4.6.37). I t i s  necessary, however, 

t o  c a l c u l a t e  the p a r t i a l  d e r i v a t i v e s  o f  R and O anew s ince  they have 

d i f f e r e n t  form from Ri and ml. The non-zero d e r i v a t i v e s  a re  g iven  by 

equat ions (4.7.9). 

4.7.3 Neck-Head J o i n t  Stop Terms f o r  Bending 

Coordinates R '  and 0' f o r  the  neck-head j o i n t  w i l l  be de f ined  sim- 

i l a r l y  t o  R and O. However, whereas R and O are  def ined i n  terms o f  7 
and the f i r s t  t o r so  element bas is ,  the neck-head coordinates R '  and 0' 



are n a t u r a l l y  def ined i n  terms of 7 and the head basis.  F igure 14 il- 

1 us t ra tes  the  re1 a t ionsh ip  o f  the  neck-head coordinates. 
A 

Where 1 i s  the u n i t  vec tor  f o r  'i', R '  i s  

E l im ina t i ng  the u n i t  base vectors by (4.2.1) and then performing the do t  

product we ob ta in  

It can be seen from Figure 14 t h a t  the heading angle O' i s  

By (4.5.5) and (4.2.1), t h i s  becomes 



where 

and 

Now l e t  the  th ree  expressions i n  parentheses i n  equat ion (4.7.12) 

be c a l l  ed P3,, Pg2. and P33, o r  i n  general , def ine  P. . by 
1J 

P . .  : X u  i w , ~  a j c ,~  I 

It fo l lows t h a t  

The t i m e  d e r i v a t i v e  of (4.7.12) i s  there fo re  



Again, j o i n t  s top  angle e l l i p s e  r e s u l t s  obtained previously,  i n  

Section 4 . 6 . 2 ,  apply f o r  t he  neck-head j o i n t ,  and non-l inear  spr ing  and 

damping r e s u l t s  given by equations (4.6.18) t o  (4.6.22),  (4.6.30) t o  

( 4 . 6 . 3 3 ) ,  and (4.6.37)  a r e  appl icable  in  form. The required (non-zero) 

de r iva t ives  of R,' and 0' a r e  a s  follows. 

A1 so ,  

(cont inued) 

4- 
3 s,,X ) +  "6% &I,,& 



(4 .7 .21)  
3 2 . 1  (conc luded)  

and 

I n  terms of P . .  from ( 4 . 7 . 1 7 ) ,  i t  is s e e n  t h a t  (4 .7 .15)  and (4 .7 .16)  may 
1 J 

be w r i t t e n  



Then, equa t i  on (4.7.14) g ives 

and t h e r e f o r e  

Also, d i f f e r e n t i a t i o n  o f  (4.7.15) and (4.7.16) completes t he  d e t e m i n a -  

t i o n  o f  3@'/af, f o r  q k  = ( q ,  , 0, , q, , Bh, eh, q,.,). We o b t a i n  

(cont inued)  

%,,A 



and 

a%,, I (4 .7 .26)  
d 2 z , l  (concluded)  

The r e s u l t s  for ad/8qk a r e  t h e  same a s  the r igh t -hand  s i d e s  o f  e q u a t i o n s  



(4.7.26) and (4.7.27) except that each a must be replaced by i i  . 2 j  ,h l j , h .  

4.7.4 Head-Torso Joint Stop Terms for  T w i s t m  

Terms for the equations of motion resulting from twisting of the 

neck will not be obtained from moments a t  the neck-head and neck-torso 

jo in ts ,  b u t  instead from the composite twisting of the head with respect 

to  the torso. This twisting angle will be of exactly the same form as 

torso twisting angles given by equation (4.6.45). The head element 

corresponds to  torso element 1 + 1,  and the f i r s t  torso element (I = 1) 

corresponds to torso element i .  Hence, the relative angle defining 

twisting of the head with respect to  the torso i s  

or in terms of the notation of Section 4 . 7 . 3 ,  

The corresponding velocity i s then 

The results for torso joint  stop twisting moments and associated 

terms for  the equations of motion have been determined in Section 4.6.3. 

With the obvious changes in notation those results - equations (4.6.48) 

to  (4.6.51 ) - apply a1 so for twisting of the neck. The only non-zero 
h partial  d e r i ~ a t ~ i v e s  of v are given below. 





4.7,s  Neck-"Torso E l a s  t i c  Terns for Bending 

Assume a neck-torso e l a s t i c  spr ing  moment o f  the sanie form as the  

to rso  moment o f  Sect ion 4.6.4. 

S i s  de f ined qui t e  analogously t o  Si : 

A 
The i n i t i a l  components o f  1 i n  el de f i ne  9'1 whi ch corresponds d i r e c t 1  y 

A 

t o  ky. 1' i s  def ined s i m i l a r l y  t o  k; i n  the to rso  analys is ,  i .e. ,  i t  

i s  obta ined by r o t a t i n g  ( i ,  j, k)l t o  ( i o ,  jO, kOll. The r e s u l t s  f o r  

Si obtained f o r  t o rso  j o i n t s  apply here if the f o l l o w i n g  i d e n t i f i i c a t i o n s  

a re  made: 

Thus, from (4.6.61), we ob ta in  



A 
E l  iminating the unit  vectors 1 and 9' by ? = i / l  with equation (4.5.5) 

and carrying out the dot products, we get 

S i s  therefore completely determined by (4.7.34) with (4.7.36). 

Let the argument of S be called Arg, i . e . ,  

The par t ia l  derivatives of S a re  

where the only non-zero par t ia l  derivatives of Arg a re  



Equat ion (4 .7 .6) ,  which gives 1 as a f u n c t i o n  of x, y, and z, has been 

used w i t h  (4.7.37) t o  ob ta i n  equat ions (4.7.39). 

The terms aV/aqk have thus been determined: 

Equations (4.6.67) t o  (4.6.69), w i t h  Si rep laced by 5 ,  represent  

the  assoc ia ted damping c o n t r i b u t i o n s  t o  the  t o t a l  neck-torso j o i n t  mom- 

e n t  and t o  the equat ions o f  mot ion. Only .!i must y e t  be determined. 

From (4.7.34) and (4.7.36),  S may be obta ined as f o l l ows :  

4.7.6 - Neck-Head Elas t i c  Terms f o r  Bendinq 

L e t  the angle o f  deformat ion f o r  the  neck-head j o i n t  be c a l l e d  S '  . 
I t  corresponds d i r e c t l y  t o  S o f  Sect ion 4.7.5 i f  the  f o l l o w i n g  i d e n t i f i -  

ca t i ons  a re  made: 



S '  i s  then 

and 

h 
Elimination of 1 and the unit base vectors i n  the time dependent factors 

of (4.7.43) yields 

The remaining factors in (4.7.43) are clearly constants equal to  the 

values of the right-hand sides of (4.7.44) a t  t = 0. Let c, , c2, and 

c3 (time dependent) be defined as the right-hand sides o f  (4.7.44), and 

l e t  cy, c i ,  and c! be the i r  values a t  t = 0. Then, 

and 



Where Arg, now, i s  de f i ned  by the  r i gh t -hand  s i de  o f  (4.7.461, S '  i s  

and i t s  p a r t i a l  d e r i v a t i v e s  a r e  

as' 
- . c  - 
2&h 

as' - I = --7--7 ac* 3 =3 + C: - + C O - ]  a , (41.7.49) 

a t-, w s  
2fk fk 

The p a r t i a l  d e r i v a t i v e s  appearing i n  (4.7.49), f o r  qk = ( x ,  y, z ) ,  a re  

found t o  be 

The o the r  non-zero d e r i v a t i v e s  a r e  for qk = ( el, 4 ,  fh, oh, qh). 
For  these s i x  general  i z e d  coord ina tes  equa t ion  (4.7.45) g i ves  



The p a r t i a l  d e r i v a t i v e s  appearing i n  (4.7.51 ) may be found from equat ion 

(4.7.17), which def ines P a  .. 
1J 

3S1/aqk i s  thus e n t i r e l y  determined, and 

Again, damping terms are represented i n  form by equat ions (4.6.67) 

t o  (4.6.69), b u t  must s t i l l  be determined. From (4.7.42) and 

(4.7.46), 5' i s  found as 



Here, froni (4,7.45), 

The fac to rs  bij a re  a l ready  known f rom equat ion  (4.7.18). 

4.7.7 - Head-Torso E l a s t i c  Terms f o r  Tw is t i ng  

The composite "head-torso j o i n t "  (H-T) f o r  t w i s t i n g  w i  11 have a t -  

t r i b u t e d  t o  i t  e l a s t i c  t w i s t i n g  moments o f  the  same form as (4.6.71) 

and (4.6.73). yh corresponds t o  and dhso h ( ~ )  corresponds t o  

Y!+~. 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 a r e  represented by 

h equat ions (4.6.72) and (4.6.74). 4 and a1 l requ i red  d e r i v a t i v e s  have 

a1 ready been determined i n  Sec t ion  4.7.4. 

4.7.8 Neck S t r e t c h i n g  Terms 

Resistance t o  leng then ing  o r  shor ten ing  o f  t h e  neck w i l l  be i n  t h e  

form o f  a non-1 i n e a r  K e l v i n  element. The s p r i n g  tends t o  r e s t o r e  t h e  

neck l e n g t h  1 t o  an e q u i l i b r i u m  value, 1 
eq ' 

L inear ,  quadra t i c ,  and 

cub i c  terms a r e  assumed f o r  bo th  the  s p r i n g  and d i s s i p a t i v e  fo rces .  

These forces a r e  a d d i t i v e ,  o f  course, and they a r e  expressed as t h e  two 

components o f  the  t o t a l  f o r c e  g iven  by equa t ion  (4.7.57). 
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The terms required for the equations of motion are then 

since, by ( 4 . 6 . 3 6 ) ,  8i/aik = al/3qk. Here, from ( 4 . 7 . 6 ) ,  

for qk = ( x ,  y ,  z) ,  and a l l  other partial derivatives of 1 are zero. 

4.8 MUSCLE TENSION 

The inclusion of muscle tension as a bio-dynamic property of a 

model for the 1 iving human body was discussed in Section 3 . 3 . 3 ,  The 

effect of the crash victim's tensing his muscles, voluntarily or in- 

voluntarily, is  to be introduced through Maxwell elements a t  each joint. 

The coefficients k and c of the series spring and damping components are 

to be functions of the parameter M ,  which indicates the degree of tensing 

of the muscles ; these coefficients are expressed in equations ( 3 . 3 . 3 )  

and ( 3 . 3 . 4 ) .  I t  will be assumed in this  investigation that the crash 

victim has anticipated the impact and i s  "pre-tensed;" M will be constant 

for t 10. With only small change in the computer program logic i t  would 

be possible to allow a reaction time t r ,  before w h i c h  M would be zero and 

af te r  which M would take on a constant value.* 

- 

*The neuromuscular time constant i s  between 100 and 200 msec. ( 2 2 ,  27) 



Figure 15. A linear Maxwell element forced by x ( t ) ,  x = x2-x,. 



Determinat ion o f  the  genera l ized forces a t t r i b u t a b l e  t o  non-zero 

muscle tens ion  invo lves ,  f i r s t ,  the  s o l u t i o n  o f  a fo rced  mot ion problem 

f o r  a  Maxwell element. A1 though a l l  b u t  one Maxwell element t o  be i n -  

c luded i n  t he  v e h i c l e  occupant model w i l l  be "angular"  r a t h e r  than 

" l i nea r , "  the problem formulated below i s  i n  terms o f  a  l i n e a r  element. 

The o n l y  reason f o r  t h i s  i s  t o  make as c l e a r  as poss ib le  t he  f i g u r e  used 

f o r  i l l u s t r a t i o n  o f  the problem, F igure 15. The general form o f  t h e  

s o l u t i o n  f o r  t h i s  problem obv ious ly  app l i es  a l s o  t o  t he  t o r s i o n a l  Maxwell 

elements. 

I n  F igure  15, xl and x2 a re  the coord inates o f  two p o i n t s  w i t h  r e -  

spect t o  some moving base. Each p o i n t  i s  considered t o  be connected t o  

t h e  base b y  some "b lack  box" element i n v o l v i n g  masses, spr ings,  and 

dampers. The Maxwell element i s  " fo rced"  i n  the  sense t h a t  the  coord in-  

a tes  o f  i t s  endpoints a re  func t ions  o f  t ime r e s u l t i n g  i n  p a r t  f rom the  

mot ion o f  an ex te rna l  system, represented here by t h e  base mot ion,  X ( t ) ,  

and the  "b lack  boxes." Through coupl ing,  t he  ex te rna l  mot ion i s  i n  

t u r n  determined i n  p a r t  by  t he  Maxwell element. The problem i s  t o  de- 

termine t he  t e n s i l e  f o r c e  i n  the  Maxwell element as a f u n c t i o n  o f  xl ( t )  

and x2( t ) .  

F1 and F2 are  t h e  genera l i zed  f o r ces  which r e s u l t  f rom the  Maxwell 

element. Where $ i s  a  u n i t  vec to r  t o  the  r i g h t  i n  F igure 15, we have 

Equat ion (4.8.1) def ines t he  f o r c e  F. L e t  sl be t he  deformat ion o f  t he  

sp r i ng  element and l e t  i2 be the deformat ion r a t e  o f  the damper. Then, 



Now, w i t h  x def ined as 

we may w r i t e  

By equations (4.8,2), t h i s  becomes 

Two b a s i c a l l y  d i f f e r e n t  approaches might  be taken f o r  ob ta in ing  the  

s o l u t i o n  F ( t )  of equat ion (4.8.6). F i r s t ,  the  problem cou ld  be reduced 

t o  quadrature. This approach i s  presented i n  Appendix B, bu t ,  w h i l e  i t  

could have been u t i l  i zed  w i t h  some d i f f i c u l t y ,  a  more workable method i s  

ava i l ab le ,  The d i f f i c u l t y  w i t h  the method o f  s o l u t i o n  by quadrature, i n  

the  contex t  o f  t h i s  i nves t i ga t i on ,  i s  t h a t  i t  clashes w i t h  the "back- 

stepping" capabi l  i ty of the r a t h e r  soph is t i ca ted  i n t e g r a t i o n  a lgo r i t hm 

(Chapter 5) t h a t  was used t o  solve the equations o f  motion. (Equation 

(4.8.6) i s ,  o f  course, coupled t o  the equations o f  motion through i . )  

This f i r s t  method cou ld  be used w i thou t  d i f f i c u l t y  i n  con junc t ion  w i t h  

a  s impler  i n t e g r a t i o n  procedure. The method used, and one perhaps more 

e f f i c i e n t  even i f  the  above described d i f f i c u l t y  does no t  e x f s t ,  i s  t o  



t r e a t  (4.8.6) as an a d d i t i o n a l  "equat ion o f  mot ion."  There i s  no d i f f i -  

c u l t y  invo lved  i n  i n t e g r a t i n g  i t  as a p a r t  o f  a  general system o f  coupled 

d i f f e r e n t i a l  equat ions.  The d i f f e r e n t i a l  equations governing a s imple 

dynamic system are  determined i n  Appendix C as an i l l u s t r a t i o n  o f  t h i s  

procedure. 

The i n i t i a l  value F(0) i s  an i n p u t  q u a n t i t y  f o r  t he  computer pro- 

gram, as a re  a l l  i n i t i a l  values. I n  p rac t i ce ,  however, s ince  the body 

elements a re  gene ra l l y  assumed no t  t o  be i n  r e l a t i v e  mot ion a t  t = 0, 

t h e  deformat ion r a t e  b2(0)  i s  zero; equat ion (4.8.2) t he re fo re  i nd i ca tes  

t h a t  F (0 )  should be se lec ted  as zero. 

The muscle tens ion  f o r c e  ( o r  moment) F associated w i t h  coord inate 

x  having been found, i t  i s  now a simple mat ter  t o  ob ta i n  i t s  c o n t r i b u t i o n  

t o  the  equat ions o f  motion. The corresponding genera l ized forces f o r  qk 

f o r  equat ions (4.1 .I) are  s imp ly  

4.8.1 Muscle Tension Moments 

L e t  R represent  any of the  genera l ized p i t c h i n g  angles and l e t  

be any o f  the t w i s t  angles, w t t h  assoc ia ted muscle tens ion  moments of 

MR and MMI. Then, 

and 



4.8.2 Muscl e  Tensi on Forces 

The o n l y  1  i n e a r  muscle t ens ion  element i n  t h i s  v e h i c l e  occupant 

model i s  t h e  neck leng th .  I t s  e f f e c t  en te r s  t h e  equat ions o f  motiion i n  

b a s i c a l l y  t he  same way as do moment e f f e c t s  a t  j o i n t s ,  b u t  a  mod i f i ca -  

t i o n  i s  imposed. Because of opposing se ts  of muscles, muscle t ens ion  

res i s tance  a t  j o i n t s  may be i n  t he  form of nega t i ve  - o r  p o s i t i v e  moments. 

A muscle t ens ion  - f o r c e  F,, however, may be negat i ve  on ly ,  i . e m ,  i t  can 

r e s i s t  1  engthening o f  1  b u t  cannot assi, s t  it. Accord ing ly ,  computer 

program l o g i c  i s  prov ided t o  keep muscle t e n s i o n  f o r  t he  neck l e n g t h  

e i t h e r  nega t i ve  o r  zero.  The muscle t ens ion  fo rce  i s  governed by 

and the  genera l i zed  f o r ces  are 

b u t  i f  F becomes g r e a t e r  than  zero, i t  i s  s e t  t o  zero u n t i l  such t ime  

as i changes f rom a negat i ve  va lue  t o  (3 p o s i t i v e  value. 



CHAPTER 5 

THE NUMERICAL SOLUTION 

The Lagrange equat ions o f  mot ion as g iven  by  ( 4 .1  ,I) can now be 

considered t o  have been determined i n  t he  form 

dV 
4- - 3D + - -  

[&A+ + H A ]  - % a t .  at .  - @A,  

The q u a n t i t y  Gki i s  t he  c o e f f i c i e n t  o f  qi which occurs i n  t he  f i r s t  term, 

o f  the  qk-equation. The q u a n t i t y  Hk i s  t h a t  p a r t  o f  the  f i r s t  term 

which does no t  con ta i n  any q i  A f t e r  t ranspos ing terms i n  equat ions 

(5.1 ),  we have a  system o f  N non-1 i n e a r  d i f f e r e n t i a l  equat ions o f  t he  

f o l  1 owing form: 

{q) and { f )  a re  vec to rs  o f  l eng th  N and [GI i s  a  symmetric m a t r i x  o f  

s i z e  NxN, 

Once the  system (5.2) has been s e t  up, two major steps a re  i nvo l ved  

i n  o b t a i n i n g  the  s o l u t i o n  f o r  t he  motion. 

Each t ime t h a t  the  i n t e g r a t i o n  a l go r i t hm  requ i res  values f o r  the 

genera l ized acce le ra t ions ,  Gi, i t  i s  necessary t o  " i n v e r t "  the systen o f  



equat ions (5 .2 ) .  A subrout ine,  DGELG, i n  t h e  IBM 360 S c i e n t i f i c  Sub- 

r o u t i n e  Package (SSP) i s  used f o r  t h i s  purpose. DGELG solves a system 

o f  general simultaneous l i n e a r  a l g e b r a i c  equat ions by means s f  Gauss 

e l i m i n a t i o n  w i t h  complete p i v o t i n g .  Th is  method r e s u l t s  i n  an upper- 

diagonal i z e d  system of equat ions, which y i e l d s  qN immediately.  The r e -  

maining qi a re  then found by successive back s u b s t i t u t i o n s .  

I n t e g r a t i o n  o f  t h e  genera l i zed  v e l o c i t i e s ,  it, and the  genera11 i z e d  

acce le ra t ions ,  ql, i s  accomplished by means of a  s l i g h t l y  a1 t e r e d  ver-  

s i o n  o f  the SSP subrout ine DHPCG. Th is  subrou t ine  uses Hamming's pre- 

d i c t o r - c o r r e c t o r  method w i t h  m o d i f i e r  f o r  the  - s o l u t i o n  o f  a  general  sys- 

tem o f  f i  r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  equat ions w i t h  g i ven  i n i t i a l  

values. (The acce le ra t i ons  may be thought  o f  as f i r s t  der ivat ive! ;  of  

t he  4 ' s  i ns tead  o f  second d e r i v a t i v e s  o f  t h e  q ' s . )  Th is  i s  a  s t a b l e  

f ou r t h -o rde r  i n t e g r a t i o n  procedure t h a t  has two s i g n i f i c a n t  advantages 

over  many o the r  methods o f  t he  same o rde r  o f  accuracy. F i r s t ,  o n l y  two 

eva lua t ions  o f  the d e r i v a t i v e s  a re  necessary, i n  general ,  f o r  each i n t e -  

g r a t i o n  t ime step, as compared w i t h  f o u r  r e q u i r e d  by Runge-Kutta methods, 

Second, i t  i s  poss ib l e  w i t h  t h i s  procedure t o  nau tomat ica l l y "  make t h e  

i n t e g r a t i o n  s tep  s i z e  l a r g e r  o r  sma l l e r  depending on whether t he   motion 

i s  l o c a l l y  smooth o r  v i o l e n t .  Th is  i s  done on t he  bas is  o f  an es t ima te  

f o r  t he  1  ocal  t r u n c a t i o n  e r r o r ,  whi ch wi 11 a1 ready have been c a l c u l a t e d  

f o r  purpose of d e f i n i n g  the  m o d i f i e r .  As many as t e n  ha l v i ngs  o f  t h e  

i n i t i a l l y  p rescr ibed  maximum a1 lowable t ime s tep  s i z e  a re  poss ib le ,  I f  

t r u n c a t i o n  e r r o r  i s  s t i l l  g r e a t e r  than  an upper bound p resc r i bed  b y  the 

user ,  then t he  i n t e g r a t i o n  i s  terminated.  The p r e d i c t o r - c o r r e c t o r  meth- 

od i t s e l f  i s  n o t  s e l f - s t a r t i n g ,  i .e., f u n c t i o n a l  values a t  more than a 

s i n g l e  prev ious p o i n t  a re  r e q u i r e d  i n  o rde r  t o  g e t  values ahead. A 



fou r th -o rder  Runge-Kutta s t a r t e r  i s  t he re fo re  used. 

The s ide  impact crash s imu la t i on  o f  Sect ion 10.2 was repeated sev- 

e r a l  times f o r  the  purpose o f  determin ing a maximum s i z e  f o r  the upper 

bound on l o c a l  t r u n c a t i o n  e r r o r  which would r e s u l t  i n  convergence o f  the  

i n t e g r a t i o n  t o  w i t h i n  0.1 degrees f o r  a l l  Eu ler  angle values ( a t  t he  end 

o f  the crash). The s i de  impact s imu la t i on  was se lected as the  standard 

because i t  i s  the most general o f  the model v e r i f i c a t i o n  exerc ises o f  

Chapter 10 and because i t  i s  o n l y  s l i g h t l y  l ess  v i o l e n t  ( i n  terms o f  

acce le ra t i on  values) than the most v i o l e n t  crash s imu la t ion  s t ud ied  

( f r o n t a l  impact, Sect ion 10.1). 

The e n t i r e  computer program w r i t t e n  f o r  t h i s  i n v e s t i g a t i o n  i s  ap- 

prox imate ly  4100 For t ran  1 ines i n  length.  



CHAPTER 6 

PREL IMINARY TEST RUNS OF T H E  COMPUTER MODEL 

A series of preliminary exercises for the computer model was car- 

ried out for  several purposes: 1)  t o  verify the analysis presented in 

Chapter 4 ;  2 )  to verify the implementation o f  t h a t  analysis in the com- 

puter program; and 3 )  wherever verification fa i led ,  t o  provide clues fo r  

debugging. These t e s t s  were concerned with the mathematical model only 

as a dynamic system and not  as a model for the human body. Severinl o f  

the t e s t s  involved only the torso portion of the model since the torso 

model was fu l ly  developed before analysis for  the head-neck portion was 

even begun. Most of these exercises were for  f ree motion problems; ver- 

i f icat ion for  forced motion i s  discussed in Chapter 7 ,  

The analytical detail  of several of the free motion t e s t s  i s  given 

in Appendix D. For those t e s t s  the procedure was always to  obtain the 

solution for  a problem that  could be solved completely (or almost com- 

pletely) by hand and then t o  compare the exact solution with resul ts  ob- 

tained by exercising the computer model . Exact analytical solutions 

could be found only fo r  a limited range of problems. In general these 

are  symmetric and two-dimensional. The problems solved involve, inde- 

pendently, most of the joint  properties, Excel lent  agreement between 

exact and computer solutions was achieved, 

While this  agreement i s  encouraging, the t e s t s  referred t o  have one 

weakness. I t  i s  probably - not  of consequence that an expl ici t  solution 

could not be obtained fo r  a problem involving several superimposed joint  

properties. Since the associated joint  moments are additive, i t  can be 

expected t h a t  independent verification of each will imply a valid1 



composite. A more serious weakness of the series of tests i s  that they 

are a1 1 one- and two-dcimensional problems. While the col lective tests 

bring into play most of the generalized coordinates, only 1 imi ted mixing 

occurs, i . e . ,  "cross terms" are not fully tested. A completely general 

three-dimensional problem would, of course, tes t  a l l  terms in the equa- 

tions of motion, b u t ,  needless to say, the motion cannot be found as an 

explicit  function of time so there i s  nothing against which to compare 

the computer model results.  There i s  a solution t o  this dilemma. Since 

we are dealing with a free motion problem, a l l  components of the linear 

and angular momentum vectors should be conserved, and also total  energy 

should be conserved i f  dissipated energy i s  accounted for. These quan- 

t i t i e s  are determined a t  the end of the integration interval and com- 

pared against their  values a t  t = 0. 

Calculation of the i - ,  j-, and k-components of 1 inear momentum for 

the sys tem i s  straightforward, Determination of kinetic energy and po- 

tential  energy i s  also clear. The total energy dissipated over the in- 

tegration interval was obtained by storing values of the energy dissipa- 

tion rate as a function of time and then integrating over the ent i re  

interval. Determination of the components of angular momentum i s  not as 

obvious. Detail of the angular momentum analysis i s  presented below, 

The angular momentum vector with respect t o  the origin of the iner- 

t i a l  frame i s  

Here, N" i s  the nun~ber of body elements, M ( ~ )  i s  the mass of body ele- 

ment i , 1s t h e  position vector of the center of npss of element 1 ,  



7 )  i s  the i n e r t i a  tensor f o r  element i (components def ined i n  tihe r o -  

t a t i n g  coordinate frar i~e ei) , and idi) i s  the angular v f l o c i  t y  vector  f o r  

"("1 so element i . Let  the and 3 terms of (6.1 ) be c a l l  ed i(") and L 

t h a t  (6.1 ) becomes 

and 

A f t e r  c a r r y i n g  ou t  the cross products f o r  i ( ' )  and separat ing the  r e s u l t  

i n t o  i, j ,  and k components, we have 

Since the i n e r t i a l  components o f  co are sought, ,i t i s  necessary tto trans- 

form the  components o f  the i n e r t i a  tensor  t o  i n e r t i a l  reference. The 



t rans fo rmat ion  f rom system ei t o  e i s  

S ince f(j) i s  d iagonal  i z e d  i n  the  r o t a t i n g  frame, i .e., 

equa t ion  (6.6) becomes 

a(') must a l s o  be t ransformed.  In el i t  i s  

E l i m i n a t i o n  o f  ( i i ,  jl, k j )  by (4.2.1) g i ves  

where 



Hence, 

where the i n e r t i a  tensor and angular velocity components a r e  as given by 

(6.8) and (6.11).  I(*) i s  then obtained by summing (6.12) over i ,  and 

we have 

Then, conservation o f  angular momentum requires t ha t  



Now, suppose t h a t  l i n e a r  and angular momenta and t o t a l  energy are 

shown t o  be "near ly"  conserved, over the i n t e g r a t i o n  i n t e r v a l ,  f o r  a  

computer model so l u t i on .  Then i t  may reasonably be assumed t h a t  both 

the  ana lys is  and the  numerical s o l u t i o n  f o r  the  f r e e  motion problem are  

good. I n  order  t o  quan t i f y  how near l y  the momenta and energy are con- 

served, non-dimensional quan t i t i e s  are def ined as described below and 

a re  determined and p r i n t e d  ou t  by the output  subrout ine along w i t h  the 

values o f  the var ious conserved quan t i t i e s .  

L e t  Eo be t he  t o t a l  energy a t  t = 0. L e t  E be the sum o f  the 

k i n e t i c  and p o t e n t i a l  energies a t  the end o f  the  i n t e g r a t i o n  i n t e r v a l .  

Le t  D I S S  be the  t o t a l  energy d i ss i pa ted  over the i n t e g r a t i o n  i n t e r v a l .  

Then, de f i ne  

IE + DISS -E,I 
€ = 

€ Eo 
a 

The numerator represents the amount of energy "created" o r  " l o s t "  dur ing 

t he  i n t eg ra t i on .  I f  t h i s  amount i s  very  small compared w i t h  E,, i .e., 

i f  €,<< i, then t o t a l  energy w i  11 be sa id  t o  be conserved. 

L e t  (Px, P P ) and (Lx, L , L,) be the components of the  l i n e a r  
Y '  z Y 

and angular momenta f o r  the system. A non-dimensional E i s  ca lcu la ted  

f o r  each o f  these s i x  components, and a1 1 are def ined analogously t o  

c , as below: 
px 



Sonie coll\rrlents should be ~iiade regarding t h i s  de f in i t ion .  F i r s t ,  whereas 

0 
= 0 guarantees a t r i v i a l  zero-motion problem, ~ ~ ( 0 )  = 0 does not 

necessarily indicate a t r i v i a l  problem. As an example, the syrteni niight 

i n i t i a l l y  contain potential  energy b u t  no kinet ic  energy so t ha t  when 

"released" a t  t = 0 t r ans fe r  of energy would begin t o  take place. Ac- 

cordingly, I Px(0) 1 i s  not a su i t ab le  denominator f o r  6 . One reason- 
px 

able def in i t ion fo r  the denominator would be the maximum value of IP,I 

occurring in the integration in te rva l .  B u t  a def in i t ion probably as 

good as any i s  the one used in (6.16),  i . e . ,  the sum of the absolute 

values of the contributions t o  P, from a l l  of the masses. The 1 inear 

and angular mo~nentum components a re  conserved i f  t h e i r  6 ' s  a r e  mulch l e s s  

than 1 .  

Incorporation of the foregoing in to  the computer program makes pos- 

s i  ble the valuation of r e su l t s  f o r  a completely general,  three- 

dimensional , f r e e  motion problem. A t e s t  exercise se lected f o r  the  

torso ,  with no head, involved winding up the 1 inkage a t  t = 0 i n  an a r -  

b i t r a ry  manner through a l l  of the angular degrees of freedom. Muscle 

tension parameters were a l l  zero, b u t  a l l  other j o in t  propert ies were 

'lone1' The integration interval  ( i n  seconds) was [O,  0.11, and angular 

accelerat ion values were comparable t o  values in a crash s i tua t ion .  All 

of the E ' S  had values in the approximate range 0.0001 t o  0.00001. I t  

was discovered, as expected, t ha t  these values could be made smaller as 

desired by e i t he r  reducing the maximum a1 lowed integration time s tep  o r  

by prescribing a smaller maximum a1 1 owed local truncation e r ro r  l'or the 

in tegrat ion,  

The necessary energy and angular momentum quant i t ies  a r e  not; deter-  

mined in the computer program f o r  the head-neck portion of the model, 



so a corresponding va lua t i on  cou ld  no t  be made f o r  the complete occupant 

model. The l i n e a r  momentum components are determined, however, and the 

r e s u l t i n g  r ' s  f o r  the  three-dimensional t e s t  exerc ise were s t i l l  i n  the  

range 0.0001 t o  0,00001. It may be i n f e r r e d ,  i n  consequence, t h a t  

energy and angular momentum would a l s o  be found t o  be conserved if they 

were ca l cu l a ted  s ince  the  equations o f  mot ion a re  h i g h l y  coupled. 

- One l a s t  note i s  made here regard ing the energy and momentum checks. 

Since bo th  energy and t he  momenta are h i g h l y  dependent on genera l ized 

v e l o c i t i e s ,  t he  E ' S  a re  l a r g e l y  a  r e f l e c t i o n  o f  how good the  v e l o c i t y  

values are.  Values f o r  the general i zed  coordinates themselves w i  11 , i n  

general ,  be more accurate s t i l l  than the  v e l o c i t y  values; they a re  ob- 

t a i ned  by i n t e g r a t i n g  t he  genera l ized v e l o c i t i e s ,  and i t  i s  known t h a t  

e r r o r  i s  i n  general reduced by successive numerical i n t eg ra t i ons .  Con- 

verse ly ,  t he  genera l ized acce le ra t ion  va l  ues from which the v e l o c i t i e s  

are obtained a re  n o t  as accurate. 



CHAPTER 7 

FORCED MOTION 

It was made c l e a r  i n  Chapter 1 t h a t  t h i s  study i s  n o t  concerried 

w i t h  modeling a v e h i c l e  i n t e r i o r  f o r  i n t e r a c t i o n  w i t h  t he  crash v i c t i m  

model. It i s  nonetheless des i r ab le  t o  i n v e s t i g a t e  fo rced  mot ion r e -  

sponse o f  the model. Shor t  o f  determin ing genera l ized fo rces  assoc ia ted 

w i t h  v e h i c l e  i n t e r i o r l c r a s h  v i c t i m  i n t e r a c t i o n ,  whatever form o f  ~ e x c i t a -  

t i o n  i s  prov ided w i l l  be somewhat a r b i t r a r y .  A reasonably general  d i s -  

placement e x c i t a t i o n  has been a l lowed f o r  because i t  i s  e a s i l y  imple- 

mented i n  the  computer model and because t h i s  f ea tu re  may be used o t h e r  

than as a means o f  i n v e s t i g a t i n g  fo rced  response. 

7.1 THE FORCING FEATURE 

Consider the system o f  f r e e  mot ion equat ions (5.2), i .e., N equa- 

t i o n s  o f  the form 

There i s  one equat ion f o r  each genera l ized coord ina te  qk. The c o e f f i -  

c i e n t s  Gki a re  f unc t i ons  o f  t he  genera l i zed  coord inates w h i l e  t he  fk a re  

f unc t i ons  o f  the general i z e d  v e l o c i t i e s  as we1 1. 

Suppose t h a t  some q .  i s  n o t  a degree o f  freedom b u t  i n s t e a d  i s  
J 

f o r ced  as a f u n c t i o n  o f  t ime.  Then the  Lagrange equat ion f o r  q. has no 
J 

s i g n i f i c a n c e ,  and a1 1 q , , and { .  appearing i n  any o f  t he  remalining 
j J J 

N-1 equat ions have known values and serve as an e x c i t a t i o n  t o  t h e  r e -  
. 

maining N-1 degrees of  freedom. The procedure i s  c l e a r .  When qj, qj, 



and q ,  are  p resc r ibed :  1 )  t he  Lagrange equat ion f o r  q .  i s  d isregarded; 
J J 

2) a l l  q .  and @ appeming  i n  a1 1 Gki and fk must be g iven  t h e i r  pre-  
J J 

sc r i bed  values f o r  each va lue o f  t d u r i n g  the  i n t e g r a t i o n ;  and 3)  a l l  

G q must be transposed so as t o  become pa r t s  o f  the  fk. 
k j  j 

This  procedure i s  i 11 u s t r a t e d  by the  f o l l  owing two-degree-of- 

freedom problem. Consider' t he  system shown i n  F igure  16. 

F igure  16. A f r e e  system t o  be f o r ced  b y  xl (t). 

The Lagrange equat ions f o r  t h e  f ree system are  

where 1 and l2 are equi  1 i b r i u m  leng ths  f o r  k, and kp. Suppose t h a t  x, 

i s  p resc r i bed  as a  f u n c t i o n  o f  t. Then (7.1.2) i s  d is regarded and 

(7.1.3) becomes 

This  same equat ion r e s u l t s ,  o f  course, i f  t he  forced,  one-degree-of- 

freedom problem i s  so lved d i r e c t l y ,  i .e., i f  kl and ml a re  n o t  inc luded  

i n  the  system. 



7.2 USES OF THE FORCING FEATURE 

7.2.1 E x c i t a t i o n  - 

With from one t o  N-1 se t s  o f  values (q., i., q .) p resc r i bed  as tab -  
J J J  

u l a r  o r  f unc t i ona l  t ime  h i s t o r i e s  t h e r e  i s  cons iderab le  f l e x i b i l i t y  f o r  

s tudy ing  f o r ced  response o f  t he  v e h i c l e  occupant model. * Howeveif, t h i s  

i s  n o t  t h e  o n l y  importance o f  t he  f o r c i n g  f ea tu re .  

7.2.2 - E l  i m i n a t i o n  o f  Non -pa r t i c i pa t i ng  Degrees o f  Freedom 

It can o f t e n  be seen by symmetry t h a t  " spec ia l  case" exerc ises of 

t h e  three-dimensional  v e h i c l e  occupant model wi  11 show a c t i v i t y  i n  o n l y  

some o f  t he  genera l i zed  coord inates.  The case o f  g rea tes t  i n t e r e s t  i s  

when t h e  model i s  exerc ised  i n  a  plane, i .e., as a  two-dimensional veh i -  

c l e  occupant. Suppose, f o r  example, t h a t  mot ion i s  i n  the  i - k  plane. 

Then, t h e r e  a re  o n l y  n  + 5 a c t i v e  genera l i zed  coord inates:  x, , i!l , x, 

z, and a l l  p i t c h i n g  angles.  The remain ing 2n t 4 genera l i zed  coo rd i -  

nates ( w i t h  t h e i r  v e l o c i t i e s  and acce le ra t i ons )  may be s e t  iden t i i ca l  l y  

t o  ze ro  i n  t he  e x c i t a t i o n  subrout ine.  

The va lue i n  be ing  ab le  t o  do t h i s  i s  a  savings i n  computat ion time. 

Each coo rd i na te  e l i m i n a t e d  i n  t he  manner descr ibed i n  Sec t ion  7.1 c l e a r l y  

reduces t he  o rder  o f  t he  c o e f f i c i e n t  m a t r i x  [GI by one, As was noted i n  

Chapter 2 t h e  number o f  mu1 t i p l i c a t i o n  opera t ions  r equ i r ed  f o r  t he  i n -  

3 ve r s i on  o f  an a l g e b r a i c  system o f  o rde r  N i s  n e a r l y  p r o p o r t i o n a l  t o  N . 

*The computer program i s  dimensioned f o r  a  maximum o f  s i x  se t s  of' p re -  
sc r i bed  t ime h i s t o r i e s ,  i .e., up t o  s i x  degrees o f  freedom can be forced.  
A l l ow ing  f o r  up t o  N-1 cou ld  be done very  s imp ly  by  dimensioning f o r  a 
h i ghe r  number. Also,  i t  i s  noted here t h a t  t a b u l a r  t ime h i s t o r i e s  a re  
made cont inuous by 1 i n e a r  i n t e r p o l a t i o n .  



I n  terms o f  t he  p l ana r  exe rc i se  t h i s  means, f o r  example, t h a t  t he  c o s t  

f o r  i n v e r s i o n  can be reduced t o  

o f  what i t  would be i f  none o f  the  n o n - p a r t i c i p a t i n g  coord inates were 

e l im ina ted .  For n  equal t o  3, f o r  example, t h i s  i s  about 0.088, i , e . ,  

t h e r e  i s  a  savings i n  i n v e r s i o n  c o s t  o f  about 91%. I nve rs i on  does not 

represen t  t he  major  c o s t  i n  ope ra t i on  o f  the f u l l  , three-dimensional  

model, b u t  i t  i s  q u i t e  s i g n i f i c a n t .  (Determinat ion o f  { f)  and [GI i s  

more c o s t l y .  ) 

7.2.3 - Const ra in ing  t h e  Mathematical Model 

It i s  poss ib l e  t o  use a  mod i f i ed  and expanded ve rs i on  o f  the  f o r c -  

i n g  c a p a b i l i t y  as a  means o f  imposing c o n s t r a i n t s  on the  mathematical 

model. Th is  a p p l i c a t i o n  has n o t  been made, no r  has i t  been prov ided f o r  

i n  t h e  e x c i t a t i o n  subrout ine,  b u t  the  r e q u i r e d  r e v i s i o n s  a re  n o t  exten- 

s i ve .  

Probably t he  most impor tan t  p o t e n t i a l  a p p l i c a t i o n  would be the  re -  

d u c t i o n  o f  any ba l l -and-socket  j o i n t  t o  a  h inge j o i n t .  Such a  j o i n t  

m igh t  be more app rop r i a t e  f o r  the  knee, f o r  example, a1 though i t  can be 

adequately modeled by us ing  a  degenerate s top  angle  " e l l i p s e "  ( s i d e  s top  

angle  equal t o  zero) ,  a  t w i s t i n g  s t op  angle  o f  zero,  and s u f f i c i e n t l y  

l a r g e  j o i n t  s top s t i f f n e s s e s .  The reduc t i on  t o  a  h inge j o i n t  cannot be 

accompl i shed  w i t h  t he  f o r c i n g  f e a t u r e  as i t  was descr ibed i n  Sec t ion  7 .1  

because t h e  knee angle  f o r  t h e  h inged knee i s  a  # r e l a t i v e  Eu le r  angle  



( +  f o r  the ith j o i n t ) ,  which i s  no t  a  genera l ized coord inate.  

E l im ina t i on  o f  two o f  'the equations of motion cannot, there fo re ,  b r i n g  

about the desi red r e s u l t ;  i t  i s  necessary t o  e l i m i n a t e  the  three equa- 

t i ons  f o r  the lower l e g  angles (qcl , Bitl , fi+,) and replace them by an 

equat ion f o r  the knee angle. 

An a1 t e r n a t i v e  approach t o  reducing a  bal l -and-socket j o i n t  t o  a  

hinge would be t o  add two c o n s t r a i n t  r e l a t i o n s  (and associated con- 

s t r a i n t  f o r ce  terms) t o  the system of equations, r e t a i n i n g  a l l  general-  

i zed  coordinates. The cos t  disadvantage o f  t h i s  method was po in ted  o u t  

i n  Chapter 2. 

7.3 VERIFICATION FOR SIMPLE FORCED MOTION PROBLEMS 

One check made on the fo rc ing  fea tu re  of the  computer model was 

simply t o  e l im ina te  non -pa r t i c i pa t i ng  degrees o f  freedom f o r  p lanar  

problems, as explained i n  Sect ion 7.2 .2 ,  Numerical r e s u l t s  were ob- 

served t o  be unchanged (wh i le  computation t ime was reduced). 

Various o f  the f r e e  motion v e r i f i c a t i o n s  discussed i n  Appendiix D 

i nvo l ve  se lec t i ng  very l a r g e  masses and moments o f  i n e r t i a  f o r  sonne o f  

the  elements o f  the dynamic system. The purpose i s  t o  prov ide an anchor 

f o r  the  remaining p a r t  of the  system so t h a t  approximate agreement w i t h  

exact so lu t i ons  f o r  s impler  sys tems can be demonstrated. The anchors 

f o r  the f r e e  motion problems are, o f  course, no t  e n t i r e l y  unaf fected by 

motion o f  the  l ess  massive elements i n  the  system. Some o f  the  exer- 

c ises discussed i n  Appendix D were repeated i n  order  t o  f u r t h e r  t e s t  t he  

fo rc ing  feature. It was poss ib le  t o  demonstrate exact agreement k r i th  

t r u e  so lu t i ons  by f o r c i n g  what had been anchor elements t o  remain f i x e d  

i n  space; e f f e c t i v e l y ,  the anchors a re  thus a t t r i b u t e d  w i t h  i n f i n i t e  - 



n o t  merely " l a rge "  - masses and moments o f  i n e r t i a .  

F i n a l l y ,  a s i n u s o i d a l l y  fo rced  spring-mass system was so lved w i t h  

t h e  computer model, and t h e  r e s u l t s  were shown t o  agree w i t h  the  ana l y t -  

i c a l  time-dependent s o l u t i o n ,  The s p r i n g  p o r t i o n  o f  the neck l eng th  

Ke l v i  n  element and the  head mass c o n s t i t u t e d  the  one-degree-of-freedom 

system, and t he  f i r s t  t o r s o  mass was e x c i t e d  by zl = A ( l  - s i n  w t ) .  



CHAPTER 8 

PRELIMINARIES FOR CRASH SIMULATIONS 

The ana ly t i ca l  and computer development having been completed - 
and the model v e r i f i e d  as a dynamic system - i t  was next o f  i n t e r e s t  t o  

exerc ise the model as a veh ic le  occupant i n  a crash s i t u a t i o n .  Several 

such exercises are described and discussed i n  Chapter 10. Common t o  

a l l  o f  those crash s imulat ions i s  the s e t  o f  parameter values which de- 

sc r i be  the crash v i c t im .  Se lec t ion  of those values i s  discussed i n  t h i s  

chapter, i n  Sect ion 8.1. I n  Sect ion 8.2 i s  discussed a necessary con- 

s ide ra t i on  f o r  se lec t i on  o f  c e r t a i n  o f  the i n i t i a l  cond i t ions  . 

8.1 SELECTION OF VEHICLE OCCUPANT PARAMETER VALUES 

8.1 .1 Body Parameters 

Some o f  the crash s imulat ions o f  Chapter 10 are intended t o  be cov- 

pared w i t h  r e s u l t s  obtained from the three-dimensional model o f  Robbins, 

Bennett, and Roberts (18), hereaf te r  r e f e r r e d  t o  as the "HSRI 3-D" model 

Vehicle occupant parameter values are there fore  selected t o  be i n  ac- 

cord w i t h  HSRI 3-D values t o  the ex ten t  allowed by the d i f fe rences i n  

the ana ly t i ca l  models. The HSRI values given here are  f o r  a 50th- 

percen t i 1  e man. 

The only  to rso  inves t iga ted  i n  t h i s  study has been one o f  th ree  

masses a1 though the computer program can be dimensioned f o r  n. I t  has 

been commented e a r l i e r  t h a t  the t h i r d  to rso  element should probably be 

thought o f  as the p e l v i c  mass. Comparison o f  the three-mass to rso  

length  w i t h  the HSRI  model (one-mass to rso ,  w i t h  legs)  i nd i ca tes  a 

choice o f  l3 = 6.5 i n .  The o v e r a l l  HSRI  to rso  length  i s  23 in . ,  so 



l1 + l2 = 16.5 i n .  Then, the lengths l1 and l2 are propor t ioned equiv- 

a l e n t l y  t o  corresponding HSRI 2-0 values (15):  11/12 = 12.59/5.75 = 

2.19. Hence, l1 = 11.33 i n .  and l2 = 5.17 in . *  

I t  i s  desi red t o  p lace  the to rso  j o i n t s  along the spine. The H S R I  

t o rso  thickness i nd i ca tes  the choices to = tl = t2 = t3 = 4.6 i n .  t o  be 

reasonable. 

- For the purpose o f  determining mass and moment o f  i n e r t i a  values 

the approximation i s  made t h a t  the t o r s o  has uni form cross sec t i on  d i -  

mensions along i t s  l e n g t h  and t h a t  the  mass densi ty  i s  constant.  Then, 

where W i s  the t o t a l  t o rso  weight,  90.4 l b . ,  we have (W1 + W2)/(ll + 12) 

= W / ( l l  + l2 + 13). Also, W1/W2 = 11/12 = 2.19. It fo l l ows  from t h i s  

t h a t  W, = 44.5 l b . ,  W2 = 20.3 l b . ,  and W3 = 25.6 l b .  The corresponding 

masses, i n s l  ugs , a r e  1 ,383, 0.630, and 0.795. 

Torso moments o f  i n e r t i a  a re  approximated as values f o r  r i g h t  e l -  

l i p t i c a l  cy l i nde rs  o f  heights equal t o  11, l ? ,  and l3 and semi-major 

and semi-minor axes a and b o f  6.5 i n .  and 4.5 i n .  These values f o r  a 

and b a re  assumed from HSRI dimensions. Where the  minor axes are  fo re-  

a f t  f o r  each o f  the t o r s o  elements, the moments o f  i n e r t i a  a re  then 

*Length values given here i n  inches are converted t o  f e e t  f o r  i n p u t  t o  
the  computer program. 



2 These equat ions g i ve  values i n  [ l b - in -sec  ] o f  Ile3 = (2.45, 0.673, 

0.932), J I m 3  = 1 8 1 ,  0.383, 0.568), and K ,  = (1.80, 0.822, 1.035). 

I f  the  t h ree  e l l i p t i c a l  c y l i n d e r s  a re  considered t o  be j o i n e d  r i g i d l y  

i n t o  one c y l i n d e r ,  t he  values I = 15.34, J  = 13.8, K = 4.39 r e s u l t .  

These a re  reasonably c lose  t o  t he  HSRI 3-D values o f  12.78, 11.5, and 

3.65, so i t  i s  assumed t h a t  the  values found f o r  1  J ,  and Ki a re  n o t  

unreasonable f o r  use i n  i n v e s t i g a t i o n s  comparing t he  v e h i c l e  occupant 

models , 

The HSRI head we igh t  o f  15.8 1b has been adopted; t h i s  i s  0.490 

s lugs .  Values o f  6  i n .  and 2.125 i n .  a re  approximate values f o r  ithe 

head q u a n t i t i e s  r and d  (F igure  9). The e q u i l i b r i u m  neck l e n g t h  1 i s  
e q 

a r b i t r a r i l y  taken as 4 inches. 

The head moments o f  i n e r t i a ,  Ih, Jh, Kh, are,  r espec t i ve l y ,  0.3672, 

2  0.4420, and 0.2210 1  b- in-sec . These a re  the  same as HSRI values and 

were obta ined by assuming t h e  head element t o  be an e l l i p s o i d  w i t h  u n i -  

form mass d i s t r i b u t i o n .  The semi-axis leng ths  f o r  t h e  x-, y-, and z- 

p r i n c i p a l  a x i s  d i r e c t i o n s  a re  a = 4.25, b= 3.00, and c  = 6.00 inches, 

2  2  and e l l i p s o i d  equat ions rep lace  (8.1 . I ) ;  f o r  example, Ih = mh(b f c  ) I  

8.1 .2 J o i n t  Parameters 

According t o  von Gierke (28)  t he  undamped n a t u r a l  f requency f o r  

head mot ion caused by z - e x c i t a t i o n  o f  t he  upper t o r s o  i s  about fo = 30 

*The, values f o r  head mass and head moments o f  i n e r t i a  g i  en h  r e  a re  
p o s s ~ b l y  as much as f ~ f t y  percent  g rea te r  than proper  vafues f o r  a  
50 th -percen t i l  e  male (4,  22). The H S R I  values were se lec ted  t o  agree 
w i t h  values determined f o r  an anthropomorphic dummy. 



Hz. Consequently, t he  f i r s t - o r d e r  sp r i ng  r a t e *  f o r  the neck l eng th  can 

be approximated by  

A s p r i n g  r a t e  va lue o f  the same order  o f  magnitude can be est imated 

i-n a  complete ly  d i f f e r e n t  manner. Consider the i n t e r v e r t e b r a l  d iscs  i n  

t he  c e r v i c a l  sp ine  t o  represent  seven i d e n t i c a l  spr ings,  k '  , i n  ser ies .  

The composite s p r i n g  r a t e  i s  then k  = k ' /7 .  The s t i f f n e s s  k '  can be 

approximated from da ta  a v a i l a b l e  i n  the  l i t e r a t u r e ,  Orne and L i u  (29) 

2  g i v e  6600 I b / i n  as an est imated value f o r  Young's modulus, E, f o r  d i s c  

m a t e r i a l .  McKenzie and W i l l  iams (30) g i v e  rad iograph ica l  l y  determined 

2 values f o r  c e r v i c a l  d i s c  areas, the average area be ing A = 0.483 I n  . 
McKentie and Wi l l iams a l s o  g i ve  values f o r  the ve r t eb ra l  body he ights ,  

the  average o f  which i s  0.578 inches. No d i s c  thicknesses a re  given, 

b u t  examinat ion o f  x-rays ( f o r  example, see re ference (21 ) )  i nd i ca tes  

them t o  be about one - th i r d  o f  the  ve r t eb ra l  he ights ,  i .e., h  = 0.193 

inches. Then, the  a x i a l  s t i f f n e s s  f o r  a  s i n g l e  d i s c  i s  k '  = AE/h = 

16,500 l b / i n .  Hence, t he  composite neck s t i f f n e s s  i s  k = 2360 l b / i n ,  o r  

28,300 l b / f t .  This i s  about 63% l a r g e r  than the p rev ious l y  determined 

value. I f  experimental  s t i f f n e s s  values f o r  the  t ho rac i c  d iscs  obta ined 

*There i s  enough u n c e r t a i n t y  a t  t h i s  stage of the i n v e s t i g a t i o n  regard- 
i n g  proper choice o f  values f o r  even f i r s t - o r d e r  sp r i ng  and damping co- 
e f f i c i e n t s  t h a t  second- and t h i r d - o r d e r  terms w i l l  be assumed zero, i,e, 
moments (and f o r ces )  w i l l  be l i n e a r  func t ions  o f  deformations and defor- 
mat ion ra tes .  Non - l i nea r i t y  can s t i l l  be in t roduced on the  bas is  o f  any 
subsequent exper imental  determinat ion o f  non-1 i nea r  moment curves o r  by 
empi r i ca l  adjustment t o  experimental crash dynamics. 



by Mark01 f and S te ide l  (31 ) - 11,000 t o  21,000 1 b / i n  - a re  assume!d t o  

approximate c e r v i c a l  d i s c  s t i f f n e s s e s ,  then we o b t a i n  k  = 20,600 I b / f t ,  

which i s  somewhat c l o s e r  t o  the r e s u l t  o f  equat ion (8.1.2). 

For a  s imple mass-spring-damper model f o r  the  human body w i  t$h s p i -  

na l  column, von Gierke (28) g ives a  range o f  0.221 t o  0,266 f o r  t he  

damping r a t i o  f o r  t he  composi t e  sp ina l  column damper. A value of '  0.224 

has been assumed reasonable i n  t h i s  s tudy f o r  t he  c e r v i c a l  spine. 

Hence, 

where the  denominator i s  t h e  c r i t i c a l  damping value. k  and mh have been 

determined, so c can be found as 

F i  r s t - o r d e r  sp r i ng  and damping c o e f f i c i e n t s  f o r  bending and t w i s t -  

i n g  a t  the neck do n o t  have a  d i r e c t  correspondence t o  HSRI 3-D neck 

q u a n t i t i e s  because o f  t he  d i f f e rences  i n  the a n a l y t i c a l  models. But  as 

n e a r l y  as correspondences between the  models can be made, t h e  f o l  lowing 

values a re  ind ica ted .  J o i n t  s top  sp r i ng  and damping c o e f f i c i e n t s  f o r  

bending a t  N-T are 189 f t . l b / deg  and 0.00291 f t . lb / (deg/sec) .  The 

respec t i ve  values f o r  N-H are  taken as 378 and 0.00582. For j o i n t  s top  

t w i s t i n g  (H-T) the values a r e  160 and 0.00291 .* The respec t i ve  e l a s t i c  

* J o i n t  s top  damping c o e f f i c i e n t s  g iven  here a re  f e l t  by t h i s  author  t o  
be too  smal l .  The H S R I  3-D values a re  completely a r b i t r a r y .  B e t t e r  

- val  ues , a1 though s t i  11 a r b i t r a r y ,  could probably be obta ined by making 
est imates on the  bas is  o f  c r i t i c a l  damping, w i t h  damping r a t i o s  o f  1 o r  
g rea te r  . 



k and c values are  0.873, 0, , 1.746, O., 0.873, and 0. 

F i r s t -o rde r  spr ing  and damping c o e f f i c i e n t s  f o r  bending a t  the 

to rso  j o i n t s  a re  suggested by HSRI 2-D values. A t  both j o i n t s  the  j o i n t  

s top c o e f f i c i e n t s  are, respect ive ly ,  333 ft. 1 b/deg and 0. ft. 1 b/(deg/ 

sec). For t w i s t i n g  the  j o i n t  s top coe f f i c i en ts  used are  s i m i l a r  t o  neck 

values: 160 and 0.00582. The e l a s t i c  coe f f i c i en ts  are a l l  zero. 

Values were obtained f o r  a volunteer f o r  t he  f r o n t ,  back, and s ide  

s top  angles f o r  general ized p i t c h i n g  a t  the  two centers o f  r o t a t i o n  f o r  

the  neck (N-T and N-H) discussed i n  Sect ion 3.1. The value f o r  t w i s t -  

i n g  was a lso obtained. These are  rough values s ince a hand-held protrac- 

t o r  was used, Head movements were made v o l u n t a r i l y  by the  subject.  

N-T N-H 

Front ( f l e x i o n )  60" 1 0° 
Back (extension) 15' 30° 
Side (1 a t e r a l  f l e x i o n )  25' 25' 

Twist ing, H-T: 60' 

% 

T a r r i e r e  and Sapin (22) g i ve  average values f o r  maximum vo lun tary  f l e x -  

i o n  and extension as: a) 65' and 70' a t  N-T; and b)  20' and 30' a t  N-H. 

These values are  i n  b a s i c a l l y  good agreement w i t h  those given above ex- 

cept f o r  t h e  70' extension value a t  N-T. This value seems ra the r  l a rge  

i n  view o f  the  f a c t  t h a t  t he  30' extension range a t  N-H impl ies a t o t a l  

vo lun tary  extension o f  100°. On the  otherhand the  value o f  15' given i n  

t he  t a b l e  seems small s ince i t  imp l ies  a t o t a l  vo luntary extension o f  

45'. (About 70' i s  regarded as normal t o t a l  vo luntary extension o f  

the  neck,) The value o f  15' i s  used i n  t h i s  inves t iga t ion ,  

J o i n t  s top angle values a re  needed a lso f o r  the torso j o i n t s .  Def- 

i n i t i o n  o f  j o i n t s  f o r  the  thorac ic  and lumbar sprines i s  considerably 

more a r b i t r a r y  than d e f i n i t i o n  o f  j o i n t s  i n  the neck l inkage,  and the  



j o i n t  s top  angle values are less  e a s i l y  obtained. Again w i t h  the a i d  o f  

a vo lunteer ,  extreme ranges o f  vo lun tary  bending and t w i s t i n g  were de- 

termined approximately. However, on l y  the  ranges f o r  the to rso  as a 

whole could be measured i n  any reasonable manner. It there fo re  beconies 

necessary t o  f i n d  a method o f  d i s t r i b u t i n g  the values over the  l eng th  o f  

the torso,  i .e., t o  the n-1 to rso  j o i n t s .  There seems t o  be no "unique" 

reasonable method, b u t  there  poss ib ly  i s  a "best" way. 

F igure 17 shows the  to rso  i n  a p o s i t i o n  o f  extreme forward bending. 

The p e l v i c  mass i s  considered t o  be unrotated, and the angle 8 t o  the  

tangent a t  N-T i s  t he  value measured f o r  forward bending. The approx i -  

mation i s  made t h a t  i n  the extreme bending p o s i t i o n  the  spine has con- 

s t a n t  curvature. Also, the chord lengths i n  the f i g u r e  are approximated 

by l1 and 12. The j o i n t  stop angles el and O2 a re  t o  be determined. 

Constant curvature imp l ies  t h a t  

Si'nce 

we o b t a i n  

To f i n d  e2, note f i r s t  t h a t  



Figure 17.  Extreme voluntary forward bending of torso. 

Figure 18. A sector. 



Also, where p2 i s  the c e n t r a l  ang le  f o r  t h e  chord l 2  ( r e f e r  t o  F igure  

181, we have t h a t  

E l i m i n a t i n g  4 i n  (8.1.9) and s o l v i n g  f o r  R2 we have 

Simi 1  a r l y  , 

Since constant  cu r va tu re  has been assumed, R1 equals R2, and t h e r e f o r e  

(8.1.10) and (8.1.11) g i ve  (8.1.12). Equat ion (8.1.13) der i ves  from 

(8.1.6) and (8.1.7). 

These two equat ions can be so lved f o r  e2 and ql. Only e2 i s  o f  p a r t i c u -  

l a r  i n t e r e s t .  The r e s u l t  i s  



The forward stop angles el and e2 have thus been determined as func- 

t i ons  of 8. It w i l l  be assumed t h a t  the same r e s u l t s ,  (8.1 -7) and 

(8.1.14), apply f o r  backward bending by amount 8> 0 and a l so  f o r  bend- 

i ng  t o  the side. 

Next, consider t w i s t i n g ,  and l e t  8 be the measured extreme value. 

Twist  per u n i t  length along the to rso  w i l l  be assumed constant and equal 

The d i s t r i b u t i o n  o f  t w i s t i n g  stop angles i s  then taken as 

Three o r  more j o i n t s  would l e a d  t o  add i t iona l  stop angles o f  the form 





The techniques i l l u s t r a t e d  here c l e a r l y  must g i ve  r e s u l t s  t h a t  a re  

more and more meaningful as the  number o f  j o i n t s  i s  increased, b u t  t he  

r e s u l t s  obta ined f o r  the  three-mass t o r so  do n o t  seem unreasonable. The 

values o f  9 measured f o r  forward, backward, and sideward bending and f o r  

t w i s t i n g ,  r espec t i ve l y ,  were 105', 25', 55' and 50'. The j o i n t  s top  

angles determined as i n  the fo rego ing  ana lys is  a re  g iven below. 

J o i n t  1  J o i n t  2 

F ron t  52.5' 15.9' 
Back 12.5' 3.9' 
Side 27.5' 8.5' 

Tw i s t i ng  30.3' 19.7' 

The extreme pos i t i ons  f o r  bending a re  i l l u s t r a t e d  i n  Figures 19 and 20. 

The rectangles represent  t he  p e l v i c  element. 

8.2 NECK INITIAL CONDITIONS 

Reasonable i n i t i a l  cond i t i ons  can e a s i l y  be s p e c i f i e d  f o r  a  v e h i c l e  

occupant who, a t  impact, i s  i n  a  normal s i t t i n g  p o s i t i o n  and i s  f a c i n g  

s t r a i g h t  ahead. Supposing t h a t  the veh i c l e  i s  i n i t i a l l y  headed p a r a l l e l  

t o  the  i n e r t i a l  x-axis,  we would o r d i n a r i l y  have i n i t i a l  Eu le r  angle  

values f o r  the head and t he  f i r s t  t o r s o  element o f  t he  o rde r  o f  zero, 

The neck coordinates would have t y p i c a l  values o f  l ( 0 )  = I,,, NO) = 00, 

and R(0) = 10' t o  15'. 

I n  l e s s  normal i n i t i a l  s i t u a t i o n s ,  however, proper cho ice o f  i n i t i a l  

va l  ues f o r  (1 , 0, R )  can be uncer ta in .  The des i red  o r i e n t a t i o n  o f  the  

head and of t he  f i r s t  t o r s o  element can always be s e t  up w i t h  l i t t l e  d i f -  

f i c u l t y ,  and l ( 0 )  can always reasonably be g iven the  value 1 b u t  Q(0) 
eq ' 

and R(0) must be se lec ted  w i t h  care. S t r i c t l y ,  these i n i t i a l  values a re  



i ndcpcndent and arb1 t r a r y  , b u t  anatomical  r es  t r i c t i o n s  must be cons ider-  

ed. I n i t i a l  R- and R'*-deformations o f  the  j o i n t  s top  " e l l i p s e s "  cannot 

be j u s t i f i e d .  The e l l i p s e s  represen t  "hard" stops and a re  the  l i m i t  f o r  

vo l un ta r y  r e l a t i v e  mot ion a t  t he  j o i n t s ;  deformat ion can be a1 lowed o n l y  

a f t e r  impact.  However, w i t h  g iven  values f o r  (f , e ,4), , ($, 0 ,  f ),, , 
and 1 a t  t = 0, an a r b i t r a ' r y  s e l e c t i o n  o f  values f o r  0 ( 0 )  and R(0) i s  

ve ry  l i k e l y  t o  r e s u l t  i n  deformat ion a t  one o r  bo th  p i t c h i n g  s tops.  

A s h o r t  computer program was t h e r e f o r e  w r i t t e n  t o  a i d  i n  se l lec t ing  

reasonable i n i t i a l  values. It can be r u n  be fo re  t h e  main computer p ro -  

gram whenever t he re  i s  u n c e r t a i n t y  about t h e  s e l e c t i o n  o f  i n i t i a l  values. 

The program accepts as i n p u t :  t h e  f r o n t ,  back, and s i d e  s top  angle  

values . f o r  bo th  e l l i p s e s ;  t he  i n i t i a l  Eu le r  angle  values f o r  bo th  t h e  

head and the f i r s t  t o r s o  element; l ( 0 )  ; and 0(0) ,  f o r  which a reasonable 

va lue can be est imated from cons ide ra t i on  o f  t he  des i r ed  i n i t i a l  s i t u a -  

t i o n .  The computer program then determines the s top  angle  f ( B ( 0 ) )  f o r  

the  NIT j o i n t .  For each o f  a s e t  o f  R values 0 & R 4 f (O (0 ) )  t h e  quan t i -  

t i e s  Q' , R '  , and fl (a) a r e  n e x t  determined, f, be ing  t h e  j o i n t  s t o p  

angle  f o r  N-H. I f  t h e  s e t  o f  r e s u l t i n g  R' and fl va lues con ta ins  a sub- 

s e t  f o r  which R' > f,, then  t h e  doubt about reasonable cho ice o f  i n i t i a l  

values i s  j u s t i f i e d .  ( I t  may have been warranted even i f  such a sub-set  

does n o t  r e s u l t  s i nce  unal lowable s i t u a t i o n s  a t  N-T have a l ready  been 

e l im ina ted . )  The complementary sub-set R '  4 fl then i n d i c a t e s  t h e  1 i m i t s  

o f  t h e  a l l owab le  range o f  values f o r  R(O), and any va lue  w i t h i n  t h e  range 

may be se lected.  



CHAPTER 9 

THE PHILOSOPHY OF MODEL VERIFICATION 

A1 1 i n v e s t i g a t o r s  t o  da te  i n  mathematical modeling o f  crash v i c t ims  

have had t o  contend w i t h  a se r ious  l a c k  o f  p e r t i n e n t  experimental data.  

F i r s t ,  development and use o f  the  model a re  hampered by u n a v a i l a b i l i t y  

o f  b ioparameter values. Second, v e r i f i c a t i o n  t h a t  the model i s  a good 

rep resen ta t i on  o f  the human body i s  made extremely d i f f i c u l t  by t he  l a c k  

o f  exper imental  c rash kinematics f o r  1 i v i n g  human sub jec ts .  What 1 i t t l e  

exper imental  work has been done i n  these areas app l ies  p r i m a r i l y  t o  t he  

range o f  vo l un ta r y  movement o f  body pa r t s  and t o  non-severe crash s i t u a -  

t i o n s .  The mathematical modeler must accept t h a t  these d i f f i c u l t i e s  can 

never be e n t i r e l y  overcome. While the complex i t ies  o f  the  experimental 

problems and a general shortage o f  good exper imenta l i s ts  a re  n o t  smal l  

h indrances, t he  o v e r r i d i n g  d i f f i c u l t y  would seem t o  be a complete l ack  

of expendable sub jec ts  f o r  l abo ra to r y  t e s t i n g .  

There can be l i t t l e  doubt t h a t  the  bes t  a l t e r n a t i v e  t o  use o f  human 

vo lun teers  i s  use o f  cadavers. A l i m i t e d  amount o f  work i n v o l v i n g  ca- 

davers and o f  poss ib l e  value t o  the  mathematical modeler has, i n  f a c t ,  

been done (4) .  But i t ,  i s  obvious t h a t  use o f  anthropomorphic dummies i s  

much more convenient i n  impact s l ed  crash s imulat ions,  and i t  i s  i n  t h i s  

d i r e c t i o n  t h a t  v i r t u a l l y  a1 1 l abo ra to r y  crash i n v e s t i g a t i o n  programs 

have gone. 

Unfor tunate ly ,  present  anthropomorphic dummies are l ess  than per fec t  

rep resen ta t ions  of the  human body as a biornechanical system. The most 

se r ious  defect  i s  probably t h a t  j o i n t s  have been designed w i t h  a l a r g e  



amount of Coulo~nb fr ic t ion.* This i s  n o t  a t  a l l  characteristic o f '  

j o i~ i t s  in tlle hualan, nor. i s  i t  characteristic of joint rcpresentat,ions 

used in most mathematical models, ( I t  seems likely that a~athematic:al 

models t h a t  do have Coulomb fr ic t ion in the joints stand a better chance 

of agreeing with dummy t e s t  resul ts ,  and there are perhaps some argu- 

ments for trying t o  reproduce the anthropomorphic dummy analytica'lly.) 

A mathematical model might have the potential of surpassing the dumny - 
an engineering model - as a n  approximation of the living human,  and in 

such case verification of the model by comparison with dummy t e s t  

results would have meaning only t o  the extent that the dummy i t se l f  

had been validated by comparison with human subjects. 

Very 1 i t t l  e dynamic testing has been done for dummy-agai ns t- human 

verification. And, surprisingly, only a limited amount of model-against- 

dummy testing has been done; so f a r ,  model and dummy crash simulation 

studies have proceeded almost independently. I t  i s  worth n o t ? n g  t h a t  a 

special problem exists in verifying mathematical vehicle occupant models 

against human, cadaver, or dummy response: Complete mathematical crash 

simulation models include analytical representation o f  restraint  systems 

and vehicle interiors as well as of the vehicle occupant, and therefore 

a "perfect" vehicle occupant model will respond differently from the 

equivalent human t o  a given vehicle excitation unless the restraint  sys- 

tem and vehicle interior are themselves modeled "perfectly." 

In any case the vehicle occupant model in the present investigation 

cannot be compared directly against human, cadaver, or dummy response f o r  

*Recent improvements have been made in neck design in this  regard (32) .  



a laboratory crash since a vehicle has no t  been analytical ly siniulated. 

The only apparent manner in which the model can be even par t i a l ly  veri- 

f ied i s  t o  compare i t  against another mathematical model . Strong argu- 

ments can be raised against such a practice (as common as i t  i s ,  by 

necessity , in some engineering areas) .  The primary weakness of th i s  ap- 

proach i s  t h a t  the model against which comparison i s  made i s  manifestly 

only at? imperfect representation of r e a l i t y .  Further, i t  i s  in most 

cases assumed t o  be the simpler model, and ye t  comparison of a "more 

complex" model with a "more simple" one presumedly indicates a degree o f  

val idi ty f o r  the simpler model more than i t  val idates the complex model , 

S t i l l ,  such a procedure i s  thought to  be of value. For the case in 

point the simpler vehicle occupant model i s  the HSRI 3-D simulation (18), 

which i s  described in the l i t e r a tu r e  review in Chapter 1.  That model 

has been reasonably we1 1 ver i f ied ,  and i t s  1 imitations are  recognized. 

Comparison of the model under investigation w i t h  the HSRI 3-D model 

should a t  l e a s t  indicate whether the gross response of the new model i s  

reasonable. Further, i t  allows f o r  studying the effects  of adding torso 

and neck f l e x i b i l i t y ,  muscle tension, e t c .  If departures from HSRI 3-D 

response can be explained reasonably in t h i s  context, then, t o  the 

degree t h a t  one agrees with the considerations that  went into defining 

the vehicle occupant model , one may assume tha t  the mathematical model 

can be "tuned" - by properly choosing bioparameter values - t o  more 

closely approximate the 1 iving human, 



CHAPTER 10 

VERIF ICAT ION OF THE V E H I C L E  OCCUPANT MODEL 

Because of lack of a vehicle inter ior  the vehicle occupant model i s  

reasonably compared against the HSRI 3-D simulation only for idealized 

crash situations . This restriction i s  no t  oaf consequence since desired 

degrees of crash severity can s t i l l  be investigated. 

Exercises of the vehicle occupant computer model wi 11 be described 

in this  chapter along with description of the idealized crashes simulat- 

ed with the HSRI 3-D computer model. The various crash situations were 

devised so as t o  allow the study of a l l  of the important features of the 

analytical model. Results and discussion of results for  each crash fol-  

low description of the crash. Reference t o  "VOM" will always indicate 

the "vehicle occupant model I' developed in this  investigation. 

10, l  FRONTAL IMPACT 

This t e s t  allows examination of the behavior of the neck and torso 

in sagittal-plane bending. The crash description i s  as follows: With 

uniform forward velocity vo a t  t = 0, the vehicle occupant i s  considered 

t o  be stopped instantaneously a t  the hip. This i s  accomplished for the 

HSRI 3-D model by enclosing the hip contact sphere inside a cube of hard 

contact surfaces while prescribing non-zero in i t i a l  velocity conditions ; 

the torso rebounds in a normal manner because the leg element i s  held 

between two hard contact planes. Stopping the hip instantaneously i s  

necessary for this  t e s t  because x-y-z motion a t  the hip cannot be forced 

for the vehicle occupant model ; the only cartesian generalized coordin- 

ates are in the upper torso, Hip motion can be made almost zero, how- 

ever, by assigning a large value for m3 and by making sure t h a t  the 
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Figure 21. Frontal impact: before and a f t e r  t = 0. 

velocity of the third torso element i s  zero a t  t = 0 by use of velocity 

constraint relations.  

This t e s t ,  in e f fec t ,  by-passes the "impact." That i s ,  i n i t i a l  

conditions ( t  = 0)  are  real ly  for  t = +€, which i s  immediately a f t e r  im- 

pact. The following analysis determines the proper in i t i a l  conditions 

as a function of the impact velocity, vo. Figure 21 shows the head- 

torso system considered for  the HSRI 3-D simulation. Except fo r  pinning 

the hip, t h i s  i s  a four-degree-of-freedom problem. Pinning the hip 

el iminates the cartesian generalized coordinates, b u t  their  Lagrange 

equations may be retained i f  two Lagrange mu1 t i  pl ie rs  are introduced. 

Let the generalized coordinates be x, y ,  8,  and eh. (See Figure 

21 . )  The four Lagrange equations for the general four-degree-of-freeom, 

free motion case may be easi ly  determined. We are concerned, however, 



on ly  w i t h  the range t = 0- t o  t = +€, w i t h  E approaching zero. Since 

0 ,  Bh, and j. are a l l  zero fo r  t = O, a l l  terms i n  the Lagrange equations 

t h a t  conta in s i n  0, s in$ ,  o r  j as a fac tor  w i l l  be equal t o  zero. S im-  

i l a r l y ,  cosine f a c t o r s  are equal t o  u n i t y .  With these considerat'ions 

we ob ta in :  

8'; f i  ~ t -  h d 9  + ( ~ ~ + / r n ; e h z ) & r n k h  = O  
rt 

(10.1 . I )  

Next, consider the c o n s t r a i n t  cond i t ions  t h a t  ho ld  i f  the  h i p  i s  

pinned : 

I n  terms o f  v i r t u a l  displacements, the cons t ra in ts  a re  

A t  t = 0, these reduce t o  



We see that the Lagrange mu1 tiplier h for the y-constraint will not 
Y .  

contribute to the x- ,  8-, or eh-equations, and therefore we need con- 

sider neither A nor the y-equation itself. Let the Lagrange multiplier 
Y 

associated with constraint (10.1.4) be = Ax. The coefficients of the 

vi rtual displacements are 

so the *associated generalized forces are 

(See Goldstein (26), pp. 40-42.) At impact, the governing equations 

(10.1.1) must then become 



Since the h i p  i s  stopped instantaneously,  i s  an i n f i n i t e  spike, 

a " d e l t a  func t ion . "  The i n t e g r a l  p a s t  t = 0 i s  f i n i t e ,  however, abnd 

w i l l  be def ined as 

Consider nex t  t h a t  

and 

I n t e g r a t i o n  o f  the equations (10.1.8) from O- t o  E gives 

A,, 0(~)  +- A,~. 0)(t) + AI3 i ( t )  + (a +A) J = -m k% * 
A,,&el + A,, i A ii[t) + R J = -&*A% (10.1.12) 23 

where the  A.  . are the  constant c o e f f i c i e n t s  i n  equations (10.1.8). 
1J 

Equations (10.1.12) are three equations i n  f o u r  unknowns : &) ,  bh (e ) ,  

k ( € ) ,  and 3 .  The requ i red  f o u r t h  equat ion i s  the c o n s t r a i n t  r e l a t i o n  

f o r  i ,  the f i r s t  of equations (10.1.2). A t  t = E,  t he  c o n s t r a i n t  r e l a -  

t i o n  becomes 



Equations (10.1.12) and (10.1.13) may now be solved f o r  the  f o u r  un- 

knowns. The values o f  ( - ) e ( c )  , (- )eh ( E )  , and it (E ) = a  0(6 ) a re  then t he  

requ i r ed  i n i t i a l  cond i t i ons  f o r  the  HSRI  3-D f r o n t a l  impact r un  as a  

f u n c t i o n  o f  impact v e l o c i t y  vo. 

The f o u r  a l geb ra i c  equations were solved w i t h  a  sho r t  computer pro-  

gram. As a  check on the  r e s u l t s  angular  momentum w i t h  respect  t o  p o i n t  

0, t he  f i n a l  h i p  p o s i t i o n ,  was ca l cu l a ted  f o r  t < 0 and a t  t = +€: 

Computer r e s u l t s  f o r  L ( t  .: 0 )  and L IE)  a re  found t o  be i d e n t i c a l  , and 

t h e r e f o r e  angular  momentum i s  conserved, as expected. 

A l l  necessary i n p u t  f o r  the HSRI 3-D run  i s  now known. Compatible 

i n i t i a l  cond i t i ons  f o r  the veh i c l e  occupant o f  t h i s  i n v e s t i g a t i o n  must 

nex t  be determined. Consider f i r s t  the  i n i t i a l  head p i t c h i n g  v e l o c i t y ,  

I t i s  c l e a r  t h a t  i t s  values f o r  the i d e a l i z e d  HSRI  3-D f r o n t a l  impact 

w i l l  be non-zero and oppos i te  i n  s i gn  ( p o s i t i v e )  t o  the i n i t i a l  t o r so  

p i t c h i n g  v e l o c i t y  (negat ive)  because o f  a r t i c u l a t i o n  a t  the  s imple b a l l  - 
and-socket neck j o i n t ;  the bal l -and-socket connect ion i s ,  i n  one sense, 

an element o f  i n f i n i t e  niechanical impedance s ince mot ion o f  t he  t o r so  i s  



t r a n s m i t t e d  immediately t o  t h e  head. The ex tens ib l e ,  t w o - j o i n t  neck, 

however, does n o t  t r a n s m i t  mot ion  t o  t h e  head w i t h  zero t ime  l ag ,  so t h e  

i n i t i a l  head p i t c l i i n g  v e l o c i t y  i s  s e t  equal t o  i t s  va lue  be fo re  impact,  

i .e., zero.  A l l  t o r s o  element p i t c h i n g  v e l o c i t i e s  a re  g i ven  i n i t i a l  

va lues equal t o  t he  i n i t i a l  va lue f o r  t h e  HSRI 3-D t o r s o .  The i n i t i a l  

va lue  f o r  i1 i s ,  o f  course, zero.  The i n i t i a l  va lue  f o r  i ,  i s  found 

from t h e  c o n s t r a i n t  r e l a t i o n  d e f i n i n g  i3 (see equat ions ( 4 . 4 . 3 ) ) ;  i3 i s  

s e t  equal t o  zero so t h a t  approximate zero h i p  mot ion i s  e f f e c t e d ,  as 

exp la ined  e a r l i e r .  We o b t a i n  

where 0 ( 0 )  = 6 ( 0 )  = ~ ~ ( 0 )  = e3(0) .  
1 

Compatible i n i t i a l  values f o r  1  and R a re  a l s o  r equ i r ed .  These 

were ob ta ined  w i t h  a  s h o r t  computer program on t h e  bas i s  o f  t h e  f o l l o w -  

i n g  ana l ys i s .  We r e q u i r e  t h a t  i h ( 0 )  = vo and i h ( 0 )  = O. S ince 6) i s  

i d e n t i c a l l y  zero f o r  t h i s  problem and s i n c e  0 ( 0 )  = 0, t he  r e l a t i o n s  

(4.5,2) and (4.5.3) g i v e  the  i n i t i a l  values f o r  x ,  y ,  z, i ,  j ,  and as 

f u n c t i o n s  o f  i n i t i a l  values f o r  1,  R, i, and k .  I f  (4.5 .2)  and (4.5.3) 

a r e  then  s u b s t i t u t e d  i n t o  (4.5.8), we o b t a i n  a  c o n s t r a i n t  r e l a t i o l n  f o r  

kh(0) ,  which i s  s e t  equal t o  vo. S i m i l a r l y ,  an express ion i s  ob ta ined  

f o r  i h ( 0 ) ,  and i t  i s  s e t  equal t o  zero.  The r e s u l t s  we then  have a re  



Equations (10.1.16) determine i (0)  and k (0 )  i n  terms o f  known q u a n t i t i e s  

F i n a l l y  , rebound o f  the t o r so  a f t e r  maximum forward p i t c h i n g  must 

be prov ided f o r .  The f ron ' ta l  impact thus f a r  descr ibed f o r  the  v e h i c l e  

occupant computer model w i l l  produce continuous forward r o t a t i o n  about 

the  (approximate) cen te r  o f  g r a v i t y  of the  massive t h i r d  t o r so  element. 

There i s  no l e g  element and hence no t o r so - l eg  j o i n t  (i . e n ,  h i p  j o i n t )  

t o  produce a r e s i s t i n g  moment. It was decided t h a t  the most reasonable 

manner o f  accompl ishing rebound i s  t o  f o r c e  e 2 ( t )  w i t h  the  t o r so  p i t c h -  

i n g  angle f rom the  HSRI 3-D run, which does, o f  course, have rebound. 

Th is  p a r t i c u l a r  v e r i f i c a t i o n  run was made w i t h  j o i n t  s top  angle 

s t i f f n e s s  values f o r  N-T and N-H o f  about h a l f  those g iven i n  Chapter 8 

i n  o rder  t o  correspond t o  a sma l le r  value used f o r  t he  HSRI 3-D neck. 

A l l  muscle tens ion  parameters were s e t  t o  zero and a l l  e l a s t i c  sp r i ng  

and damping c o e f f i c i e n t s  were zero. The impact v e l o c i t y  f o r  t h i s  t e s t  

was v, = 15 mph. Th is  i s  a low v e l o c i t y  crash, b u t  i t  i s  q u i t e  v i o l e n t  

s i nce  the h i p  i s  stopped instantaneously .  

F igure  22 shows some o f  the dimensions used f o r  the veh i c l e  occu- 

pant. A l l  values shown are  constants except f o r  the  neck length,  which 

i s  t he  equi 1 i br ium va l  ue 1 
eq 

Results o f  the f r o n t a l  impact t e s t  a re  

shown i n  Figures 23 t o  29,  Various HSRI 3-D r e s u l t s  ( i nd i ca ted  by the  

subsc r i p t  "HSRI") a re  a l s o  g iven f o r  comparison. 

The s t i c k  f i gu res  i n  F igure  23 a re  a t ime h i s t o r y  o f  the head and 

t o r s o  p i t ch ing .  The i n d i v i d u a l  f i gu res  are t o  sca le  b u t  the l eng th  

d( = 0.177 f t )  i s  l e f t  ou t  f o r  p i c t o r i a l  c l a r i t y .  



Figures 24 t o  28 break down t h e  r e s u l t s  i l l u s t r a t e d  by F i gu re  23. 

P i t c h i n g  angles f o r  t he  t h ree  t o r s o  elements a re  shown i n  F igure  24. 

Maximum p i t c h i n g  f o r  t he  f l e x i b l e  t o r s o  occurs f o r  the  uppermost element, 

o f  course. A1 so, i t  i s  observed t h a t  rebound o f  t h a t  element l ags  be- 

h i n d  Q2, as i t  must s ince  t h e  o n l y  r e s t o r i n g  moment f o r  t h e  f i r s t  e l e -  

ment i s  produced a t  the  f i r s t  t o r s o  j o i n t .  

I n e r t i a l  head p i t c h  angles a r e  shown i n  F igure  25. D i r e c t  compari- 

son o f  t he  i n e r t i a l  head angles has r e a l  meaning o n l y  i f  i t  i s  k e p t  i n  

mind t h a t  t o r s o  f l e x i b i l i t y  as w e l l  as neck l i n kage  i s  r e f l e c t e d  i n  t he  

r e s u l t s .  It may be seen t h a t  maximum head angle  l ags  behind t he  begin-  

n i n g  o f  upper t o r s o  rebound (F igure  24 )  by about 30 msec. A lso,  t h e  

head r o t a t i o n  f o r  VOM does appear t o  f o l l o w  a t r a n s l a t i o n a l  mode (Ewing, 

e t  a l .  ( 1 9 ) ) ,  t h e r e  be ing  a de lay  r e l a t i v e  t o  r o t a t i o n  o f  t he  HSRI 3-D -- 
head w i t h  t he  s imple neck model. The l ess  immediate r e a c t i o n  t o  t o r s o  

mot ion  f o r  VOM i s  made more c l e a r  by comparing t h e  r e l a t i v e  head p i t c h  

ang le  i n  F i gu re  26 w i t h  8, i n  F igure  24. Also, F i gu re  26 c l e a r l y  shows 

t h a t  t h e  f l e x i b l e ,  e x t e n s i b l e  neck r e s u l t s  i n  a d e f i n i t e  l a g  w i t h  r e -  

spec t  t o  t he  HSRI 3-D mot ion f o r  head ang le  w i t h  r espec t  t o  t h e  t o r so .  

F igures 27 and 28 show the  components a t  N-T and N-H o f  t he  t o t a l  

h r e l a t i v e  p i t c h  angle  e i n  F igure  26. These r e l a t i v e  angles,  ON-T and 

eNmH (which equal R and R '  i n  abso lu te  va lue) ,  cannot be de f i ned  as ad- 

h d i t i v e  components o f  8 f o r  general  three-dimensional  mot ion,  b u t  t h e  

f r o n t a l  impact t e s t  i s  a p l ana r  problem. 6N-T and ON-H a re  seen t o  s t a y  

i n  t he  v i c i n i t y  o f  t h e  ex tens ion  s top  angles f o r  R and R' u n t i l  about  

t h e  t ime  t h a t  upper t o r s o  rebound begins,  a f t e r  which p o t e n t i a l l y  

i n j u r i o u s  f l e x i o n  occurs a t  each j o i n t .  



The only viscoelastic components for  the neck length in this t e s t  

were the Kelvin spring and damper. Their net effect is  the force F,, 

which i s  resolved into components F, and F, in e l .  These should be 

thougnt of as neck forces a t  N-T, where the neck angle i s  R (Figure 27) .  

Both components reach maximum values a t  about the time t h a t  the neck 

angle R hits  i t s  flexion stop. Maximum neck length extension of 1.25 

inches occurs a t  about t = 160 msec. Maximum compression of 0.54 inches 

occurs a t  195 msec. The neck i s  compressed by about 0.28 inches almost 

immediately (10 msec) a f te r  impact as the torso passes under the head 

while pitching forward. The maximum extension of 1.25 inches does not 

seem unreasonable. Schulman, -- e t  a l .  ( 2 3 ) ,  conducted a series of tes ts  

in which neck extension occurred as a resul t  of "tailward" decelerations. 

Volunteers were strapped securely in a supine position t o  a sled with 

their  heads in the direction of sled motion. With maximum sled deceler- 

ations of about 23 g and resultant torso deceleration of about 17 g ,  

neck extensions of up to  2.4 inches were observed. 



F igure  22. P r o f i l e  o f  the v e h i c l e  occupant w i t h  some 
o f  i t s  dimensions ( i n  f e e t ) ,  
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F i g u r e  23. F r o n t a l  impact  t i m e  h i s t o r y  f o r  p i  t c h i n g .  
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10.2 SIDE IMPACT 

One crash investigation made by Robbins, Bennett, and Roberts (18) 

i s  of particular interest for this study. F i rs t ,  a 19 mile per hour 

side impact was simulated in the sled lab with a 50th-percentile-nnale 

anthropomorphic dummy. Targets were placed on the durmny's head, and the 

impact was filmed from two directions. Inertial head Euler angle values 

were found by this  author, from calculations with available Vanguard 

film analysis results , for use in the vehicle occupant model exercise 

discussed in this  section, These experimental results are shown in Fig- 

ures 30 t o  32.  Robbins, Bennett, and Roberts simulated the impact sled 

crash with the HSRI 3-D computer model for  comparison with impact sled 

results.  z 

This simulation was of interest  for  this study for several reasons. 

F i rs t ,  both experimental and analytical results are available for  pos- 

sible comparison against VOM. Second, a real crash situation i s  con- 

sidered. Third, a particularly interesting study of the vehicle occu- 

pant model neck linkage i s  made possible. The forcing limitatior~s for 

VOM s t i l l  apply, of course, so experimental and analytical HSRI results 

must be used carefully. i n  particular, torso interaction with the seat 

back and shoulder harness cannot be simulated for VOM, so only the head- 

neck motion can be studied. So t h a t  head-neck motion can be compared 

directly with dummy or HSRI 3-D head motion i t  i s  necessary that the 

torsos undergo identical motion. Since no torso motion da ta  was avail- 

able for the dummy, the HSRI 3-D torso motion ( x ,  y, I ,  ?, 9 ,  q )  was 

used t o  force the torso for  VOM. I t  might s t i l l  be reasonable to com- 

pare VOM head motion against d u d  head motion b u t  only i f  i t  could be 

shown or inferred that dummy torso motion i s  very similar to  HSRI 3-D 



Figure 30. HSRI 3-0 and dummy head yaw for side impact. 



Figure 31. H S R I  3-0 and dummy head p i t c h  f o r  s i d e  impact. 



F igu re  32 .  HSRI 3-D and dummy head roll for side impact. 



torso motion. Also, i t  should be noted that comparison of VOM head 

motion with either HSRI expcrl~nental or analytical results ,- even as 

restricted above - will not be s t r i c t ly  valid a f te r  such time as the 

head, in either case, strikes any part of the vehicle interior.  Since 

the HSRI 3-0 head struck the seat back a t  90 msec, i t  was n o t  Lhought  

of value t o  run the vehicle occupant computer model much past 90 trlsec; 

integration was terminated a t  150 msec. 

The crash victim's vehicle has zero yaw, pitch, and roll and also 

no x- or z-motion, The y-acceleration history i s  positive, however, and 

j (0) i s  -19 mph, so the vehicle can be considered to be sliding directly 

toward the l e f t  at19 mph and then impacting a nearly stationary object. 

Fi'gures 30 t o  32 show the HSRI 3-D computer model results and im- 

pact sl  ed resul t s  for inertial  head yaw, pitch , and roll . The head i s  

i n i t i a l ly  nodded forward and t o  the l e f t  (as can be seen from the values 

of yaw, pitch, and roll a t  t = 0). Robbins , Bennett, and Roberts indi- 

cate that the mathematical model results for 8 could be brought into 

closer agreement with the dummy motion by choosing a smaller value for 

the pitching joint stop angle; in particular, the valley in QHSRI would 

then be less deep. (Roll motion ( q )  could be "improved" in the same 

manner.) The disagreement in yaw motion ()) i s  f e l t  by this  author t o  

be caused primarily by the way the lap and shoulder belts are represent- 

ed analytically. They are considered t o  be fastened securely t o  the 

vehi cl e occupant, i . e. , they cannot sl  ide. In fac t ,  however, the be1 t s  

do slide considerably over and around the vehicle occupant; this i s  seen 

easily in observing slow motion film of the sled lab crash. (This should 

affect yawing much more than pitching or rolling for nearly a l l  crashes .) 

Visual comparison of the film of the sled lab crash with the HSRII 



computer-generated film for motion of the mathematical crash victim 

model shows that the analytical belt restraint representation pre- 

sumedly - does cause a substantial disagreement i n  the torso yaw motions, 

In consequence, HSRI 3-D and dummy head yaw cannot be expected t o  be in 

good agreement. Further, since HSRI 3-D (and n o t  dummy) torso motion 

serves as the excitation for VOM, i t  becomes clear that there can be no 

useful purpose in comparing VOM head results with dummy head results. 

The bioparameter values used in the HSRI 3-D side impact simulation 

were the ones which guided selection of the VOM values given in Section 

8.1.2. (Note that e last ic  k 's  for the neck joints are non-zero.) Thus, 

with regard t o  bioparameter values, VOM and HSRI 3-D are matched as 

closely- as possible. The body parameter values of Section 8.1.1 apply 

for this side impact simulation, b u t  for the most part only head and 

neck values are important; motion of the f i r s t  torso element i s  forced, 

and the unrestrained motion of the lower torso elements i s  of no inter- 

es t .  However, the length of the f i r s t  torso element, I , ,  i s  of particu- 

l a r  importance for this simulation since the mass centers for the HSRI 

3-D torso and for the f i r s t  torso element of VOM must coincide i f  ex- 

citations t o  the neck-head systems are t o  be identical. For this reason, 

1, was set  equal to twice the torso CG-to-neck joint length o f  the HSRI 

3-0 model. A similar consideration was no t  made for to, the offset of 

N-T from the center of gravity of the f i r s t  torso element, since this i s  

considered t o  be a feature of the VOM neck. (That i s ,  to was not se t  

equal to zero. ) 

Figures 33 to 40 and 42 to 47 show VOM head-neck results,  and HSRI 

3-D results are given for comparison where appropriate. Figures 33 to 

35 show inertial yaw, pitch, and roll for the head. VOM and  HSRI 3-D 



yaw and pitch are in general agreement and require l i t t l e  comment. Roll 

lllotion i s  quite dissinrilar and will be discussed l a t e r .  I t  i s  noted 

here that the HSRI 3-0 head interaction with the seat back a t  90 nlsec 

apparently did not significantly affect head motion. This may be de- 

duced from the fact  that the yaw and pitch results for  the two models 

do n o t  come into disagreement a f te r  t = 90 msec, Results for  VOM t o  

200 msec would therefore have been valid fo r  comparison against HSRI 

3-D. 

The relative head Euler angles are shown in Figures 36 to  38. The 

most interesting feature of the relative yawssis the difference in the 

curves between 105 and 140 msec. I t  i s  d i f f icu l t  to  isolate the cause 

of some characteristics of three-dimensional moti on of any complex 

model, and i t  i s  particularly d i f f icu l t  for  this  side impact simulation 

since i t  i s  in no way a symmetric or idealized situation. However, the 

difference in the relative yaws i s  most l ikely mainly a reflection of 

the non-zero offset  lengths to and d and of the non-zero neck length 1 .  

The relative pitch curves d i f fe r  mainly in maximum values of relative 

(forward) head pitch. This i s  primarily an indication of basic differ-  

ences between the joint models. Namely: 1)  the VOM neck model has % 

joints with independent joint stops; and 2 )  bending joint  stop moments 

for VOM depend on the anatomically meaningful "general ized pitching 

angles" R and R-rather than on the a rb i t ra r i ly  defined Euler angles for  

re1 at ive pitch and rol l  . The composite forward neck flexion stop for 

VOM i s  70" (60" for N-T and 10" for N - H ;  see Section 8.1.2), which , 

agrees with the 70" forward stop for HSRI 3-D relative pitch in a planar 

problem. Relative rol l  will be discussed l a t e r ,  b u t  i t  i s  mentioned, 



here t h a t  the VOM composite l a t e r a l  neck f l e x i o n  s top  o f  50" (25" + 25") 

agrees w i t h  the H S R I  r e l a t i v e  r o l l  s top  o f  50". 

The angular mot ion of the neck element, r e l a t i v e  t o  the  t o r s o  and 

head, i s  shown i n  Figures 39 and 40 i n  terms o f  R, a, R ' ,  and 8'. F ig -  

u r e  39, f o r  example, shows t h a t  from the  i n i t i a l  values of R = 30" and 

0 = -20" t h e  l e f t - s i d e  impact causes f i r s t  deformat ion o f  the j o i n t  s top  

e l l i p s e  a t  t = 65 msec and toward the l e f t ,  as expected.* The mot ion 

f o r  the  s i de  impact crash i s  so complex t h a t  i t  becomes imposs ib le  t o  

i n t u i t i v e l y  p r e d i c t  o r  i n t e r p r e t  the l a t e r  pa r t s  o f  the R - @ motion, 

But i t  may be poss ib le  t o  de tec t  t he  i n f l uence  o f  t h e  e l a s t i c  sp r i ng  

elements a t  the j o i n t s ;  the e f f e c t  o f  e l a s t i c  sp r i ng  moments, when they 

a re  n o t  overpowered by o ther  moment components, must be v i s i b l e  i n  a 

tendency f o r  r e t u r n  t o  i n i t i a l  pos i t i ons  . 
I n e r t i a l  and r e l a t i v e  head r o l l  (Figures 35 and 38) can be i n t e r -  

p re ted  w i t h  the a i d  o f  Figures 39 t o  41. A complete exp lanat ion of t he  

curves i s  impossible,  as was imp l i ed  e a r l i e r ,  I f  i n e r t i a l  yaw and 

p i t c h  values were i d e n t i c a l l y  zero, t he  task would be much eas ie r .  As 

i t  i s ,  the  values a re  "no t  l a rge "  - i .e., t o r so  yaw and p i t c h  range be- 

tween +20° and -35" and head yaw and p i t c h  range between +23" and -28' - 
so i t  i s  poss ib le  t o  a t tempt  an exp lanat ion.  F i r s t ,  the i n e r t i a l  r o l l  

i s  approximately constant  a t  about -30'. This seemingly ind ica tes  t h a t  

sideward t r a n s l a t i o n  i s  t ak i ng  p lace and t h a t  the  sideward r o t a t i o n a l  

mode ( i . e . ,  r o l l )  w i l l  f o l l ow  a t  some t ime a f t e r  150 msec. The 

*Appropr iate i n i t i a l  values f o r  R and 0 were found as descr ibed i n  Sec- 
t i o n  8.2. I t  i s  noted here a l so  t h a t  i t  was necessary t o  moni tor  j o i n t  
stop moments fo r  maximum values between p r i n t  times s ince deformations 
o f  the  j o i n t  s top e l l i p s e s  might  o therwise have remained undetected. 



oscillations in the rol ls  (both inertial  and relative) are explainled by 

observing that peaks dnd val leys correspond t o  deformations o f  the joint 

stop ell ipses a t  N-T and N - H ,  respectively. The relative roll curve for  

VOM does n o t  d iffer  greatly from the curve for HSRI 3-D out to 150 msec 

except for being displaced upward. The negative-to-posi t ive trend of 

the relative roll beginning a t  about 125 msec possibly results from the 

change toward less negative values of the torso roll  excitation beginning 

a t  about that same time. The torso roll  i s  shown in Figure 41. With re- 

gard to  Figures 39 and 40 i t  may be observed that sharp changes of' motion 

within either e l l ipse correspond closely to joint stop act ivi ty  f c ~ r  the 

other el 1 ipse. 

The neck length compression force, e las t ic  moments a t  the nec:k 

joints,  and x-y-z head positions are shown in Figures 42 to  47. the 

VOM values for x h ( t ) ,  y h ( t ) ,  and z h ( t )  are biased by the amount that  

they differ  from HSRI 3-D values a t  t = 0, The difference a t  t = 0 re- 

su l t s ,  of course, from the non-zero neck length of VOM. S t r i c t ly ,  some 

sort  of non-constant bias should be used since the geometry changes with 

time, 



Figure 33. HSRI 3-D and VOM head yaw f o r  s i d e  impact. 



Figure 34. H S R I  3-0 and VOM head p i t c h  f o r  s i d e  impact .  
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Figure 35.  HSRI 3-D and VOM head roll for s ide  impact. 
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Figure  39. Genera l ized p i t c h i n g  angle  R and heading angle  O a t  
neck- to rso  j o i n t  (N-T) f o r  s i d e  impact. 



Figure 40. Generalized pitching angle R' and heading angle Q' at 
neck-head joint (N-H) for s ide  impact. 



Figure 41. HSRI 3-0 torso roll  for side impact. 
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Figure 42.  Neck length compression force for side impact. 
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Figure  43. E l a s t i c  sp r i ng  moment a t  neck- torso j o i n t  (N-T) 
f o r  s i d e  impact. 
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F igu re  44. E l a s t i c  s p r i n g  moment a t  neck-head j o i n t  (N-H) 
f o r  s i d e  impact. 
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a F igu re  45. Head x - p o s i t i o n  f o r  s i d e  impact. 
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Figure  46. Head y - p o s i t i o n  f o r  s i d e  impact. 

F igure  47. ~ e a d  ~ - ~ o s i t i o n  f o r  s i de  impact. 



10.3 SIDE IMPACT WITH ZERO ELASTIC NECK MOMENTS 

The vehicle occupant computer model was exercised for a second side 

impact essentially the same as the one discussed in Section 10.2. The 

purpose of this exercise was t o  evaluate the relative contributions to 

the overall motion of the e las t ic  moments and the joint stop moments, 

so a l l  e last ic  coefficients were se t  t o  zero. The same torso excitation 

used for  the side impact of the preceding section was used here. 

This t e s t  was f i r s t  made with unchanged values for  the joint stop 

coefficients, b u t  the values were la te r  halved. Since the e las t ic  

springs tend t o  restore the in i t i a l  relative orientation of the neck 

linkage, an effect that they have i s  t o  reduce the severity of the im- 

pact a t  a joint stop (especially the f i r s t  impact). With e l a s t i c  neck 

moments equal t o  zero the original s e t  of joint stop coefficients caused 

the motion t o  be reversed too  f a s t  for the integration t o  follow, i . e . ,  

ten halvings of the original time step were insufficient to  produce the 

accuracy required. This diff icul ty  could have been handled easily by 

1 )  reducing the size of the original time step, 2 )  allowing more than  

ten halvings of the integration step s ize,  or 3) sl ightly reducing the 

requirement on accuracy. As the f i r s t  two options involve added cost 

and since compromising the accuracy of the integration may not be de- 

sirable,  the stops were instead softened by a factor of 2 ,  Simple 

order-of -magni tude approximations on the basis of joint stop potential 

energy and moments suggest that maximum deformations for  the softer 

stops will be greater by only a factor of about  with corresponding 

moments reduced by the same factor. The motions otherwise are probably 

no t  greatly different. 



Head mot ion f o r  the  s i d e  impact w i t h  zero e l a s t i c  neck c o e f f i c i e n t s  

i s  compared w i t h  the  s ide  impact mot ion o f  Sect ion 10.2 i n  Figures 48 t o  

53. Se t t i ng  e l a s t i c  c o e f f i c i e n t s  t o  zero i s  seen t o  a f f e c t  the  yaw 

mot ion more markedly than t he  p i t c h  and r o l l  motions. This i s  exp la ined 

by the  f a c t  t h a t  the yaw s top  angle moment ( f o r  H-T) i s  i d e n t i c a l l y  zero 

f o r  bo th  cases, the  neck t w i s t  s top angle o f  60" never being reached; 

e l a s t i c  yaw moment thus p lays a  predominant r o l e  i n  i n f l u e n c i n g  t he  yaw 

motion. P i t c h  and r o l l  motions, on the  otherhand, are a f f e c t e d  s i g n i f i -  

c a n t l y  by a c t i v i t y  a t  the genera l ized p i t c h i n g  angle stops, and e l a s t i c  

moments t he re fo re  make a sma l le r  r e l a t i v e  con t r i bu t i on .  

The angular mot ion a t  N-T and N-H as shown i n  Figures 54 and 55 i s  

gene ra l l y  s i m i l a r  t o  the  mot ion o f  Figures 39 and 40. The mot ion i s  

somewhat l ess  complex, however, s ince  e l a s t i c  moments a re  n o t  con t i n -  

uous ly  p u l l  i n g  the neck 1 inkage toward i t s  o r i g i n a l  re1  a t i v e  o r ien ta t ion .  

These f i gu res  show grea te r  j o i n t  s top  a c t i v i t y  a t  the a t l an to -occ i p i  t a l  

a r t i c u l a t i o n  (N-H) than a t  the seven th -cerv ica l / f i  r s t - t h o r a c i c  ve r t eb ra l  

a r t i c u l a t i o n  (N-T), as do Figures 39 and 40. 
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Figure  48. Head yaw f o r  s i d e  impact, w i t h  and w i t h o u t  e l a s t i c  
neck moments. 
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Figure 49. Head pitch for side impact, with and without e l a s t i c  
neck moments. 



F igure  50. Head r o l l  f o r  s i de  impact, w i t h  and w i t h o u t  e l a s t i c  
neck mornen t s  . 
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F igu re  51. Relative head yaw f o r  s i d e  impact, with and without 
e l a s t i c  neck moments. 



TIME, t (msec) 

Figure  52. R e l a t i v e  head p i t c h  for s i d e  impact, w i t h  and w i t h o u t  
e l  a s t i c  ,neck moments. 
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F igu re  53. R e l a t i v e  head roll f o r  s i d e  impact, w i t h  and w i t h o u t  
el as t i c  neck moments. 



Figure 54. General i zed  p i t c h i n g  angle R and heading angle @ a t  
neck-torso j o i n t  (N-T) f o r  s i de  impact, w i t h  zero e l a s t i c  neck moments. 



F i g u r e  55. Genera l i zed  p i t c h i n g  a n g l e  R '  and head ing ang le  @I a t  
neck-head j o i n t  (N-H) f o r  s i d e  impact ,  w i t h  z e r o  e l a s t i c  neck moments. 



10.4 SIDE IMPACT WITH NON-ZERO MUSCLE TENSION 

I t  i s  generally r'ecognized that muscle contraction can reduce the 

severity of likelihood of a t  l eas t  some types of injury in patentially 

traumatic situations. Hol 1 i s t e r  , Jol 1 ey , and Horne (33) produced cere- 

bral concussion in cats by impulsive cervical stretch alone and demon- 

strated a clear reduction in the incidence of concussion when the neck 

muscles were tetanized by an electrical stimulus. Their investigation 

indicated t h a t  stretching of the cervical spinal cord was the probable 

cause of concussion. There i s  much debate, however, on the mechanism 

of concussion, and indeed there may be more than one mechanism. Sleveral 

investigators have shown in experiments with animals that brain injury 

can be 'produced by rotational accelerations of the skull ( 2 ,  3, 34, 35, 

36, 3 7 ) .  Since muscle contraction, or "tension", can be expected to 

reduce such accelerations in many situations,  i t  must also effect  a re- 

duction in associated brain damage. Spinal injuries and a great variety 

of other injuries are produced by extreme relative rotation of body ele- 

ments (3) .  Muscle tension should cause a reduction in these injuries as 

we1 1.  Mertz (4 )  concluded from his experiments with a volunteer that 

tensing of the muscles before a rear-end collision would reduce the 

severity of whiplash injury. 

In order t o  investigate the effects of muscle tension in the vehi- 

cle occupant model the side impact t e s t  of Section 10.3 (zero e l a s t i c  

neck moments) was repeated with non-zero muscle tension parameter values. 

Appropriate parameter values for the neck are not available in th~e l i t -  

erature, b u t  Moffatt, Harris, and Haslam (24) give experimentally deter- 

mined values for the knee joint.  These values were used along with 

other avail able experimental data t o  obtain rough, order-of-magni tude 



values f o r  corresponding neck quant l  t i  es . This ana lys is  i s  presented 

i n  Appendix E. The numerical r e s u l t s  of t h a t  ana lys is  a re  summarized 

below. The n o t a t i o n  i s  t he  same as i n  Sect ion 3 . 3 . 3 .  

(R) = a ( R ' )  = 0.0129 sec/deg a 1 1 

(R) = a (R ' )  = 0.123 f t . l b / deg  a2 2 

(R1 = a ( R ' )  = 0.153/deg a3 3 

h 
( 4 ~  ) = 0.0129 sec/deg a 1 

The above bioparameter values, ai, were adopted. For a p a r t i c u l a r  

( 1  i v i n g )  veh i c l e  occupant these values a re  constants.  The muscle 

t ens ion  parameters, I M I  and IFI, can be between zero and the  i nd i ca ted  



maximum values although they must be constants f o r  the dura t ion  o f  a 

given crash. Moment w l  ues , M, fo r  N-T, N-H, and H-T were se l  ectecl for  

near nlaximum muscle contract ion;  16.0, 16.0, and 4.0 f t . l b ,  respect ive- 

l y .  The e f f e c t  o f  muscle tension f o r  the neck length  was n o t  i n v e s t i -  

gated i n  t h i s  exercise, F(') being se t  t o  zero. 

I n e r t i a l  and r e l a t i v e  head Euler  angles are shown i n  Figures 56 t o  

61. (The subscripts "MT" i nd i ca te  "muscle tension. " )  The d i f ferences 

i n  the curves o f  Figures 59 t o  61 are a t t r i b u t a b l e  s o l e l y  t o  muscle con- 

t rac t i on .  The e l a s t i c  c o e f f i c i e n t s  are zero fo r  each case. Figures 62 

t o  64 show the moments which r e s u l t  from the   on traction o f  the neck 

muscles , 

Figures 65 t o  69 are of p a r t i c u l a r  i n t e r e s t  because they shokr how 

muscle cont rac t ion  can l i m i t  the extent  o f  i n j u r i e s  caused by extreme 

r e l a t i v e  motion o f  body elements, Comparison o f  Figures 65 and 66 w i t h  

Figures 54 and 55 shows a considerable change i n  the character  o f  the 

angular motion a t  the neck j o i n t s .  O f  more tang ib le  s ign i f i cance  from 

an i n j u r y  p r o b a b i l i t y  standpoint i s  a comparison o f  j o i n t  s top moments. 

Moments produced a t  the hard, anatomical stops should be good i nd i ca -  

t i ons  o f  the p r o b a b i l i t y  and extent  o f  i n j u r y . *  Neck-torso j o i n t  stop 

moments are shown i n  Figure 67.** The moments which r e s u l t  from a " re-  

laxed" s t a t e  (MT = 0) are seen ' to  be considerably greater  than fo r  the 

*Mertz (4, 38) concluded from h i s  i nves t i ga t i on  t h a t  neck torque a t  the 
o c c i p i t a l  condyles (N-H) was the predominant parameter i n  eval uat:i ng the 
p o s s i b i l i t y  o f  neck i n j u r y  ( ra the r  than shear fo rce  o f  a x i a l  forc,e). 

**The base widths o f  the spikes are on ly  approximate. 



"tensed" s ta te  (MT f 0). The joint stop moments a t  N-H for the "relax- 

ed" and "tensed" situations are shown in Figures 68 and 69, respectively. 

As a rather arbitrary means of indicating the possible effectiveness of 

muscle contraction in reduction of injury, the average maximum mon~ent 

values for the spikes of the respective cases have been determined. A t  

N-T the results are -84 f t . l b s  and -262 f t . l b s ,  in favor of muscle con- 

traction. At N - H ,  the averages are -281 f t . lbs  and -399 f t . l b s ,  i n  fav- 

or of muscle contraction. More properly, joint stop moment spikes below 

some minimum injury level should probably be omitted from the averaging; 

and i f  this i s  done for any_ level , the averages swing even more to the 

favor of muscle contraction. 

There may a1 so be some indication that concussion resulting from 

large values of angular acceleration of the head becomes less likely 

when the neck muscles are tensed prior to impact. The magnitudes of the 

maximum occurring values for inertial  head yaw, pitch, and roll acceler- 

ations were about 13%, 183%, and 54% greater, respectively, for the "re- 

laxed" s ta te  than for the "tensed" state.* The maximum angular acceler- 
4 2 ation occurred for roll  (relaxed s ta te )  - 3.52 x 10 rad/sec a t  about 

135 msec. Ommaya, -- e t  a l ,  (36), however, have shown that the duration of 

acceleration above a given level affects the probabil i ty of concussion. 

Later work by Ommaya and Hirsch (37) indicates that peak rotational vel- 

oci ty values may be better indicators of concussion probability for ac- 

celeration peaks of short duration - less than about 20 msec, Ommaya 

and Hirsch predict that the 50% concussion probability level for long 

*The angular accelerations k h 9  i,,, and kh would be somewhat better in- 
dicators. They were calculated b u t  n o t  printed out. 



2 duration rotational acceleration ( for  man) i s  about 1800 rad/sec , Al- 

though ~naxinium acceleration values for  the VOM exercises with and with- 

out muscle tension exceed this  value several times during the crash ( in  

one instance reaching twenty times that value), a t  no time in ei ther  ex- 
2 ercise does an acceleration peak remain above 1800 rad/sec for  longer 

than about 5 msec. Comparison of peak rotational velocity values for  

the two side impact tes t s  may therefore be the better way o f  evaluating 

the effect  of muscle contraction in regard to concussion. On this  basis 

muscle contraction i s  not clearly shown to be beneficial , maximum yaw, 

pitch, and rol l  velocities for  the "relaxed" s t a t e  being 68%, 98%, and 

189% of the "tensed" s t a t e  values, I t  should be noted, however, that 

no values exceed 36.4 rad/sec and that calculations based on values 

given by Ommaya and Hirsch indicate a 50% concussion probabi 1 i t y  thres- 

hold for  rotational velocity of about 57 rad/sec. ( A  value of 70 rad/ 

sec i s  given by Ommaya and Hirsch for  chimpanzees. ) 
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F i g u r e  56. Head yaw f o r  s i d e  impact w i t h  non-zero muscle tens ion.  
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F i g u r e  57. Head p i t c h  f o r  s i d e  impact w i t h  non-zero muscle tens ion.  
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Figure 58. Head r o l l  f o r  side impac t  w i t h  non-zero muscle tension. 





L 

C 
0 
'I- 
U) 
C 
aJ 
+' 

aJ 
r- 
U 
V) z 
0 
I 
aJ 
N 
I 
C 
0 
C 

r 
C, 
*I- 

3 
+' 
U 
(0 

E? 
'I- 

aJ 
w 
*P 

V) 

L 
0 

'4- 

I 
0 +' 
f- 

a 
w 
rd 
a, 
C 

aJ > 
U P  

C, 
rb 
I-- 
aJ 
a 

0 
to 
a, 
L 
1 
CT) 
*I- 
L L  





F i g u r e  62. Muscl e  tens i o n  moment for genera l  i z e d  
p i t c h i n g  a t  t he  neck- to rso  j o i n t  (N-T) .  
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F i g u r e  63. Muscle t e n s i o n  moment f o r  gene ra l i zed  
p i t c h i n g  a t  t h e  neck-head j o i n t  (N-H) .  
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GI u F igu re  64. Muscle t ens i on  moment f o r  t w i s t i n g  

a t  t he  head-torso j o i n t  (H-T). 



Figure 65. Generalized pitching angle R and heading angle O at* 
neck-torso j o in t  (N-T) f o r  s ide  impact, with non-zero muscle tens idn.  



F igu re  66. Genera l ized p i t c h i n g  angle R 1  and heading angle @' a t  
neck-head j o i n t  (N-H) f o r  s i de  impact,  w i t h  non-zero musc le  tens ion .  



F igure  67. Neck-torso j o i n t  s t op  moments, w i t h  and w i t h o u t  muscle tens ion .  
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Figure  68. Neck-head j o i n t  s top  moment f o r  zero muscle tension. 
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Figure 69. Neck-head joint stop moment for non-zero muscle tension. 



10.5 OBLIQUE IMPACT: EXCITATION AT LOWER TORSO 

The veh i c l e  occupant nmdcl exerc ises discussed i n  t h i s  sec t i on  and 

i n  Sect ion 10.6 i n v e s t i g a t e  the  response t o  yawing e x c i t a t i o n .  An 

i dea l  i zed  crash was again s imulated w i t h  the  HSRI 3-D computer model , 

and ou tpu t  was used as the e x c i t a t i o n  f o r  VOM. 

Consider th ree  i d e n t i c a l  , symmetrical veh ic les  invo lved  i n  the  c o l -  

l i s i o n  i l l u s t r a t e d  i n  F igure 70. The crash v i c t i m  i s  i n  the  c e n t r a l  

veh ic le ,  which i s  mot ion less a t  the i n s t a n t  t h a t  i t  i s  s imultaneously 

s t r uck  by the o ther  veh ic les ,  The reason f o r  t reatment o f  t h i s  problem 

i s  t h a t  a  reasonable veh i c l e  yawing mot ion f o r  a crash s i t u a t i o n  i s  r e -  

qu i red  as e x c i t a t i o n  t o  the  HSRI 3-D model. The necess i t y  o f  the  spec- 

i a l  na tu re  o f  the  i l l u s t r a t e d  c o l l i s i o n  w i l l  be made c l e a r  l a t e r .  

Pure yaw w i l l  r e s u l t  f o r  the  c e n t r a l  veh ic le ,  and t he re  w i l l  be no 

mot ion o f  the veh i c l e ' s  cen te r  i n  x-y-z. Le t  a, b, and 1 be the veh i c l e  

dimensions shown i n  the  f i g u r e ,  1  being measured from the ax is  o f  r o ta -  

t i o n  t o  the center  o f  a t i r e  contact  patch. Masses and yawing moments 

o f  i n e r t i a  a re  m and I. The impact v e l o c i t i e s  are v,, and v e l o c i t i e s  a t  

the end o f  the impact phase o f  t he  c o l l i s i o n  kinematics a re  v  and tr = 

t ) .  ( I t  w i l l  be assumed t h a t  no angular v e l o c i t y  i s  imparted t o  t he  

s t r i k i n g  vehic les. )  Before impact the  k i n e t i c  energy o f  the  system i s  

Jus t  a t  the end o f  the impact phase, when the veh ic les  have separated, 

the  k i n e t i c  energy i s  



Figure 70. Simultaneous oblique impact by two vehicles. 



where is  the fraction of the ini t ia l  energy lost  in the collision: 

KE; - KE 
'1 = KE. 

If t i r e  friction i s  assumed negligible during the impact phase, 

0 c t t ,  then conservation of angular momentum about point 0 gives 

We may eliminate v from equations (10.5.2) and (10.5.4) t o  obtain 

Here, the plus sign has been used for the solution of a quadratic equa- 

tion since we expect that for zero energy lost  t o  crushing, etc. ,  we 

should have a ~aximum for j,.. 
We cannot expect != 1 i n  any crash of this sor t .  Since angular 

momentum i s  conserved, and since i t  i s  non-zero before the crash, there 

must always be a t  least  some rotational kinetic energy after the impact 

phase. This i s  reflected in equation (10.5.5) by the constraint that 



For a r i g h t  angle f ron t - s ide  c o l l i s i o n  (one impacting veh ic le )  Emori and 

Tani (39) g ive a percent energy l oss  i n  collision o f  29% as t y p i c a l .  

For a rear-s ide c o l l i s i o n  they g ive  21%. Two fac ts  suggest t h a t  t w i l l  

be smaller than these amounts fo r  the c o l l i s i o n  under considerat ion. 

F i r s t ,  the i n i t i a l  angular momentum i s  greater  than f o r  a s ide  impact 

( a t  the wheel ) a t  90' by the fac tor  [I + b l / [ / m  + b]. Second, 

f o r  the symmetrical s i t u a t i o n  shown, each o f  the - two impacting vehic les 

shares i n  causing motion o f  the cen t ra l  veh ic le  so t h a t  crush f o r  each 

o f  them should be less ,  

The assumption w i l l  be made t h a t  the angular v e l o c i t y  o f  the i m -  

pacted veh ic le  increases from zero t o  ir l i n e a r l y  w i t h  t between 0 and 

t,. A f t e r  tr i t  i s  assumed t h a t  r o t a t i o n a l  k i n e t i c  energy i s  d iss ipa ted  

by t i r e  f r i c t i o n  u n t i l  i = 0. L e t  W = mg be the weight o f  the vehic le.  

The f r i c t i o n a l  fo rce  a t  each t i r e  may then be taken as f =/rW/4, where 

p i s  the c o e f f i c i e n t  o f  f r i c t i o n  f o r  t i r e s  against  pavement. (Assume 

locked wheels and locked steering.) The t o t a l  moment r e s i s t i n g  yawing 

i s  there fore  M = - bW)1, and 

tmax i s  the t ime t h a t  becomes zero and may be shown t o  be 



The v e l o c i t y  and acce le ra t i on  curves t he re fo re  1  ook i n  general  as 

shown i n  F igure  71. tr i s  an ad jus tab le  parameter, and $ and tma, are  

as determined. 

The numerical values requ i red  f o r  the p o s i t i v e  and negat ive accel -  

e r a t i o n s  were obta ined by assuming the  f o l l  owing parameter values .* 

1  = /m= 7.4 ft m = 118 s lugs  

t, = 0.06 sec I = m[(2a12 + (2bl2]/12 

= 50 mph = 73.3 f t / s e c  = 3320 l b - f t - s e c  2 
"0 

Equat ion (10.5.6) imp l i es  t h a t  t he  f r a c t i o n a l  energy l o s s  must be l ess  

than 0.0769, i .e., 7.69%. Maximum energy l o s s  may as w e l l  be assumed, 

so w i t h  I= 0.0769, we o b t a i n  

tm,, = 1.76 sec 

$(0 < t < 0.06) = 120 rad/sec2 

p(0.06 < t 4 1 .76) = -4.24 rad/sec 2 

Figure  72 shows v ( t )  f o r  the  50 mph impact. 

*The HSRI  3-D colnputer model i n t eg ra tes  the acce le ra t ions  t o  ob ta i n  r e -  
qui r ed  v e l o c i t i e s .  



t max 

Figure  71. Veh ic le  yawing v e l o c i t y  and a c c e l e r a t i o n  p r o f i l e s .  





Since the x-y-z motion of the lower to rso  element o f  the veh ic le  

occupant model cannot 'be forced, i t  i s  made t o  be n e g l i g i b l e  as i n  the  

f r o n t a l  impact t e s t  by choosing a l a r g e  value f o r  m3 and by s e t t i n g  g 

equal t o  zero. Correspondingly, x-y-z motion f o r  the  HSRI 3-D occupant 

i s  made t o  be zero by making a l l  i n i t i a l  angles equal t o  zero and by 

p o s i t i o n i n g  the occupant a t  the center  of r o t a t i o n  of t he  vehic le.  The 

veh ic le  yaw determined i n  the foregoing caused pure yawing o f  the HSRI 

occupant since the l a p  be1 t s  were attached symmetr ical ly and extended d i -  

r e c t l y  toward the  sides. (Note: Clockwise ( p o s i t i v e )  veh i c le  yaw was used 

fo r  the H S R I  s imu la t ion  - opposite from t h a t  shown i n  Figure 70.) The 

quest ion now ar ises :  Does the  HSRI 3-D one-mass to rso  yawing motion 
- 

correspond more c l o s e l y  t o  the lower, middle, o r  upper element t o rso  

motion f o r  VOM? That i s ,  which to rso  element o f  the  veh ic le  occupant 

model i s  most reasonably forced by the HSRI 3-D motion? Since there  i s  

r e a l l y  no c l e a r  answer t o  t h i s  question, the motion f o r  both lower and 

upper ( p e l v i c  and chest) elements was fo rced i n  separate tes ts .  The 

r e s u l t s  presented i n  t h i s  sec t ion  are f o r  f o r c i n g  a t  the  lower element, 

which a l lows i n v e s t i g a t i o n  o f  both to rso  t w i s t i n g  and head motion. Sec- 

t i o n  10.6 gives r e s u l t s  f o r  f o r c i n g  a t  the upper element. 

F igure 73 i l l u s t r a t e s  the wind-up o f  the  to rso .  Maximum t w i s t  over 

the whole length  o f  the  to rso  i s  about 40 degrees a t  about 165 msec.* 

Re la t ive  yaw angles f o r  the to rso  j o i n t s  a re  shown i n  Figures 74 and 75. 

The more immediate r e l a t i v e  yawing occurs a t  the  second ( lower)  j o i n t  

s ince t w i s t i n g  moment i s  t ransmi t ted  upward from the  forced p e l v i c  e le -  

ment. Even though e l a s t i c  c o e f f i c i e n t s  a re  zero, there  i s  found t o  be 
. . . . . . , .  

*Maximum l a p  b e l t  forces occur a t  about tr (60 msec) when HSRI 3-D to rso  
yaw r e l a t i v e  t o  the  veh ic le  i s  about -12 degrees. 



some yawing o f  the  f i r s t  and second elements even be fo re  the yawing stop 

a t  the  second j o i n t  i s  reached, This r e s u l t s  because the  j o i n t s  a re  no t  

on the l o n g i t u d i n a l  c e n t e r l i n e  b u t  a re  o f f s e t  b y  t, and t2. Pos i t i on i ng  

the j o i n t s  a long the spine a l s o  accounts f o r  the  bending motion seen i n  

Figures 76 and 77. Torso bending can occur even f o r  an ob l ique  impact 

r e s u l t i n g  i n  pure v e h i c l e  yaw. 

Figures 78 t o  83 show i n e r t i a l  and r e l a t i v e  head Eu le r  angles. 

P i t c h  and r o l l  motions a re  seen t o  be non-zero. This r e s u l t s  because o f  

non-zero t o r s o  p i t c h  and r o l l  and because o f  the  o f f s e t s  to and d and 

t he  i n i t i a l  value R(0) # 0. O f  more p a r t i c u l a r  i n t e r e s t  i s  t h a t  the  

head yaw stop i s  n o t  reached f o r  VOM. This stop angle i s  60" f o r  both 

VOM and t h e  HSRI 3-D model. F igure 81 shows t h a t  the  HSRI s top  i s  

reached a t  about 150 msec b u t  t h a t  t he  r e l a t i v e  head yaw f o r  VOM has 

reached o n l y  about -36" by 200 msec. This i s  explained by the  HSRI 

model hav ing a one-mass torso,  i n f l e x i b l e  t o  t w i s t i n g ,  and again by the  

f o r e - a f t  asymmetry o f  VOM, which causes p a r t i c i p a t i o n  o f  p i t c h  and r o l l  

i n  t he  t o t a l  motion, 



Figure 73. Torso wind-up f o r  ob l  ique impact: e x c i t a t i o n  a t  lower  to rso .  







F igu re  76. General ized p i  t c h i n g  angle R, and heading angle Ol a t  
f i r s t  t o r s o  j o i n t  f o r  o b l i q u e  impact. 



Figure 77. Generalized pitching angle R p  and heading angle O,, 1. at 
second torso joint for obl ique impact. 







Figure 80. HSRI 3-D and VOM head roll for oblique impact: excitation a t  lower torso. 
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10.6 OBLIQUE IMPACT: EXCITATION AT UPPER TORSO 

This exercise of .the model differs  from the one of the preceding 

section only in that  the HSRI 3-D torso motion i s  used t o  force the 

chest motion for VOM. Thus, motion of the lower torso elements will be 

of no interest ,  and head motion i s  isolated from the effects of torso 

f lex ib i l i ty .  

Head motions for the vehicle occupant model and the HSRI 3-D model 

are compared in Figures 84 to 89. Figure 87 shows that  even direct  

yawing excitation of the vehicle occupant model upper torso element does 

not cause the neck yawing stop to be reached.. The relat ive head yaw for  

the HSRI 3-D madel reaches -60" by 150 msec while the relative yaw for  

VOM i s  .only -53.2" a t  200 msec. The neck 1 inkage for  VOM causes gener- 

al ized pitching motion t o  be of greater importance for  this  simulated 

impact, a t  least  with regard t o  possible injury. Figure 89 shows that  

relative head roll reaches a peak value of over 30' a t  about 165 msec. 

A maximum neck-head , j o in t  stop moment of -189.7 f t . l b  i s  reached a t  just 

a f te r  165 msec; the generalized pitching angle a t  N-H i s  then 27.4' and 

pitching a t  N-H i s  toward the right and backward - 0' = 125.0'. Lesser 

N-H joint stop act ivi ty  occurs a t  105 msec toward the l e f t  and a t  132 

msec toward the l e f t  and front,  There i s  no joint stop ac t fv i  ty a t  the 

neck-torso joint. 

Head motions in x-y-z are al 1 less than 0.5 inches for  VOM and 

identically zero for the HSRI model. 
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Figure 88. Head pitch relative to torso. for oblique impact: excitation a t  upper torso. 

Figure 89. Head roll relative to torso for oblique impact: excitation a t  upper torso. 



CHAPTER 11 

CONCLUSIONS AND SUGGESTIONS FOR EXTENDED RESEARCH 

11.1 CONCLUSIONS 

The results of this  investigation show that the proposed vehicle 

occupant model predicts the trans1 a tional modes of head-neck moti on ob- 

served by Ewing , -- e t  a1 . , Tisserand and W i  sner, and Schulman, e t  a1 . 
Quantitative comparison against the i r  experimental results was prevented 

by lack of requi red experimental detai 1 . The successful ly represented 

qualitative nature of the kinematics cannot be predicted by any of the 

various simpler crash victim models. 

For the two-joint neck model i t  was determined that re lat ive rota- 

tional motion a t  the atlanto-occipital art iculation (the neck-head junc- 

ture)  i s  no less important than a t  the seventh-cervical/first-thoracic 

vertebral a r t i  cul a t i  on ( the neck- torso juncture). In jury due to  extreme 

relat ive rotation may well occur a t  e i ther  joint in a sufficiently 

severe crash situation. 

Fore-aft asymmetry of the vehicle occupant model was found to re- 

s u l t  in pitch and rol l  participation in the kinematics resulting from 

pure yawing excitation. The results indicate that injuries incurired i n  

oblique "intersection collisions" are as l ikely (or more l i  kely) to  re- 

sul t from extreme relat ive "bending" a t  body joints as from extreme 

relat ive "twisting.' 

Results predict that muscle contraction prior to  impact can cause 

a reduction in the severity of injuries resulting from extreme relat ive 

rotation a t  joints,  There i s  also some evidence that  the likelihood of 

cerebral concussion i s  reduced. 



Several op in ions regard ing human crash v i c t i m  represen ta t ion  by 

the a n a l y t i c a l  model have been reached by t h i s  author  over the course 

o f  the i nves t i ga t i on .  1 )  Both " e l a s t i c "  moments based on an e q u i l i b r i u m  

o r i e n t a t i o n  and j o i n t  s top moments a re  impor tant  a t  t o r so  j o i n t s  f o r  

bes t  represent ing the continuous human to rso  w i t h  sp ina l  support .  2) 

The r e l a t i v e l y  " loose" neck l i nkage  should n o t  have e l a s t i c  moments 

associated w i t h  it; j o i n t  stops a t  the  neck j o i n t s  a re  o f  prime impor- 

tance. 3) Normal l e v e l s  o f  muscle tens ion  f o r  a person i n  a s i t t i n g  

p o s i t i o n  (w i t h  p a r t i a l  support  f o r  h i s  back) should be taken as minimum 

values f o r  a conscious crash v i c t i m  s ince  even a veh i c l e  occupant n o t  

a n t i c i p a t i n g  an impact maintains a l e v e l  o f  muscle con t rac t i on  s u f f i c i e n t  

t o  balance ex te rna l  forces. 4 )  Three t o r so  masses and a s i n g l e  l e g  o f  

one o r  two masses a re  probably s u f f i c i e n t  t o  adequately represent  the  

human to r so  and legs. 

1 1.2 SUGGESTIONS FOR EXTENDED RESEARCH 

An obvious extens ion o f  the i n v e s t i g a t i o n  repor ted here would be 

t o  inc lude  the  crash v i c t i m  model as a p a r t  o f  a vehicle-occupant sys- 

tem. However, t h i s  would no t  necessar i l y  precede f u r t h e r  study o f  the  

crash v i c t i m  model i t s e l f .  

Only l i m i t e d  parameter s tudy has been done t o  t h i s  po in t ,  i .e., no 

r e a l  e f f o r t  has y e t  been made t o  "tune" the model so as t o  make i t  repre- 

sent  the  l i v i n g  human system t o  the bes t  o f  i t s  a b i l i t y .  P r ima r i l y ,  

t h i s  means t h a t  t he  bes t  poss ib le  values f o r  j o i n t  c o e f f i c i e n t s  should 

be determined; t h i s  might  i nvo l ve  d i r e c t  measurement o f  j o i n t  p roper t ies  

o r  emp i r i ca l  adjustment o f  the  a n a l y t i c a l  l y  p red ic ted  kinematics o f  

var ious forced motions t o  corresponding l abo ra to r y  t es t s  w i t h  volunteers.  



Some use may also be made of 1 imi ted existing experimental results.  I t  

seems 1 i kely that higher level s of vel oci ty-dependent damping than have 

been used thus f a r  would be more real i s t i c .  I t  has been previouslly 

mentioned that  normal levels of muscle tension should be determined for  

a l l  joints so that  a minimum muscular resistance to relative joint mo- 

tion can always be represented. I t  may also be of value to make use of 

the nonmlinear form assumed for  joint stop moments in conjunction with 

smaller values for  joint  stop angles so that the "hard" anatomical stops 

coul d be "softened" by appropriate amounts. 

Various improvements upon the analytical model i t se l f  might also 

be considered. For example, i t  i s  possible to introduce greater flex- 

i b i l i t y  into the neck without increasing the number of degrees of free- 

dom. Further increasing the complexity of the neck model, however, 

would increase the burden of supplying proper bi oparameter val ues, The 

muscle tension model might also be further developed, While i t  i s  f e l t  

to  be very significantly better than any other muscle tension representa- 

tion used to  date in crash victim models, i t  i s  s t i l l  the simplest and 

most limited possible r ea l i s t i c  representation of the effect  of muscle 

contraction on crash kinematics. 

Finally, i t  would be of value to establish a broad s e t  of injury 

c r i t e r i a  to be incorporated in the computer model so that  the absolute 

effectiveness of any proposed restraint  system could be evaluated. 
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APPENDIX A 

DERIVATIVES 

The r o t a t i o n  ma t r i x  determined i n  Chapter 4 has elements as fol lows: 

a4 ri,L = C63 t* Gme. 
rC C 

The components i n  ei of t he  angular v e l o c i t y  vectors were found t o  be as 

f o l  1 ows (see equations (4 .3 .6 )  1 : 



The var ious  t ime d e r i v a t i v e s  and p a r t i a l  d e r i v a t i v e s  o f  t he  above r e -  

q u i r e d  i n  t he  equat ions o f  mot ion  a re  presented i n  t h i s  appendix. Since 

t he  ajkpi a r e  f u n c t i o n s  o f  (vi, Oi, qi) on l y ,  and s i n c e  dip pi, and fi 

a re  f u n c t i o n s  o f  (  0 ,  q i  $i3 Bi, ai) o n l y 9  t h e  s u b s c r i p t  "1" can be 

o m i t t e d  w i t h o u t  confusion, 



. - a,, - - w e e  + - e B 2  



The following partial derivatives are required: 

I t  i s  easily demonstrated t h a t  the f i r s t  and third of these are iidentical 

to the second and fourth, respectively. Thus, i t  suffices to give the 

second and i t s  time derivative (the fourth). These are below. 



d R 2 2  - a,, - -  
aQ 





The required derl vatives o f  oc, and l are now presented. P , 





F i n a l l y ,  de r l va t f ves  o f  ih, jh, and dh a r e  given. 

The preceding r e s u l t s  ho ld  f o r  jh and ih i f  a l l  second subscr ip ts  a re  

changed t o  2 and 3, respec t i ve l y .  Also, 

3 kA - a& - - - 2 +A - - -  a i l  a t ,  - 1  . 



APPENDIX 0 

SOLUTION FOR MUSCLE TENSION FORCE BY REDUCTION TO QUADRATURE 

I n  some circumstances i t  migh t  n o t  be des i red  t o  so lve  equat ion 

(4.8.6) as p a r t  o f  a  system o f  d i f f e r e n t i a l  equat ions. It may be solved 

a1 t e r n a t i v e l y  by quadrature as l ong  as i ( t )  i s  known. Equation (4.8.6), 

repeated here as equat ion (B . l ) ,  i s  d e a l t  w i t h  alone i n  t h i s  appendix, 

and i t  i s  p u t  i n t o  the  bes t  form f o r  a  numerical quadrature s o l u t i o n .  

Any number o f  numerical methods a re  then s u i t a b l e  f o r  o b t a i n i n g  F ( t ) .  

ektlc i s  an i n t e g r a t i n g  f a c t o r  f o r  the  l e f t - hand  s i de  o f  (B.1). By 

m u l t i p l y i n g  the equat ion by ektIc and i n t e g r a t i n g  f rom 0 t o  t, we o b t a i n  

The i n t e g r a l  i n  (6.3) i s  n o t  i n  a  form w e l l  s u i t e d  t o  numerical i n t e g r a -  

t i o n .  The in tegrand  values a re  l i k e l y  t o  change q u i t e  r a p i d l y  because 

of  bo th  f ac to r s ,  the  exponent ia l  and t h e  v e l o c i t y  i .  
. . 

Def ine I and a  as f o l l ows ;  



Then, 

An i n t e g r a t i o n  by p a r t s  then y i e l d s  

Therefore, equat ion (8.3) becomes 

This form i s  considerably b e t t e r  than (8.3) f o r  numerical i n t e g r a t i o n  

s ince both fac to rs  i n  the  in tegrand w i l l  change less  r a p i d l y  than t h e i r  

counterpar ts  i n  (8.3). 

Depending on how x ( t )  f s obtained, values f o r  x may o r  may n o t  be 

a v a i l a b l e  f o r  evenly spaced values o f  t ime. Since v i r t u a l l y  a l l  numeri- 

ca l  quadrature formulas t o  be found i n  references on numerical ana lys is  



involve constant integration step s ize ,  a three-point quadrature fomu- 

la  i s  developed here f ~ r  variable step size. If greater accuracy i s  re- 

quired, then a five-point integration formula could be derived in a sim- 

ular manner. The error terns for  this  type of integration decrease in 

order of magnitude by pairs,  four-point being l i t t l e  better than three- 

point, 

The Lagrange interpolation formula (40), equation ( B .  l o ) ,  i s  used 

to  f i t  a second-degree polynomial f ( t )  through three points with abscis- 

sas to, tl , t p  and ordinates fo ,  f l  , f 2 ,  where f i  are integrand values. 

Here, 

Unequal step sizes h, and h2 are assumed, i .e . ,  



I n t e g r a t i o n  o f  (B. 10) from to t o  tp  gives 

Now, t he  polynomials Li ( t )  i n  the  r ight -hand s i de  o f  (8.13) a re  a v a i l -  

ab le  from (B.11) and, a f t e r  expansion, may be in tegra ted  eas i l y .  A f t e r  

tedious b u t  s t r a i gh t f o rwa rd  a lgebra ic  manipu la t ion o f  the  r e s u l t s ,  a l l  

ti may be e l im ina ted  i n  f avo r  o f  h, and h2 by r e l a t i o n s  (8.12). The 

f i n a l  r e s u l t  o f  t h i s  procedure i s  g iven by equat ion (B.14), where the  

summati on i n  (B. 13) i s  expanded. 

This r e s u l t  i f  seen t o  reduce t o  Simpson's Rule i f  h, = h2 = h, and i t  

p r e d i c t s  p roper ly  t h a t  the  i n t e g r a l  i s  equal t o  hl + h2 i n  the case t h a t  

fo = fl = f2 = 1. 



APPENDIX C 

A SIMPLI DYNAMIC SYSTEM INVOLVING A MAXWELL ELEMENT 

Figure 90 below may be compared w i t h  Figure 15 o f  Sect ion 4.8. The 

Maxwell elements are i d e n t i c a l  ; MI , Me, Mg, K, and C i n  Figure 90 repre-  

sent the  "b lack boxes" i n  Figure 15; and X ( t )  i s  a displacement exc i t a -  

t i o n .  

F igure 90. A simple dynamic system w i t h  Maxwell element. 

L e t  1, be the e q u i l i b r i u m  leng th  o f  the spr ing  jo in ing-Mp and M3. 

Then, t he  k i n e t i c  energy, p o t e n t i a l  energy, and d i s s i p a t i o n  funct i ion o f  

the  system are  



Where F i s  def ined by 

the Lagrange equations o f  motion are then 

Corresponding t o  equat ion (4.8.6), the d i f f e r e n t i a l  equation f o r  F i s  

Equations (C.4) w i t h  (C.5), then, are the system o f  governing d i f f e ren -  

t i a l  equations f o r  the dynamic system i n  Figure 90. 



APPENDIX D 

ANALYTICAL SOLUTIONS FOR SPECIAL CASES 

This appendix contains the  analys is  f o r  some o f  the p re l im ina ry  

model v e r i f i c a t i o n  t e s t s  mentioned i n  Chapter 6. A l l  o f  these are f r e e  

motion problems. 

D . l  Grav i ty  t e s t  

Suppose t h a t  the elements o f  the e n t i r e  dynamic system, i nc lud ing  

the head-neck po r t i on ,  are or ien ted  i n  space by random values of tihe 

Euler angle coordinates. If the l inkage i s  then allowed t o  f a l l  i n  a 

g r a v i t a t i o n a l  f i e l d ,  a l l  angle coordinates must be constant i n  t ime and 

the system as a whole must f a l l  w i t h  accelerat ion g, v e l o c i t y  g t ,  and 

distance c~t'. 

D.2 Twis t ing  t e s t  

Suppose th ree  i d e n t i c a l  ( to rso)  elements t o  be pos i t ioned as shown 

i n  Figure 91 a t  t = 0. The stop angles fo r  t w i s t i n g  are  zero and the 

two j o i n t s  have i d e n t i c a l  j o i n t  stop k and c values f o r  l i n e a r  terms 

(quadrat ic  and cubic te rns  equal t o  zero). Elements 1 and 3 are r o t a t e d  

(yawed) by equal amounts i n  opposite d i rec t i ons  against  the stops and 

released a t  t = 0. Then, by symmetry, Y2 must be i d e n t i c a l l y  zero and 

y3 must be i d e n t i c a l l y  the negat ive o f  tl. The problem there fore  re -  

duces t o  determining fl , o r  y, as i 11 us t ra ted  i n  Figure 91. 

The equation o f  motion i s  



Figure  91. Tw is t i ng  t e s t .  

where i s  the moment o f  i n e r t i a  f o r  yawing. The general s o l u t i o n  o f  

(D.2.1) i s  

where 

App l i ca t i on  o f  the i n i t i a l  cond i t ions  y(0) = Yo and f (0)  0 t o  (0.2.2) 

gives 

The s ign  o f  cosf i s  no t  un ique ly  determined by (D.2.5). However, i n  

o rder  t o  have A p o s i t i v e ,  we may choose sgn (cosB) = sgn $. Thus, as 



Jb w i  11 be taken as p o s i t i v e ,  we ob ta in  

Note t h a t  (D.2.5) i nd i ca tes  t h a t  s i n e  and c o s q a r e  o f  opposi te sign, 

i .e. , cp i s  i n  the second o r  f o u r t h  quadrant. Since c o s q  has a r b i t r a r -  

i l y  been taken as p o s i t i v e ,  must be i n  the f o u r t h  quadrant. Hence, 

('(t) i s  thus determined. Computer model r e s u l t s  are a l so  compared w i t h  . 
)I, which i s  given by equat ion (D.2.8). 

The t o t a l  energy d i s s i p a t i o n '  can a l s o  be ca l cu la ted  and compared 

w i t h  computer model resu l t s .  The energy d iss ipa ted  f o r  the three-  

element system i s  

Ah- 

Equation (D.2.9) could be evaluated by  i n t e g r a t i n g  'yZ, b u t  a simpller 

method i s  ava i lab le .  Since i s  an i n t e g r a t i n g  f a c t o r  f o r  t he  f i r s t  and 

t h i r d  terms o f  ( 2 1 )  mu1 t i p l i c a t i o n  o f  t h a t  equat ion by t d t  g ives 



Therefore, by (D.2.9) and (D.2.10), we have 

Then, Diss may be evaluated d i r e c t l y  by (0.2.12) a f t e r  values f o r  

JY(t) and # ( t )  have been found. A l t e r n a t i v e l y ,  i t  may be w r i t t e n  o u t  

as an e x p l i c i t  f u n c t i o n  of t. I t s  s implest  form i s  given by (0.2.13) 

and may be obtained from (0.2.12) by  us ing the  r e s u l t s  (0.2.2) and 

(0.2.8) f o r  b ( t )  and $'( t )  . Consi derable a lgebra ic  and t r igonomet r ic  

manipulat ion,  together  w i t h  two app l i ca t i ons  o f  (0.2.5), y i e l d s  

where A i s  i n  radians. 



D.3 Pitching t e s t ,  e l a s t i c  k 

Three identical elements of length 1 are  positioned in a plane as 

shown in Figure 92 a t  t = 0. The joints have identical e l a s t i c  spring 

rates for  pitching. The i n i t i a l  configuration i s  symmetric and i n i t i a l  

Figure 92. Pitching t e s t ,  e l a s t i c  k ,  

velocities el (0) and e3(0)  = -9 (0) are prescribed. The problem i s  

clearly reduced, essent ial ly ,  to  one angular and one l inear  degree o f  

freedom (say, el and xl ). 

By the symmetry and the constraints of th is  problem we have im-  

mediately that  



X3 = 'K, 

Now, note that requiring conservation of x-momentum gives 

By ( D .  3.14) this becomes 

Integrating and determining the arbitrary constant of integration In 

terms of in i t ia l  conditions ( t  = 0 ) ,  we obtain f inal ly 



While t h i s  i s  not a complete so lu t ion ,  i t  docs i nd i ca te  an e x p l i c i t  t- 

dependence f o r  a simple funct lon of x, and el. Sa t i s fac t i on  o f  t h i s  

time-dependent cons t ra in t  represents a  p a r t i a l  v e r i f i c a t i o n  o f  computer 

model resu l t s ,  

0.4 Pi tch ing  tes t ,  j o i n t  stop c 

Consider another three-mass, f r e e  motion problem, Suppose t h a t  the 

f i r s t  and second elements have very l a rge  masses and moments o f  i n e r t i a  

i n  comparison w i t h  the t h i r d ,  and suppose t h a t  the f i r s t  two elements 

are i n i t i a l l y  a t  r e s t .  This system i s  shown f n  Figure 93. Motion o f  

Figure 93. P i t ch ing  tes t ,  j o i n t  s top c .  

the t h i r d  element should cause on ly  s l i g h t  motion o f  the  massive e le -  

ments. As the mass and p i t c h i n g  moment o f  i n e r t i a  f o r  the  second e le -  

ment are made 1  arger and la rger ,  the motion o f  the t h i r d  element - given 

a  s e t  o f  i n i t i a l  condi t ions - should approach more and more c lose l y  the  

motion o f  an i d e n t i c a l  element w i t h  a  so l  i d  anchor. 

Since j o i n t  stop damping w i l l  be assumed, b u t  no spr ing,  as i n d i -  

cated i n  the f igure,  the on l y  poss ib le  motions are f o r  i f ( t )  4 0 or 

9 ( t ) r O .  N o a s c i l l a t i o n i s p o s s i b l e .  I t w i l l  b e s u f f i c i e n t t o s o l v e  

the problem for  b ( t )  2 0, a r b i t r a r i l y ,  and 8 2 0 .  Le t  the j o i n t  stop 



angle f o r  forward p i t ch i ng  be zero so t h a t  the deformation w i l l  be 8 

i t s e l f .  The f i r s t - o r d e r  j o i n t  stop damping c o e f f i c i e n t  i s  

Here, b and C are the constants defined i n  the footnote i n  Sectlon 

4.6.2, 

The k i n e t i c  energy i s  

where I = ICG. The d iss ipa t ion  funct ion i s  

Therefore, 

The equation of motion, then, i s  



Solut ions must be obtained f o r  the two regions 85h and e > ~  anld 

matched a t  0 =  A. 

The equat ion o f  motion (0.4.5) becomes 

where 

By the change o f  v a r i a b l e  p = 8, equat ion (D.4.6) can be reduced t o  

quadrature: 

C, and C2 are  constants o f  i n teg ra t i on ,  and 

(D. 4.9) 

Since a, A, and C a re  pos i t i ve ,  t he  form o f  the i n t e g r a l  i n  (0.4.8) de- 

pends upon the  s ign  o f  C1 . But s ince 0 and 8 are both p o s i t i v e ,  equa- 

t i o n  (D.4.9) i nd i ca tes  t h a t  C, i s  p o s i t i v e .  Therefore, where 



we obta in  

Equation (D.4.11) gives, f o r  t = 0, 

'LC\. I C = - -  A + @  
c d 9 d - 4  

El iminat ing  C2 i n  ( D . 4 1 )  and so l v ing  f o r  8, we obta in  

where 

The s o l u t i o n  f o r  i s  complete. 

The equation o f  motion (D.4.5) becomes 

The general so lu t i on  may be w r i t t e n  as 



where tR i s  def ined t o  be the t ime a t  which 8 = A  occurs i n  t he  f i r s t  

range o f  the  motion, BLA. It can be shown from (0.4.13) and (0.4.14) 

t h a t  

L e t  eR and dR be the corresponding values o f  8 and 9, i .e., 

and, from (D.4.9) and (D.4.18), 

Evaluat ion o f  6 and 9 a t  tR from equation (0.4.16) y i e l d s  C3 and C4, so 

t h a t  t he  s o l u t i o n  f o r  8 > A  i s  complete: 

D.5 J o i n t  s top damping i n  t h ree  planes 

One t e s t  performed was f o r  a problem i d e n t i c a l  t o  the  one i l l u s -  

t r a t e d  by f i g u r e  92 except t h a t  j o i n t  stop c ' s  replaced the  e las t i i c  k ' s .  

The a n a l y t i c a l  s o l u t i o n  i s  n o t  presented here. O f  g rea ter  i n t e r e s t  i s  

t h a t  t he  computer model was used t o  ob ta in  the  motion f o r  i d e n t i c a l  

problems s e t  up I n  the i n e r t i a l  planes, x-z, x-y, y-z; t he  resu l  t n n t  

motions were equivalent,  as they should be. 



0.6 Symmetric mass ma t r i x  

It can be demonstrated t h a t  the general ized mass mat r ix  [G(t) ]  

(Chapter 5 )  must be symmetric, i.e., G( t )  = G( t ) .  The symmetry may be 
i k k i 

checked fo r  any forced o r  f r e e  motion exercise o f  the computer model. 

D.7 Maxwell element t e s t s  

The implementation i n  the computer model o f  Maxwell elements f o r  

muscle tension was checked by two tes ts .  Both involved the element f o r  

the neck length.  The elements were a1 lowed t o  r e s i s t  compression i n  

con t ras t  t o  the " tension only"  p rov i s ion  (Section 4.8.2) which i s  ap- 

p l i e d  t o  neck length  muscle tension whenever the computer model i s  used 

t o  s imulate a veh ic le  occupant ra the r  than some o ther  dynamic system. 

Both tes ts  involved s e t t i n g  the to rso  masses equal t o  l a rge  values so 

t h a t  the  systems i l l u s t r a t e d  by Figures 94 and 95 could be approximated, 

The masses i n  these f igures  represent the head mass. 

A Maxwell element - 
Since 

the equat ion 

(i.e., equat ion (4.8.10)) becomes 



Figure 94. A Maxwell element. 

Suppose t ha t  i n i t i a l  values xo, io, and Fo are given. Equation (0.7.3) 

can be .immediately reduced t o  second order w i t h  a r ight-hand side in te -  

g ra t ion  constant o f  

The second-order equation w i t h  constant coe f f i c ien ts  then has the gener- 

a l  so lu t ion  

where 

and 



The in teg ra t i on  constants A and B are found t o  be 

and 

A three-parameter so l  i d  - 

Figure 95. A three-parameter so l  i d .  

The procedure demonstrated i n  Appendix C r e s u l t s  i n  the fo l l ow ing  

governing equations : 

where lo i s  the equ i l i b r i um length f o r  spr ing  K. These equations could 

be solved f o r  x as an e x p l i c i t  func t ion  o f  t, bu t  so lu t i on  o f  a cubic 

equation i s  involved so the analysis would be qai t e  lengthy. A shor t  



computer program was w r i t t e n ,  instead, t o  solve these equations and the 

resu l ts  were compared aga inst  the equivalent computer model exercise.  



APPENDIX E 

ESTIMATION OF NECK MUSCLE TENSION PARAMETER VALUES 

Figure 96. Muscle a t  a j o i n t ,  

The e f f e c t  o f  muscle tens ion a t  a j o i n t  i s  modeled by a Maxwell 

element w i t h  components k, and c,, where 

and M(') i s  the steady, vo lun tary  moment exerted by the subject.  The 

a!') are constants f o r  the subject  and the j o i n t .  This model, based 
1 

d i r e c t l y  on 8-motion, i s  somewhat a r t i f i c i a l  i n  t h a t  the  moment i n v e s t i -  

gated i s  r e a l l y  a r e s u l t  o f  l i n e a r  ac t i on  o f  muscle w i t h  a moment a m ,  

S t r i c t l y ,  t he  e f f e c t i v e  moment arm, L, i s  a func t ion  o f  8, b u t  i t  w i l l  

be assumed here t o  be constant. Figure 96 shows L and the l i n e a r  com- 

ponents k, and c,. 



An interpretation of the coefficients a\') i s  now sought. Consider 

f i r s t  t h a t  

Consider a case ka-- SO that  the Maxwell element contributes 

The corresponding moment i s  

The angular model gives direct ly  

where ce, of course, has dimensions of torque per radian velocity. Now, 

and therefore (E .  1 ) becomes 



From equations (E.3), (E.8), and (E.10) we then obtain 

If we similarly consider c a d - ,  a2 = 0, we get 

Taking c,-- and ag = 0 gives 

(E. 12) 

(E.13) 

So as to eliminate possible confusion i t  i s  pointed out that k, and 

c are not material properties; their  values depend on the size,  or 
a 

strength, of a particular muscle, the values being larger for larger 

muscles and smaller for  smaller muscles. Their component parts - 
(I) F ( ~ )  , a i l ) ,  and a i R )  I F ( ~ ) , ~  - have this  same character (equations '1 I 

(E.3) and (E.4)). Now, consider two different muscles, one with a maxi- 

mum possible contraction force FA:? of,  say, ten tines t h a t  o f  the other. 

I t  i s  reasonable to assume that the maximum c for the larger muscle 
R 

should be ten times c for the smaller muscle. I t  i s  concluded, there- a 
fore, that the constants a\') for the b o  muscles are equal, i .e., that 

a l e )  i s  a material property. The constant a!') i s  similarly expected to 



be a material property, not dependent on the par t icular  muscle. The 

constant ahL),  on the otherhand, may be expected to  be proportional t o  

the maximum potential strength of a par t icular  muscle: 

The quanti t ies a!'), a;('), and a!') are essential  1 y muscle t i s sue  

properties - material properties - and as  such may not d i f f e r  greatly 

from jo in t  t o  jo in t  i n  an individual. I f  these values are  assumed con- 

s t an t  from joint  t o  jo in t ,  i t  becomes possible t o  estimate values fo r  

( 8 )  
al a p ) ,  a?) a t  a second jo in t  i f  the values a t  the f i r s t  jo in t  and 

values .of certain other quanti t ies can be estimated. This i s  done as 

fo l l  ows. 

Suppose tha t  f o r  j o in t  number I the  following a re  known: LI, - 
('1 a (9) , . For the second jo in t  (11) suppose t ha t  1 I 2,I 3,I '  and 'max,~ 

L I I  and c?,II are  known. Then, 

by equations (E.11) to (E.14). Also, 

& 
(el CW 
'1 * = Lp A, 

(E, 15) 



Subscripts "I" o r  "11" are  n o t  necessary i n  (E.15) and (E.16) s ince 

( 1 )  l(1) a1 , a2 , and a!') a re  assumed constant  from j o i n t  t o  j o i n t .  There 

equations then combine t o  g i v e  

By ( ~ . 9 ) ,  we can e l  iminate the  r a t i o  o f  maximum cont rac t ion  forces: 

Since experimental values o f  a;'), a ,  a?) are ava i l ab le  f o r  the 

knee j o i n t ,  an e f f o r t  w i l l  be made t o  ob ta in  crude values f o r  o the r  

j o i n t s  from these r e l a t i o n s .  

It may be deduced from a problem given by Wil l iams and L issner  (41) 

( p p  85, 86) t h a t  Lknee = 4" x sin 20' = 1.37". Also, W i l l  jams and 



Lissner  i n d i c a t e  t h a t  a 90 pound exerc ise load on the f o o t  - w i t h  a 

24 i nch  moment arm t o  the knee i s  about maximum f o r  an average man 

(p. 86). This represents a maximum knee moment o f  

(E. 19) 

It i s  estimated very roughly ( f rom scale drawings i n  anatomy r e f e r -  

ences) t h a t  the e f f e c t i v e  moment arms f o r  bo th  the  neck-torso " j o i n l t n  

and the head-neck " j o i n t "  are two inches. Also, P a t r i c k  and Mertz (42) 

g i ve  an experimental maximum neck torque value which should c l o s e l y  

(el 1 .  - .  
approximate I M~~~,,,-.,. . 

(E. 20) 

P a t r i c k  and Mertz a l so  g i ve  maximum s t a t i c  torque values a t  the o c c i p i t a l  

condyles (N-H). These values vary from 10.5 ft. 1 b t o  26.0 ft. 1 b, dle- 

pending on the p o s i t i o n  o f  the head and the  s ign  o f  the app l ied  monient 

f o r  bending ( f o r e - a f t ) .  The neck-torso value, 17.5 f t . l b ,  w i l l  be as- 

sumed f o r  N-H as we l l .  Since both  L and %,, have been taken as equal 

f o r  the two neck j o i n t s ,  a l l  ale) r e s u l t s  w i l l  be the  same f o r  N-T and 

NOH. 

M o f f a t t  , Har r i s  , and Haslam (24) obtained the  fo l l ow ing  approximate 

experimental r e s u l t s  f o r  the knee: 



(Values are given here f o r  [deg-'] on lybecause the  veh ic le  occupant 

computer program accepts i n p u t  i n  terms o f  degrees. ) Using these values 

and the values f o r  moment arms and maximum s t a t i c  moments we obta in  the  

fo l l ow ing  r e s u l t s  f o r  N-T and N-H from equations (E.17) and (E. 18): 

(E. 22) 

These values are  hoped t o  be reasonable f o r  bending type deformation o f  

the neck. 

The neck i s  a lso  capable o f  muscular res is tance t o  tw i s t i ng .  The 

e f f e c t i v e  moment arm f o r  the muscles w i l l  be taken as two inches. It 

w i l l  a l so  be assumed ra the r  a r b i t r a r i l y  t h a t  the neck can r e s i s t  a s t a t i c  

t w i s t i n g  moment o f  on ly  one-fourth the  maximum bendi ng moment, i .e., 

I = 17.5/4 = 4.375 f t . l b .  Accordingly, I 'max , H-T 

,(e) 
H-T = 0.0308 (E. 23) 

The model o f  the  neck a l so  al lows f o r  muscular res is tance t o  

s t re tch ing .  The c o e f f i c i e n t s  a!') are required. 



I t  i s  assumed t h a t  the muscles which r e s i s t  s t re t ch ing  are es- 

sen t ia l ' l y  the  same as those r e s i s t i n g  bending. It i s  assumed fur ther ,  

however, t h a t  only about h a l f  the muscle helps t o  r e s i s t  bending i n  any 

d i r e c t i o n  wh i le  a l l  o f  the muscle helps t o  r e s i s t  stretching; hence, a 

f a c t o r  o f  2 i s  introduced fo r  a!'), which depends on the amount o f  pow 

t e n t i a l l y  a c t i v e  muscle. From equations ( E . l l )  t o  ( ~ ~ 1 3 )  we then ob ta in  

t3 
(0)  

C - &I, N-T 

"I, 4 L = 4849 
r4 -T 

(E. 24) 

L 
N-T 

where the r e s u l t s  (E.22) have been f i r s t  converted t o  [ rad- '1 dimensions. 

I can be assumed t o  be Also, a reasonable value f o r  IFmax,neck 

(Pat r ick  and Mertz (42) g ive  an experimental ly determined value o f  250 

lb . )  



APPENDIX F 

TWO-DIMENSIONAL ANALOGUES OF THE BASIC 
BALL-AND-SOCKET JOINT CHARACTERISTICS 

This appendix illustrates the basic joint characteristics of the 

three-dimensional analytical model in terms of two-dimensional 

analogues, The illustrations here are for torso joints in particular, 

but the fundamental characteristics apply for the neck joints as well - 
"N-T" and "N-H" for bending and "H-T" for twisting. Extensions to the 

three-dimensional ball-and-socket joint are described in general terms 

in Chapter 3 and i n  analytical detail in Chapter 4. 

F. 1 Joint stop moments 

joint stop 

I 

I 

constant joint stop constant 

zero deformation non-zero deformation 

= knonlinear (R-a)  + 'nonlinear k 

Figure 97. Two-dimensional analogue for joint stop resistance 
to bending at a typical torso joint. 



Figure 97 shows the character of "joint stop" resistance to bending 

deformation. Relative bending occurs freely until the bending angle 

exceeds a constant value, the joint stop angle. Figure 98 illustrates 

a similar joint stop resistance to relative twisting of the elements. 

It is noted here that the three-dimensional extension for twisting 

deformation is essentially the same as illustrated while the extension 

to bending in three dimensions of necessity differs considerably. 

j o i n t  s t o p  constant j o i n t  s t o p  constant 

I 

/ 
- - a 9  
I I 

zero deformation non-zero deformation 

= knonlinear (#-a)  + 'nonlinear B 

Figure 98. Joint stop resistance to twisting at a typical torso 
joint (top view of two connected body elements). 



F . 2  E l a s t i c  moments 

A second j o i n t  c h a r a c t e r i s t i c  o f  t he  a n l y t i c a l  model I s  the  

tendency f o r  r e t u r n  t o  an equ i l i b r i um pos i t ion ,  the o r i e n t a t i o n  a t  t = 0. 

Deformations f o r  t h i s  " e l a s t i c "  bending and t w i s t i n g  a re  shown i n  Fig- 

ures 99 and 100. 

longitudinal axis position at t = 0 

I 
I longitudinal axis at t 

.t ion 

' = knonlinear + 'nonlinear s 

Figure 99, Two-dimensional analogue fo r  e l a s t i c  res is tance t o  
bending deformation away from equ l l i b r i um a t  a  t y p i c a l  to rso  j o i n t .  



relative twist at t - 0 

deformation 

= knonlinear ($-#o) + 'nonlinear $ 

Figure 100. Elastic resistance to twisting deformation away from 
equilibrium at a typical torso joint (top view of two connected elements). 



F.3 Neck length  extension and compression 

The character o f  resistance t o  change o f  the neck length i s  i l l u s -  

t r a ted  by Figure 101, The series spr ing and damper represent the 

e f f e c t  of muscle contract ion; the coe f f i c ien ts  are functions of a para- 

meter F which indicates the degree o f  muscle t ightening. 

k non 

Figure 101. Resistance t o  change o f  neck length. 

F.4 Muscle tension moments 

Rotat ional Maxwell elements analogous t o  the 1 i near element shown 

i n  Figure 101 represent the e f f e c t  of muscle contract ion on r e l a t i v e  

bending and tw i s t i ng  a t  ball-and-socket j o i n t s .  Figure 96 (Appendix E) 

ill ustrates the muscle tension moment resistance t o  these r e l a t i v e  

angular motions a t  a j o i n t .  


