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1 ,0 INTRODUCTION 

The general objective of t h i s  research program was t o  obtain mechanical 

propert ies,  both s t r e s s ,  s t r a i n ,  and rupture strength,  f o r  various human 

t issues tha t  are d i rect ly  applicable t o  the thoracic injury problem as defined 

in the f i n i t e  element model of the human thorax tha t  i s  being developed by 

the Fran kl in Ins t i  tu te  Research Laboratory (FIRL) under IiHTSA Contract No. 

DOT-HS-243-2-424, "Thoracic Impact In jury Mechanism. " The properties were 

t o  be determined a t  s t r a i n  rates that  can occur during fa ta l  automobile 

accidents. The properties of Rhesus monkey t i ssues  are also of i n t e r e s t  in 

the modelling e f f o r t ,  and consideration was given t o  providing experimental 

data on selected Rhesus t i ssues  as we1 1 as on human t i ssues .  

The general approach to  achieving the goals of the program were to :  

1, Perform a detai led l i t e r a tu r e  survey concentrating on so f t  t i ssue  

t e s t  techniques and meclianicai properties data on tile t i ssues  of 

primary in teres t .  

2. Develop basic t e s t  techniques, f ix ture  design and t e s t  analysis 

methods. 

3. Implement the t e s t  program with t i ssue  p r i o r i t i e s  based on the 

needs of the mode11 ing e f fo r t .  

4. Analyze and synthesize the t e s t  data with respect t o  developing 

consti tut ive relat ions to  describe the behavior of the t issues 

tested within the scope of the t e s t  program. 

The following sections of th i s  report detai l  the methodology used in 

the cor~duct of th i s  project and the resu l t s  obtained. 

1 1 BACKGROUND 

Many investigators have performed mechanical t e s t s  on various biological 

t i ssues  which exhibit  the general character is t ics  of markedly non-linear 



behavior accompanied by f i n i t e  deformations. The use of pr inc ip les  of so l id  

mechanics t o  a s s i s t  in the descript ion of the mechanical propert ies  and 

behavior of biological materials  requires consideration of questions of 

isotropy,  homogeneity, compressibi l i ty,  e l a s t i c i t y  and v i scoe las t i c i ty ,  

and universa l i ty .  Sof t  t i s sues  such as muscle and ligaments are c l ea r ly  

composite mater ia ls ,  p re fe ren t i a l ly  s t ruc tured  and, microscopically , f a r  

from i so t rop ic  and homogeneous. However, in some t i s sues  e f fec t ive  homo- 

geneity may e x i s t  on a macroscopic sca le .  Sof t  t i s s u e s  are generally 

accepted to  be incompressible ( I ) ,  although in some s t a t e s  of compression, 

a volume decrease can occur due t o  exudation of f l u i d  ( 2 ) .  I t  i s  a lso  

recognized t h a t  s o f t  t i s sues  in general are viscoel a s t i c  ( 3 ) ,  however, 

under ce r t a in  conditions i t  i s  useful to  consider the e l a s t i c  behavior of 

some t i s sues  only ( 1 ) .  The question of universal representation of the 

behavior of s o f t  t i s sues  poses a complex experimental problem. In cases where 

consideration i s  of e l a s t i c  behavior otlly, the applicat ion of experimental 

and analyt ica l  techniques developed in the study of elastomeric polymers can 

be applied t o  s o f t  t i s sue  characterizat ion.  This approach u t i l i z e s  the con- 

cepts developed in  f i n i t e  e l a s t i c i t y  ( 4 )  and involves determination of a 

s t r a i n  energy function 1/1 which wil l  allow a descript ion of the  behavior of 

the material spec i f i ca l ly  through the parameters abl/aI 1, aW/a12 and aW/a I 3 ,  

where 11, I 2  and I g  a re  the s t r a i n  invar iants ,  These parameters are  func- 

t ions of the s t a t e  of deformation in the material and require measure3ent 

of s t r e s s  resul tants  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  large array of 

s t a t e s  of s t r a i n .  For an incompressible materi a1 the principal s t r a i n s  

are in te r re la t ed  so t h a t  W becomes independent of I 3  thereby reducing the 

experimental work somewhat. Suitable use of thin membranes of material 

a lso  allows fu r the r  simp1 i f i  cation of experimental procedure. llevertheless 

i t  i s  necessary t o  conduct t e s t s  under a t  l e a s t  three deformation s t a t e s  



t o  describe an isotropic incompressi ble materi a1 . Experimentally, the three 

s tates  usually chosen are: simple elongation, pure shear a n d  two dimensional 

extension (or  uniaxi a1 compression for incompressible materials). Very few 

studies have utilized anything other than the uniaxial tensile t e s t  t o  

describe the e l a s t i c  behavior of sof t  tissues. A variety of  forms for the 

s t rain energy function have been proposed and evaluated for rabbit mesentery 

( 3 ,  5)  and  c a t ' s  skin ( 6 )  based on uniaxial tensile data. F u n g  ( 7 )  l a s t  year 

reviewed current efforts along these lines and has indicated that  "the greatest 

need l i e s  in the direction of  collecting data in mu1 t iaxial  loading conditions 

and formulating a theory for the general rheological behavior of living 

tissues when stresses and s t rains  vary with time in an arbitrary manner. 

Virtually no experimental data exis t  on the viscoelastic behavior of  living 

tissues in mu1 t i  axi a1 loading conditions. None of the numerous theoretical 

proposals has received extensive experimental support." Lanir and F u n g  (8)  

have just recently pub1 ished the prel iminary experimental results on the 

two dimensional mechanical properties of  rabbit skin. 

Typical sof t  tissues are not e l a s t i c  and their  viscoelastic nature 

must be accounted for as there i s  considerable difference in s t ress  response 

to  loading a n d  unloading and t o  rate loading.(3). rlany so f t  tissues have 

been studied using simple s tates  of s t rain such as uniaxial tension, simple 

shear and uniaxial compression t o  obtain viscoelastic data. These t e s t s  are 

usually e i ther  creep, re1 axation or steady s ta te  small oscil lation tes t s  and 

the results are usually discussed in terms o f  the framework of linear visco- 

e l a s t i c  theory relating s t ress  and s t rain on the basis of the Voigt, Maxnell 

and Kelvin models ( 9 ,  10, 1 1 ) .  A nonlinear theory o f  the Kelvin type has 

been proposed for  tendons a n d  ligaments ( 1 2 )  on the basis of a sequence of 

springs o f  different natural length, with the number of partlpating springs 

increasing with increasing s t rain.  

3 



For f in i t e  deformations, the nonlinear stress-strain characteristics of 

s o f t  tissues must be accounted for.  An alternative t o  the development of a 

constitutive equation by gradual specialization of a general formulation has 

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

the stress response in a material subjected t o  a uniaxial step elongation i s  

called the relaxation function ~ ( 1 , t )  and i s  assumed t o  have the form 

K ( A , ~ )  = ~ ( t )  T ( ~ ) ( A ) ,  G ( O )  = 1 

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

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

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

s t rain in the conventional theory of viscoelastici ty ,  thereby extending 

the machinery of the theory of  1 inear viscoel ast i  ci ty t o  use in characteriza- 

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

process is  insensitive t o  the rate of loading T ( ~ )  ( A )  may be approximated 

by the uniaxial tensile s t ress  response in a loading experiment with a suf- 

f ic ient ly  high rate of loading. Recent results suggest that the characteris- 

t i c  relaxation term may also depend on the s t rain level. This would result  

in G(t) depending on A .  

Much of the experimental work on determining the mechanical behavior of 

sof t  tissues has n o t  been cast in the framework of a complete solid mect~anics 

description, thus i t  is  possible t o  obtain only a partial  characterization of 

t issue behavior from the existing l i te ra ture .  The most extensive summary of 

work on the simple loading behavior of biological tissue i s  that of Yamada 

(1 3 ) .  The basic tes ts  reported i ncl ude uni axi a1 tension, bi axi a1 membrane 

inflation and burst, tubular inf lat ion,  torsion and direct compression on a 

very wide range of human and animal tissues. The data presented in this  

extraordinary work provides no information of real use t o  a continuum mechanics 



c l l a r a c t e r i z a t i o r i  o f  t h e  t i s s u e  behav io rs ,  A su rvey  o f  t h e  e x i s t i n g  l i t e r a t u r e  

or1 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 lmos t  a  complete 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  than 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  program was upon impact  t y p e  h i g h  s t r a i n  

r a t e  b e l l 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 fo rm 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  curves t o  f a i l u r e .  

The exper imen ta l  r e s u l t s  o b t a i n e d  i n  t h i s  program were ana lyzed t o  p r o v i d e  

t h e  most u s e f u l  d a t a  i n  terms o f  f a i l u r e  c r i t e r i a  and numer i ca l  parameters 

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 lement m o d e l l i n g  e f f o r t .  The 

d e t a i l s  o f  t i l e  exper iments  performed 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  para-  

meters measured, and t h e  fo rm o f  d a t a  a r l a l y s i s  were c o o r d i n a t e d  t o  t h e  ex-  

t e n t  p o s s i b l e  w i t h  b o t h  FIRL and "Lie CTtl d u r i n g  t i l e  t e s t  t echn ique  develop- 

ment phases o f  t he  program. Tile l i m i t e d  scope and d u r a t i o n  o f  t h e  program 

(10  mati 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  a1 lord a  complete cont inuum 

rnechariics d e s c r i p t i o n  o f  a l 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 l i e  o v e r r i d i n g  

c o n s i d e r a t i o r i  o f  d a t a  genera t io r )  f o r  t i l e  f i n i t e  e lement model s t r o n g l y  i n f l u e n c e d  

t h e  t e s t s  per formed and t h e  subsequent d a t a  a n a l y s i s .  However, wherever  

p o s s i b l e  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  parameters and subsequent 

a n a l y s i s  were couched w i t h i n  t h e  framework o f  p r o p e r  s o l i d  mechanics charac- 

t e r i z a t i o r ~  so t h a t  t h e  d a t a  developed, w h i l e  a t  t h i s  p o i n t  i n  t i m e  may be 

incomp le te  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 l l  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  survey which concentrated on the areas of s o f t  t i s sue  

t e s t i n g  and arialyti cal representation of s o f t  t i s sue  mechanical behavior was 

i~iplemented e a r l y  in the program as at1 aid in guiding the experimental 

design atid data a r~a lys i s  tecliniques. In addi t ion ,  the 1 i t e ra tu re  survey was 

used t o  study rnechani cal proper t ies  data on thoracic t i s sues  of primary 

i t ~ t e r e s t  t o  the projec t .  

Tile l i s t  of journals tha t  were surveyed includes the following: 

American Journal of Physiology 

Journal of Applied Physiology 

Jourrial of General Physiology 

Piiysiological Reviews 

ASNE Pub1 i ca t i  ons 

SAE Pub1 ica t ions  

Appl i ed Mechanics Reviews 

Journal of Biomechanics 

Biorheol ogy 

Medical arid Biological Engineering 

Biomedical Engi rieeri n g  

Experimelital blectiarii cs 

Advatices in t;i oetigi neering and Instrumen tatioti  

American Journal of Ptiysi cal Medicine 

U.S. 6570 Aerospace Hedi cal Research Laboratories Reports (/.led. Library 

KC1050 u.63) 

NASA Sc ien t i f i c  and Technical Aerospace Reports 

Acta Ortiiopaedi ca Be1 gi ca 



Acta Orthopaedi ca Scandinavi ca 

Archives Physical Medicine 

Clinical Orthopaedi cs 

Journal of Bone and Joint  Surgery 

Rheumatology and Physical Medicine 

Aerospace Medicine 

Journal Sports Medi ci  ne/Physi cal Fitness 

Journal of Trauma 

In jury 

Monatschri f t  Unfal 1 hei 1 kunde 

Thoras 

A bibliography based on the papers located by the l i t e r a t u r e  survey was 

compiled i n  the following manner: 

1 .  Obtain the paper. 

2 .  Code i t  using the scheme shown on the master card shown in Figure 1 .  

3 .  Abstract the a r t i c l e .  

4 ,  Type the information on a Keysort card, an example of which i s  shown 

in Figure 2 ,  

5. Punch the card according t o  the code. 

Duplication of the Keysort card bibliography was done by Xeroxing the 

cards on a dark background a t  a  s l i g h t  reduction in order t o  allow attaching 

on the duplicate t o  a blank Keysort card fo r  punching as indicated by the 

duplicate. The copies of these bibliography cards are contained i n  Volume I 1 1  

of t h i s  report .  A to ta l  of over 5Q0 cards were prepared dur ing  the project .  

In addit ion,  selected a r t i c l e s  of pa r t i cu la r  pertinence t o  the program have 

been microfilmed i n  t h e i r  en t i re ty  and supplied i n  microjacket form to  the CTM. 



Figure 1 .  Literature Survey Keysort Master 
Cataloging Card 





Figure 2. Example o f  Literature Survey 
Abstract Card 
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3.0 TEST TECHNIQUES 

3.1 GENERAL 

The effectiveness of a program in providing mechanical behavior data 

on varied t i ssues  of the thorax depends on many factors .  The t e s t  techniques 

and procedures must be kept as simple and e f f i c i en t  as possible in order t o  

allow s igt l i f icant  numbers of t e s t s  t o  be performed on each t i s sue  with s t a t i s -  

t i c a l  val id i ty .  Additionally, the measurements made in the t e s t s  must pro- 

vide su f f i c i en t  information to  a! 1 ow the complete determination of the 

s t a t e  of s t r a i n  and s t a t e  of s t r e s s  for  a proper analytical  characterizat ion 

of the behavior of the t i ssue .  In addition to these basic requirements the 

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

s torage,  time a f t e r  death, and in vivo configuration on the mechanical behavior 

of the t i ssues .  

Ttie t e s t  methods plarlned fo r  use in the program can be c lass i f i ed  in to  

two types; basic mectlanical properties t e s t s  and s t ructura l  mechanical proper- 

t i e s  t e s t s .  

The basic mechanical properties t e s t s  consist  of the fo l l  owing candidate 

loading s t a t e s :  

1 .  Uniaxial tension 

2 .  Gi axial tension (membrane pressurizat i  o n )  

3, Uniaxial compression (equivalent to  bi axial tension fo r  incompressible 

materials)  

4, Combitled axi a1 tension and internal pressurization (with sui table  

tubular vessel and organ samples). 

The s t ructura l  mechanics t e s t s  invol ve those t i ssue  configurations where 

i t  was impossible to  produce sui table  samples of the t i ssue  and therefore were 

tested as a s t ructure .  



S e l e c t i o n  o f  wh ich  of t h e  above t e s t  s t a t e s  was t o  be a p p l i e d  t o  each o f  

t h e  t i s s u e s  o f  i n t e r e s t  depended on many f a c t o r s .  The s t r u c t u r a l  geometry 

o f  t h e  t i s s u e  sample p rec luded  c e r t a i n  t e s t i n g  modes. The degree o f  an i so -  

t r o p y  t h a t  a  p a r t i c u l a r  t i s s u e  e x h i b i t s  may l i m i t  t h e  a p p l i c a t i o n  o f  t h e  

more complex l o a d i n g  s t a t e s .  I n  a d d i t i o n  t o  m a t e r i a l  c o n s i d e r a t i o n s ,  t h e  

p r i m a r y  goal  o f  p r o v i d i n g  da ta  f o r  use i n  t h e  FIRL f i n i t e  e lement  model 

p layed  a m a j o r  r o l e  i n  t h e  s e l e c t i o n  o f  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 h e  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  

u n i  a x i  a1 t e n s i o n  and b i  a x i  a1 t e n s i o n  t e s t s  were per formed r o u t i n e l y  t o  

o b t a i n  b a s i c  mechanical  p r o p e r t i e s .  

3.1.1 U n i a x i a l  Tensiot i  T e s t  

The u n i a x i a l  t e n s i o n  t e s t  c o u l d  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  t h e  program. 

Tlie f i r s t  two c o n s i s t e d  o f  d i e  c u t  specimens o f  t h e  c o n f i g u r a t i o n s  shown i n  

F i g u r e  3. The s m a l l e r  o f  t h e  two d i e  shapes (Type 2 )  was used i n  some human 

t i s s u e  where t h e r e  was a  l i m i t e d  amount o f  u n i f o r m  t i s s u e  and i n  Rhesus monkey 

t i s s u e s ,  The t h i r d  t y p e  o f  u n i a x i a l  t e n s i o n  specimen was t h e  r i n g  t y p e  

specimeri wh ich  can be formed by  making two p a r a l l e l  t r a n s v e r s e  c u t s  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  o n l y .  T h i s  t y p e  o f  

specimen can be loaded w i t h  s imp le  p i n  l o a d i n g  w h i l e  t l i e  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  des ign sllown i n  F i g u r e  4. The two 

t e s t  c o t i f i g u r a t i o n s  a re  s h o ~ i n  s c h e m a t i c a l l y  i n  F i g u r e  5 f o r  t h e  d i e  c u t  

specimen and F i g u r e  6 f o r  t h e  r i n g  t ype  specimen. 

The s t r a i n s  i n  the  u n i a x i a l  t e n s i o n  t e s t  were determined p h o t o g r a p h i c a l l y  

i n  the  case o f  t h e  d i e  c u t  specimens and by p i n  d i sp lacemen t  i n  t h e  r i n g  

t y p e  specimens. The photograpt l i  c  s t r a i n  measurement i s  showti scheniat i  c a l  l y  



Figure 3 .  Tensile T e s t  Specimen Die Shapes 



TYPE ONE: TENSILE 
SPECIMEN SHAPE 

DRAWN DOUBLE SlZE 

TYPE TWOx TENSILE 
SPECIMEN SHAPE 

DRAW DOUBLE SlZE 



F igure  4. Low Mass A i r  Grip Design f o r  
Tension Tests  





Figure 5 .  Schematic Representat ion of Tension Tes t  
w i t h  Die  Cut  Specimen 
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Figure 6. Schematic Representation of Tension Test 
w i t h  Ring Type Specimen 





i n  F i g u r e  7. Note t h e  45' ang le  m i r r o r  wh ich  a l l o w s  r e c o r d i n g  o f  t h i c k n e s s  

changes on t h e  same photograph as t h e  w i d t h  and l e n g t h  changes. The specimen 

i s  stamped w i t h  a  g r i d  o f  l i n e s  w i t h  a  0.25 i n c h  spac ing  u s i n g  c o n v e n t i o n a l  

stamp pad i n k ,  The stamp and h o l d i n g  f i x t u r e  i s  shown i n  F i g u r e  8 and a  r u b b e r  

t r i a l  specimen w i t h  t h e  g r i d  on i t  i s  shown i n  F i g u r e  9. A l s o  shown i n  

F i g u r e  9 i s  a  specimen c a r r y i n g  frame f o r  i n s t a l l i n g  t h e  more f r a g i l e  specimens 

i n  t h e  g r i p s .  P r i o r  t o  t e s t i n g ,  t h e  t h i c k n e s s  o f  t h e  specimen was determined 

a t  t h r e e  p o i n t s  a l o n g  t h e  specimen u s i n g  an Ames 5642-1 t h i c k n e s s  gauge. 

The camera used i n  s t a t i c  t e s t s  was a  35 mm t loneywel l  Pentax and i n  dynamic 

t e s t s  i t  was a  16 mm Photoson ics  1B h i g h  speed (1000 pps) movie camera. Load 

measurement was done w i t h  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 .  Synchroniza- 

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 photod iode !"front o f  t h e  s t r o b e  l i g h t  uscd t o  

il l u r ~ i i n a t e  t h e  specimen, Fo r  each p i c t u r e  t h e  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 i l e  photod iode wh ich  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 which  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 dynaniic t e s t s  t h e  l o a d  t r a c e  and t h e  synchron iza-  

t i o n  pu lses  were recorded on a  Honeywell  V i s i c o r d e r  1  i g i i t  beam o s c i  1 l og raph .  

I n  t h e  dynamic t e s t s  t h e  g r i p  d isp lacement  was a l s o  recorded.  

The t e s t i n g  machines used i n  t h e  t e s t s  a r e  shown i n  F i  gures 10 and 11. 

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 of 0.5 inches/minute .  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 r ~ a l  l y  360 and 3600 inches/minute .  

The a n a l y s i s  tect i r i ique used i n  r e d u c i n g  t l i 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 I. 



F igure  7 .  Schematic Representat ion o f  Tension T e s t  
S t r a i n  Recording Technique 





F igure  8. Tension Tes t  Specimen G r i d  Stamp Apparatus 





F i g u r e  9. Tension Test Specimen and Ho lde r  
(Rubber Sample Shown) 
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Figure 10. S t a t i c  T e n s i o n  T e s t  Set-Up 
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F igure  11. Dynamic Tension Tes t  Set-Up 
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3.1.2 Biaxial Tension Tcsts 

Biaxial tension t e s t s  could be performed on t i ssues  which were mem- 

braneous in nature and had sui tably  uniform regions of material (approximately 

2.5 inches in diameter). The biaxial tension t e s t  apparatus i s  shown sche- 

matically in Figure 12. Also shown i s  a thickness transducer fo r  use in 

s t a t i c  biaxial t e s t s .  Figure 13 shows an assembly drawing of the f ina l ized  

t e s t  apparatus and Figure 14 i s  a pl~otograph of the device with a rubber 

sheet t r i a l  specimen in place. The device was mounted on an a i r  chamber with 

a quick-opening solenoid valve as shown in Figure 15. For dynamic operation, 

the a i r  chamber was charged with compressed a i r  a t  about 100 psi with the 

solenoid valve closed. The valve was then opened and the membrane in f l a t ed  

t o  f a i l  ure dynaniical ly  in approximately 10 msec. 

Preparation of the t e s t  specimen involved cutt ing a roughly c i r cu la r  sam- 

ple o f  ths t i ssue  w i t h  a diameter s l i g n t l y  la rger  than the 2 inch diameter 

rubber O-ring sea l .  Using the locat ing plate shown in Figure 16, an O-ring 

was placed on the c i r cu la r  center  boss and the t i s sue  l a id  on the boss and 

O-ring top surface.  The t i s sue  was bonded t o  the O-ring with Eastman 910 

adhesive and then a c i r cu la r  grid was imprinted on i t  with the stamp shown 

in Figure 16. The O-ring then acted as a support and centering device f o r  

t ransfer r ing  the specimen to the t e s t  device where i t  was clamped in place by 

the top seal ing ring shown in Figure 13. 

Tlie pressure acting on the meobrane was measured by a Kis t le r  piezo- 

e l e c t r i c  pressure transducer and the deformation was recorded as shown in 

Figure 17 using a ~i iotosonics 1 B  movie camera a t  1000 pps. The synchroniza- 

tion of the pressure trace and  the movie was obtained with an i n i t i a l  event 

strobe and timing marks on the film and 1 ight  beam osci l  lograph t race .  The 

analysis techniques used f o r  th i s  t e s t  are de ta i led  in Appendix I .  



Figure 12. Schematic Representat ion o f  the  B i a x i a l  
Tension Test Apparatus 
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F i g u r e  13. Assembly Drawing o f  B i a x i a l  Tension Tes t  
Apparatus 
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Figure 14. B i a x i a l  Test Set-Up 
(Rubber Sample Shown) 





F i g u r e  15, B i a x i a l  Tes t  Set-Up Showing Pressure Chamber 
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Figure 16. B i a x i a l  Tension Specimen G r i d  Stamp and  Fixture 





F i g u r e  17, Schematic Represen ta t i on  o f  t h e  B i a x i a l  Tension 
S t r a i n  Record ing  Technique 
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3.1.3 Structural Tests 

Three t i ssue  types wiiich 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  liad i t s  own unique requirements as described 

be1 ow. 

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

Due to the siiort length and the insert ion of the muscle t o  adjacent r ibs i t  

was decided to  t e s t  the muscle and i t s  r ibs as a unit.  Short segments (about 

1/2 to 3/4 inches in length) were cut along the r ibs  and the r i b  segments were 

used as the means of loading the muscle by pinning the r i b  segments in to  

grips. Such an arrangement i s  shown in Figure 18. In the example shown, 

two pirls were used in each r ib  segment. In some t e s t s  a single central 

pin was used in each r ib  segment. The load was measured as in the uniaxial 

tensiorl t e s t s .  The s t ra in  in the muscle was measured by grip displacement 

and was calculated as an extension r a t i o  based on the i n i t i a l  r ib  to r i b  

spacing, 

The intervertebral  ligament t e s t  required the design of a specimen 

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

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

three directions in sequence. The f ix ture  with a specimen mounted i s  shown 

in Figure 19, In order to measure the three-dimensional motion of the r ib  

re la t ive  t o  tile vertebral col umil, the target  shown attached t o  the r ib  was 

used. This target  system also served t o  apply the load t o  the specimen as 

shown in Figure 20. The load was applied to  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 

to obtain the second view of the target  system to  provide complete three 

dirnensi onal information. The motion of the target  was photographically recorded. 



Figure 18. Intercostal Muscle Specimen a n d  Grips 
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Figure 19. Intervertebral Ligament Test Fixture 





F i g u r e  20. I n v e r t e b r a l  L i g a m e n t  Test S e t - U p  





This system was used only in the Instron fo r  s t a t i c  t e s t s .  

The determination of the mechanical propert ies 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 s sue  i s  f i l l e d  with a i r  and i s  highly compressible. tlowever, when 

an excised sample of lung t i s sue  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 fo r  many years. 

The mathematical model of the thorax being developed a t  FIRL has 

characterized the lung as an e l a s t i c  foundation wliich in teracts  accordingly 

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

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

greater  use in supplying data fo r  the modeling e f fo r t .  Tlie 1 u n g  s t ructura l  
- 

t e s t  was performed on Rhesus monKeys.  he experiment included in vivo and 

post mortem t e s t s .  

The monkey was anaesthetized with an I.V. inject ion of Sodium Pento- 

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

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

30 breaths per minute and an expiratory back pressure of 5 cm of water. 

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

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

expose tiie middle portion of the pulmonale lobus medium. The monkey was 

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

tiie exposed 1 u n g  surface could be impacted l a t e r a l l y  with probe. The 

probe ( 3  inches length) ,  in ser ies  with a Kis t ler  931 A load l ink ,  was mounted 

on an Uliholtz Dickie l inear  shaker as shown in Figure 21. A l inea r  accelero- 

meter was also mounted on the shaker head and the two s ignals  were added in 



Figure 21. Lung Structural Test Set-Up 
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a differential  amp1 i f i e r .  With appropriate balancing of  the signals, the 

iner t ia l  effect  was cancelled out from the load cell  o u t p u t .  The probe 

travel was measured optically by a Physitect GAGE-it unit by measuring 

the relative movement of the flaps mounted on the shaker head and base. 

Two types of tes t s  were run w i t h  th is  apparatus; single pulse rapid load- 

unload tes t s  and dri vi ng-poi n t  impedance sweeps. 

In the single pulse t e s t s ,  the probe travel was adjusted t o  0.4 inches 

stroke and single cycle a t  a frequency of 50 Hz. The lung was placed so that  

i t  just  touched the probe. Impacts were made b o t h  a t  the end of expiration 

and inspiration. The monkey was then moved and a small middle portion of 

the third l e f t  r ib  removed to expose the lobus superior and similar t e s t s  

conducted a t  that s i t e .  

The heart beat was checked with a stethoscope before and af te r  t e s t s ,  

and no abnormal arrhythmias noticed. 

The monkey was then sacrificed with an overdose of Sodium Pentobar- 

bit01 and the above tes t s  repeated immediately and  twice more a t  intervals 

of 30 minutes. The monkey was removed from the t e s t  lab and stored in a 

refrigerator a t  a temperature of 35" F and removed 24 hours l a t e r .  The 

lungs were removed from the thoracic cavity, placed i n  a stainless steel 

tray and connected t o  the respirator. The same tes t s  as detailed before were 

conducted on the l e f t  and the right lungs a t  room temperature. The cycling 

frequency of the shaker was changed t o  5 Hz and similar tes t s  were conducted 

again . 
The driving p o i n t  impedance tes t s  were carried out in generally the 

same manner as above. One difference was the use of  a half cylinder of rigid 

polyethylene t o  enclose the in vitro lung against the steel support tray. 

This tended t o  produce a volumetric enclosure of the lung similar t o  that 

i n  the i n  s i t u  case. I n  addition, another probe of twice the cross-sectional 



area of the original probe was used as well as the original probe of the 

s ingle  pulse t e s t s .  Two monkeys were tested fo r  the driving point impedance 

t e s t s ,  one was 5.5  kg (LT-3) and the other weighed 5.1 k g  (LT-4). 

3.1.4 Data Reduction Techniques 

As mentioned previously, the load-time (o r  pressure-time) traces f o r  

every t e s t  were recorded along with synchronization pulses on a l i g h t  beam 

osci 11 ograph s t r i p  recorder. The corresponding s t r a i n  data requi red a 

rather lengthy analysis procedure in which each single frame of film ( e i t he r  

35 mm in the s t a t i c  t e s t s  and 16 mm in the dynamic t e s t s )  was projected 

and the resul t ing enlarged image was carefully traced onto paper t o  produce 

a permanent record of the s t r a i n  grid.  The se r ies  of tracings fo r  each t e s t  

were measured and the result ing extension ra t ios  calculated as indicated in 

Appendix A ,  



4.0 TISSUE SOURCES Af jD TESTING PRIORITY 

The human t issues tested in t h i s  program were fresh unembalmed t i ssues  

obtained a t  autopsy a t  the Veterans Administration Hospital in Ann Arbor. 

The material specimens were tested as soon as they were obtained, or  in cases 

where t h i s  was n o t  possible, they were stored i n  refr igerated physiological 

sa l ine  solution until  used. Specimens were obtained from 13 individuals as 

indicated in Table 1 ,  Summary of Tissue Source Data. 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 for  two reasons. The f i r s t  was an unusual 

reduction in the number of autopsies performed during parts  of the t es t ing  

phase of the program. A more s ignif icant  reason however, i s  apparent when the 

cause of death and gross pathologic diagnoses column of Table 1 i s  s tudied.  

In almost every case complications of one thoracic organ or another are 

involved. In many autopsies the s i tua t ion  was such tha t  no sui table  t i ssues  

could be obtained due t o  severe involvement of the thoracic organs in the 

pathology of the subject .  Thus, only a fract ion of the autopsies performed 

a t  the VA Hospital produced any sui table  samples a t  a l l .  Many of the con- 

d i  t ions noted in Table 1 are charac te r i s t i c  of the older population ( the  

average age a t  death of the individuals in Table 1 i s  G9.5 years when the one 

young person ( 2 0  years)  i s  excluded). The primary t i ssues  studied in the 

program (ordered in decreasing importance t o  the FIRL modelling) are :  

1 .  Intercostal  muscle 

2. Cardiac nluscle (1  e f t  ventr ic le)  

3. Aorta 

4. Peri cardi um 

5. Lungs 

6. Diaphragm 



7. Vertebral 1 i  gaments 

8. Esophagus 

9. Trachea and Bronchi 

In addition t o  human tissue samples, Rhesus monkey tissue samples o f  

high priority tissues were also tested in the program. The monkey tissues 

were obtained from animals used o n  other HSRI studies,  A limited number 

o f  1 ive Rhesus monkeys were used in this  program t o  study the lung struc- 

tural characteristics.  



TABLE 1 

SUMMARY OF TISSUE SOURCE DATA 

A G E  If EI GtiT N E I  GHT 81::2iy sEx YEARS f t - i n  1 bs CAUSE OF DEATH A N D  GROSS PATtioLoGIc DIAGNOSES 

1 3  I9 77 5'11" 150 Squamous ce l l  carcinoma of lung. Fibrous 
peri cardi a1 adhesions. General i zed a r t e r i  os- 
c l e ros i s .  tiypercal cemi a. 

2 4 M 82 5'10" 1 40 Respi ratory insufficiency.  Gronct~opneumoni a. i 
Ri g l~  t verl t r i  cul a r  myocardi a hypertrophy. Severe 1 
cal c i f i  c a ther iosc leros is  of aor ta .  

3 6 M 60 - 1 70 Bronchogenic carcinoma of r igh t  lobe. Occl u- 
s ive  coronary a r t e r i a l  a therosc leros is .  
Metastases in diaphragm. Diabetes me11 i tus .  

4 8 M 77 5 ' 8 "  170 Massive gas t ro in tes t ina l  hemorrhage. Duo- i I 

denal ul cer.  Occlusive ca lc i  f i c ,  coronary i 
a r t e ry  attieroscl e ros i s  . Arteriolot~ephroscl e ros i s  
Generalized a t i~e rosc le ros i s .  

5 9 M 
I 

Ciironic pancreat ic  insufficiency.  Lobular 
. pneumonia. Carcinoma of the 1 ung. Pulmonary 

edema. Ct~ronic a1 coho1 ism. 
-. - 

l 6  l o  
M 77 5'10" 120 Carcinoma of the 1 ung.  Hemoperi cardi um. 

Brown atrophy of heart  and ske le ta l  muscle. 
i 
I 

7 56 M 61 6 '  4'' 171 Right hemothorax. Osteogeni c sarcoma meta- 
s t a t i c  to  lung. Calc i f ic  abdominal aor ta  
a t i~e rosc le ros i s  . 

8 57 M 64 6' 7" 148 Bi1 a te ra l  , confl uent lobular  pneumonia. ~ a r c i n o - 1  
ma of the 1 ung .  Arterialneptirosclerosis. Myo- 
cardi a1 hypertrophy. I 

9 58 M 63 - 101 Atherosclerot ic  cardiovascul a r  disease.  Severe I 
pulmonary edema. Aortic and focal coronary 
a therosc leros is .  

10 70 14 54 5'10" 21 0 Sepsis. Multiple abscesses of l e f t  lung. 
Cerebral Infarct ion.  Asthma. Chronic bron- 
c h i t i s .  

I1 74 
M 20 5'11" 142 Hodgkin's Disease in mediastinal abdominal, 

and para-aort ic  lymph nodes and l i v e r .  i i 



TABLE 1 (con t inued)  

SUMNARY OF TISSUE SOURCE DATA 

AUTOPSY A G E  HEIGHT WEIGHT 
# i 4 U N B E R  SEX YEARS f t - i n  1 bs CAUSE OF DEATH AND GROSS PATHOLOGIC DIAGNOSES 

12 76 M 82 5 '  0"  94 P r o s t a t i c h y p e r t r o p h y .  Septicemia.  Severe 
coronary a t h e r o s c l e r o s i s .  Moderate d i  1 a t i o n  
o f  t h o r a c i c  ao r t a .  Dehydration. 

1 3  81 M 68 5 '  9" 99 Stage 4 Cancer of P ro s t a t e .  I d iopa th i c  
hypercalcernia f o r  s i x  y e a r s .  Widespread 
pros t a t i  c c a r c i  norna. 



5.0 TEST PROGRAM RESULTS 

5.1 GENERAL 

Tes ts  were p e r f o r m d  on samples of a l l  o f  t h e  f o l l o w i n g  human t i s s u e s :  

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  (Ascending,  Arch and Descending) 

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

5. Lungs (Rhesus monkey o n l y )  

6. Diaphragm 

7. I n t e r v e r t e b r a l  L igaments 

8. Esophagus 

9, Trachea and Bronch i  

I n  a d d i t i o n ,  t e s t s  were per formed on many o f  t h e  same t i s s u e s  f r o m  

Rhesus monkeys. These t e s t s  a r e  r e p o r t e d  as an aggregate  a t  t h e  end of t h i s  

s e c t i o n  w i t h  t h e  e x c e p t i o n  o f  t h e  1  ung t e s t s  wh ich  a r e  r e p o r t e d  s e p a r a t e l y .  

The numbers o f  t e s t s  o b t a i n e d  on each t i s s u e  t y p e  v a r i e s  and r e f l e c t s  

a comb ina t ion  o f  f a c t o r s ;  t h e  p r i o r i t y  o r  impor tance o f  t h e  t i s s u e  t o  t h e  

FIRL model 1  i n g  e f f o r t ,  t h e  a v a i  l a b i  1  i ty  o f  a  p a r t i c u l a r  t i s s u e  a t  au topsy 

and t h e  degree o f  d i f f i c u l t y  wh ich  t h e  t i s s u e  p resen ts  i n  mak ing a  s u i t a b l e  

specimen. 

The t e s t  r e s u l t s  a r e  p resen ted  i n  f o u r  fo rma ts :  

1. E n g i n e e r i n g  s t r e s s - s t r a i n  curves f o r  each t e s t  ( p r e s e n t e d  i n  t h i s  

s e c t i o n . )  

2. Tables o f  t h e  reduced d a t a  f o r  each t e s t  (p resen ted  i n  Appendix C & D )  

3. Average dynamic s t r e s s - s t r a i n  curves f o r  each t i s s u e  t y p e  (presen-  

t e d  i n  S e c t i o n  6.0). 

4. Tables o f  t he  average dynamic s t r e s s - s t r a i n  b e h a v i o r  (p resen ted  i n  

S e c t i o n  6.0) .  

4 0 



5.1 . I  Intercostal Muscle Test Results 

The t e s t s  on intercostal  muscle are presented in Figure 22. Due t o  

variat ions in specimen thickness which did not seem to  re la te  to  load carrying 

a b i l i t y ,  i t  was decided t o  n o t  use the thickness t o  calculate t ens i l e  s t r e s s ,  

b u t  instead to  use only the load per unit  width of the specimen. This 

helped reduce s ca t t e r  and can be jus t i f i ed  in that  the muscle t i ssue  i t s e l f  

only ca r r i es  part  of the load between the r ibs  in the passive s t a t e  and t ha t  

connective t i ssue  between the r i b s ,  which carr ies  most of the load, i s  not 

represented by a to ta l  thickness measurement. The tables in Appendix C 

l i s t  the individual t e s t  specimen thicknesses. The s t ructura l  nature of these 

t e s t s  precluded a more complete s t ra in  analysis of the t i ssue  behavior. 

The t i ssue  samples used in these t e s t s  came from two donors, one who 

was young (20 years old) b u t  emaciated, and one w h o  was older b u t  heavy. 

In general the t issue from the heavy person ( se r ies  74)  was more extensible 

than fo r  the l igh te r  weight person ( s e r i e s  70) b u t  the strengths were com- 

parable. Comparison of the s t a t i c  resul ts  with the dynamic resu l t s  indicate 

about a 50% increase in t ens i l e  strength in the dynamic case b u t  with only 

a s l i g h t  reduction in extension. 

5.1.2 Cardiac Muscle (Left Ventri c le )  

Samples of l e f t  ventricular  t i s sue  were tested b o t h  paral lel  t o  the 

muscle f ibe r  and transverse t o  the f ibe r  direction.  The resu l t s  (as shown 

i n  Figures 23 and 24) indicate a pronounced increase in t ens i l e  strength 

a t  dynamic s t r a i n  rates with the strength paral lel  to  the f ibers  being about 

three times tha t  across the f jbers .  A s imi lar  relat ion was found in s t a t i c  

t e s t s  reported by Yamada ( 1  3 ) .  



Figure 22.  Human Intercostal Muscle Tension Test Results 



HUMAN INTERCOSTAL MUSCLE 

- DYNAMIC TESTS 
..". . .... QUASI- STAT1 C TESTS 

JC DENOTES TEST NUMBER 

1.5 20 2.5 

A X I A L  EXTENSION RATIO 



Figure 23. Human Cardiac Muscle (Left Ventricle) Tension Test 
Results, Direction of Loading Parallel t o  Muscle Fibers 
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F i g u r e  24, Human Card iac  Muscle ( L e f t  V e n t r i c l e )  Tension T e s t  
Resu l ts  , Di r e c t i o n  o f  Load ing Across !iluscl e  F i b e r s  

44 
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5.1.3 Aorta 

Tests were performed on samples of the ascending aor ta ,  ao r t i c  arch 

and descending thoracic aorta.  Test directions were longitudinal t o  the 

vessel and transverse t o  the vessel.  The t e s t  resul ts  are shown fo r  each 

specimen location and orientat ion in Figures 25, 26, 27 ,  28, 29 and 30. 

As in other t i ssues  marked,strain e f fec t s  are present with respect t o  

s t a t i c  data. Also evident are large variat ions in the low s t r e s s  extensi-  

b i l i  ty of the material ,  a manifestation of pathological condition. 

5.1.4 Pericardi u m  

Only a few t e s t s  of the pericardium were performed, mainly due t o  the 

d i f f i cu l t y  in obtaining sui table  samples of t h i s  t i s sue .  The r e su l t s  are  

shown in Figure 31, 

5.1.5 L u n g  Structural Tests 

L u n g  t e s t s  were performed only on Rhesus monkey lungs. Tne t e s t s  were 

performed b o t h  in vivo, post mortem in s i t u  and in v i t ro .  In a l l  cases the 

lung was inf la ted  by a respi ra tor ,  The t e s t s  which consisted of s ingle  

pulse loading of the l u n g  showed very pronounced ra te  e f fec t s  as demonstrated 

in Figure 32 where the 50 Hz equivalent pulse produced almost f ive  times the 

forces of the 5 Hz equivalent pulse with the 50 Hz force peak corresponding 

t o  maximum probe velocity rather than maximum deflection.  

The driving point impedance t e s t s  resul ts  on two monkeys shown in 

Figures 33, 34, 35, 36, 37, and 38 also show the viscous nature of the l u n g .  

A t  low frequencies (be1 ON approximately 20-30 H z )  the response i s  spring-1 i ke 

while above these frequencies 1 arge damping e f fec t s  predominate. late that  

the general response of the  l u n g  i n  vivo and in v i  t r o  i s  s imi lar  a1 though 

speci f ic  de t a i l s  vary with probe diameter and animal. 



F i g u r e  25. Human Ascending A o r t a  T e s t  Resu l t s ,  D i r e c t i o n  o f  
Load ing L o n g i t u d i n a l  t o  Vessel 
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Figure 26. Human Ascending Aorta Test Results, Direction of 
Loading Transverse t o  Vessel 

4 7 





Figure 27. Human A o r t i c  Arch T e s t  Resul ts ,  D i r e c t i o n  o f  
Loading L o n g i t u d i n a l  t o  Vessel 
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F igure  28. Human A o r t i c  Arch Test  Resul ts ,  D i r e c t i o n  o f  Loading 
Transverse t o  Vessel 
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F igure  29. Human Descending Aor ta ,  Tes t  Resul ts  , D i r e c t i o n  
o f  Loading L o n g i t u d i n a l  t o  Vessel 
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Figure 30. Human Descending Aorta Test Results , Direction 
o f  Loading Transverse t o  Vessel 
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F i g u r e  31. Human P e r i c a r d i u m  T e s t  Resul t s  
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F i g u r e  32. Pulse Load D e f l e c t i o n  Curves f o r  Rhesus Monkey 
Lung Tes t  LT-2 
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Figure 33. Mechanical Impedance Curves fo r  Inflated Rhesus 
Lungs in Situ (Post Mortem) Test LT-3 Large Probe 
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Figure 34. Mechanical Impedance Curves f o r  I n f l a t e d  Rhesus 
Lungs In Vi t ro  Tes t  LT-3 Large Probe 
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Figure 35. Mechanical Impedance Curves for Inflated Rhesus 
Lungs i n  Vitro Test LT-3 Small Probe 
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F i g u r e  36. Mechanical Impedance Curves f o r  Rhesus Lungs i n  
V i v o  T e s t  LT-4 Large Probe 
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Figure 37. Mechanical Impedance Curves for Rhesus Lungs in 
Vitro Test LT-4 Large Probe 
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Figure 38. Mechanical Impedence Curves for Inflated Rhesus 
Lungs I n  Vitro Test LT-4 Small Probe 
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5.1 ,6 Diaphragm 

The diaphragm proved qui te  sui table  f o r  tes t ing both in  s u i t a b i l i t y  

f o r  specimens and ava i lab i l i ty  a t  autopsy. The diaphragm t e s t  specimen 

or ienta t ion was denoted with respect t o  the f i be r  or ienta t ion of the muscle 

1 ayer which i s  sandwiched between two layers of connective t i s sue  membrane. 

The orientat ions were across the f ibe rs  and paral lel  to  the f i be r s .  The 

t e s t  r esu l t s  f o r  the t e s t s  in these orientat ions are  shown in Figures 39 

and 40. The behavior of the diaphragm when tes ted  para l le l  to  the muscle 

f ibe rs  was not as ra te  sensi t ive  as other t i s sue  types, however, the strength 

across the f ibe rs  did increase with s t r a i n  ra te .  

Suff ic ient ly  large samples of diaphragm were available t o  a1 low biaxial 

tension t es t ing  of the t i s sue .  Two t e s t s  were performed with dynamic loading 

(about 10 msec. to  f a i l u r e ) .  The general nature of the deformation patterns 

in the rnemb~sne as i t  fnf la tsd  indicatzd t ha t  large anisotropy s f f zc t s  viere 

not evident. Analysis of the f a i l u r e  s t resses  a re  s t r a i n s  yielded a biaxial 

extension r a t i o  of x = 1.55 and a corresponding biaxial engineering s t r e s s  

of 700 ps i .  

5.1.7 Intervertebral Ligament Test 

Due t o  extreme d i f f i cu l t y  in obtaining sui table  samples ( the  removal of 

the sample from the body involves cutt ing near the jo in t  of i n t e r e s t ) ,  only 

one sample was obtained for  t e s t ing  in the program. The t e s t s  were performed 

by loading the r i b  segment f i r s t  downward in the super ior- infer ior  d i rect ion,  

then l a t e r a l l y  in the l e f t - r i g h t  direction and f i na l l y  in  the anterior-posterior  

direction.  I t  was only in the S-I t e s t  direct ion ( the  di rect ion in which the 

cos tovertebral jo in t  usual ly moves) where the d i  spl acements and rotat ions 

were great  enough to  make accurate measurements of the rib motion. This data 

was resolved in terms of moments about the A - P  and L-R axes of the j o in t  with 



Figure 39, Human Diaphragm Test Results, Direction o f  Loading 
Across Muscle Fibers 
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Figure 40. Human Diaphragm Test Results,  Direction o f  Loading 
Para1 le l  t o  Muscle Fibers 
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the major motion being a rotation about the A-P axis. These responses are 

shown in Figure 41. The response of the joint in the other directions of 

loading were similar t o  the response of the joint about the L-R axis i n  

Figure 41. 

5.1.8 Esophagus, Trachea and Bronchi 

Only a limited number of tes t s  on these tissues were performed. The 

results are shown in Figures 42 and 43. The esophagus demonstrated the 

usual rate sensit ivity of about 100% increase in strength dynamically. Only 

s t a t i c  tes t s  on the trachea and bronchi were performed. Due to  the car t i -  

lagenus rings present in the sample, the t e s t  should really be considered 

a structural t e s t  rather than a basic t e s t  of the membrane between rings. 

5.1.9 Rhesus Monkey Tissue Test Results 

Uniaxi a1 tension tests  were performed on Rhesus monkey aorta,  diaphragm 

and esophagus. The resulting data are shown in Figures 44, 45, 46, 47 ,  48 

and 49. The tissues exhibited rate sensi t ivi ty  comparable t o  the human 

tissues.  The monkey tissues were generally stronger than the human tissues 

(with the exception of the esophagus) a1 t h o u g h  i f  a comparison i s  made of 

t issue strengths based on comparable ages ( i  .e. the monkeys were young adul t s )  

using s t a t i c  data on humans from Yamada (13) the differences are n o t  great,  

The main difference appears to  be the general ly greater extensi bi 1 i t y  of 

the monkey tissues. 



Figure 41. Human Intervertebral Ligament Test Results, Costo- 
vertebral Joint Response t o  Superior- Inferior (Downward) Loading 
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F igu re  42. Human Esophagus Test  Resu l t s ,  D i r e c t i o n  o f  Load ing 
Longi t u d i  n a l  t o  Organ 
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F i g u r e  43. Human T r a c h e a  a n d  B r o c h u s  T e s t  R e s u l t s ,  D i r e c t i o n  
o f  L o a d i n g  L o n g i t u d i n a l  t o  O r g a n  
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F i g u r e  44. Rhesus Monkey Ascending Aor ta  T e s t  Resu l t s  , D i r e c t i o n  
o f  Loading Transverse t o  Vessel 
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F i g u r e  45. Rhesus Monkey Descending A o r t a  Tes t  Resul ts ,  D i r e c t i o n  
o f  Loading L o n g i t u d i n a l  t o  Vessel 
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Figure 46. Rhesus Monkey Descending Aorta Test Results , Direction 
of Loading Transverse t o  the Vessel 
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F i g u r e  47. Rhesus Monkey Diaphragm T e s t  R e s u l t s  

70 



ENGINEERING TENSILE STRESS PSI 



F igu re  48. Rhesus Monkey Esophagus Tes t  Resul ts ,  D i r e c t i o n  o f  
Loading Long i t ud ina l  t o  Organ 
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Figure 49. Rhesus Monkey Esophagus Test Results, Direction o f  
Loading Transverse t o  t h e  Organ 
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6.0 SUMMARY A N D  CONCLUSIONS 

6.1 General Program Summary 

This program has produced a bibliography of over 500 entr ies  on the 

subjects of so f t  tissue mechanical properties and t e s t  techniques. The 

majority of these a r t ic les  have been abstracted and are presented in Volume I 1 1  

o f  this  report. 

The knowledge obtained in performing the l i te ra ture  search has been 

incorporated into the experimental program carried out in this  project. Test 

techniques on sof t  t issue testing have been specially adapted t o  the needs 

of the experimental program and unique t e s t  equipment developed t o  allow 

high speed dynamic testing of t issue samples in uniaxial tension and biaxial 

tension. The data produced th is  project on the dynamic mechanical properties 

of thoracic tissues of the human and the Rhesus monkey are unique and represent 

the f i r s t  time that these t issues have been characterized a t  s t ra in  rates 

comparable to those produced in thoracic trauma associated with automotive 

accidents . 
While the data presented here by no means represents a complete des- 

cription of the tissues tested, either in the s t a t i s t i ca l  sense or in the 

continuum mechanics sense, the data does represent a definit ive f i r s t  step 

i n  characterizing the dynamic behavior of these tissues and their  fa i l  ure 

mechanisms . 
6.1 , I  Test Resul t s  Summary 

Examination of the t e s t  results in Section 5.0 reveals t h a t  the stress- 

s t rain response of the tissues varies over a wide range. In order t o  summarize 

the response for each tissue to provide average response curves the following 

reduction technique was used. F i rs t ,  i t  was noted that the major cause of 

the variabili ty i n  response i n  most tissues was the different extensibil i ty 



exhibited by each tissue in the low stress  region. Following the lead of 

other investigators in sof t  tissue research ( 1 , Z )  th is  high extension, low 

stress  region of the curves was treated as a region separate from the s t i f f e r  

high s t ress  response region, since, in many cases, the pathological conditions 

found in these tissues manifests i t s e l f  primarily in the low stress  region 

(e.g. in atherosclerosis (hardening of the a r te r ies )  the main effect i s  the 

loss of this  low stress  extensibil i ty while high s t ress  response appears t o  

be relatively unaffected.). In the analysis of the uniaxial tension t e s t  

data an arbitrary s t ress  level of 20 psi was used to define the upper l imit  

of the low stress  region ( th is  corresponds t o  a typical wall s t ress  in the 

aorta under physiological conditions) . A1 1 dynamic stress-extension rat io  

curves for a particular t issue and loading direction were compared above 

th i s  s t ress  level by graphically shift ing the curves to the A = 1.00 point. 

This sh i f t  produced response curves which were generally quite simi l a r .  

(This i s  most likely due to  the fact  that the high s t ress  response of the 

tissues i s  control led by the oriented coll agenous connective t issue present 

in the tissue. This orientation process occurs during the low stress  extension.) 

In order t o  produce a representative curve for  the t issue response the resulting 

shifted high stress curves where averaged by dividing each curve into four 

proportional regions represented by the quarter point, the midpoint, the 

three quarter point and  the fai lure  end point. The resulting s t ress  and 

extension rat 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 extension 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 s t ress  

response. 



Figure 50. Summary Curve o f  Average Dynamic Response of Human 
Intercostal  Muscle 
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Figure 51. Summary Curves o f  Average Dynamic Responses o f  
Human Cardiac Muscle 
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F igure  52. Summary Curve o f  Average Dynamic Response o f  Human 
A o r t a  i n  t h e  L o n g i t u d i n a l  D i r e c t i o n  
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Figure 53. Summary Curve of Average Dynamic Response of Human 
Aorta in the Transverse Direction 
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F i g u r e  54. Sumiary  Curve  o f  Dynamic Response o f  Human 
P e r i  c a r d i  um 
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Figure 5 5 ,  Summary Curve of Average Dynamic Response of Human 
Diaphragm Across Muscle Fibers 
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Figure 56. Sumary Curve o f  Average Dynamic Response o f  Human 
Diaphragm Para1 le l  t o  Muscle Fibers 





Figure 57. Summary Curve of Average Dynamic Response of Human 
Esophagus in the Longitudinal Direction 
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F i g u r e  58. Summary cu rve  o f  Average Dynamic Response o f  Rhesus 
Konkey Descending A o r t a  i n  t h e  Transverse  D i r e c t i o n  





Figure 59,  Summary Curve o f  Average Dynamic Response o f  Rhesus 
Monkey Esophagus i n  the  Transverse Direction 
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The resul t i  n g  average dynamic response curves f o r  human intercos ta1 

muscle , cardiac muscle , aor ta ,  peri cardi um,  diaphragm and esophagus are  

shown in Figures 50, 51 , 52, 53, 54, 55, 56, and 57. Simi 1 ar  curves f o r  

Rhesus monkey aorta and esophagus are  shown in  f igures 58 and 59. Tabular 

descriptions of these curves a re  found i n  Table 2 f o r  human t i ssues  and Table 

3 f o r  Rhesus t i s sues ,  Also l i s t e d  in the tables i s  the calculated t rue  s t r e s s  

based on the assumption of constancy of volume (incompressibili t y )  of the 

material during deformation. The assumption of incompressi b i l  i  t y  was checked 

on many of the t i s sue  t e s t s  when good values of thickness extension ra t ios  

could be obtained and, in general,  the product of the three principal 

extension ra t ios  was within 10% of unity ( i . e .  h l h 2 h 3  = 1 implies incom- 

p r e s s i b i l i t y ) .  In view of the limited s t a t i s t i c a l  nature of the data obtained 

on any one t i s sue  and the limited number of d i f f e ren t  s t r a i n  r a t e s  used in 

the t e s t ing  program i t  i s  f e l t  t h a t  any attempts t o  f i t  a cons t i tu t ive  

re la t ion  t o  describe the behavior of any of the t i ssues  would be i l l -advised .  

Only with a more detai led long term study of each t i s sue  could a s t a t i s t i c a l l y  

valid cons t i tu t ive  r e l a t ion  be generated. For the  purposes of providing 

data f o r  the FIRL modelling program i t  i s  f e l t  t h a t  the tabular  sumary data 

in Tables 2 and 3 are most appropriate a t  t h i s  time. 

Comparison of the dynamic response of the t i s sues  tested with the 

s t a t i c  t e s t s  performed in the program and with the s t a t i c  data of Yamada (13) 

indicates tha t  although the dynamic s tesses  produced i n  the t i ssues  are  

as much as twice as great  as those produced s t a t i c a l l y  the f a i l u r e  s t r a i n s  

tend t o  be s imi lar .  This leads t o  the conclusion t h a t  the most appropriate 

f a i l u r e  mechanism theory f o r  the t i s sues  studied in the program would be 

a maximum t e n s i l e  s t r a i n  theory of f a i l u r e .  This i s  born out in the biaxial 



tension tes t s  of the human diaphragm where the fai lure  strains were similar 

t o  the uniaxial tension fai lure  s t rains .  I t  should be noted, however, t h a t  

the pathological s ta te  of many of the tissues tested reflects the older age 

group (average age 69 .5  years),  The s t a t i c  fai lure  strains obtained in 

the program are comparable t o  those obtained in the older age groups reported 

by Yamada (1 3) and thus, for younger people 1 arger fai 1 ure strains would 

be expected. 

6 .2 ,  Concl usi ons and Recomrnenda t i  ons 

The results of this  program to obtain information on the mechanical 

properties of thoracic tissues a t  high strain rates indicate that the dynamic 

response of such tissues i s  considerably different from the s t a t i c  response 

i n  terms of s t r e s s ,  b u t  that the strain response i s  more dependent upon  

pathological condition of the tissues t h a n  upon  strain rate .  While the 

scope of the program was n o t  large enough to permit a complete s t a t i s t i ca l  

and continuum mechanics representation of each of the nine tissue types 

studied, the information developed in the program will be of direct use in 

f in i t e  element modelling of the thorax and in helping t o  understand more 

clearly the injury mechanisms associated with thoracic trauma. In this  

connection i t  would appear that a maximum tensile strain theory of fai lure  

would be most appropriate t o  describe the fai lure  mechanisms observed in 

many of the tissues studied in the program. 

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

step towards the complete characterization of the response and fai lure  of 

thoracic organ tissues. Work should be continued in the future to include 

a more complete quantification of anisotropy effects and mu1 t iaxial  load 

response, t o  include a more complete s t a t i s t i ca l  quantification of variations 

in tissue properties due t o  sex, age and/or physical condi t i  on ;  and t o  include 



t h e  q u a n t i f i c a t i o n  o f  t h e  e f f e c t s  o f  p h y s i o l o g i c a l  de fo rma t ion  s t a t e s  on 

t i s s u e  response and i n j u r y  modes. C o n s i d e r a t i o n  shou ld  a l s o  be g i v e n  t o  

ex tend ing  t h i s  t y p e  o f  s t u d y  t o  o t h e r  i n j u r y  prone areas o f  t h e  body. 



T A B L E  2 TABULAR SUM!IARY OF AVERAGE DYNAMIC RESPONSE OF HUMAN T I S S U E S  

INTERCOSTAL MUSCLE, PERPEIJDICULAR 

TO THE R I B S ,  AVERAGE DYIjAI" I IC 

RESPOijSE MEAN T H I C K i i E S S  = 0 . 2  i n .  

A X I A L  
LOAD/U i4 IT  PJIDTH E X T E N S I O i i  

l b / i n  RAT I 0 

COSTOVERTEBRAL J O I N T  S T A T I C  LOAD 

A P P L I E D  I N  THE SUPERIOR- IPIFERIOR 

DIRECTION ( DOWNHARD) 

R e s u l t a n t  A n g l e  R e s u l  t a n t  I lo -  
M o m e n t  a b o u t  C h a n g e  m e n t  a b o u t  
A-P A x i s  i n - l b s  ( R a d i a n s )  L - R  A x i s  i n - l t  

*F I n d i c a t e s  F a i  1 u r e  



TABLE 2 ( c o n t i n u e d )  

CARDIAC IlUSCLE, LEFT VENTRICLE 

PARALLEL TO THE FIBERS, 

AVERAGE OYilAlllIC RESPOiiSE 

CARDIAC MUSCLE, LEFT VENTRICLE 

ACROSS FIBERS, AVERAGE DYfJAPl IC  

RESPONSE 
- - --. - - 

E n g i n e e r i n g  A x i a l  True 
S t r e s s  E x t e n s i o n  S t r e s s  

p s i  R a t i o  ps i 

-. -- - 

E n g i n e e r i n g  A x i  a1 True 
S t r e s s  Ex tens ion  S t r e s s  

p s i  R a t i o  p s i  

* I n d i c a t e s  F a i l u r e  



TABLE 2 (Con t i nued )  

AORTA, TRAI~SVERS E AVERAGE 

DYI~AFIIC RESPOlJSE 

AORTA, LONGITUD IrlAL AVERAGE 

DYNAblIC RESPOiJSE 

- - 

E n g i n e e r i n g  A x i  a1 T rue  
S t r e s s  E x t e n s i o n  S t r e s s  

p s i  R a t i o  p s i  

- - -  

E n g i n e e r i n g  A x i a l  T rue  
S t r e s s  E x t e n s i o n  S t r e s s  

p s i  R a t i o  p s i  

* I n d i c a t e s  F a i l u r e  



TABLE 2 (Cont inued)  

DIAPltRAGFII, ACROSS MUSCLE 

FIBERS, AVERAGE DY IjAISIC 

RESPONSE 

DIAPHRAGM, PARALLEL TO 

MUSCLE FIBERS, AVERAGE 

DYIIAblIC RESPOI.ISE 

Eng inee r i ng  Ax i  a1 True 
S t ress  Ex tens ion  S t r e s s  

ps i R a t i o  p s i  

Engineeri tig A x i  a1 True 
S t ress  Ex tens ion  S t ress  

p s i  R a t i o  p s i  

* I n d i c a t e s  F a i l u r e  



PERICARDIUM, AVERAGE 

DYlAI4IC RESPOiISE 

TABLE 2 (Cont inued)  

ESOPHAGUS, I O I 4 G I  TUDINAL, 

AVERAGE DYI4AFIIC RESPOFISE 

Eng inee r ing  A x i a l  True 
S t ress  Ex tens ion  S t r e s s  

p s i  R a t i o  p s i  

- -- -- - 

E n g i n e e r i n g  A x i a l  True 
S t ress  Ex tens ion  S t r e s s  

p s i  R a t i o  p s i  

* I n d i c a t e s  F a i l u r e  



ESOPHAGUS, TRANSVERSE 

AVERAGE DYNAI4IC RESPONSE 

TABLE 3 TABULAR SUMMARY OF AVERAGE DYNAMIC 

OF RHESUS MONKEY TISSUES 

Eng inee r ing  Ax i  a1 T rue  
S t r e s s  Ex tens ion  S t r e s s  

p s i  R a t i o  p s i  
0.0 1 .OO 0 

DESCENDING AORTA, TRANSVERSE 

AVERAGE DYNAMIC RESPONSE 

Engi n e e r i  ng Ax i  a1 True 
S t r e s s  Ex tens ion  S t r e s s  

p s i  R a t i o  p s i  

0.0 1 .oo 0 

7 . 5  1 . I 0  8.3 

23.0 1.20 27.6 

45.0 1.30 58.5 

82.0 1.40 114.8 

126.0 1.50 189.0 

177.0 1.60 283.2 

232 .O 1.70 394.4 

287.0 1.80 516.6 

347.0 1.90 659.3 

432 .O F* 2.00 F* 864.0 F* 

* I n d i c a t e s  F a i l u r e  
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APPENDIX A TEST AIALYSIS 

Uniaxial Tension 

The analysis of the uniaxial tension t e s t s  performed on a l l  t i ssues  used 

the fo l l  owing approach: 

Measured Variables Cal cul ated Vari ables 

Axial load, P P True axial s t r e s s  a 1  

I n i t i a l  grid length, 20 Engineering t ens i l e  s t r e s s  = 

Current grid length, a 

I n i t i a l  grid width, wo 

Current grid width, w 

Ini t i  a1 specimen thickness , h o  

Current specimen thickness, h 

Woho R 
Axial s t re tch  r a t i o  x l  = - 

20 
W bilidth s t r e tch  r a t i o  x 2  = - 
Wo 

h Thickness s t re tch  r a t i o  x 3  = - 
ho 

Biaxial Tension ( In f la t ion  of a Circular  I4embrane) 

Appropriate theory, within context of nonlinear e l a s t i c i t y ,  i s  outlined 

in Green and Adkins, [4]. 

A c i rcu la r  sheet  of i n i t i a l  radius a i s  fixed a t  i t s  outside edge. 

The sheet has no prestretch in i t s  plane. Pressure i s  applied from one 

s ide  and tlie sheet  deforms in to  a surface of revolution (as  shown in F'ig. A-1) 

Symbols 

A 1  - s t re tch  r a t i o  ( ~ ~ 7 ~ ~ a ~ e ; $ ~ t h )  of meridional 1 ine element 

A, - s t re tch  r a t i o  of circuniferential l ine  element 

K, - principal curvature of meri dional 1 ine 

K2 - principal curvature of ci rcumferential 1 ine 

a1 - radial  s t r e s s  = force/current area ( t r ue  s t r e s s )  



F i g u r e  A-1. I n f l a t i o n  o f  a  C i r c u l a r  Membrane ( r i g h t  s i d e  b e f o r e  
d e f o r m a t i o n ,  l e f t  s i d e  a f t e r  d e f o r m a t i o n )  





u2 - circumferential s t r e s s  ( t r ue  s t r e s s )  

0 
- i n i  t i  a1 thickness 

h - current thickness 

TI  = hal - radial force resul tant  

T 2  = ha2 - circumferential force resul tant  

I t  i s  shown in Green and Adkins ( p 151) 

P = 2K,T1 p = pressure 

(a l so  on p .  154) 

These resu l t s  imply t ha t  in some region about i t s  axis of symmetry, 

the deformed surface i s  spherical .  This i s  t r ue ,  regardless of material 

properties. 

Based on available theory, the following procedure can be used t o  

es tabl ish  a biaxial s t ress - s t ra in  re la t ion ,  i .e. a relat ion between 

= a 2  = u and AI = l2 = A,  in the following manner. 

1. Layout an axia l ly  symmetric grid of l ines  oti the surface of the unde- 

formed membrane. 

2. Determine the prof i le  of deformed membrane. Measure new radi i  of each 

ci rc le .  

Note: A, i s  the r a t i o  of f inal  radius of a c i rc le  t o  the i n i t i a l  - 
radius. x l  i s  the r a t i o  of the l ine  increments contained between 

c i rc les .  1, can alw'ays be measured exactly,  b u t  values of x l  

determined experimental l y  are always average values . The procedure 

suggested here requires only determining 1,. 

3.  Determine principal circumferenti a1 curvature as follows : 



For each deformed circle  location, draw a normal t o  the profile 

of i t s  deformed membrane. Measure angle 0 of normal t o  axis of symetry,  

Principal ci rcumferenti a1 curvature i s  

K2 = - sine 
r 

where r i s  deformed radius of c ircle .  

4. Where deformed membrane surface i s  spherical, K2 is  constant and  equals 

K,. Also h 2 =  h l r  T 2  = T I ,  o 2  = o l .  Determine extent of region where K2 

i s  constant and determine this  constant value. 

5. Using the theoretical relation P = 2K2T2, solve for T 2  using noasured 

value of P and computed K2. This gives force resultant in equal biaxial 

t e s t .  

6. Measure new thickness h of membrane. I n  a spherical region, this  i s  

constant. Stress in region i s  determined from relation 

T = ah 

7. Now we have one choice of equal biaxial true s t ress  and corresponding 

stretch rat io  A .  

8. Repeat for various values of pressure P t o  construct complete 0-1 

relation. 
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APPENDIX C ,  COFISTITUTIVE EQUATIOJ DETERf4INATION TECHNIQUES 

General Considerations 

The mathematical theory of nonlinear v iscoelas t ic i ty  has been under 

development fo r  a number of years ,  with par t icular  empllasis on the develop- 

ment of useful const i tu t ive  equations. The current s ta tus  of the subject  

i s  discussed in a recent book by Lockett [ZO]. At present, i t  cannot be 

said t h a t  there i s  a  successful const i tu t ive  equation. The e a r l i e s t  non- 

l inear  const i tu t ive  equations were represented as sums of s ing le ,  double 

and t r i p l e  in tegrals  over s t r e s s  or  s t r a i n  h is tor ies .  Such const i tu t ive  

equations are regarded as impractical fo r  two reasons. The f i r s t  i s  that  

a complicated and lengthy experimental program i s  needed to  determine re- 

laxation o r  creep functions [ Z O ] ,  p .  82. The second i s  that  numerical 

Qthods invol ving ttiese equations are quite expensive. 

This has led t o  attempts t o  develop single integral non lfnear con- 

s t i t u t i v e  equations, which are eas ie r  to handle numerically, ana ly t i ca l ly ,  

and wil l  hopefully, lead to simple programs for  determining material parameters. 

A number of such models have been developed and are summarized in Lockett 's  

book [20]. The most prominent appear to  be: 

Finite Linear Viscoelast ici ty - This i s  constructed as an approxima- 

tion fo r  s i tuat ions  in which recent deformations vary slowly re la t ive  t o  

the time i t  takes f o r  past deformations to  lose t h e i r  influence. 

Bernstein-Kearsely Zapas Model ( B K Z )  - This i s  derived on thermodynamic 

principles using a general ized concept of entropy. 

Modified Superposition Theory - This model i s  based on the empirical 

assumption tha t  even t h o u g h  creep and relaxation data may depend nonlinearly 

on s t r e s s  or  s t r a i n  l eve l ,  d i f ferent  creep o r  relaxation can be superposed 

in a spec i f i c  manner. 



Shapery Theory - Shapery derived a model from thermodynarilic arguments 

which use creep and relaxation resu l t s  from l inea r  models. 

For each of these approaches, a tensor ia l  three-dimensional cons t i  t u -  

t i v e  equation can be wri t ten  down. A1 though t h e i r  mathematical d e t a i l s  

and motivations are d i f f e r e n t ,  they a r e  common in one respect.  Considering 

only those forms which express the current  value of s t r e s s  in terms of 

s t r a i n  h i s to ry ,  they a l l  contain functions of time, current  s t r a i n  and 

s t r a i n  history which the model cannot specify.  These functions can only 

be found from experimental data o r  by derivat ions from concepts based on 

the material molecular s t ruc tu re .  In most cases,  these functions are based 

on experiment. 

For more de f in i t eness ,  f o r  uniaxial t e s t s ,  the  models reduce t o  the 

fol lowing form: 

Functions f l  and f 2  depend on the choice of model. For the modified 

superposition theory: 

For the  Shapery model : 
d 

f 2  = h l ( E ( t ) )  E (p-p') [ h 2 ( E ( ~ ) ) E ( t )  

and f o r  the BKZ model 

Expressions f o r  D(t), g ( ~ ) ,  R ( E , ~ ) ,  h l ( € ) ,  can only be deduced a f t e r  a 

study of experimental data.  Different experimenters have t r i e d  expressing 

these functions as various combinations of polynomials, ra t ional  functions , 



exponentials and logarithms, i , e . ,  in the BZK model, Smart and Williams [ 2 l ]  

have tried: 

h = a t n l  +- btn% + c t n 3 c 2 ,  ( 5 )  

where A ,  B ,  C ,  n l ,  n 2 ,  n 3  are constants f o u n d  by a nonlinear least  squares 

regression analysis. 

The question remains as t o  which of the above models gives the best 

results. Smart and Williams [21] used the BKZ, modified superposition a n d  

Shapery models to eval uate tes ts  on polypropylene and polyvinyl chl ori de. 

For each of  these models, the aqpropri ate functions were determined from 

creep or relaxation t e s t s .  The models were then used to  predict results 

of tes ts  involving constant s t rain rate loading and unloading. The modified 

superposition model was adequate for lower strain levels. 

A t  th is  stage in the development of constitutive equations, i t  i s  not 

clear why loading predictions should be better than unloading predictions. 

Smart and Williams [21], have suggested this may be due to the fact  that 

data is  obtained from creep or relaxation t e s t s ,  in which s t ress  or s t rain 

i s  he1 d constant, while the evaluation tes t s  uti 1 ized continuously varying 

strain or s t ress  histories. A definitive discussion regarding this  point 

has yet t o  be presented. 

Constitutive Equations Determination in Anisotropic Materials - The 

data generated by experimental procedures which are developed for anisotropic 

materials must be incorporated into appropriate constitutive equations. Two 

factors enter into the development of a satisfactory constitutive equation. 

1.  Constitutive equations for anisotropic materials are much more com- 

plex than those for isotropic materials. For an e las t ic  material of unspecified 

anisotropy, a constitutive equation has ttie form: 



where the scalar-valued functions (, depend on- a s e t  of Q independent scalar-  

invariant  polynomials in the s t re tch  tensor components, and PI:) are a s e t  of 

n independent tensor-valued polynomials in the components of the s t re tch  

tensor. For incompressible isotropic materials ,  where o i j  can be regarded 

as the deviatoric part  of the to ta l  s t r e s s ,  Q = a = 2.  For anisotropic 

materials ,  Q > 2  and a > 2 which implies the necessity of finding a large 

number of material functions of a large number of arguments. Although 

there may be more than enough terms fo r  purposes of data f i t t i n g ,  these 

terms are necessary in order t o  ensure that  the const i tu t ive  equations 

properly represent the kind of anisotropy under consideration. That i s ,  

( a >  by discarding certain of the arguments of + and tensor polynomials P i j  , 
C1 

the const i tu t ive  equations fo r  an orthotropi c material could reduce t o  

tha t  f o r  transversely isot ropic  or  even isotropic materials.  Similar 

remarks apply t o  the more complex const i tu t ive  equations fo r  viscoelast i  c 

responses. 

As par t  of the data f i t t i n g  process then, some procedure must be developed 

fo r  simp1 ifying the const i tu t ive  equation, ye t  maintaining i t s  representation 

of desired anisotropy. Fung ( 7 ) ,  Vaishnev, e t .  a l .  (14) and Cheung and 

Hsaio (15)  have discussed some aspects of modeling orthotropy and transverse 

isotropy which may be of use here. 

2 .  The second factor  i s  the s i tua t ion  discussed in the previous section 

on general v iscoelas t ic  response; i . e .  there i s  no const i tu t ive  equation, 

even fo r  one-dimensional or  isotropic behavior, which i s  t o t a l l y  sa t i s fac to ry  

fo r  representing a range of response w i t h  reasonable experimental e f fo r t  and 

reasonable computational eff iciency.  



With these remarks in m i n d ,  i t  i s  f e l t  tha t  the development of a con- 

s t i t u t i v e  equation which wil l  be valid f o r  a wide range of loading h i s to r ies  

may be impractical,  and perhaps unnecessary. In many important s i tua t ions  

involving mechanical trauma, the t i s sue  i s  loaded f a i r l y  rapidly. For 

s i tuat ions  in which the time of loading of a viscoelast ic material i s  shor t  

compared to  a charac te r i s t i c  relaxation time, approximate const i tu t ive  

equations have been developed by Huang and Lee (24) ,  Lubliner ( 2 5 ) ,  and 

Leigh ( 2 6 ) .  Huang and Lee (24) considered isot ropic  materials ,  Lubliner 

(25) out1 ined the basic ideas behind the approximation fo r  the one-dimensional 

case only, and Leigh (26) developed relat ions without incorporating assumptions 

about the kind of material symmetry. Thus, approximate const i tu t ive  equations 

fo r  transversely isot ropic  o r  orthotropic materials s t i l l  need t o  be derived. 

These const i tu t ive  equations, a t  l eas t  in the one-dimensional case, have a 

well-defined s t ructure  allowing fo r  computational eff iciency.  The material 

response functions in t h i s  simple case can a l so  be determined by a f a i r l y  

d i r ec t  experimental procedure (see the following sect ion) .  I t  i s  anticipated 

tha t  some of the simp1 i f i ca t ions  in measuring properties in the one-dimensional 

case should be possible in the general case. 

Short Time Approximations 

Let E ( T )  denote the s t r a i n  a t  time T measured from the undeformed 

s t a t e  of a viscoel as t i  c material.  The general const i tu t ive  equations fo r  

nonlinear viscoel as t i  ci ty can be represented in the form: 
N 

where 



and where the lower l imi t  of 0- denotes inclusion of response t o  jump dis-  

continuit ies a t  time t=O. 

Let TR denote a charac te r i s t i c  relaxation time fo r  the material.  Let 

Tp denote a charac te r i s t i c  time for  the duration of a loading. I f  Tp /TR "1, 

then the following approximation can be used for  the general const i tu t ive  

equation. 

where K n ( O , O , .  . . , O )  -- i n i t i a l  value of relaxation function 

K k ( O , O , .  . . ,0) -- i n i t i a l  slope of relaxation function. 

2 The e r r o r  in the above approximation i s  of O(t ). The f i r s t  sum denotes 

nonlinear e l a s t i c i t y ,  which i s  the f i r s t  approximation fo r  rapid loadings. 

The second sum denotes correction due to  viscoelasti c i t y  e f fec t s .  Pie 

regard K n ( O , O , .  . . ,0)  and K,!,(O,O,. . . ,0) as constants t o  be determined via 

t e s t ing .  

Constant Strain Rate Tests 

t 
Tiien 

Note that  since K,!, are i n i t i a l  slopes of relaxation functions, KKI;< 0. Consider 

s t ress - s t ra in  graphs, I f  v iscoelas t ic  e f fec t s  are ignored due t o  rapidity of 

loading: 



e l a s t i c  response I f  v i s c o e l a s t i c i t y  e f f e c t s  a r e  

cons idered,  t h e  terms nK,!, E / U  

produce a  m o d i f i c a t i o n  t o  t h e  curve 

p a r a m t e r s .  S ince t$!, < 0, t h e  curves 

a r e  p r o b a b l y  lowered.  The c o r r e c -  

C t i o n  i s  s t r a i n  dependent and depends 
C 

e s p e c i a l l y  on a. 

Isochrones f o r  Constant  S t r a i n  Rate 

I n  t h i s  case, we h o l d  t f i x e d ,  say t = t o .  S t r a i n  E i s  v a r i e d  by 

v a r y i n g  a ,  i .e., E = ato.  Then t h e  i soch rone  i s  g i ven  by: 

Suppose n  has a  maximum v a l u e  o f  3, so t h a t  t h e  above i s  a  cub ic .  Suppose 

c u b i c  expansions i n  E can be f i t t e d  t o  isochrones a t  t imes  to and t*. 

Then we have two s e t s  o f  c o e f f i c i e n t s  of  cub ics .  

S u b s t i t u t i n g  back i n t o  t h e  exp ress ions  f o r  C i  and C; g i ves  K,. 

More General S t r a i n  V a r i a t i o n  

W i t h i n  t h e  d u r a t i o n  o f  v a l i d i t y  o f  t h e  s h o r t  t i m e  approx ima t ion ,  E may 

have a  genera l  t i m e  v a r i a t i o n  - say q u a d r a t i c .  



where E~ denotes a jump d i s c o n t i n u i t y  a t  t=O, then:  

Then 

No general  statements seem meaningfu l  because o f  t h e  comp lex i t y  o f  t h i s  

express ion.  



APPENDIX C I N D I V I D U A L  HUMAN 

TEST DATA TABLES 



HUMAN I t ITERCOSTAL MUSCLE, PERPENDICULAR TO R I B S  

T I S S U E  SOURCE: 7 0  Tes t  # 1 

T I M E  TO F A I L U R E :  90 s e c  

AVERAGE SPECIMEN WIDTH:  0.75" 

LOAD A X I A L  STRETCH LOAD PER U N I T  l l I D T H  
P o u n d s  RAT I 0  L B /  IN 

T I S S U E  SOURCE: 70 T e s t  # 2 

T I M E  TO F A I L U R E :  62 sec  

AVERAGE SPECIMEN WIDTH: 0 . 5 5 "  

LOAD A X I A L  STRETCH LOAD PER U I I T  ! l I D T H  
P o u n d s  R A T I O  L B / I M  



HUIlAil INTERCOSTAL MUSCLE, PERPENDICULAR T O  R I B S  

T I S S U E  SOURCE: 7 0  T e s t  # 3 AVERAGE SPECIF.4EI.I 1 I IDTH:  0.80" 

T I M E  TO F A I L U R E :  20 m s e c  

LOAD A X I A L  STRETCH LOAD PER U t J I T  C.JIDTH 
P o u n d s  RAT I 0  L B / I N  

T I S S U E  SOURCE: 7 0  T e s t  # 4 

T I M E  TO F A I L U R E :  10 m s e c  

AVERAGE SPECIMEN WIDTH:  0 . 7 0 "  

LOAD A X I A L  STRETCH LOAD PER U N I T  N I D T t i  
P o u n d s  R A T I O  L B / I N  



HUMII INTERCOSTAL MUSCLE, PERPENDICULAR TO R I G S  

T I S S U E  SOURCE: 7 0  T e s t  # 5 AVERAGE SPECIMEtl  1 I IDTt i  : 0 . 7 5 "  

T I M E  TO FAILURE:  4 4  msec 

LOAD A X I A L  STRETCH LOAD PER U N I T  d I D T H  
P o u n d s  R A T I O  L B /  I N  

T I S S U E  SOURCE: 7 4  T e s t  # 1 AVERAGE SPECIMEN N I D T H  : 0 . 6 "  

T I M E  TO FAILURE:  39 s e c  

LOAD A X I A L  STRETCH LOAD PER U N I T  WIDTH 
P o u n d s  R A T I O  L B / I N  



HUMAN INTERCOSTAL MUSCLE, PERPEI iDICULAR TO R I B S  

T I S S U E  SOURCE: 7 4  T e s t  # 2 AVERAGE SPECI!4EtI WIDTH:  0 . 7 5 "  

T I M E  TO F A I L U R E :  42 s e c  

LOAD A X I A L  STRETCH LOAD PER U / l I T  bJIDTH 
P o u n d s  RAT I 0  LB/IF.I 

T I S S U E  SOURCE: 74 T e s t  d 3 

T I M E  TO F A I L U R E :  1 0  m s e c  

AVERAGE S P E C i N E i i  'u l iDTi l :  0.79" 

LOAD A X I A L  STRETCH LOAD PER U N I T  WIDTH 
P o u n d s  RAT I 0 LB/ I N  



HUFNN INTERCOSTAL MUSCLE, PERPENDICULAR TO R I B S  

T I S S U E  SOURCE: 74 T e s t  # 4 AVERAGE SPECIMEN WIDTH : 0 . 6 0 "  

T I M E  TO F A I L U R E :  12 msec 

LOAD A X I A L  STRETCH LOAD PER U N I T  WIDTH 
P o u n d s  R A T I O  LB I I i'4 

T I S S U E  SOURCE: 74 T e s t  # 5 AVERAGE SPEC1 MEN W I DTH : 0 . 6 0 "  

TI:4E TO F A I L U R E :  4 . 8  msec 

LOAD A X I A L  STRETCH LOAD PER U N I T  WIDTH 
P o u n d s  RAT 10 L B / I N  



HUl4Ai.I INTERCOSTAL MUSCLE, PERPENDICULAR TO R I 6 S  

T I S S U E  SOURCE: 7 4  T E S T  # 6 AVERAGE SPECIPIEN \I DTH: 0 . 7 0 "  

T I M E  TO F A I L U R E :  38 msec 

LOAD A X I A L  STRETCH LOAD PER U N I T  14IDTt1 
P o u n d s  R A T I O  L B /  Iil 



HUI4A1AI.I CARDIAC MUSCLE - L E F T  VENTRICLE, PARALLEL TO MUSCLE F IBERS 

T I S S U E  SOURCE: 10 T e s t  # 1 SPECIl4EN TYPE: 2 

T I M E  TO F A I L U R E :  6 5  s e c  AVERAGE SPECIMEN THICKNESS : 0 . 0 6 6 "  

ENGII4EERING 
LOAD A X I A L  STRETCti W I DTt1 STRETC t{ THICKi4ESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0 RAT I 0  PS I 

T I S S U E  SOURCE: 7 4  T e s t  # 2 SPECIMEN TYPE: 2 

T I M E  TO FAILURE:  11 m s e c  AVERAGE SPECIMEN THICKNESS: 0 . 1 0 5 "  

ENGINEERIFjG 
LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCH 

R "  -- A 

STRESS 
P o u n d s  RAT1 0 R A T I O  -- - 



t{UMAii CARDIAC MUSCLE - L E F T  VEI iTRICLE,  PARALLEL TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 7 4  T e s t  d 3A SPECICIEN TYPE:  2 

T I M E  TO F A I L U R E :  1 7  m s e c  AVERAGE SPECII.IEN THICKNESS : 0 , 1 0 5 "  

EriGIP.IEERIriG 
LOAD A X I A L  STRETCH 1.IIDTtl STRETCH THICKNESS STRETCH STRESS 
Pounds RAT1 0 ,RATIO RAT I 0  P S I  

T I S S U E  SOURCE: 7 4  T e s t  # 3 SPECIF4EN TYPE: 2 

T I M E  TO F A I L U R E :  90 m s e c  AVERAGE SPECIMEN THICKNESS:  0 . 0 5 4  

EMGIf IEERING 
LOAD A X I A L  STRETCH W I D T I ]  STRETCH THICKNESS STRETCH STRESS 
Pounds R A T I O  RAT1 0 R A T I O  P S I  



HUMAN CARDIAC l4USCLE--  L E F T  VENTRICLE,  PARALLEL TO MUSCLE F IBERS 

T I S S U E  SOURCE: 7 4  T e s t  # 1 

T I M E  TO F A I L U R E :  7 msec 

SPECIMEIJ TYPE: 2 

AVERAGE SPECIMEr4 T t i ICKI IESS:  0.045 

LOAD A X I A L  STRETCH N I D T H  STRETCH THICKNESS STRETCH STRESS 
Pounds RAT I 0 R A T I O  RAT I 0  P S I  



HUI*lAlAN CARDIAC MUSCLE, L E F T  VENTRICLE,  PERPENDICULAR TO E1USCLE F I B E R S  

T I S S U E  SOURCE: 7 4  T e s t  # 1 SPECIMEN T Y P E :  2 

T I M E  T O  F A I L U R E :  9 m s e c  AVERAGE SPECIMEN T H I C K N E S S :  0 . 0 7 4 "  

E N G I N E E R I I I G  
LOAD A X I A L  STRETCH bJ I D T H  STRETCH TI1 I C K N E S S  STRETCH STRESS 
P o u n d s  RAT1  0 RAT I 0 RAT I 0  P S I  

T I S S U E  SOURCE: 7 4  T e s t  # 2 SPECIClEN T Y P E :  2 

T I M E  TO F A I L U R E :  14 m s e c  AVERAGE SPEC1 M E I  THICKNESS : 0 . 0 8 0 "  

E N G I N E E R I N G  
LOAD A X I A L  S f  RETCH W I D T H  STRETCI j  TI i ICt( I4ESS STRETCH STRESS 
P o u n d s  RAT I 0 RAT I 0  RAT I 0  P S I  



HUHAII CARDIAC I4USCLE, L E F T  V E I I T R I C L E ,  PERPEl lD ICULAR TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 7 4  T e s t  d 3 SPEC'II~!EFI TYPE: 2 

T I M E  TO F A I L U R E :  4 7  msec AVERAGE SPECIMEI I  TH ICKNESS : 0 . 0 5 5 "  

ENGI  N E E R I r i G  
LOAD A X I A L  STRETCH \,I I DTH STRETC ti THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0 R A T I O  PS I 



HUMAN ASCENDING AORTA, LONGITUDINAL 

T I S S U E  SOURCE: 7 4  T e s t  # 1 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  1 2  m s e c  AVERAGE SPECIMEN TI1ICl<NESS: 0 . 0 7 0 "  

ENGIi lEERIPiG 
LOAD A X I A L  STRETCH 1I I D T H  STRETCH THICKFIESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0 RAT I 0  P S I  

T I S S U E  SOURCE: 6 T e s t  No .  1 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  1 3  s e c o n d s  AVERAGE SPECIPIEN THICKNESS: 0 . 1 1  I' 

ENGI!IEERING 
LOAD A X I A L  STRETCH W I D T I t  STRETCH TI1 ICKNESS STRETCH STRESS 
P o u n d s  R A T I O  RAT I 0  RAT I 0 P S I  



tiUMAti ASCENDING AORTA, TRANSVERSE 

T I S S U E  SOURCE: 4 T e s t  # 1 

T I M E  TO FAILURE:  7 m s e c  

SPECIblEN TYPE: 1 

AVERAGE SPECIMEN THICKNESS: 0 . 0 6 5 "  

LOAD A X I A L  STRETCH \ i I D T I i  STRETCH TH ICKNESS STRETCH STRESS 
P o u n d s  R A T I O  RAT I 0  RAT I 0  P S I  

T I S S U E  SOURCE: 6 T e s t  # 1 

T I M E  TO FAILURE:  13 m s e c  

SPECII,IEN TYPE: 1 

AVERAGE SPEC1 MEri THICKNESS : 0 . 0 7 7 "  

ENGINEERING 
LOAD A X I A L  STRETCH WIDTH STRETCH TI1 ICKFIESS STRETCH STRESS 
P o u n d s  R A T I O  R A T I  0 RAT I 0  P S I  



HUMAI~  ASCEI ID I I iG  AORTA, TRAIiSVERSE 

T I S S U E  SOURCE: 74 T E S T  No. 1 SPEC1MET.I TYPE:  2  

T I M E  TO F A I L U R E :  1 2  msec AVERAGE SPECII1EI.I T H I C K I I E S S :  0 . 0 6 2 "  

E r iG I i4EERI i IG  
LOAD A X I A L  STRETCH W I DTt i  STRETCH Tt1ICI;PIESS STRETCH STRESS 
Pounds RAT I 0  RAT I 0  RAT I0 P S I  



HUMAN AORTIC ARCH, LONGITUDINAL 

T I S S U E  SOURCE: 10 T e s t  # 1 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  1 0 5  seconds AVERAGE SPECIHEN THICKNESS: 0 . 9 5 "  

LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCti STRESS 
Pounds R A T I O  R A T I O  RAT I 0  P S I  

T I S S U E  SOURCE: 7 0  T e s t  # 2 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  6 5  msec AVERAGE SPECIMEi I  THICKNESS: 0 . 0 6 0 "  

ENGINEERING 
LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCH STRESS 
Pounds R A T I O  RAT I 0  R A T I O  P S I  



HUMAN AORTIC ARC t i ,  LOI IGITUDINAL 

T I S S U E  SOURCE: 7 0  T e s t  # 1 SPECIMEl i  TYPE: 2 

T I M E  TO FAILURE:  10 m s e c  AVERAGE SPECIMEN THICKNESS : 0,062" 

LOAD A X I A L  STRETCH 1 i I D T t l  STRETCH THICKIIESS STRETCH STRESS 
P o u n d s  RAT I 0  R A T I O  RAT I O PS I 

T I S S U E  SOURCE: 56 T e s t  # 1 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  54 s e c  AVERAGE SPECIMEN THICKNESS: 0 . 0 7 2 "  

LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCH STRESS 
P o u n d s  R A T I O  RAT I 0  R A T I O  P S I  



HUFMIi AORTIC ARCH, TRAISVERSE 

T I S S U E  SOURCE: 56 T e s t  # 5 SPECIMEN TYPE:  2 

T I M E  TO F A I L U R E :  6 m s e c  AVERAGE SPECIPIEN T H I C K N E S S :  0,068" 

EFdGIllEERI14G 
LOAD A X I A L  STRETCH J I D T H  STRETCH THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0  P S I  

T I S S U E  SOURCE: 7 0  T e s t  # 2 SPECIMEN TYPE:  2 

T I M E  TO F A I L U R E :  4 1  m s e c  AVERAGE SPECIr4EN THICKNESS : 0 . 0 7 0 "  

LOAD A X I A L  STRETCH WIDTH STRETCH T H I C K l i E S S  STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  R A T I O  P S I  



t1UMAN AORTIC ARCH, TRANSVERSE 

TISSUE SOURCE: 70 T e s t  # 1 SPECII.!Et,I TYPE : 2 

TIME TO FAILURE: 7 msec AVERAGE SPECIblEN THICKrlESS: 0.085" 

E / i G I ! 4 E E R I i l G  
LOAD AXIAL STRETCH W IDTH STRETC ti TH ICUIESS STRETCH STRESS 
Pounds RAT I 0  RAT I 0  RAT I 0  PSI 

TISSUE SOURCE: 56 Tes t  # 1 SPEC1:IEIi TYPE: 2 

TIME TO FAILURE: 49 sec AVERAGE SPECI!.lEFd THICKNESS: 0.076'' 

El.lGIriEERIidG 
LOAD AXIAL STRETC I1 WIDTH STRETCH TH1CK;IESS STRETCH STRESS 
Pounds RAT I 0  RAT I 0 RATIO PSI 

0 1.0 1 .o 1.0 0 
0.4 1.18 1 .O 1.0 28.6 

0.9 1.25 ,96 .95 64.3 

1.5 1.28 .91 ,9 107.1 

2.06 1.3 .86 ,89 147.1 

2.5 1.31 .86 .89 178.6 

2.9 1.32 .84 .84 207.1 
3.0 1.32 .84 ,84 21 4.3 



HUMAN DESCEIjDING AORTA (THORACIC),  LONGITUDINAL 

T I S S U E  SOURCE: 4 T e s t  f 1 SPECIMEN TYPE: 1 

T I M E  TO FAILURE:  6  m s e c  AVERAGE SPECIf4EN THICKNESS : 0 . 0 6 0 "  

ENGINEERII IG 
LOAD A X I A L  STRETCH M I DTH STRETCH THICKt iESS STRETC ti STRESS 
P o u n d s  RAT I 0  RATIO RAT I 0 P S I  

T I S S U E  SOURCE: 7 0  T e s t  # 1  SPECIMEFI TYPE: 1 

T I M E  TO F A I L U R E :  1 4  m s e c  AVERAGE SPECIMEY THICKNESS: 0 . 0 7 0 "  

ENGINEERI r iG  
LOAD A X I A L  STRETCH w I DTH STRETC 14 THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0  P S I  



HUtlAi4 DESCEI4DIijG AORTA (THORACIC),  LOI4GITUDIl.IAL 

T I S S U E  SOURCE: 7 0  T e s t  B 3 SPECIE1EI.l TYPE: 2 

T I N E  TO FAILURE : 1 1  0 msec AVERAGE SPECII lEV TtiIC1;IIESS: 0 . 0 5 9 "  

ENGI I iEERING 
LOAD A X I A L  STRETCH W I D T t i  STRETCH THICKNESS STRETC t i  ST RE SS 
P o u n d s  RAT I 0  P A T I  0 R A T I O  P S I  

TISSUE: SOURCE: 8 T e s t  # 1 SPECIMEI.4 TYPE: 1 

T I M E  TO F A I L U R E :  1 2 . 6  sec AVERAGE SPECIMEII THICKNESS : 0 . 3 6 5 "  

LOAD A X I A L  STRETCH W I D T t i  STRETCH THICKFIESS STRETCt1 STRESS 
P o u n d s  RAT I 0 RAT I 0  RAT1 0 P S I  



HUINIi DESC E i lD ING AORTA (THORACIC ) , L O N G I T U D I N A L  

T I S S U E  SOURCE: 8 T e s t  f 2 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  18.0 sec AVEPAGE SPECIMEPI THICKt iESS:  0 . 0 7 3 "  

LOAD A X I A L  STRETCtl  WIDTH STRETCH T H I C  GNESS STRETCH STRESS 
Pounds P A T I O  R A T I O  RAT I 0  P S I  

T I S S U E  SOURCE: 5G T e s t  9 2 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  83 sec AVERAGE SPECIMEN T t i ICKNESS:  0 . 0 7 5 "  

ENGINEERING 
LOAD A X I A L  STRETCH LJIDTH STRETCH THICKNESS STRETCH STRESS 
Pounds R A T I O  RAT I 0  RAT I 0  P S I  



T I S S U E  SOURCE: 7 0  T e s t  B 1 SPECIF1Ei.I TYPE: 2 

T I M E  TO F A I L U R E :  8 m s e c  AVERAGE SPECIMEIi  THICKNESS : 0 . 0 6 5 "  

ENGIMEERI i IG 
LOAD A X I A L  STRETCH I DTH STRETC I1 THICKNESS STRETC ti STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I0 P S I  

T I S S U E  SOURCE: 56 T e s t  # 5 SPECIMEN TYPE: 1 

T IME TO F A I L U R E :  18 m s e c  AVERAGE SPECIMEi l  THiCKNESS : 0.068" 

LOAD A X I A L  STRETCH W I D T H  STRETC t i  THICKI IESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0  P S I  



HUMAN DESCENDING AORTA (THORACIC) ,  TRANSVERSE 

T I S S U E  SOURCE: 6 T e s t  9 1 SPECI I IEN TYPE:  1 

T I M E  TO F A I L U R E :  1 2  s e c  AVERAGE SPECIMEN T t i I C K I i E S S :  0.14" 

Ei4GIT4EERIIiG 
LOAD A X I A L  STRETCH id IDTH STRETCH Tt { ICKPlESS STRETCH STRESS 
P o u n d s  RAT I0 R A T I O  R A T I O  P S I  

T I S S U E  SOURCE: 8 T e s t  # 1 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  1 2  s e c  AVERAGE SPECIMEN THICKNESS:  0 . 0 7 7 "  

EI4GIIlEERI!4G 
LOAD A X I A L  STRETCH W I DTt1 STRETCH T t t ICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0 R A T I O  P S I  



HUMAN DESCENDING AORTA ( T H O R A C I C ) ,  T2ANSVERSE 

T I S S U E  SOURCE: 5G T e s t  1 SPECI l1EN T Y P E :  1 

T I M E  TO F A I L U R E :  92 sec AVERAGE SPECIMEN THICI<NESS:  0.070" 

ENGI i iEEP\ I i lG  
LOAD A X I A L  STRETCH l l IDTH STRETCH T H  ICKrl ESS STRETC t I  STRESS 
P o u n d s  RAT I0 RAT I 0  RAT I 0 P S I  



HUMAN DESCE;4DII4G AORTA (THORACIC) ,  TRAFISVERSE 

T I S S U E  SOURCE: 8 T e s t  # 2 SPECJMEN TYPE:  1 

T I M E  TO F A I L U R E :  18 s e c  AVERAGE SPEC IMEI I  TH I C K t i E S S  : 0 . 0 6 0 "  

E l i G I N E E R I i i G  
LOAD A X I A L  STRETCH WIDTH STRETCH THICKI IESS STRETCH STRESS 
P o u n d s  RAT I 0  R A T I O  R A T I O  P S I  

T I S S U E  SOURCE: 5 7  T e s t  # 1 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  62 s e c  AVERAGE SPECIMEN THICI<MESS : 0 . 0 6 9 "  

EI\IGINEERI?.JG 
LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0 RAT I O RAT 10 P S I  



HUEl14i4 D I A P  tiRAGF.4, PARALLEL TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 70 T e s t  # 2 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  14  msec AVERAGE SPECIMEN T t i I C K I I E S S :  0.094" 

LOAD A X I A L  STRETCH Id1 DTH STRETCH THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  R A T I O  R A T I O  P S I  

T I S S U E  SOURCE: 7 0  T e s t  # 1 

T I M E  TO F A I L U R E :  1 7  msec 

SPECIf4EI.I TYPE:  1 

AVERAGE SPECIMEN THICKNESS:  0.077'' 

E N G I N E E R I N G  
LOAD A X I A L  STRETCti  WIDTH STRETCH TI1 ICKNESS STRETCH STRESS 
P o u n d s  RAT I 0 RAT I0 R A T I O  P S I  



HUIIAN DIAPHRAGF!, PARALLEL TO MUSCLE F I L E R S  

T I S S U E  SOURCE: 7 4  T e s t  # 1 SPECIf9EN TYPE: 1 

T I M E  TO F A I L U R E :  23 m s e c  AVERAGE SPECII;1EIJ THICKrIESS: 0 . 0 9 5 "  

E I jG INEERING 
LOAD A X I A L  STRETCH W I DTti STRETCH Tti ICKNESS STRETCH STRESS 
Pounds  - RAT I 0 R A T I O  RAT I 0 P S I  

T I S S U E  SOURCE: 7 4  T e s t  # 2 SPECIEI1EI4 TYPE: 1 

T I M E  TO F A I L U R E :  1 2 0  n s e c  AVERAGE SPEC IClEN T t l  ICKNESS: 0 . 0 8 5 "  

ENGINEERING 
LOAD A X I A L  STRETCH 'VJ I D T t i  STRETCH THICKNESS STRETCH STRESS 
P o u n d s  RATIO RAT I 0 R A T I O  P S I  



HUMAN DIAPHRAGM, PARALLEL TO MUSCLE F IBERS 

T I S S U E  SOURCE: 6 T e s t  # 1 SPECIf4EF.I TYPE: 1 

T I M E  TO F A I L U R E :  1 0  s e c  AVERAGE SPECIMEN THICKNESS: 0 . 0 4 2 "  

LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0 P S I  

T I S S U E  SOURCE: 8 T e s t  # 1 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  15 s e c  AVERAGE SPECIMEN THICKNESS: 0 . 0 6 3 "  

ENGIIIEERIFIG 
LOAD A X I A L  STRETCH 11 I DTH STRETCH THICKNESS STRETCH STRESS 
P o u n d s  R A T I O  R A T I O  RAT I 0 P S I  



HUMAi4 DIAPHRAGM, PARALLEL TO I IUSCLE F I B E R S  

T I S S U E  SOURCE: 8 T E S T  # 2 SPECI:4EN TYPE:  1 

T I M E  TO F A I L U R E :  150 s e c  AVERAGE SPECIMEF>I THICKNESS:  0 . 0 5 2 "  

ENGINEERING 
LOAD A X I A L  STRETCH WIDTH STRETCH TH ICKI IESS STRETCH STRESS 
Pounds RAT I 0  RAT I 0  RAT I 0  P S I  

0 1 .o 1 1 0 

0.39 1.13 .94 1 28.4 

1.5 1 . I 6  .87 1 1 0 9 . 0  

2.3 1 . I 8  .79 1 167.3  

2.75 1.2 .78 1 200.0 

T I S S U E  SOURCE: 9 T e s t  # 3 SPECIMEI4 TYPE:  2 

T I M E  TO F A I L U R E :  34 s e c  AVERAGE SPECIMEN THICKNESS:  0.085" 

LOAD A X I A L  STRETCH W IDTC1 STRETCH THICKNESS STRETCH STRESS 
Pounds RAT I 0 RAT I 0 R A T 1  0 P S I  



HUENN DIAPtiRAGE4, PARALLEL TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 9 T e s t  # 2 

T I M E  TO F A I L U R E :  60 s e c  

SPECIMEN TYPE:  1 

AVERAGE SPECIF4Eri THICI:I.IESS: 0 . 0 8 3 "  

LOAD A X I A L  STRETCH V I D T H  STRETCH THICKNESS STRETCH STRESS 
P o u n d s  R A T I O  PAT I 0 RAT I 0  P S I  

T I S S U E  SOURCE: 5 7  T e s t  # 2 SPECII.1EIi TYPE:  1 

T I M E  TO F A I L U R E :  78 s e c  AVERAGE SPECIMEN THICKNESS : 0 . 0 7 5 "  

ENGINEERING 
LOAD A X I A L  STRETCH W IDTI4 STRETCH THICKNESS STRETCt1 ST RE SS 
Pounds R A T I O  RAT I 0  R A T I O  P S I  



HUMAN DIAPHRAGI.1, PERPENDICULAR TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 8 T e s t  N o ,  2 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  3 0  s e c  AVERAGE SPECIr4EI.I THICKI jESS:  0 . 0 7 2 "  

LOAD A X I A L  STRETCH W IDTti STRETCII T t l  1CK;IESS STRETCt i  STRESS 
P o u n d s  R A T I O  RAT I 0 RAT I 0  P S I  

T I S S U E  SOURCE: 9 T e s t  # 1 SPECIIIEI4 TYPE:  1 

T I M E  TO F A I L U R E :  6 4  s e c  AVERAGE SPECIF4El.I TI1 1CKI.IESS: 0,085" 

ENGINEERING 
LOAD A X I A L  STRETCH WIDTH STRETCH THICKNESS STRETCt1 STRESS 
P o u n d s  RAT I 0  R4-r I0 !?AT! 9 P S I  

0 1 1 1 0 



HUMAN DIAPHRAGM, PERPENDICULAR TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 9 T e s t  # 2 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  7 0  s e c  AVERAGE SPECIt1Ei4 T H I C K r l E S S :  0.087" 

E N G I N E E R I I I G  
LOAD A X I A L  STRETCH SIIDTH STRETCH TH ICKI4ESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0  P S I  



HUMAN DIAPHRAGM, PERPEllDICULAR TO MUSCLE F IBERS 

T I S S U E  SOURCE: 57 T e s t  No .  1 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  44 s e c  AVERAGE SPECIMEI4 THICKNESS: 0 . 0 7 4 "  

ENGINEERI! iG 
LOAD A X I A L  STRETCH WIDTH STRETCH THICK!.IESS STRETCH STRESS 
P o u n d s  RAT I 0  R A T I O  RAT I 0  P S I  

T I S S U E  SOURCE: 57 T e s t  No.  2 SPECIMEN TIFIE:  1 

T I M E  TO FAILURE:  5 0  s e c  AVERAGE SPECIMEII THICKI4ESS: 0 . 0 9 3 "  

E i iG i i . iEE i i I i iG  
LOAD A X I A L  STRETCH WIDTH STRETCH T t i I  CK?,IESS STRETCH STRESS 
P o u n d s  RAT I 0 RAT I 0  RAT I 0  P S I  

T I S S U E  SOURCE: 6 T e s t  # 2 SPECIMEN TYPE: 1 

T I M E  TO F A I L U R E :  13 s e c  AVERAGE SPECIMEN THICKNESS: 0 . 0 7 2 "  

ENGINEERIriG 
LOAD A X I A L  STRETCH LJ I DTH STRETCH TH ICKI'IESS STRETCH STFESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0  P S I  



i iUl4Ail DIAPHRAGM, PERPEPIDICULAR TO MUSCLE F I B E R S  

T I S S U E  SOURCE: 58 T e s t  # 2 S P E C I M E N T Y P E :  1 

T I M E  TO F A I L U R E :  65 s e c  AVERAGE SPECIMEr i  TH ICKI IESS:  0 . 0 7 8 "  

EPIGINEERi l iG 
LOAD A X I A L  STRETCH WIDTH STKETCti  T t l I C K I I E S S  STRETCH STRESS 
P o u n d s  RAT I 0  b'T I0 RAT I 0  P S I  

0 1 1 1 0 

T I S S U E  SOURCE: 6 T e s t  # 1 

T I M E  TO F A I L U R E :  1 7  sec  

SPECIMEN TYPE:  1 

AVERAGE SPECIMEFI THICKNESS:  0 . 0 4 6 "  

ENGINEER1 NG 
LOAD A X I A L  STRETCH !l I DTH STRETC ti T H I  CI<FIESS STRETCH STRESS 
P o u n d s  R A T 1  0 RAT I 0  RAT i 3 P S I  



HUMAi'i DIAPHRAGM, PEKPEi lDICULAR TO MUSCLE F I E E R S  

T I S S U E  SOURCE: 74 T e s t  f 1 

T I M E  TO F A I L U R E :  1 5  m s e c  

S P E C I M E N T Y P E :  1  

AVERAGE SPECIFlEl i  Tti1Ct:TiESS: 0 . 0 9 0 "  

LOAD A X I A L  STRETCH W I D T t i  STRETCH T t I ICKNESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I 0 P S I  

T I S S U E  SOURCE: 74 T e s t  # 3 SPECI f lEN TYPE:  1 

T I M E  TO F A I L U R E :  9 0  m s e c  AVERAGE SPEC1rlEI.I Tt1IC134ESS 0 . 0 8 2 "  

E l IGINEERIr4G 
LOAD A X I A L  STRETCH WIDTH STRETC ti THICKNESS STRETCH STRESS 
Pounds RAT I 0 RAT I 0 RAT I 0  P S I  



H U t a N  DIAPHRAGM, PERPErlD I CULAR TO FlUSCLE F I B E R S  

T I S S U E  SOURCE: 7 4  T e s t  240. 2 SPECIMEN TYPE:  1 

T I M E  TO F A I L U R E :  1 4 0  r n s e c  AVERAGE SPECIMEN THICKNESS : 0 , 0 9 3 "  

E>IGIr IEERI ! IG 
LOAD A X I A L  STRETCH l J I D T H  STRETCH THICKNESS STRETCH S T  RE S S 
Po un ds RAT I 0  RAT I 0  RAT I 0  P S I  

T I S S U E  SOURCE: 3 T e s t  # 1 SPECIl4EN TYPE:  1 

T I M E  TO F A I L U R E :  8 m s e c  AVERAGE SPECIMEN T H I C K V E S S  0 . 0 7 5 "  

E I iG I t JEERING 
LOAD A X I A L  STRETCH LJIDTH STRETCt1 TtI I C K I i E S S  STRETCH STRESS 
Pounds RAT I 0  R A T I O  RAT I 0  P S I  



HUMA;.I PERICARDIUM 

T I S S U E  SOURCE: 58 T e s t  # 1 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  43 s e c  AVERAGE SPECII.1EII TH1CI:ldESS: 0 . 0 3 "  

LOAD A X I A L  STRETCH IJIDTt1 STRETCH TI1ICt:NESS STRETCH STRESS 
P o u n d s  M T I O  RAT I 0  RAT I 0  P S I  

T I S S U E  SOURCE: 58 T e s t  # 5 SPEC1MEI.I TYPE: 1 

T IME TO F A I L U R E :  14 m s e c  AVERAGE SPECII4EP.I TtIICKI.lESS: 0 . 0 2 "  

E ~ I G I N E E R I I ~  
LOAD A X I A L  STRETCII i-IIDT11 STRETCH T H I  CKIIESS STRETCH STRESS 
P o u n d s  RAT I 3  RAT I 0  RATIO P S I  



T I S S U E  SOURCE: 70 T e s t  # 1 S P E C I M E I i  T Y P E :  1 

T I I S E  T O  F A I L U R E :  1 2  msec AVERAGE SPECIE lE f l  T t { I C E I i E S S :  0 . 0 6 1  " 

E N G I N E E R I I G  
LOAD A X I A L  STRETCH LJ I D T H  STRETCH THICK! {ESS STRETCH STRESS 
Pounds P A T  I 0 R A T I O  R A T I O  P S I  



T I S S U E  SOURCE: 56 T e s t  # 1 SPECIFIEII TYPE: 1 

T I M E  TO FAILURE:  82 s e c o r l d s  AVERAGE SPECIf.1EII T t t IC I3 lESS:  0 . 1 1  I' 

E;iGI  IjEERIPIG 
LOAD A X I A L  STRETCH 1 I I 9 T t i  STRETCH TtIICKI4ESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I 0  RAT I T )  P S I  

T ISSUE SOURCE: 56 T e s t  # 5 SPECIMEN TYPE: 1 

T I M E  TO FAILURE:  1 4  m s e c  AVERAGE SPEC1 I.1Ei4 Tt i ICKI IESS : 0 . 1 0 "  

Eiu 'GIi ' iEER1; lG 
LOAD A X I A L  STRETCH \ l iUTli STRETCH THiCKNESS STRETCti ST l:ESS 
P o u t l d s  RAT I 0  RAT I 0  RATIO P S I  



T I S S U E  SOURCE: 76  T e s t  # 1 SPECI I lE r I  TYPE:  2  

T I M E  TO F A I L U R E :  39 sec AVERAGE SPECIMEN T t i ICKNESS:  0 . 0 6 2 "  

E I iG INEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  

T I S S U E  SOURCE: 76 T e s t  # 2 SPECIMEN TYPE:  2  

T I M E  TO F A I L U R E :  4 0  sec  AVERAGE SPECII,lE!I THICKNESS : 0.065" 

LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  



HUMAN TRACHEA, LOI IGITUDINAL 

T I S S U E  SOURCE: 76  T e s t  # 1 SPECIMEN TYPE: 1 

T I M E  TO FAILURE:  81 sec AVERAGE SPECIMEN THICKNESS: 0.080" 

L o a d  A X I A L  STRETCH STRESS 
P o u n d s  R A T I O  P S I  

T I S S U E  SOURCE: 7 6  T e s t  # 2 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  52 s e c  AVERAGE SPECIMEN THICKNESS: 0.085" 

LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  



H U f N I I  TRACHEA, L O I I G I T U D I N A L  

T I S S U E  SOURCE: 7 6  T e s t  # 3 SPECIF4Eld TYPE:  2 

T I M E  TO F A I L U R E  2 9  sec AVERAGE SPECIMEN THICKNESS:  0 . 0 6 0 "  

ENGINEERIPIG 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  

T I S S U E  SOURCE: 7 6  T e s t  # 4 SPECIMEN TYPE:  2 

T I M E  TO F A I L U R E :  32 sec  AVERAGE SPECIt4EIJ Tt1 ICKHESS:  0 . 0 6 5 "  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  



APPENDIX D I N D I V I D U A L  RHESUS 

MONKEY TEST DATA TABLES 



RHESUS PlONKEY ASCEiYDIilG AORTA, TRANSVERSE 

T I S S U E  SOURCE: R I T e s t  # 1 

T I M E  TO F A I L U R E :  68 sec 

SPECIMEN TYPE:  R i n g  

AVERAGE SPECI I lEN THICKNESS:  0.040" 

LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  



RHESUS MnNKEY DESCEliDING AORTA, LOI iGITUDINAL 

T I S S U E  S9URCE: R 1 T e s t  # 1 SPECIMEN TYPE: 2 

T I M E  TO F A I L U R E :  7 1  s e c  AVERAGE SPECI14EiJ THICKI iESS : , 0 3 3  

T t i I  CKNESS Ei.IGIT.JEERIT,iG 
LOAD A X I A L  STRETCH CI I D T t I  STRETCH STRETCH STRESS 
P o u n d s  RAT I 0  R A T I O  RAT I 0  P S I  

T I S S U E  SOURCE: R 1 T e s t  8 2 

TINE TO F A I L U R E :  88 s e c  

SPECIr lEN TYPE: 2 

AVERAGE SPECIPIEN Tt1ICl<fJESS: . 0 3 0 "  

T t l  ICKNESS ENGINEERING 
LOAD A X I A L  STRETCH W I DTH STRETCH STRETCH STRESS 
Pounds RAT I 0  RAT1 0 RAT I 0  PS I 



RHESUS MONKEY DESCEl iDING AORTA, TRArlSVERSE 

T I S S U E  SOURCE: R 1 T e s t  iY 3  SPECIMEf l  TYPE:  R i n g  

T I b l E  TO F A I L U R E :  4 3  sec AVERAGE SPECIMEN THICKI IESS : 0 . 0 4 0 "  

E I IG I i IEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  PAT I 0  P S I  

T I S S U E  SOURCE: R 1 T e s t  t 2 SPECIE4Efl T Y P E :  R i n g  

T I M E  T O  F A I L U R E :  5 5  sec  AVERAGE SPECI I lEN THICKNESS:  , 0 3 5 "  

LOAD A X I A L  STRETCH STRESS 
P o u n d s  R A T I O  P S I  



RifESUS f81014iiEY DESCEi lD I  N G  AORTA, TRANSVERSE 

T I S S U E  SOURCE: R 1 T e s t  # 1 SPECIMEN T Y P E :  R i n g  

T I M E  TO F A I L U R E :  53 s e c  AVERAGE SPECIMEN T H I C K N E S S :  0.038" 

E i I G I  tIEERIr.iG 
LOAD A X I A L  STRETCH STRESS 
Po u11 ds RAT I 0  P S I  



RHESUS MONKEY DESCENDINS AORTA, TRANSVERSE 

T I S S U E  SOURCE: R 2 - DAT - 1 SPECIMEN TYPE:  R i n g  

T I M E  TO F A I L U R E :  4 msec AVERAGE SPECIMEN THICKNESS:  0 , 0 2 0 "  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  

0.0 1 .oo 0 .0  

T I S S U E  SOURCE: R 2 - DAT - 2 SPECIMEN TYPE:  R ing  

T I M E  TO F A I L U R E :  3 msec AVERAGE SPECIMENT THICKNESS:  0 . 0 2 0  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0 P S I  

0.0 1 -00 0 $ 0  

0 . 0 7 5  1.24 19.2 



RHESUS MONKEY DESCENDING AORTA, TRANSVERSE 

T I S S U E  SOURCE: R 2 - DAT - 3 SPECIMEN T Y P E :  R i n g  

T I M E  TO F A I L U R E :  3.5 msec AVERAGE SPECIMEN THICKNESS:  0,019" 

ENGINEERING 
LOAD AX I AL STRETCH STRESS 
Pounds R A T I O  P S I  

0.0 1.00 0 ,  

0.11 5 1.24 184.9 

0.82 1.59 221.3 



RHESUS I40T4KEY IIIAPIIRAGIS, PARALLEL TO I IUSCLE F I B E R S  

T I S S U E  SOURCE: R 1 T e s t  # 1 SPECIMEN TYPE:  2 

T I M E  TO F A I L U R E :  57 sec  AVERAGE SPECIF.1EN T t I ICKNESS : 0 . 0 4 0 "  

LOAD A X I A L  STRETCH STRESS 
P o u n d s  R A T I O  P S I  



RtfESUS IlOt.li<EY DIAPtlR4GF1, PERPEi lD ICULAR TO MUSCLE F I  EERS 

T I S S U E  SOURCE: R 1 T e s t  f 1 SPECI t lEN TYPE:  2 

T I M E  TO F A I L U R E :  38 s e c  AVERAGE SPECIF,lEIJ T H I C K I I E S S :  0 . 0 4 0 "  

EI4GIt . lEERII IG 
LOAD A X I A L  STRETCH Id1 DTI i  STRETCtI  THICKraESS STRETCH STRESS 
P o u n d s  RAT I 0  RAT I O RAT I 0 PSI 



RHESUS MONKEY ESOPHAGUS, L O N G I T U D I I i A L  

T I S S U E  SOURCE: R 1 T e s t  # 1 S P E C I M E N  T Y P E :  Tubu l  ar 

T I M E  T O  F A I L U R E :  160 s e c  AVERAGE SPECIMEI4  T H I C K N E S S :  ,075" 

E N G I N E E R I I I G  
L O A D  A X I A L  S T R E T C H  STRESS 
P o u n d s  R A T  I 0  P S I  



RHESlJS NONKEY ESOPHAGUS, TRANSVERSE 

T I S S U E  SOURCE: R 1 T e s t  b l  SPECIMEN TYPE:  R i n g  

T I M E  TO F A I L U R E :  102 s e c  AVERAGE SPECIMEN THICKNESS : , 0 7 0 "  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  R A T I O  P S I  

0.0 1 .o 0.0 

0 - 0 5  1 . 7 4  4 . 9  

0 . 1 4  2 . 4 1  1 3 . 8  

T I S S U E  SOURCE: R 1 T e s t  # 2 SPECIMEN TYPE:  R i n g  

T I M E  TO F A I L U R E :  78 s e c  AVERAGE SPECIivtEN THICKNESS:  0.065" 

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  P S I  

0.0 1 ,o 0.0 

0.07 1 . 5 9  7.2 



RHESUS MONKEY ESOPHAGUS, TRANSVERSE 

T I S S U E  SOURCE: R 1 T e s t  # 4 SPECIMEN TYPE: R i n g  

T I M E  TO F A I L U R E :  98 s e c  AVERAGE SPECIMEN THICKNESS : ,075" 

ENGINEERING 
LOAD AX I AL STRETCH STRESS 
Pounds RAT1 0 P S I  

T I S S U E  SOURCE: R 1 T e s t  # 3 

T I M E  TO FAILURE:  93 sec 

SPECIMEN TYPE: R i n g  

AVERAGE SPECIMEN THICKNESS: 0.075 

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
Pounds RAT I 0  P S I  

0.0 1 .o 0.0 

0.05 1.66 4.2 

0.11 2.40 9.2 



RHESUS MONKEY ESOPHAGUS, TRANSVERSE 

T I S S U E  SOURCE: R 2 - ET - 2 SPECIMEN TYPE: R i n g  

T I M E  TO F A I L U R E :  5 msec AVERAGE SPECIMEN THICKNESS: 0 . 0 7 "  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT1 0 P S I  

0.0 1 .o 0 

T I S S U E  SOURCE: R 2 - ET- 4 SPECIMEN TYPE: R i n g  

TIME TO F A I L U R E :  6 ~ s e c  AVERAGE SPECIMEN THICKNESS : 0 . 0 6 "  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  RAT I 0  PS I 

0.0 1 .o 0 .o 



RHESUS MONKEY ESOPHAGUS, TRANSVERSE 

T I S S U E  SOURCE: R 2 T e s t  f 3  SPECIMEN TYPE:  R i n g  

T I M E  TO F A I L U R E :  5 . 6  m s e c  AVERAGE SPECIMEN THICKNESS:  . 0 7  

ENGINEERING 
LOAD AX I AL STRETCH STRESS 
P o u n d s  R A T I O  P S I  

0.0 1 0 

.I6 1.36 11.4 

T I S S U E  SOURCE: R 2 T e s t  #I SPECIMEN TYPE:  R i n g  

T I M E  TO F A I L U R E :  6 . 5  m s e c  AVERAGE SPECIMEN THICKNESS : . 0 7  

ENGINEERING 
LOAD A X I A L  STRETCH STRESS 
P o u n d s  R A T I O  P S I  


