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1.0 INTRODUCTION 

T h i s  r e p o r t  i s  a  b r i e f  summary o f  t h e  r e s u l t s  o f  a  p r o j e c t  e n t i t l e d ,  

"Thorac i  c  Model Improvements (Exper imen ta l  T i ssue  P r o p e r t i e s ) "  conducted by 

t h e  Biomechanics Department o f  t h e  Highway S a f e t y  Research I n s t i t u t e  o f  t h e  

U n i v e r s i t y  o f  Mi c h i  gan. 

The genera l  o b j e c t i v e  o f  t h i s  research  program was t o  o b t a i n  mechanical 

p r o p e r t i e s ,  b o t h  s t r e s s ,  s t r a i n ,  and r u p t u r e  s t r e n g t h ,  f o r  v a r i o u s  human 

t i s s u e s  t h a t  a re  d i r e c t l y  a p p l i c a b l e  t o  t h e  t h o r a c i c  i n j u r y  p rob lem as de- 

f i n e d  i n  t h e  f i n i t e  e lement  node1 o f  t h e  human t h o r a x  t h a t  i s  b e i n g  developed 

by  t h e  Frank1 i n  I n s t i t u t e  Research L a b o r a t o r y  (F IRL)  under NHTSA C o n t r a c t  ;lo. 

DOT-HS-243-2-424, " T h o r a c i c  Impact  I n  j u r y  Mecnanism. " The p r o p e r t i e s  were 

t o  be de te rm ined  a t  s t r a i n  r a t e s  t h a t  can occu r  d u r i n g  f a t a l  au tomobi le  

acc iden ts .  Tile p r o p e r t i e s  o f  Rhesus monkey t i s s u e s  a r e  a l s o  o f  i n t e r e s t  i n  

t h e  m o d e l l i n g  e f f o r t ,  and c o n s i d e r a t i o n  was g i ven  t o  p r o v i d i n g  exper imen ta l  

d a t a  on s e l e c t e d  Rhesus t i s s u e s  as w e l l  as on human t i s s u e s .  

The genera l  approacn t o  a c h i e v i n g  t h e  goa ls  o f  t h e  program were t o :  

1. P e r f o r m  a  d e t a i l e d  l i t e r a t u r e  survey c o n c e n t r a t i n g  on s o f t  t i s s u e  

t e s t  techn iques and m c h a r i i c a l  p r o p e r t i e s  d a t a  on t h e  t i s s u e s  o f  

p r i m a r y  i n t e r e s t .  

2. Develop b a s i c  t e s t  techn iques,  f i x t u r e  des ign and t e s t  a n a l y s i s  

methods. 

3. I w l e n e n t  t h e  t e s t  p r o g r a n  w i t h  t i s s u e  p r i o r i t i e s  based on :he 

needs o f  t h e  m o d e l l i n g  e f f o r t .  

4. Analyze and s y n t h e s i z e  t h e  t e s t  d a t a  w i t h  r e s p e c t  t o  d e v e l o p i n g  

c o n s t i t u t i v e  r e l a t i o n s  t o  d e s c r i b e  t h e  b e h a v i o r  o f  t h e  t i s s u e s  

t e s t e d  w i t h i n  t h e  scope o f  t h e  t e s t  program. 

The f o l l o w i n g  s e c t i o n s  o f  t h i s  r e p o r t  summarize t h e  methodology used i n  

t h e  conduct  o f  t h i s  p r o j e c t  and t h e  r e s u l t s  obta ined.  



1.1 BACKGROUND 

Many i n v e s t i g a t o r s  have per fo rmed mechanical  t e s t s  on' v a r i o u s  b i o l o g i c a l  

t i s s u e s  wh ich  e x h i b i t  t i l e  general  c h a r a c t e r i s t i c s  o f  marked ly  non-1 i n e a r  

b e h a v i o r  accompanied by f i n i t e  de fo rma t ions .  The use o f  p r i n c i p l e s  o f  s o l i d  - 
mechanics t o  a s s i s t  i n  t h e  d e s c r i p t i o n  o f  t h e  mechanical  p r o p e r t i e s  and 

b e h a v i o r  o f  b i o l o g i c a l  m a t e r i a l s  r e q u i r e s  c o n s i d e r a t i  on o f  q u e s t i o n s  o f  

i s o t r o p y ,  homogeneity, compress ib i  l i t y ,  e l  a s t i  c i  t y  and v i s c o e l  a s t i c i  t y ,  

and u n i v e r s a l i t y .  S o f t  t i s s u e s  such as muscle and l i g a m e n t s  a r e  c l e a r l y  

composi te m a t e r i a l s ,  p r e f e r e n t i  a l l y  s t r u c t u r e d  and, m i c r o s c o p i c a l l y ,  f a r  

f r om i s o t r o p i c  and homogeneous. tiowever, i n  some t i s s u e s  e f f e c t i v e  horno- 

g e n e i t y  may e x i s t  on a  macroscopic s c a l e .  S o f t  t i s s u e s  are  g e n e r a l l y  

accepted t o  be i n c o m p r e s s i b l e  ( I ) ,  a l t hough  i n  some s t a t e s  o f  compression, 

a  volume decrease can occu r  due t o  e x u d a t i o n  o f  f l u i d  ( 2 ) .  It i s  a l s o  recog- 

n i z e d  t h a t  s o f t  t i s s u e s  i t1  genera l  a re  v i s c o e l a s t i c  ( 3 ) ,  however, under 

c e r t a i n  c o n d i t i o n s  i t  i s  u s e f u l  t o  c o n s i d e r  t h e  e l a s t i c  b e h a v i o r  o f  so re  

t i s s u e s  o n l y  ( 1 ) .  The q u e s t i o n  o f  u n i v e r s a l  r e p r e s e n t a t i o n  o f  t t i e  b e h a v i o r  

o f  s o f t  t i s s u e s  poses a  cornplex .exper imenta l  p r o b l e n .  I n  cases where 

c o n s i d e r a t i o n  i s  o f  e l a s t i c  b e h a v i o r  o n l y ,  t he  a p p i i  c a t i o n  o f  expev imenta l  

. and a n a l y t i c a l  t echn iques  developed i n  t h e  s t u d y  o f  e l a s t o m e r i c  polymers 

can be a p p l i e d  t o  s o f t  t i s s u e  c h a r a c t e r i z a t i o n .  T h i s  approach u t i l i z e s  t h e  

concepts developed i n  f i n i  t i  e l a s t i c i t y  ( 4 )  and i n v o l v e s  d e t e r m i n a t i o n  o f  a  

s t r a i n  energy  f u n c t i o n  # I  which  will a l l o w  a  d e s c r i p t i o n  o f  t h e  b e h a v i o r  o f  

t h e  m a t e r i a l  s p e c i f i c a l l y  tn rough t h e  parameters I ,  sU/;Ii  and ? : i / : I ? ,  

where 11, I2 and I3 a r e  t h e  s t r a i n  i n v a r i a n t s .  These parameters  a r e  func-  

t i o n s  o f  t h e  s t a t e  o f  de format ion  i n  t h e  m a t e r i a l  and r e q u i r e  measurement o f  

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

s t a t e s  o f  s t r a i n .  F o r  an i n c o m p r e s s i b l e  m a t e r i a l ,  t h e  p r i n c i p a l  s t r a i n s  



are  i n t e r r e l a t e d  so t h a t  W becomes independent  o f  I g  t h e r e b y  r e d u c i n g  t h e  

expe r imen ta l  work somewhat. S u i t a b l e  use o f  t h i n  membranes o f  m a t e r i a l  

a l s o  a1 1  ows f u r t h e r  s i m p l i f i c a t i o n  o f  expe r imen ta l  procedure.  Neve r the less  

i t  i s  necessary  t o  conduct  t e s t s  under a t  l e a s t  t h r e e  d e f o r m a t i o n  s t a t e s  

t o  d e s c r i b e  an i s o t r o p i c  i ncompress ib le  m a t e r i  a1 . E x p e r i m e n t a l l y  , t h e  t h r e e  

s t a t e s  u s u a l l y  chosen are :  s i m p l e  e l o n g a t i o n ,  pure  shea r  and two d imens iona l  

e x t e n s i o n  ( o r  u n i  a x i  a1 compression f o r  i n c o m p r e s s i b l e  n a t e r i  a l s ) .  Very few 

s t u d i e s  have u t i l i z e d  a n y t h i n g  o t h e r  t han  t h e  u n i a x i a l  t e n s i l e  t e s t  t o  

d e s c r i b e  t h e  e l a s t i c  b e h a v i o r  o f  s o f t  t i s s u e s .  A v a r i e t y  o f  forms f o r  t h e  

s t r a i n  energy f u n c t i o n  have been proposed and e v a l u a t e d  f o r  r a b b i t  mesentery 

(3,  5 )  and c a t ' s  s k i n  ( 6 )  based on u n i a x i a l  t e n s i l e  da ta .  Fung ( 7 )  l a s t  y e a r  

rev iewed  c u r r e n t  e f f o r t s  a l o n g  these  l i n e s  and has i n d i c a t e d  t h a t  " t h e  

g r e a t e s t  need l i e s  i n  t he  d i r e c t i o n  o f  c o l l e c t i n g  data  i n  m u l t i a x i a l  l o a d i n g  

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

1 i v i n g  t i s s u e s  i n  mu1 t i a x i a l  l o a d i n g  c o n d i t i o n s .  None o f  t h e  numerous 

t h e o r e t i c a l  p roposa ls  has r e c e i v e d  e x t e n s i v e  e x p e r i w n t a l  suppor t . "  Lan i  r and 

Fung ( 8 )  have h u s t  r e c e n t l y  pub l - i shed t h e  preliminary e x p e r i m e n t a l  r e s u l t s  on 

t h e  two d imens iona l  m c h a n i c a l  p r o p e r t i e s  o f  r a b b i t  s k i n .  

T y p i c a l  s o f t  t i s s u e s  a r e  n o t  e l a s t i c  and t h e i r  v i s c o e l a s t i c  n a t u r e  must 

be accounted f o r  as t h e r e  i s  c o n s i d e r a b l e  d i f f e r e n c e  i n  s t r e s s  response 

t o  l o a d i n g  a n d , u n l o a d i n g  and t o  r a t e  l o a d i n g  ( 3 ) .  !,!any s o f t  t i s s u e s  have 

been s t u d i e d  u s i n g  s i n p l e  s t a t e s  o f  s t r a i n  such as u n i a x i a l  t e n s i o n ,  s i r r o l e  

shear  and u n i a x i a l  c o ~ r e s s i o n  t o  o b t a i n  v i s c o e l a s t i c  da ta .  These t e s t s  are  

u s u a l l y  e i t h e r  creep,  re1  a x a t i o n  o r  s teady  s t a t e  sma l l  o s c i l l a t i o n  t e s t s  and 

t h e  r e s u l t s  a re  u s u a l l y  d i scussed  i n  terms o f  t h e  framework o f  l i n e a r  v i sco -  

e l a s t i c  t h e o r y  r e l a t i n g  s t r e s s  and s t r a i n  o n  t h e  b a s i s  o f  t h e  V o i g t ,  Maxwell  

and K e l v i n  models (9,  10, 11). A n o n l i n e a r  t h e o r y  o f  t h e  K e l v i n  t y p e  has 



been proposed fo r  tendons and 1 i  gaments (1 2 )  on the basis , o f  a  sequence of 

springs of d i f ferent  natural length, with the number of part icipating springs 

increasing with increasing s t ra in .  

For f i n i t e  deformations, the nonlinear s t ress-s t ra in  character is t ics  of 

so f t  t issues must be accounted for .  An a l ternat ive  t o  the development of a 

consti tut ive equation by gradual special izat ion of a general formulation has 

been p u t  forward by F u n g  ( 3 ) .  Util izing special hypotheses, the history of 

the s t r e s s  response in a material subjected t o  a uniaxial s tep  elongation i s  

cal led the relaxation function K ( A , t )  and i s  assumed to  have the form 

K(l,t)= G(t) T ( ~ )  ( A ) ,  G(0) = 1 

in which a normalized function of time, i s  called the reduced relaxation 

function, and T ( ~ )  (A), a function of h alone i s  called the e l a s t i c  response. 

This formulation allows the function T ( ~ )  (i) t o  play the role assumed by the 

s t r a i n  in the conventional theory of viscoel a s t i c i t y ,  thereby extending the 

machinery o f  the theory of l inear  viscoelast ici  ty t o  use i n  characteriza- 

tion of nonlinear materials.  I n  cases where the s t ress  response to  a loading 
. , 

process i s  insensit ive to  the ra te  of loading T ' ~ )  (A) may be approximated 

by the uniaxial t ens i l e  s t ress  response in a loading experirnen't with a suf- 

f i c ien t ly  h i g h  rate of loading. Recent resul ts  suggest that  the characteris- 

t i c  re1 axation' term may also depend o n  the s t r a i n  l e v e l .  This wo"1d result  

i n  G ( t )  depending on  1.. 

Much of the expe r i~en t a l  work on determining the mechanical behavior of 

soft  t i ssues  has not been cast  i n  the framework of a complete sol id  mechanics 

descript ion,  thus i t  i s  possible to  obtain only a par t ia l  characterization of 

t i ssue  behavior from the exis t ing l i t e r a tu r e .  The most extensive summary of 



work  on t h e  s i m p l e  l o a d i n g  b e h a v i o r  o f  b i o l o g i c a l  t i s s u e  i s .  t h a t  o f  Y amada 

( 1  3 ) .  The b a s i c  t e s t s  r e p o r t e d  i n c l  ude u n i a x i a l  t e n s i o n ,  b i a x i a l  membrane 

i n f l a t i o n  and  b u r s t ,  t u b u l a r  i n f l a t i o n ,  t o r s i o n  and d i r e c t  compress ion on a  

v e r y  w ide  range  o f  human and animal  t i s s u e s .  The d a t a  p r e s e n t e d  i n  t h i s  

e x t r a o r d i n a r y  work p r o v i d e s  no i n f o r m a t i o n  o f  r e a l  use t o  a  con t i nuum mechanics 

c h a r a c t e r i  z a t i o n  o f  t h e  t i s s u e  b e h a v i o r s .  A s u r v e y  o f  t h e  e x i s t i n g  1  i t e r a t u r e  

o n  s o f t  t i s s u e  p r o p e r t i e s  r e v e a l s  a l m o s t  a  comp le te  l a c k  o f  d a t a  on t h e  s t r e s s -  

s t r a i n  b e h a v i o r  t o  f a i l u r e  a t  a n y t h i n g  o t h e r  t han  q u a s i - s t a t i c  l o a d i n g  r a t e s .  

The main emphasis i n  t h i s  p rogram was upon impac t  t y p e  h i g h  s t r a i n  

r a t e  b e h a v i o r  o f  b i o l o g i c a l  t i s s u e s  and as such  t h e  main f o r m  o f  d a t a  a c q u i s i -  

t i o n  was i n  terms o f  h i g h  s t r a i n  r a t e  s t r e s s - s t r a i n  cu rves  t o  f a i l u r e .  

The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  i n  t h i s  p rogram were ana l yzed  t o  p r o v i d e  

t h e  most  use fu l  d a t a  i n  t e r m  o f  f a i l u r e  c r i t e r i a  and n u m e r i c a l  pa ramete rs  

i n  forms most  s u i t a b l e  f o r  t h e  FIRL f i n i t e  e l e n e n t  m o d e l l i n g  e f f o f t .  The 

d e t a i l s  o f  t h e  expe r imen t s  per formed on t h e  v a r i o u s  t i s s u e s ,  t h e  t e s t  pa ra -  

mete rs  measured, and t h e  form o f  d a t a  a n a l y s i s  were c o o r d i n a t e d  t o  t h e  e x t e n t  

' p o s s i b l e  w i t h  bo ' tn  F IRL and t h e  CTf1 d u r i n g  t h e  t e s t '  t e chn i c i r e  d e v e l o ~ n e n t  , 

phases o f  t h e  program. The l i m i t e d  scope and d u r a t i o n  o f  t h e  p rogram (10  man 

months e q u i v a l e n t )  was n o t  s u f f i c i e n t  t o  a l l m i  a  c o ~ p l e t e  con t i nuum mechanics 

d e s c r i p t i o n  o f  a1 l t h e  . t i s s u e s  o f  i n t e r e s t .  I n  f a c t ,  t h e  o v e r r i d i n g  consi,cera- 

t i o n  o f  d a t a  g e n e r a t i o n  f o r  t he  f i n i t e  e l e ~ e n t  r ode1  s t r o n q l y  i n f l u e n c e d  t n e  

t e s t s  p e r f o r n e d  and t h e  subsequent  d a t a  a n a l y s i s .  However, wherever possible 

t h e  t e s t  c o n f i g u r a t i o n s ,  measured t e s t  pa ramete rs  and subsequent  a n a l y s i s  

we re  couched w i t h i n  t h e  framework o f  p r o p e r  so1 i d  mechanics c h a r a c t e r i z a t i o n  

s o  t h a t  t h e  d a t a  deve loped ,  w h i l e  a t  t h i s  p o i n t  i n  t i n e  may be i n c o m p l e t e  i n  

t h e  sense o f  a t o t a l  d e s c r i p t i o n ,  w i  ll be a p p l i c a b l e  t o  f u t u r e  e f f o r t s .  



2.0 LITERATURE SURVEY 

A l i t e r a t u r e  su rvey  wh ich  c o n c e n t r a t e d  on t h e  areas o f  s o f t  t i s s u e  

t e s t i n g  and 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  s o f t  t i s s u e  mechanical  b e h a v i o r  was 

implemented e a r l y  i n  t h e  program as an a i d  i n  g u i d i n g  t h e  expe r imen ta l  

des ign  and da ta  a n a l y s i s  techn iques.  I n  a d d i t i o n ,  t h e  l i t e r a t u r e  su rvey  was 

used t o  s t u d y  mechanical  p r o p e r t i e s  d a t a  on t h o r a c i c  t i s s u e s  o f  p r i m a r y  i n t e r e s t  

t o  t h e  p r o j e c t .  

A  b i b l i o g r a p h y  based on t h e  papers l o c a t e d  by t h e  l i t e r a t u r e  survey  was 

compi led  i n  t h e  f o l l o w i n g  manner: 

1. O b t a i n  t h e  paper.  

2. Code it. 

3. A b s t r a c t  t he  a r t i c l e .  

4. Type t h e  i n f o r m a t i o n  on a  K e y s o r t  card .  

5. Punch t h e  c a r d  a c c o r d i n g  t o  t h e  code, 

D u p l i c a t i o n  o f  t h e  Keyso r t  c a r d  b i b l i o g r a p h y  was done by Xerox ing  t h e  

cards on a  da rk  background a t  a  s l i g h t  r e d u c t i o n  i n  o r d e r  t o  a l l o w  a t tachment  

o f  t h e  d u p l i c a t e  t o  a  b lank  K e y s o r t  c a r d  f o r  punch ing as i n d i c a t e d  by . the 

d u p l i c a t e .  The cop ies  o f  these b i b l i o g r a p h y  cards  are  c o n t a i n e d  i n  Volume I 1 1  

o f  t h i s  r e p o r t .  A  t o t a l  o f  o v e r  500 cards  were p repa red  d u r i n g  t h e  p r o j e c t .  

Ln a d d i t i o n ,  s e l e c t e d  a r t i c l e s  o f  p a r t i c u l a r  p e r t i n e n c e  t o  t h e  program have 

been m i c r o f i l ~ l e d  i n  t h e i r  e n t i r e t y  and s u p p l i e d  i n  m i c r o j a c k e t  f o r m  t o  the  CTY. 

3.0 TEST TECHiIIQUES 

3.1 GENERAL 

The e f f e c t i v e n e s s  o f  a  program i n  p r o v i d i n g  mechanical  b e h a v i o r  da ta  

on v a r i e d  t i s s u e s  o f  t h e  t h o r a x  depends on many f a c t o r s .  The t e s t  techn iques 

and procedures  must be k e p t  as s i m p l e  and e f f i c i e n t  as p o s s i b l e  i n  o r d e r  t o  

a l l o w  s i g n i f i c a n t  numbers o f  t e s t s  t o  be pe r fo rmed  on each t i s s u e  w i t h  



s t a t i s t i ca l  validity. Additionally, the measurements made in the tes t s  must 

provide suff ic ient  information t o  a1 low the complete determination of the 

s ta te  of s t rain and s t a t e  of s t ress  for a proper analytical characterization 

of the behavior o f  the tissue. In addition t o  these basic requirements, the 

t e s t  program must consider the questions o f  the effects of muscle tone, material 

storage, time af te r  death, and in vivo configuration on the mechanical behavior 

of the tissues. 

The t e s t  methods planned for use in the program can be classified into 

two types ; basic mechanical properties tes t s  and structural mechanical proper- 

t ies  tests , 

The basic mechanical properties tes t s  consist of the following candidate 

loading s ta tes :  

1. Uniaxial tension 

2. Bi axial tension (mehrane pressurization) 

3, Uniaxial compression equivalent t o  biaxial tension f o r  incompressible 

materials) 

4. Coihined axi a1 tension and internal pressuri zation (wi t h  suitable 

tubular vessel and organ samples). 

The structural mechanics tes t s  invol ve those tissue configurations where 

i t  was impossible t o  produce suitable samples of the tissue and therefore were 

tested as a structure. 

$election o f  which' of  the above t e s t  s ta tes  was t o  be applied to.kach' 

o f  the tissues o f  interest  depended on many factors. The structural aeoretry 

of  the tissue sanqle precluded certain testing nodes. The degree o f  aniso- 

tropy t h a t  a  particular tissue exhibits may limit  the application of  the 

more complex loading s tates .  In addition to material considerations, the 

primary goal of providing data for use in the FIRL f in i t e  element model 

played a major role in the selection of t e s t  modes. 



Due t o  l i m i t e d  supp ly  o f  s u i t a b l e  m a t e r i a l  samples and t he  need f o r  

s i g n i f i c a n t  numbers o f  t e s t s  i n  any one t e s t  mode and t i s s u e  type,  o n l y  

uni  ax i  a1 t ens ion  and b i  ax i  a1 tens ion  t e s t s  were performed r o u t i n e l y  t o  

o b t a i n  bas i  c  mechani c a l  p r o p e r t i e s .  

3.1.1 Uni ax i  a1 Tension Test 

The u n i a x i a l  t ens i on  t e s t  cou ld  be a p p l i e d  t o  v i r t u a l l y  any t i s s u e  o f  

i n t e r e s t .  Three types o f  u n i a x i a l  t e n s i l e  specimens were used i n  the program. 

The f i r s t  two cons i s t ed  o f  d i e  c u t  specimens (des ignated Type 1  and Type 2  

specimens). The sma l l e r  o f  the two d i e  shapes (Type 2 )  was used i n  some 

human t i s sues  where t he re  was a  l i m i t e d  amount o f  un i fo rm t i s s u e  and i n  

Rhesus monkey t i s sues .  The t h i r d  t ype  o f  u n i a x i a l  tens ion  specimen was the  

r i n g  type specimen which can be formed by making two p a r a l l e l  t ransverse 

cu ts  across a  t u b u l a r  vesse l .  I t was used i n  monkey t i s s u e  t e s t s  on ly .  Th is  

t ype  o f  specimen can be loaded w i t h  s imple p i n  l oad ing  w h i l e  the  d i e  c u t  

specimens r e q u i r e d  a  s p e c i a l  low mass a i r  g r i p  design. The two t e s t  con f igu ra -  

t i o n s  are shown schema t i ca l l y  i n  F igure 1  f o r  the d i e  c u t  specimen and F igure 

2 f o r  the r i n g  t ype  specimen. 

, The s t r a i n s  i n  t he  u n i a x i a l  t ens i on  t e s t  were determined photographfca l  l y  

i n  the case o f  the d i e  c u t  specimens and by p i n  displacement i n  t he  r i n g  

type specimens. The photographic  s t r a i n  measurement employed a  45' angle 

m ' i r r o r  which a l lowed reco rd i ng  o f  th i ckness  changes on the same photograph 

as t he  w i d t h  and l e n g t h  changes. The specimen was stacped w i t h  a  g r i d  o f  

l i nes  w i t h  a 0.25 i n c h  spacing us i ng  convent iona l  s tamp pad i n k .  Prior t o  

t e s t i n g ,  the th i ckness  o f  the  specimen was determined a t  t h ree  p o i n t s  a long 

the  specimen us ing  an Ames 5642-1 th i ckness  gauge. The camera used i n  s t a t i c  

t e s t s  was a  35 mn Honeywell Pentax and i n  dynamic t e s t s  i t  was a  16 mm Photo- 

son ics  1B h i g h  speed (1000 pps) movie camera. Load measurement was done w i t h  



Figure  1. Schematic Representat ion o f  Tension Tes t  
w i t h  Die C u t  Specimen 
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F l  gure 2. Schernati c Representation of Tension Test 
w i t h  Ring Type Specimen 





an I n s t r o n  s t r a i n  gage l o a d  c e l l  i n  t h e  s t a t i c  t e s t s  and a  K i s t l e r  931A 

p i e z o e l e c t r i c  l o a d  c e l l  i n  t h e  dynamic t e s t s .  ~ y n c h r o n i z a t i o n  o f  t h e  s t r a i n  

a n a l y s i s  p i c t u r e s  w i t h  t h e  l o a d  t r a c e  was ach ieved i n  t h e  s t a t i c  t e s t s  by  

p l a c i n g  a  pho tod iode  i n  f r o n t  o f  t h e  s t r o b e  l i g h t  used t o  i l l u m i n a t e  t h e  

specimen. Fo r  each p i c t u r e  the  r e s u l t i n g  f l a s h  o f  l i g h t  produced a  v o l t a g e  

s p i k e  i n  t h e  photod iode which was d i s p l a y e d  on a  separa te  channel a long  s i d e  

o f  t h e  l o a d  t r a c e .  I n  t h e  dynamic t e s t s  a  t i m i n g  p u l s e  g e n e r a t o r  was used 

wh ich  produced t i m i n g  marks on t h e  f i l m  and on t h e  l o a d  t r a c e .  I n  b o t h  

s t a t i c  and dynamic t e s t s  t h e  l o a d  t r a c e  and t h e  s y n c h r o n i z a t i o n  p u l s e s  were 

reco rded  on a  Honeywell  V i s i c o r d e r  l i g h t  beam o s c i l l o g r a p h .  I n  t h e  dynamic 

t e s t s  t h e  g r i p  d i s p l  acement was a l s o  recorded.  

The s t a t i c  t e s t s  were per formed i n  a  I n s t r o n  TTC f l o o r  model u n i v e r s a l  

t e s t i n g  machine a t  a  crosshead speed o f  0.5 i n c h e s h i n u t e .  The dynamic t e s t s  

were per formed i n  a  P las techon  h i g h  speed u n i v e r s a l  t e s t i n g  machine a t  ram 

speeds o f  n o m i n a l l y  360 and 3600 inches/minute .  

The a n a l y s i s  techn ique  used i n  r e d u c i n g  t h e  u n i a x i a l  t e n s i o n  t e s t  d a t a  

i s  g i ven  i n  Appendix A o f  Vol u r n  11. 

Bi  a x i a l  Tension T e s t  

B i  a x i  a1 t e n s i o n  t e s t s  c o u l d  be per formed on ti ssues which  were membraneous 

i n  n a t u r e  and had s u i t a b l y  u n i f o r m  reg ions  o f  m a t e r i a l  ( a p p r o x i m a t e l y  2.5 

inches i n  d i a k t e r ) .  F i g u r e  3 shows an assenb ly  d raw ing  o f  t h e  f i n a l i z e d  

t e s t  apparatus d e v e l o ~ e d  f o r  b i a x i a l  t e n s i o n  t e s t i n g .  The dev i ce  was m u n t e d  

on an a i r  chamber w i t h  a  qu i ck -open ing  s o l e n o i d  va lve .  F o r  dynamic opera-  

t i o n ,  t h e  a i r  chamber was charged w i t h  conpressed a i r  a t  about  100 p s i  w i t h  

t h e  s o l e n o i d  v a l v e  c losed .  The v a l v e  was then  opened and t h e  membrane i n -  

f l a t e d  t o  f a i  1  u r e  d y n a m i c a l l y  i n  a p p r o x i m a t e l y  10 msec, 



Figure 3, Assembly Drawing of Biaxial Tension Test  
Apparatus 
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The pressure acting on the membrane was measured by a Kis t ler  piezo- 

e l e c t r i c  pressure transducer and the deformation was recorded using a 

Photosonics 1B movie camera a t  1000 pps. The synchronization of the pres- 

sure trace and the movie was obtained with an i n i t i a l  event strobe and 

timing marks on the film and l igh t  beam osci llograph t race .  The analysis 

techniques used fo r  t h i s  t e s t  are detai led i n  Appendix A of Volume 11. 

3.1.3 Structural Tests 

Three t i ssue  types which required t es t ing  in what could be termed a 

s t ructura l  mode were the intercostal  muscles, the intervertebral  1 i gaments 

and the lungs. Each t e s t  had i t s  own unique requirements as described 

below. 

The intercostal  muscles are short  muscles lying between pairs  of r ibs .  

Due t o  the short  length and the insertion of the muscle to adjacent r ibs i t  

was decided t o  t e s t  the muscle and i t s  r ibs  as a unit .  Short secpents ( a b o u t  

1/2 to 314 inches in length) were cut along the r ibs and the r ib  segments were 

used as the means of loading the muscle by pinning the r ib  segrents in to  

grips. The load was measured as i n  the uniaxial tension t e s t s .  The s t ra in  

in the muscle was measured by grip displacement a n d  was calculated as an ex- 

tension r a t i o  based on the i n i t i a l  r ib  t o  r ib  spacing. 

The' intervertebral  1 igarnent t e s t  required the design of a specimen 

holding f ix ture  which would a l l w  a specimen consisting of a sectioned verte- 

bral column of two vertebral bodies and the associated r i b ,  t o  be loaded i n  

three directions in sequence. I n  order to  measure the three-diwnsional 

motion of the r i b  re la t ive  to  the vertebral column, a target  attached t o  the 

r i b  was used. This target  system also served t o  apply the load t o  the s p e c i -  

rnerl. The load was applied t o  the target  f ix ture  through a C-ring attached t o  

a f lexible  wire from the load ce l l .  A 45" mirror was used t o  obtain the second 



. 2 .  

view of the target  system to  provide complete three dimensional information. 

The motion of the t a rge t  was photographically recorded. This system was 

used only in the Instron fo r  t e s t s .  

The determination of the mechanical properties of the t i ssue  of the 

lung presented many d i f f i c u l t  technical problems. In the in vivo s t a t e ,  

lung t i ssue  i s  f i l l e d  with a i r  and i s  highly compressible. However, when 

an excised sample of lung t i ssue  with a shape sui table  fo r  materials property 

t es t ing  i s  tested in v i t r o ,  the t i ssue  i s  no longer a i r  f i l l e d  and thus i s  

not representative of the in vivo s t a t e .  This problem has plagued invest i -  

gators in lung mechanics f o r  many years. 

The mathematical model of the thorax being developed a t  F I R L  has 

characterized the 1 ung as an e l a s t i c  foundation which in teracts  accordingly 

with organs such as the heart  during impact. In view of th i s  simplified 

model of the lung, i t  would appear that  a lung s t ructura l  t e s t  would be of  

greater  use in supplying data for  the modeling e f fo r t .  The lung s t ructura l  

t e s t  was performed on Rhesus monkeys. The experiment included in vivo and 

post mortem t e s t s .  

The monkey was anaesthetized k i j  t h  an I.V. inject ion of Sodium pento- 

barbi to1 (300 mg). A tracheostony was performed and a Harvard. Respirator 

connected to  provide respirat ion with a t ida l  volume of 30 ml, a t  a ra te  of 

30 breaths permminute and an expirato'ry back pressure of 5 cm of water. 

The skin over the l e f t  half of the thoracic cage was then removed and 

h a l f  an inch portion of the f i f t h  r i b  and surrounding musculature cut o u t  t o  

expose the middle portion of the puloonale lobus medium. The monkey was 

placed on a spec i f i ca l ly  designed adjustable table  and positioned so tha t  the 

exposed lung surface could be Impacted l a t e r a l l y  with probe. The probe 

( 3  inches length),  in se r ies  with a Kis t ler  931 A load l i nk ,  was mounted 



on an Unholtz Dickie l inea r  shaker, A l inear  accelerometer was a lso  mounted 

on the shaker head and the two signals  were added in a  d i f f e ren t i a l  amplifier.  

With appropriate balancing of the s ignals ,  the i n e r t i a l  e f fec t  was cancelled 

out from the load ce l l  output. The probe travel  was measured opt ica l ly  by a 

Physitect GAGE-it unit by measuring the r e l a t ive  movement of the f laps moun- 

ted on the shaker head and base. Two types of t e s t s  were run with t h i s  

apparatus ; single pulse rapid load-unload t e s t s  and driving-point impedance 

sweeps. 

4.0 TISSUE SOURCES A N D  TESTIIjG PRIORITY 

The human t i ssues  tes ted  in th is  program were fresh unembalned t i ssues  

obtained a t  autopsy a t  the Veterans Administration Hospital in A n n  Arbor. 

The material specimens were tes ted  as soon as they were obtained, o r  in cases 

where th is  was not possible, they were stored in refr igerated physiological 

sa l ine  solution unti l  used. Specimens were obtained from 13 individuals.  I t  

had been anticipated a t  the beginning of the program tha t  more donors than 

the 13 would have been available.  This did not occur f o r  two reasons. The 

f i r s t  was an unusual reduction in the number of autopsies perforned during 

parts  of the tes t ing  phase of the program. A more s ign i f i can t  reason however, 

i s  t h a t  a t  the VA hospital the cause of death and gross pathologic diagnoses 

are such tha t  in almost every case complications of one thoracic organ or  

another are involved, I n  many autopsies the s i tua t ion  was such tha t  no 

sui table  t i ssues  could be obtained due to  severe involvement o f  the thoracic 

organs in the pathology of the subject.  Thus, only a fract ion of the autop- 

s i e s  performed a t  the VA Hospital produced any sui table  samples a t  a l l .  

The primary t i ssues  studied in the program (ordered in decreasing importance 

t o  the FIRL modelling) are:  



1 . I n t e r c o s t a l  muscle 

2. Card iac  muscle ( l e f t  v e n t r i c l e )  

3. A o r t a  

4, P e r i  c a r d i  um 

5. Lungs 

6. Diaphragm 

7. V e r t e b r a l  1 i gaments 

8. Esophagus 

9. Trachea and Bronch i  

I n  a d d i t i o n  t o  human t i s s u e  samples, Rhesus monkey t i s s u e  samples o f  

h i g h  p r i o r i t y  t i s s u e s  were a l s o  t e s t e d  i n  t h e  program. The m n k e y  t i s s u e s  

were o b t a i n e d  f r o m  an imals  used on o t h e r  HSRI s t u d i e s .  A l i m i t e d  number 

o f  l i v e  Rliesus monkeys were used i n  t h i s  program t o  s tudy  t h e  l u n g  s t r u c t u r a l  

c h a r a c t e r i s t i c s  . 
5.0 SUM:,MRY AND COFiCLUS IONS 

5.1 GENERAL PROGRAM SUMMARY 

T h i s  program has produced a  b i b l i o g r a p h y  o f  o v e r  500 e n t r i e s  on the  

s u b j e c t s  o f  s ' o f t  t i s s u e  mechanical  p r o p e r t i e s  and t e s t  techn iques.  The m a j o r i t y  

o f  these a r t i c l e s  have been a b s t r a c t e d  and a r e  p resen ted  i n  Volume I 1 1  ' o f  t h i s  

r e p o r t .  

The knowledge ob, ta ined i n  p e r f o r m i n g  t h e  l i t e r a t u r e  search has been i n -  

c o r p o r a t e d  i n t o  t h e  exper imen ta l  progracl c a r r i e d  o u t  i n  t h i s  p r o j e c t .  Tes t  

techn iques on s o f t  t i s s u e  t e s t i n g  have been s p e c i a l l y  adapted t o  t h e  needs o f  

t h e  exper imen ta l  program and un ique t e s t  e q u i p r x n t  developed t o  a l l o w  h i g h  

speed dynamic t e s t i n g  o f  t i s s u e  samples i n  u n i a x i a l  t e n s i o n  and b i a x i a l  t e n -  

s i o n .  The d a t a  produced i n  t h i s  p r o j e c t  on t h e  dynamic mechanical  p r o p e r t i e s  

o f  t h o r a c i c  t i s s u e s  o f  t h e  human and t h e  Rhesus monkey a r e  un ique and r e p r e s e n t  



the f i r s t  time tha t  these t i ssues  have been characterized a t  s t r a i n  ra tes  

comparable t o  those produced in thoracic trauma associated with automotive 

acci dents , 

While the data presented here by no means represent a  complete descrip- 

tion of the t i s sues  t e s t ed ,  e i t h e r  in the s t a t i s t i c a l  sense or in the con- 

tinuum mechanics sense, the data do represent a  def in i t ive  f i r s t  s t ep  in 

characterizing the dynamic behavior of these t i ssues  and t h e i r  f a i  1  ure 

mechanisms. 

5.1.1 Test Results Summary 

Examination of the t e s t  r esu l t s  reveals t ha t  the s t ress - s t ra in  response 

of the t i ssues  varies over a  wide range. In order to  summarize the response 

fo r  each t i s sue  t o  provide average response curves the following reduction 

technique was used ,  F i r s t ,  i t  was noted t ha t  the major cause of the varia- 

b i l i  ty in response i n  most t i ssues  was the d i f fe ren t  extensibi l i  ty exhibited 

by each t i s sue  in the low s t r e s s  region. Following the lead of other inves- 

t iga to rs  in so f t  t i s sue  research ( 1 , 2 )  t h i s  h i g h  extension, low s t r e s s  region 

of the curves was t rea ted as a  region separate from the s t i f f e r  h i g h  s t r e s s  

response regi,on, s ince ,  in many cases, the path01 o g i  cal condl t ions found'i n 

. t h e s e t i s s u e s m a n i f e s t s  i t s e l f p r i m a r i l y i n  t h e l o w s t r e s s r e g j o n ( e . g ; , i n  

atherosclerosis  (hardening of the a r t e r i e s )  the main e f fec t  i s  the loss of 

th i s  lmi s t r e s s  ex tens ib i l i ty  while h'igh s t r e s s  response appears t o  be re la t ive-  

ly unaffected). I n  the analysis of the uniaxial tension t e s t  d a t a ,  a n  arbi-  

trary s t r e s s  level o f  20 psi was used t o  define the upper I in l  t of the I@/ 

s t r e s s  region ( t h i s  corresponds t o  a  typical wall s t r e s s  in the aorta under 

physiological condit ions).  A1 1  dynamic s  tress-extension r a t i o  curves fo r  a  

pa r t i cu la r  t i ssue  and loading direction were compared above t h i s  s t r e s s  level 

by graphically sh i f t ing  the curves to the A = 1.00 point. This s h i f t  pro- 

duced response curves which were generally qui te  s imi lar .  (This i s  most 



l ikely due t o  the fact that the high stress response of the t issues i s  con- 

trolled by the oriented collagenous connective tissue present in the tissue. 

This orientation process occurs during the low extension.) In order t o  pro- 

duce a representative curve for the tissue response, the resulting shifted 

high s t ress  curves were averaged by dividing each curve into four propor- 

tional regions represented by the quarter point, the midpoint, the three 

quarter point and the fai lure  end point. The resulting stress and extension 

ra t io  values for those four points were respectively averaged for a l l  the 

curves of a given type and the average curve plotted. Similarly, the exten- 

sion ratios for each curve a t  the 20 psi level were averaged and an average 

low stress  region added graphically t o  the average high stress response. 

The resulting average dynamic response curves for human intercostal 

muscle, cardiac muscle, aorta,  pericardi urn, diaphragm and esophagus are shown 

in Figures 4 ,  5 ,  6 ,  7 ,  8, 9 ,  10 and 11, The s t a t i c  response of the inter- 

vertebral ligaments i s  shown in Figure 1 2 .  Similar curves for Rhesus mon- 

key aorta a n d  esophagus are presented in figures 13 and 14 .  The assumption 

of incompressibility was checked on many of the tissue tests  when good 

va'l ues of thi ckness extension ratios could be obtained and, in general , the 

. product of the three principal extension ratios was within 10% of  unity 

( i . e . ,  h l  A 2  h 3  = 1 implies incompressibility). I n  view o f  the limited 

s t a t i s t i ca l  nature of  the data obtained on any one tissue a n d  .the 1,inited 

number o f  different s t rain rates used i n  the testing program, i t  i s  f e l t  

that  any at terpts  t o  f i t  a constitutive relation t o  describe the behavior of 

any of the tissues would be ill-advised. Only with a more detailed long 

term study of each tissue could a s t a t i s t i ca l ly  valid constitutive relation 

be generated. For the purposes of providing data for the F I R L  modelling 

program, i t  i s  f e l t  that the tabular summary data presented in Volume I 1  are 

most appropriate a t  this  time. 



F igu re  4. Summary Curve o f  Average Dynamic Response o f  Human 
I n t e r c o s t a l  Mus c1,e 



HUMAN INTERCOSTAL MUSCLE 

AXIAL EXTENSION RATIO 



Figure 5. Sumnary Curves of Average Dynamic Responses of 
Human Cardi ac Muscle 





Figure 6. Summary Curve of Average Dynamic Response o f  Human 
Aorta i n  the Longitudinal Di rection 
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HUMAN AORTA LONGITUDINAL 

AXIAL EXTENSION RAnO 



F igure  7. Summary Curve o f  Average Dynamic Response o f  Human 
Ao r t a  i n  the  Transverse D i r e c t i o n  



HUMAN AORTA TRANSVERSE - 

AXIAL EXTENSION RATIO 



F i g u r e  8. Summary C u r v e  o f  Dynamic Response o f  Human 
P e r i c a r d i  urn 



ENGINEERING TENSILE STmce" - 



F igure  9. Sumnary Curve o f  Average Dynamic Response o f  Human 
Diaphragm Paral lel t o  Muscle Fibers 
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F i g u r e  10. Summary Curve o f  Average Dynamic Response o f  Human 
Diaphragm Across Muscle F i b e r s  



HUMAN DIAPHRAGM ( ACROSS FIBER) 
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Figure 11. Summary Curve of Average Dynamic Response of Human 
Esophagus i n  the Longitudinal Direction 





Figure 12.  Human Intervertebral Ligament Test Results , Costo- 
vertegral Joint Response t o  Superior-Inferior (Downward) L o a d i n g  

2 7 



HUMAN COSTOVERTEBRAL JOINT 

ANGLE t R W S  



F igu re  13. Summary Curve o f  Average Dynamic Response o f  Rhesus 
Monkey Esophagus i n  t h e  Transverse D i r e c t i o n  
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RHESUS ESOPHAGUS, MEAN OF 

DYNAMIC TESTS 
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FIgure 14. Summary Curve o f  Average Dynamic Response o f  Rhesus 
Monkey Descending Aor ta  i n  the Transverse D i r e c t i o n  
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Comparison o f  t h e  dynamic response o f  t h e  t i s s u e s  t e s t e d  w i t h  t h e  s t a t i c  

t e s t s  per formed i n  t h e  program and w i t h  t h e  s t a t i c  d a t a  o f  Yamada (13)  i n -  

d i c a t e s  t h a t  a l t hough  t h e  dynamic s t r e s s e s  produced i n  t h e  t i s s u e s  a re  

as much as t w i c e  as g r e a t  as those  produced s t a t i c a l l y ,  t h e  f a i l u r e  s t r a i n s  

t e n d  t o  be s i m i l a r .  Th i s  leads t o  t h e  conc lus ion  t h a t  t h e  most a p p r o p r i a t e  

f a i l u r e  mechanism t h e o r y  f o r  t h e  t i s s u e s  s t u d i e d  i n  t h e  program would be a  

maximum t e n s i l e  s t r a i n  t h e o r y  o f  f a i l u r e .  Th is  i s  bo rn  o u t  i n  t h e  b i a x i a l  

t e n s i o n  t e s t s  o f  t h e  human diaphragm where t h e  f a i l u r e  s t r a i n s  were s i m i l a r  

t o  t h e  u n i a x i a l  t e n s i o n  f a i l u r e  s t r a i n s .  I t  shou ld  be noted,  however, t h a t  

t h e  p a t h o l o g i c a l  s t a t e  o f  many o f  t h e  t i s s u e s  t e s t e d  r e f l e c t s  t h e  o l d e r  age 

group (average age 69.5 y e a r s ) .  The s t a t i c  f a i l u r e  s t r a i n s  o b t a i n e d  i n  

t h e  program a re  comparable t o  those  o b t a i n e d  i n  the  o l d e r  age groups r e p o r t e d  

by  Yamada (13 )  and thus ,  f o r  younger  peop le  l a r g e r  f a i l u r e  s t r a i n s  would be 

expected. 

Lung t e s t s  were performed o n l y  on Rhesus monkey lungs .  The t e s t s  were 

per formed b o t h  i n  v i v o ,  p o s t  mortem i n  s i t u  and i n  v i t r o .  I n  a l l  cases the  

l u n g  was i n f l a t e d  by a  r e s p i r a t o r ,  The t e s t s  wh ich  c o n s i s t e d  o f  s i n g l e  

p u l s e  l o a d i n g  o f  t h e  l u n g  showed ve ry  pronounced r a t e  e f f e c t s  where a  50 Hz 

e q u i v a l e n t  p u l s e  produced a lmost  f i v e  t imes  the  f o r c e  o f  t h e  5 H z  e q u i v a l e n t  

p u l s e  w i t h  t h e  50 Hz f o r c e  peak co r respond ing  t o  maximum probe v e l o c i t y  

r a t h e r  than  maximum d e f l e c t i o n .  The d r i v i n g  p o i n t  impedance t e s t s  ' r e s u l t s  on 

two monkeys a l s o  show t h e  v iscous n a t u r e  o f  the  l ung .  A t  low f requenc ies  

(below approx ima te l y  20-30 Hz) t h e  response i s  s p r i n g - 1  i ke w h i l e  above these 

f requenc ies  l a r g e  damping e f f e c t s  predominate.  The genera l  response o f  t he  

l u n g  i n  v i v o  and i n  v i t r o  i s  s i m i l a r  a l t h o u g h  s p e c i f i c  d e t a i l s  vary  w i t h  probe 

d iamete r  and animal. 

5.2 CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  o f  t h i s  program t o  o b t a i n  i n f o r m a t i o n  on t h e  mechanical  p roper -  



t i e s  of thoracic t i s sues  a t  h i g h  s t r a i n  ra tes  indicate t h a t  the dynamic 

response of such t issues i s  considerably d i f fe ren t  from the s t a t i c  response 

in terms of s t r e s s ,  b u t  t h a t  the s t r a i n  response i s  more dependent upon 

pathological condition of the t i ssues  than upon s t r a i n  ra te .  While the scope 

o f  the program was not large enough t o  permit a  complete s t a t i s t i c a l  and 

continuum mechanics representation of each of the nine t i s sue  types studied,  

the information developed in the program will be of d i rec t  use in f i n i t e  

element modelling of the thorax and in helping t o  understand more c lear ly  

the injury mechanisms associ ated with thoracic trauma. In t h i s  connection 

i t  would appear tha t  a  maximum t ens i l e  s t r a i n  theory of f a i l u r e  would be most 

appropriate t o  describe the fa i lu re  mechanisms observed in many of the t i ssues  

studied in the program. 

The work carried out in the program must be considered as an i n i t i a l  

s tep towards the complete characterizat ion of the response and fa i lu re  of 

thoracic organ t i s sues .  Work should be continued in the future t o  include 

a  more complete quantif icat ion of anisotropy e f fec t s  and m u 1  t i  axial load 

response, t o  include a  more complete s t a t i s t i c a l  quantif icat ion of variations 

in  t i ssue  properties due t o  sex,  age and/or physical condition; and t o  include 

the quantif icat ion of the e f fec t s  of physiological deformation s t a t e s  on 

t i ssue  response and injury modes. Consideration should also be given t o  

. , 
extending th i s  type of study t o  other injury prone areas of the body. 
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