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P e n e t r a t i o n  c h a r a c t e r i s t i c s  of hypodermic need les  i n  i n t a c t  and 
exc i sed  unembalmed cadaver t i s s u e  were s t u d i e d  us ing  an au tomat ic ,  c o n s t a n t  
v e l o c i t y ,  computer c o n t r o l l e d  i n j e c t i o n  dev ice .  883 t e s t s  were performed 
f o r  a  range  of n e e d l e  l u b r i c a n t s ,  t i s s u e ,  and t e s t  cond i t ions .  Force  
and displacement s i g n a l s  were d i g i t i z e d  on- l ine  us ing  a  NOVA 1220 computer 
system, These d a t a  were analyzed by computer a lgor i thms  f o r  peak f o r c e ,  
drag f o r c e ,  p e n e t r a t i o n  work v a l u e s ,  and o t h e r  measures.  The responses  
were found t o  be  r e l a t i v e l y  i n s e n s i t i v e  t o  p e n e t r a t i o n  v e l o c i t y  o r  ang le .  
Forces f o r  dry  need les  were 1-1/2 t o  3  t imes  g r e a t e r  than  f o r  l u b r i c a t e d  
need les  which were comparable. BD1249-lubricated need les  had drag f o r c e s  
t h a t  were about 1-1/2 t imes  g r e a t e r  than 360- lubr icated need les .  The 
subcutaneous t i s s u e  was found t o  have an  important  i n f l u e n c e  on pene- 
t r a t i o n  c h a r a c t e r i s t i c s .  
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S UMMARY 

I n  t h i s  s t u d y  a system and d e v i c e  f o r  performing c o n s t a n t  v e l o c i t y  

hypodermic n e e d l e  i n j e c t i o n s  i n  cadaver  t i s s u e  were developed and used.  

I n j e c t i o n  parameters  a r e  c o n t r o l l e d  through a NOVA 1220 mini-computer 

which a l s o  d i g i t i z e s  f o r c e  and displacement  d a t a  and s t o r e s  t h e  r e s u l t s  

on LINC t a p e .  A t o t a l  of 883 t e s t s  were performed on f o u r  unembalrned-cadavers 

cover ing 48 d i f f e r e n t  t e s t  s t r a t a  of n e e d l e  l u b r i c a n t  (DRY, 1249, 360) ,  

t i s s u e  ( i n t a c t  vs .  exc i sed  and b u t t o c k  vs .  c a l f ) ,  and t e s t  (2 .5 ,  5 ,  and 

101' /second; 90 and 45 degrees  t o  s k i n  s u r f a c e )  c o n d i t i o n s .  Force-dis- 

placement curves  were analyzed by computer f o r  a number of parameters  

i n c l u d i n g  peak f o r c e ,  drag f o r c e ,  d i s t a n c e  a t  peak f o r c e ,  and p e n e t r a t i o n  

work v a l u e s .  Comparisons of r e s u l t s  between d i f f e r e n t  t e s t  s t r a t a  were 

made u s i n g  g r a p h i c a l  p r e s e n t a t i o n s  of "average" r e c o n s t r u c t e d  fo rce -  

d isplacement  curves  and t h e  S tuden t  T- tes t  f o r  similar mean v a l u e s  of 

s e l e c t e d  measurement parameters  . 
I n  g e n e r a l  it was found t h a t  t h e  r e s i s t a n c e  t o  p e n e t r a t i o n  was 

r e l a t i v e l y  i n s e n s i t i v e  t o  v e l o c i t y  and a n g l e  of p e n e t r a t i o n  i n  t h e  ranges  

of 2.5 t o  10 inches/second and 45 t o  90 degrees  t o  t h e  s k i n  s u r f a c e .  The 

magnitude of t h e  peak f o r c e  was from 1.5 t o  3 t imes  g r e a t e r  f o r  d r y  n e e d l e s  

t h a n  1249-r 360- lubr ica ted  n e e d l e s  which were n e a r l y  i d e f i t i c a l  i n  peak 

f o r c e  v a l u e s .  Drag r e s i s t a n c e  f o r  d r y  n e e d l e s  was 2 t o  3 t imes  g r e a t e r  

than  t h a t  f o r  360- lubr icated n e e d l e s  and 1 .5  t o  2.3 t imes  g r e a t e r  than  

t h a t  f o r  1249 n e e d l e s .  Drag r e s i s t a n c e  f o r  t h e  1249- lubr ica ted  n e e d l e s  

was about  1-112 t imes  g r e a t e r  t h a n  f o r  360- lubr ica ted  n e e d l e s .  

A s i g n i f i c a n t  f i n d i n g  was t h a t , i n  g e n e r a 1 , t h e  peak f o r c e s  f o r  exc i sed  

t i s s u e  were comparable t o  i n t a c t  t i s s u e ,  i n d i c a t i n g  t h a t  t h e  main g e n e r a t o r  



of peak fo rce  is the  sk in .  Drag r e s i s t a n c e  was a l s o  cons i s t en t ly  g r e a t e r  

f o r  i n t a c t  t i s s u e  than f o r  excised t i s s u e .  

Comparisons of r e s u l t s  f o r  i n t a c t  bu t tock  and ca l f  t i s s u e  i n d i c a t e  

t h a t  t he  underlying t i s s u e  can have a  s i g n i f i c a n t  e f f e c t  on t h e  force- 

displacement c h a r a c t e r i s t i c s  i n  terms o f  d i s t ances  a t  which the  peak f o r c e  

occurs  and drag r e s i s t ance .  Penet ra t ion  of t he  ca l f  region,  where t h e  

underlying t i s s u e  is  pr imar i ly  muscle, showed l e s s  displacement a t  peak 

f o r c e  and higher drag r e s i s t a n c e  than penet ra t ions  a t  t h e  but tock,  where 

the  underlying t i s s u e  i s  predominantly f a t .  

Peak fo rce  values f o r  excised but tock sk in  were a l s o  s l i g h t l y  

higher than f o r  excised ca l f  sk in ,  possibly because but tock sk in  i s  t h i cke r .  
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SECTION 1 

INTRODUCTION AND OBJECTIVES 

A. INTRODUCTION 

I n  toda.yls c o m p e t i t i v e  world ,  t h e  s u c c e s s  w i t h  which a  manufacturer  

can o b t a i n  and ho ld  t h e  market f o r  h i s  p roduc t ( s )  o f t e n  depends on an 

a b i l i t y  t o  produce a  product  which h a s  s u p e r i o r  q u a l i t i e s  t o  t h o s e  of t h e  

compet i t ion .  I n  t h e  f i e l d  of medical  p r o d u c t s ,  t h i s  i s  e s p e c i a l l y  t r u e ,  

s i n c e  i t  i s  more o f t e n  t h e  f e a t u r e s  of a  medical  d e v i c e  o r  i t em r a t h e r  

than a  c o m p e t i t i v e  c o s t  which de te rmine  i ts market.  For a  company which 

a l r e a d y  en joys  a  l a r g e  pe rcen tage  of t h e  market of a  p a r t i c u l a r  i t em,  

t h e  a s s u r a n c e  of con t inued  a n d i n c r e a s e d  s a l e s  can on ly  b e  guaranteed i f  

an  e f f o r t  i s  made t o  c o n t i n u e  t o  s e e k  ways of improving t h e  p roduc t .  

T h i s  i n v o l v e s  n o t  on ly  m a i n t a i n i n g  communication and i n t e r a c t i o n  w i t h  t h e  

product  u s e r s  through salesman and t e c h n i c a l  pe rsonne l ,  b u t  a l s o  a  

s e r i o u s  r e s e a r c h  e f f o r t  d i r e c t e d  toward unders tand ing  t h e  performance 

of t h e  p r o d u c t ( s )  so  t h a t  its d e s i r a b l e  f e a t u r e s  can be  improved and 

u n d e s i r a b l e  f e a t u r e s  reduced. 

With r e g a r d  t o  hypodermic n e e d l e s ,  r e s e a r c h  d i r e c t e d  toward improving 

t h e  performance and a c c e p t a b i l i t y  through changes i n  p h y s i c a l  des ign  o r  

l u b r i c a L i o n  must b e  concerned w i t h  s e v e r a l  d i f f e r e n t  bu t  r e l a t e d  problems 

i n c l u d i n g  : 

1) de te rmin ing  t h o s e  f e a t u r e s  ( i f  any) which i n f l u e n c e  

t h e  medical  p e r s o n n e l ' s  (e .g .  n u r s e s )  l i k e  o r  d i s l i k e  

of t h e  p roduc t ,  

2) de te rmin ing  t h o s e  f e a t u r e s  which i n f l u e n c e  a c c e p t a b i l i t y  

t o  t h e  p a t i e n t ,  bo th  i n  t e r n s  of p a i n  and t i s s u e  trauma, 



3) q u a n t i f y i n g  t h e  i n j e c t i o n  p rocess  (e .g .  f o r c e l d i s -  

placement c h a r a c t e r i s  t i c s )  f o r  a  range of t e s t ,  n e e d l e ,  

and t i s s u e  c o n d i t i o n s ,  

4) r e l a t i n g  t h e  q u a n t i t a t i v e  measurements from ( 3 )  t o  

t h e  p h y s i o l o g i c a l  and s u b j e c t i v e  r e s u l t s  of (1) 

and ( 2 ) ,  

and,  5) i n c o r p o r a t i o n  of r e s u l t s  from (3) and (4)  i n t o  a  

s t andard  and meaningful t e s t  f o r  comparing and 

eva lua t ing  improvements o r  changes i n  n e e d l e  des ign  

and l u b r i c a t i o n .  

I n  terms of t h i s  o u t l i n e  of a  broad r e s e a r c h  program, t h e  work r e p o r t e d  

on i n  t h i s  document is concerned mainly wi th  t a s k s  ( 3 )  and ( 5 ) .  

B. STUDY OBJECTIVES 

To compare and e v a l u a t e  t h e  r e l a t i v e  m e r i t  and e f f e c t  of 

changes i n  hypodermic n e e d l e s  by p h y s i c a l  des ign  o r  l u b r i c a t i o n ,  a  s t andard  

t e s t  is needed by which q u a n t i t a t i v e  and comparable d a t a  can be  ob ta ined .  

T h i s  s t andard  t e s t  must n o t  on ly  be  r e l a t i v e l y  r e p e a t a b l e  but  it  must be 

r e p r e s e n t a t i v e  of t h e  i n j e c t i o n  p rocess  i n  l i v i n g  t i s s u e  f o r  t h e  r e s u l t s  

t o  b e  meaningful.  Because of t h e  l a r g e  v a r i a b i l i t y  among b i o l o g i c a l  t i s s u e s ,  

t h e  f e a t u r e  of r e p e a t a b i l i t y  r e q u i r e s  t h a t  some kind of s y n t h e t i c  m a t e r i a l  

o r  m a t e r i a l s  be  used t o  r e p r e s e n t  t h e  b i o l o g i c a l  t i s s u e .  For r e s u l t s  

of a  s t andard  t e s t  t o  be  of v a l u e ,  t h e  r i s s u e  s u r r o g a t e  used must demonstra te  

s i m i l a r  ( b u t  n o t  n e c e s s a r i l y  i d e n t i c a l )  r esponse  c h a r a c t e r i s t i c s  t o  t h e  

i n j e c t i o n  p rocess  a s  t h e  b i o l o g i c a l  m a t e r i a l  on which t h e  n e e d l e  w i l l  u l t i -  

mately be  used.  For example, i f  t h e  p e n e t r a t i o n  c h a r a c t e r i s t i c s  a r e  de- 

pendent on p e n e t r a t i o n  v e l o c i t y  i n  l i v i n g  t i s s u e ,  then t h e  s k i n l t i s s u e  

s u r r o g a t e  must a l s o  demonstra te  a  s i m i l a r  dependency. It need n o t  produce 



v a l u e s  i d e n t i c a l  t o  t h o s e  of l i v i n g  t i s s u e ,  b u t  i t  must show t h e  same 

k i n d s  b f  changes' i n  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  t o  changes i n  pene- 

t r a t i o n  and n e e d l e  c o n d i t i o n  v a r i a b l e s .  

It is c l e a r ,  t h e n ,  t h a t  development o r  s e l e c t i o n  of a  s k i n  s u r r o g a t e  

a s  w e l l  a s  test p r o t o c o l  f o r  a  s t a n d a r d  p e n e t r a t i o n  t e s t  r e q u i r e s  an 

unders tand ing  and q u a n t i f i c a t i o n  of t h e  n e e d l e  i n j e c t i o n  p r o c e s s  i n  r e a l  

t i s s u e .  The p r e s e n t  s t u d y  was under taken t o  q u a n t i f y  and s t u d y  t h e  

force-displacement  c h a r a c t e r i s t i c s  of hypodermic n e e d l e s  i n  cadaver  t i s s u e s  

u s i n g  a  v a r i e t y  of n e e d l e ,  t e s t ,  and t i s s u e  c o n d i t i o n s .  The u s e  of 

cadavers  r a t h e r  t h a n  l i v i n g  s u b j e c t s  pe rmi t s  l a r g e r  sample s i z e s  f o r  each 

n e e d l e / t e s t / t i s s u e  c o n d i t i o n ,  the reby  enab l ing  t h e  u s e  of s t a t i s t i c s  t o  

compare r e s u l t s ,  and,  i n  a d d i t i o n ,  enab les  t h e  t e s t i n g  of exc i sed  sk in .  

By q u a n t i f y i n g  t h e  force-displacement  c h a r a c t e r i s t i c s  of hypodermic 

n e e d l e s  p e n e t r a t i n g  cadaver  t i s s u e  u s i n g  a  v a r i e t y  of l u b r i c a n t s ,  t e s t  

c o n d i t i o n s ,  and t i s s u e  samples ,  in fo rmat ion  u s e f u l  f o r  choosing a  s k i n  

simulant and t e s t  p r o t o c o l  f o r  a  s t a n d a r d  n e e d l e  t e s t  can be  ob ta ined .  

I n  a d d i t i o n  t h e  r e s u l t s  of such an i n i t i a l  and b a s i c  i n v e s t i g a t i o n  should 

sugges t  : 

a)  p o s s i b l e  mechanisms involved i n  g e n e r a t i n g  f o r c e  

p e n e t r a t i o n  c h a r a c t e r i s t i c s  

and,  b)  d i r e c t i o n  f o r  f u r t h e r  r e s e a r c h  u s i n g  b o t h  experim'ental  

and a n a l y t i c a l  approaches  i n  o r d e r  t o  b e t t e r  unders tand 

t h e  important  f e a t u r e s  of t h e  n e e d l e  i n j e c t i o n  p rocess .  

A t  t h e  o n s e t ,  t h e  s t u d y  had s e v e r a l  sub-goals i n  l i n e  w i t h  t h e s e  o v e r a l l  

o b j e c t i v e s .  These were: 

1 )  t o  compare force-displacement  measurement r e s u l t s  from 

n e e d l e  p e n e t r a t i o n s  i n  cadaver  t i s s u e  w i t h  t h o s e  i n  

l i v i n g  t i s s u e ,  



2) t o  develop a  d e v i c e  f o r  p rov id ing  p r e c i s e l y  c o n t r o l l e d  

p e n e t r a t i o n s  of hypodermic n e e d l e s  i n  cadaver t i s s u e  a t  

c o n s t a n t  b u t  changeable  p e n e t r a t i o n  v e l o c i t i e s ,  

3) t o  develop a  procedure  f o r  c o l l e c t i n g  force-displacement  

d a t a  on i n t a c t  and exc i sed  cadaver s k i n ,  

4 )  t o  q u a n t i f y  and a n a l y z e  t h e  force-displacement curves  . 
o b t a i n e d  from cadaver  t e s t s ,  

5) t o  d e s c r i b e  and compare, u s i n g  g r a p h i c a l  and s t a t i s t i c a l  

t e s t s , t h e  d a t a  from d i f f e r e n t  t e s t  s t r a t a  i n  terms of 

measurement parameters  computed i n  (4) , 

6) t o  t e s t  and e v a l u a t e  a  s e l e c t i o n  of c a n d i d a t e  f l e s h  

s imulan t s  i n  terms of t h e  cadaver d a t a  r e s u l t s .  

The f i r s t  of t h e s e  t a s k s  was performed by personne l  from 

Becton-Dickinson. Using an i n j e c t i o n  dev ice  developed f o r  u s e  on l i v i n g  

s u b j e c t s ,  a  s e t  of force-displacement  curves  were ob ta ined  on one cadaver 

(Cad. # 4 )  a t  HSRI. The comparison of t h e s e  r e s u l t s  a r e  con ta ined  i n  a  

s e p a r a t e  r e p o r t  i n  p r e p a r a t i o n  by R. S ta thopulos ,  e t  a l .  ( 5 ) .  

Task 6  c o n s i s t e d  of t h e  c o l l e c t i o n  and a n a l y s i s  of p e n e t r a t i o n  d a t a  on 

t h r e e  p o t e n t i a l  s k i n  s imulan t s  i n  d r y  and o l i v e  o i l  soaked c o n d i t i o n s .  

The r e s u l t s  of t h e s e  266 s y n t h e t i c  m a t e r i a l  t e s t s  a r e  d e s c r i b e d  i n  a  

s e p a r a t e  document ( 4 ) .  

The fo l lowing  r e p o r t  d e s c r i b e s  t h e  methods, procedures ,  and r e s u l t s  

f o r  t a s k s  2  through 5 conducted by t h e  biomedical  and biomechanics groups 

a t  t h e  Highway S a f e t y  Research I n s t i t u t e ,  t h e  U n i v e r s i t y  of Michigan, us ing  

B-D 42 (22g  I?') hypodermic need les .  S e c t i o n  2 c o n t a i n s  a d e s c r i p t i o n  of 

t h e  i n j e c t i o n  d e v i c e  and d a t a  c o l l e c t i o n  system developed a s  w e l l  as t e s t  

p r o t o c o l ,  t i s s u e  p r e p a r a t i o n  procedures ,  and d a t a  handl ing and a n a l y s i s .  



Sect ion  3 desc r ibes  t h e  r e s u l t s  obtained from t h e  883 pene t r a t ion  t e s t s  

performed on cadaver t i s s u e  while  Sect ion 4 summarizes and d i scusses  t hese  

r e s u l t s ,  o f f e r s  some poss ib l e  conclusions,  and suggests  d i r e c t i o n  f o r  

f u t u r e  work i n  t h i s  a rea .  

A number of Appendices a r e  contained a t  t h e  end of t h i s  r epo r t  and 

under s e p a r a t e  cover. Appendix A conta ins  Figures  15 through 25 which 

provide g raph ica l  comparisons of t e s t  r e s u l t s  between d i f f e r e n t  t e s t  s t r a t a .  

Appendix B gives t h e  summary s t a t i s t i c s  f o r  measurement v a r i a b l e s  by t e s t  

s t r a t a  whi le  Appendix C gives t h e  same s t a t i s t i c s  f o r  t e s t  s t r a t a  where 

r e s u l t s  f o r  d i f f e r e n t  pene t r a t ion  v e l o c i t i e s  have been combined. Appendix 

D g ives  t h e s e  s t a t i s t i c s  separated by cadaver but f o r  combined v e l o c i t i e s .  

Appendix E l is ts  the  computer programs used i n  c o l l e c t i n g ,  e d i t i n g ,  and 

analyzing t h e  force-displacement da t a .  

Appendix F (computer p r i n t o u t s  under s epa ra t e  cover) l i s t s  t h e  

ind iv idua l  t e s t  r e s u l t s  by t e s t  s t r a t a ,  



SECTION 2 

METHODS AND PROCEDURES 

A. INJECTION DEVICE 

I n  o r d e r  t o  s tudy  t h e  v e l o c i t y  dependency of t h e  force-displacement 

c h a r a c t e r i s t i c s  and t o  c o n t r o l  o t h e r  v a r i a b l e s  of t h e  i n j e c t i o n  p rocess  

between t e s t s ,  a  system was developed t o  a u t o m a t i c a l l y  and c o n t r o l l a b l y  
d 

move t h e  n e e d l e  i n  and ou t  of t h e  t i s s u e  sample. F igures  1 and 2 show 

t h e  b a s i c  i n j e c t i o n  d e v i c e  i n  u s e  on a  cadaver.  Needle movement i s  

produced by a  l i n e a r  motor a c t u a t o r  (Infomag Model 14) normally used 

i n  head p o s i t i o n i n g  of computer d i s c  memories. A s t a i n l e s s  s t e e l  s h a f t  

has  been f i t t e d  through bushings  on t h e  motor and a t t a c h e d  t o  t h e  moving 

p i s t o n  of t h i s  dev ice .  A t  one end, a  load c e l l  ( K i s t l e r  Model 901A) and 

lue r - lok  f i t t i n g  f o r  ho ld ing  t h e  n e e d l e  have been a t t a c h e d .  The o t h e r  

end of t h e  s h a f t  i s  coupled by a  smal l  d iameter  rod t o  t h e  c o r e  of an  

LVDT (Trans- tek Model 296-000) f o r  measuring and c o n t r o l l i n g  need le  

p o s i t i o n .  R o t a t i o n  of t h e  s h a f t  and need le  is prevented by coupl ing t h e  

motor s h a f t  t o  t h e  motor p la t fo rm through a  s l i d i n g  key mechanism, 

B .  SIGNAL PROCESSING AND CONTROL SYSTEN 

Figure  3 shows a schemat ic  drawing of t h e  s i g n a l  p rocess ing  and 

r e l a t e d  c i r c u i t r y .  Needle p o s i t i o n  is  c o n t r o l l e d  by t h e  feedback c i r c u i t  

which u s e s  e r r o r  r a t e  c o n t r o l  f e a t u r e s  i l l u s t r a t e d  i n  F igure  4 ,  The out-  

put of t h e  LVDT is  processed through a  s i g n a l  c o n d i t i o n e r  and s u b t r a c t e d  

from t h e  d e s i r e d  inpu t  p o s i t i o n  s i g n a l .  The r e s u l t i n g  e r r o r  s i g n a l  p l u s  

i t s  d e r i v a t i v e  p rov ide  an inpu t  t o  t h e  power a m p l i f i e r  (Southwest Technical )  

which p rov ides  c u r r e n t  t o  t h e  l i n e a r  motor. 



Figure 1 Aukmatic Injection Device in Use on Cadaver 

Figure 2 Closeup of Needle End of Injection Cevice 
showing Force Transducer 







For t h e  s e r i e s  of exper iments  conducted i n  t h i s  s tudy ,  t h e  p o s i t i o n  

i n p u t  s i g n a l  was provided by means of a d i g i t a l / a n a l o g  s i g n a l  from a  

NOVA 1220 computer system i l l u s t r a t e d  in F i g u r e  5 ,  Thus, a s  w i l l  b e  

d e s c r i b e d ,  n e e d l e  p o s i t i o n ,  v e l o c i t y ,  dep th  of p e n e t r a t i o n  and dwel l  

t ime  ( i .  e. , t ime  between p e n e t r a t i o n  and r e t r a c t i o n )  were a l l  under com- 

p u t e r  s o f t w a r e  c o n t r o l  and could  be  e a s i l y  changed by program i n p u t s .  

The computer a l s o  provided f o r  o n - l i n e  d a t a  d i g i t i z a t i o n , o f  t h e  f o r c e  

and n e e d l e  displacement  s i g n a l s  d i sp layed  on c h a r t  paper  (Brush Recorder) . 
A s  shown i n  F i g u r e  3,  t h e  f o r c e  o u t p u t  from t h e  K i s t l e r  load  c e l l  was 

processed through a  charge  a m p l i f i e r  b e f o r e  being i n p u t  t o  A/D Channel 5 

and Brush Recorder Channel 5 .  The LVDT s i g n a l ,  i n  a d d i t i o n  t o  being 

used in t h e  feedback c o n t r o l  c i r c u i t ,  was inpu t  t o  A / D  channel  1 0  and 

Brush Recorder Channel 6. A second D/A s i g n a l  from t h e  computer was used 

t o  p rov ide  a  SYNC s i g n a l  deno t ing  t h e  pene t ra t i .on  dwel l ,  and r e t r a c t i o n  

phases  of t h e  i n j e c t i o n  w i t h  d i f f e r e n t  v o l t a g e  l e v e l s .  Th i s  s i g n a l  was 

ou tpu t  on a t h i r d  channel  of t h e  brush r e c o r d e r .  

C. COMPUTERPROGRAMS 

The Nova 1220 computer u t i l i z e d  in t h i s  s tudy  can b e  programmed i n  

a  v a r i e t y  of languages.  P r i m a r i l y  because  of i ts f a s t  e d i t i n g  and modi- 

f i c a t i o n  f e a t u r e s ,  programming f o r  t h i s  s tudy  was done us ing  Data ~ e n e r a l ' s  

Extended BASIC. Because t h e  c o n t r o l  of i n p u t  v i a  t h e  A / D  channe l s  and 

o u t p u t  v i a  t h e  D/A channels  would be t o o  slow under BASIC language i n s t r u c -  

t i o n s  t o  move t h e  n e e d l e  a t  d e s i r e d  v e l o c i t i e s ,  i t  was necessa ry  t o  modify 

t h e  BASIC sof tware  package t o  i n c l u d e  s u b r o u t i n e s  which when c a l l e d  once,  

would c a r r y  o u t  t h e  i n j e c t i o n  p rocess  by s imul taneous ly  o u t p u t i n g  s i g n a l s  

t o  t h e  D / A  channels  and sampling and s t o r i n g  in format ion  from t h e  AID 



Figure 5 Nova 1220 Canputer and Autoratic Injector 



channe l s  w i t h  d e s i r e d  p e n e t r a t i o n  parameters  ( e , g . ,  p e n e t r a t i o n  v e l o c i t y ,  

dwel l  t ime ,  r e t r a c t i o n  v e l o c i t y ,  dep th  of p e n e t r a t i o n ) .  Th i s  was accom- 

p l i s h e d  by w r i t i n g  a  new assembly language s u b r o u t i n e  which when imple- 

mented by t h e  BASIC s t a t e m e n t  "Call 40" o u t p u t s  a p p r o p r i a t e  D / A  s i g n a l s  

u s i n g  d e s i r e d  p e n e t r a t i o n  parameters  p r e v i o u s l y  computed, and i n p u t s  and 

s t o r e s  A/D s i g n a l s  on channels  5 and 10.  The A/D v a l u e s  a r e  s t o r e d  i n  a  

l i t e r a l ' s t r i n g  a r r a y  (one 16 b i t  word per  sample) by t h e  "Ca l l  40" and 

a r e  l a t e r  conver ted  t o  f l o a t i n g  p o i n t  format  (two 16 b i t  words p e r  va lue)  

by a second BASIC s u b r o u t i n e ,  "Ca l l  44", p r i o r  t o  s t o r i n g  d a t a  on LINC 

d i g i t a l  t a p e .  These BASIC s u b r o u t i n e s  a r e  con ta ined  i n  a  new v e r s i o n  of 

BASIC des igned  f o r  t h i s  s t u d y  c a l l e d  BDBAS and a r e  l i s t e d  a long  w i t h  o t h e r  

programs i n  Appendix E. 

A number of programs were w r i t t e n  i n  t h e  BASIC language t o  imple- 

ment t h e  v a r i o u s  phases  of d a t a  c o l l e c t i o n  and a n a l y s i s .  A program c a l l  

"PGO" was w r i t t e n  t o  document and c o n t r o l  t h e  n e e d l e  i n j e c t i o n  exper iments  

and w r i t e  d i g i t i z e d  d a t a  on t ape .  In format ion  abou t  t h e  t e s t  specimen, 

cadaver  d a t a ,  t e s t  d a t e ,  t e s t  c o n d i t i o n s ,  n e e d l e  l u b r i c a n t s ,  e t c .  were 

i n p u t  by keyboard on program r e q u e s t  and used i n  s e t t i n g  up parameters  f o r  

t h e  "Ca l l  40" s t a tement .  T h i s  b a s i c  in format ion  about each t e s t  i s  w r i t t e n  

on d i g i t a l  t a p e  i n  t h e  t a p e  b l o c k  preceeding t h e  d i g i t i z e d  d a t a .  A program 

c a l l e d  ''PGET" prov ides  t h e  a b i l i t y  t o  r e t r i e v e  in format ion  and /or  d a t a  

about  any t e s t  which h a s  been w r i t t e n  on t a p e  and t o  r e d i s p l a y  t h e s e  d a t a  

on b rush  r e c o r d e r  paper .  A t h i r d  program, "WCAL", a n a l y z e s  t h e  fo rce -  

d isplacement  curves  i n  terms of v a r i o u s  measurement parameters  d e s c r i b e d  

i n  S e c t i o n  E . Other  programs were a l s o  w r i t t e n  t o  p rov ide  v a r i o u s  e d i t i n g ,  

t a p e  i n i t i a l i z a t i o n ,  and d a t a  checking f u n c t i o n s  and a r e  inc luded  w i t h  

t h e s e  t h r e e  main programs i n  Appendix E. 



D. EXPERIMENTAL PROCEDURES 

1. T i s s u e  Specimen and T e s t  Condi t ions  

F i g u r e  6 shows an  overview of t h e  v a r i o u s  t e s t  and t i s s u e  c o n d i t i o n s  

under which n e e d l e  p e n e t r a t i o n  t e s t s  were performed and i l l u s t r a t e s  t h e  

terminology u t i l i z e d  t o  r e f e r  t o  t h e  v a r i o u s  t e s t  parameters .  The terms 

TYPE and SITE r e f e r  t o  t h e  t i s s u e  specimen i t s e l f .  T e s t s  were conducted 

f o r  b o t h  t h e  i n t a c t  s k i n  (SMIS*) and exc i sed  s k i n  (SKIN) i n  t h e  r e g i o n  

of t h e  b u t t o c k  (BUTT) and c a l f  (CALF). A t h i r d  ca tegory  of TYPE n o t  

shown i s  SYN which r e f e r s  t o  s y n t h e t i c  m a t e r i a l s .  For each of t h e s e  

t i s s u e  c o n d i t i o n s ,  t h e  t h r e e  t e s t  c o n d i t i o n s  of p e n e t r a t i o n  a n g l e ,  pene- 

t r a t i o n  v e l o c i t y ,  and n e e d l e  l u b r i c a n t  were v a r i e d  a s  shown. The a n g l e  

c o n d i t i o n s  of 90" and 45" were used ,  t h i s  being t h e  a n g l e  of t h e  n e e d l e  

s h a f t  t o  a n  imaginary p l a n e  t angen t  t o  t h e  s k i n  s u r f a c e  p r i o r  t o  n e e d l e  

i n j e c t i o n .  For each a n g l e ,  t h e  t h r e e  l u b r i c a n t  c o n d i t i o n s  of DRY, 1249, 

and 360 were  t e s t e d .  For 90" t e s t s ,  each l u b r i c a n t  c o n d i t i o n  was t e s t e d  

a t  2.5,  5 ,  and 10 inches/second w h i l e  f o r  45' t e s t s  on ly  5"/second t e s t s  

were performed. Consider ing a l l  t h e s e  t e s t ,  specimen, and need le  para- 

m e t e r s ,  a  t o t a l  of 48 [2x2 x(3x3+3)] groupings  o r  t e s t  c o n d i t i o n s  r e s u l t s .  

For each test ,  t h e  dwel l  t ime  ( t i m e  from end of p e n e t r a t i o n  t o  beginning 

of r e t r a c t i o n )  was .5 second and r e t r a c t i o n  v e l o c i t y  was 5  i n c h e s / s e c .  

The fo l lowing  l is t  summarizes t h i s  a b b r e v i a t e d  nomencla ture  which 

w i l l  b e  used t o  r e f e r  t o  t h e  d i f f e r e n t  t e s t  c o n d i t i o n s  o r  s t r a t a  i n  t h e  

remainder of t h i s  r e p o r t .  Reference t o  a  p a r t i c u l a r  t e s t  group o r  s t r a t a  

w i l l  b e  of t h e  form BuTT/SMIS/~O/~.O o r  C A L F / S K I N / ~ ~ / ~ O . ~ ,  e t c .  

* SMIS = SkinIMuscle I n  S i t u  





Test  Parameter Parameter Terminology 
and Abbreviations 

Tes t  S i t e  BUTT, CALF 
Test  Type SEIIS, SKIN, SYN 
Pene t r a t ion  Veloci ty 2.5, 5.0,  10.0 
Pene t r a t ion  Angle 90, 45 
Lubricat ion DRY, 1249, 360 

2 .  Test  Setup and Procedures 

a)  I n t a c t  Skin. '  Pene t r a t ion  t e s t s  on i n t a c t  unembalmed cadaver tis- 

sue  were c a r r i e d  out  i n  t h e  HSRI autopsy f a c i l i t y .  The cadaver was posi t ioned 

on t h e  autopsy t a b l e  and o r i en t ed  a s  required by means of styrofoam blocks 

f o r  e i t h e r  c a l f  o r  bu t tock  t e s t i n g .  A p lex ig l a s s  p l a t e  with a 1 /2  inch 

diameter ho le  through which t h e  needle  could pass,was a t tached  t o  t h e  

i n j e c t i o n  device platform by a movable extension and was placed in contact  

wi th  t h e  cadaver sk in  a t  t h e  des i r ed  pene t r a t ion  s i t e  ( s e e  Figure 2) .  The 

p l a t e  was pushed aga ins t  t he  sk in  su r f ace  wi th  s u f f i c i e n t  pressure  t o  com- 

press  t h e  t i s s u e  so  t h a t  t he  e n t i r e  p l ex ig l a s s  d i s c  was i n  contac t  with 

t h e  sk in  sur face .  No at tempt  was made, however, t o  measure, t h i s  contac t  

p re s su re  and t h e r e  no doubt was some v a r i a t i o n  between t e s t s ,  cadavers ,  

and s i t e s .  

b) Excised Skin. Pene t r a t ion  t e s t s  f o r  excised sk in  were 

conducted i n  t he  b ioma te r i a l s  labora tory  using t h e  t e s t  se tup  shown i n  

Figure 7 .  For these  t e s t s ,  t h e  p l ex ig l a s s  f i x t u r e  is  replaced with an 

aluminum p l a t e  t o  which a spr ing  loaded clamping mechanism has been 

a t tached .  Excised s k i n  mounted between two aluminum r ings  i s  held i n  

pos i t i on  by t h i s  sp r ing  clamp during a t e s t  s e r i e s .  

Excising of t he  sk in  is  c a r r i e d  out  i n  t he  autopsy room using t h e  

procedures i l l u s t r a t e d  i n  Figure 8. Af t e r  c leaning and drying t h e  sk in  

in t h e  region of i n t e r e s t ,  a r ec t angu la r  g r i d  of 114" squares  i s  stamped 



Figure 7 Test Fixture used for Excised Skin Tests. 
Top - Penetration side during 45 degree Test. 
Bottan - Back side showing Spring Clamp and 
Mounted S~ecirren. 



Figure 8 P r c e d u r e  for Excising Cadaver Skin. 
A - Grid is Stan@ on Site 
B - Ring 1s Marked and Catzlyst Brushed on. 



- 

, F i y n  8 (ccatinusd) 
C - Album Ring is @rented in Place 
D - After Bcising by Cutting Around 

Ring, Excess Fat is Remved and 
Seccnd Ring Cemnted to  Inside. 



on t h e  s k i n  s u r f a c e .  Next,  an  o u t l i n e  of an aluminum r i n g  i s  drawn over  

t h i s  g r i d  and Eastman 910 c a t a l y s t  i s  brushed on t h e  s k i n  i n  t h i s  r i n g  a r e a .  

Eastman 910 cement ( o r  o t h e r  "super  glue") is then  a p p l i e d  t o  t h e  r i n g  and 

t h e  r i n g  is  p r e s s e d  f i r m l y  on t h e  s k i n .  A f t e r  t h e  g l u e  has  s e t  ( abou t  1 

m i n u t e ) ,  t h e  s k i n  is  exc i sed  around t h e  r i n g ,  t h e  subcutaneous  f a t  care-  

f u l l y  removed, and a  second r i n g  i s  g lued  t o  t h e  u n d e r s i d e  by a  similar 

procedure.  I n  t h i s  way, t h e  normal s k i n  t e n s i o n  i s  mainta ined as c l o s e l y  

a s  p o s s i b l e  wi thou t  t h e  compl ica t ions  of measuring and r e c o n s t r u c t i n g  s k i n  

t e n s i o n .  The stamped g r i d  p rov ides  a  measure of changes i n  s k i n  t e n s i o n  

b e f o r e  and a f t e r  e x c i s i n g .  

3 ,  Exper imental  P r o t o c o l  

For e i t h e r  t h e  i n t a c t  o r  exc i sed  (SMIS o r  SKIN) t e s t s ,  once t h e  t e s t  

specimen is  i n  p o s i t i o n ,  t h e  procedures  a r e  e s s e n t i a l l y  t h e  same. With 

t h e  program t a p e  on t a p e  u n i t  0  and d a t a  t a p e  on u n i t  1, t h e  program "PGO" 

i s  loaded and executed.  The program f i r s t  r e q u e s t s  in fo rmat ion  of a  g e n e r a l  

n a t u r e  such a s  t e s t  d a t e ,  t y p e  of t e s t  (SMIS , SKIN, o r  SYN) , cadaver  age ,  

sex ,  h e i g h t  and weigh t ,  time and cause  of d e a t h ,  and t e s t  s i t e  (BUTT o r  

CALF) . Next, t h e  program r e q u e s t s  in fo rmat ion  on t h e  n e e d l e  t y p e  (B-D 42  

22 gauge, 1.5" l e n g t h  f o r  t h e s e  t e s t s )  and l u b r i c a t i o n .  L a s t l y ,  t h e  pro- 

gram r e q u e s t s  p e n e t r a t i o n  in format ion  such a s  p e n e t r a t i o n  dep th ,  p e n e t r a t i o n  

v e l o c i t y ,  dwel l  t ime,  r e t r a c t i o n  v e l o c i t y ,  and p e n e t r a t i o n  ang le .  P r i o r  

t o  t h e  f i r s t  t e s t  ( o r  a t  any t ime  between t e s t s ) ,  t h e  n e e d l e  can be  advanced 

o r  r e t r a c t e d  i n  v a r i a b l e  increments  ( a s  s m a l l  a s  1/1000 inch)  i n  o r d e r  t o  

e s t a b l i s h  s k i n  c o n t a c t  p o s i t i o n .  I n  a l l  t e s t s  of t h i s  s t u d y  t h e  n e e d l e  

s t a r t u p  p o s i t i o n  was e s t a b l i s h e d  a t  1" from s k i n  c o n t a c t ,  the reby  p rov id ing  

t ime and d i s t a n c e  t o  b r i n g  t h e  n e e d l e  t o  t h e  d e s i r e d  v e l o c i t y  w i t h  minimum 

a c c e l e r a t i o n  ( i . e . ,  t o  minimize f o r c e  n o i s e )  p r i o r  t o  p e n e t r a t i o n .  Th is  



smooth s t a r t u p  was achieved by an a l g o r i t h m  included i n  t h e  "Call 40" 

s u b r o u t i n e  ( s e e  S e c t i o n  C) which i n c r e a s e s  t h e  r a t e  of o u t p u t i n g  D/A 

s i g n a l  increments  i n  a  non- l inear  manner u n t i l  t h e  d e s i r e d  v e l o c i t y  i s  

reached.  Also,  inc luded  i n  t h e  program "PGO" i s  a  c a l i b r a t i o n  r o u t i n e  

which can b e  c a l l e d  a t  any time and which p rov ides  b o t h  f o r c e  and d i s -  

placement c a l i b r a t i o n  p u l s e s .  

Once th,e n e c e s s a r y  i n f o r m a t i o n  h a s  been e n t e r e d  and s k i n  c o n t a c t  

and s t a r t u p  p o s i t i o n  e s t a b l i s h e d ,  t h e  computer a w a i t s  i n p u t  of t h e  l e t t e r  

"G" p l u s  c a r r i a g e  r e t u r n  t o  beg in  t h e  f i r s t  t e s t  ( i . e . ,  t o  implement "Call 

40"). Upon completing a  t e s t ,  t h e  d a t a  may e i t h e r  b e  w r i t t e n  on t a p e  o r  

d i s c a r d e d .  I n  e i t h e r  s i t u a t i o n ,  t h e  p e n e t r a t i o n  t e s t  can be  r e p e a t e d ,  i n  

which c a s e  only  changes i n  l u b r i c a t i o n  o r  p e n e t r a t i o n  v e l o c i t y  a r e  reques ted .  

I f  a  new t y p e  of t e s t  r e q u i r i n g  more g e n e r a l  changes i n  t h e  t e s t  c o n d i t i o n  

in format ion  (e.g. ,  s i t e ,  t y p e ,  depth)  i s  d e s i r e d ,  t h e  t e s t  i s  n o t  r e p e a t e d  

and t h e  computer r e q u e s t s  o t h e r  in fo rmat ion .  I f  t h e  p rev ious  t e s t  i s  

d i s c a r d e d  t h e  t e s t  number is  n o t  incremented.  Each t e s t  number i s  composed 

of two hyphenated numbers such a s  5-19. The f i r s t  number i n d i c a t e s  t h e  

LINC d a t a  t y p e  number w h i l e  t h e  second i s  t h e  t e s t  sequence number on 

t h a t  t a p e .  

For t h e  i n t a c t  (SMIS) s k i n  t e s t s ,  t h e  complete i n j e c t i o n  d e v i c e  must 

b e  p h y s i c a l l y  moved between i n j e c t i o n s  t o  i n s u r e  t h a t  t h e  n e e d l e  does n o t  

e n t e r  a  h o l e  p r e v i o u s l y  punctured.  Upon complet ion of a  t e s t ,  t h e  new 

punc ture  was marked w i t h  a  f e l t  t i p  pen and t h e  d e v i c e  moved approximately  

1/4" from t h i s  mark. For t h e  exc i sed  (SKIN) s k i n  t e s t s ,  t h e  t i s s u e  sample 

i t s e l f  was moved by r e l e a s i n g  t h e  s p r i n g  clamp and r o t a t i n g  t h e  aluminum 

r i n g s .  Again each punc ture  was marked w i t h  a  pen t o  p reven t  r e p e a t i n g  a  

p e n e t r a t i o n  i n  a  p rev ious  puncture .  



E. DATA ANALYSIS 

1. NOVA Computer Computations. 

I n f r e q u e n t l y  (e .g . ,  when t h e  n e e d l e  c o n t a c t e d  a  bone) ,  t h e  sampled 

f o r c e  and p o s i t i o n  d a t a  were d i sca rded .  A f t e r  most t e s t s ,  however, t h e s e  

d a t a  were  w r i t t e n  o n t o  t h e  d i g i t a l  t a p e  on t a p e  u n i t  1, and a  record  of 

t h e s e  t e s t s  was mainta ined i n  a  d i r e c t o r y  ( b l o c k  1) of t h a t  d a t a  t a p e .  . 
While f o r c e  and displacement  a r e  sampled throughout  t h e  complete 

c y c l e ,  on ly  d a t a  from t h e  p e n e t r a t i o n  phase were saved on t a p e  i n  o r d e r  

t o  conserve  space  and y e t  o b t a i n  s u f f i c i e n t  r e s o l u t i o n  f o r  a c c u r a t e  ana l -  

y s i s .  Both t h e  f o r c e  and p o s i t i o n  s i g n a l s  were sampled (by C a l l  40) every 

1/720 inch ,  a l though  on ly  every  4 t h  p o i n t  was saved corresponding t o  a 

p o i n t  every 1/180 inch.  These d i s t a n c e s  correspond t o  2.2, 1.1, and .55 

msec between p o i n t s  f o r  2.5, 5 ,  and lO"/second v e l o c i t i e s  r e s p e c t i v e l y .  

As p r e v i o u s l y  mentioned, t h e  t e s t  in fo rmat ion  d e s c r i b i n g  important  para- 

mete r s  about each t e s t  was w r i t t e n  i n  t h e  b l o c k  immediately preceding t h e  

d i g i t i z e d  d a t a .  The v a r i a b l e s  which make up t h e  t e s t  m a t r i x  (TYPE, SITE, 

ANGLE, LUBRICANT, VELOCITY) were a l s o  coded i n t o  s imple  i n t e r g e r  numbers 

by "PGOt' i n  o r d e r  t o  s i m p l i f y  t e s t  s t a t i f i c a t i o n  i n  t h e  d a t a  a n a l y s i s .  

F i g u r e  9 i l l u s t r a t e s  t y p i c a l  force- t ime and displacement- t ime s i g n a l s  

recorded and d i g i t i z e d  dur ing  each t e s t .  S i n c e  t h e  v e l o c i t y  is  mainta ined 

c o n s t a n t  dur ing  p e n e t r a t i o n ,  t h e  f o r c e - t h e  curve  is a l s o  a  force-dis-  

placement curve  and t h e  two terms w i l l  b e  used in te rchangeab ly  i n  t h e  

remainder of t h i s  r e p o r t .  

The s i m p l e s t  a n a l y s i s  of t h e s e  d a t a  would c o n s i s t  of computing t h e  

peak f o r c e  v a l u e  a t t a i n e d  dur ing  each p e n e t r a t i o n  and u s i n g  t h e s e  f o r  

comparisons between t e s t  s t r a t a  and as a  c r i t e r i a  f o r  n e e d l e  performance. 

T h i s ,  i n  f a c t ,  may be  adaqua te  and p o s s i b l y  a l l  t h a t  i s  u s e f u l  o r  meaning- 

f u l  i n  des ign ing  new n e e d l e s  and l u b r i c a n t s .  It is  a l s o  l i k e l y ,  however, 
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Figure 9 Typical Force, Displacerent, and Sync signal Trzces for 
Carrplete Injection Process 
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t h a t  o t h e r  c h a r a c t e r i s t i c s  i n  t h e  force-displacement curve  a r e  r e l a t e d  t o  

e 

p a t i e n t  accep tance  and t i s s u e  trauma and should a l s o  be considered i n  

e v a l u a t i n g  m o d i f i c a t i o n s  t o  hypodermic need les .  

With t h i s  i n  mind and t h e  g e n e r a l  g o a l  of a b e t t e r  unders tanding 

of t h e  i n j e c t i o n  p rocess  i t s e l f ,  a more complete c h a r a c t e r i z a t i o n  of t h e  

force-displacement  curve  was decided upon. A program c a l l e d  "WCAL" was 

w r i t t e n  t o  perform t h e  a n a l y s i s  of each curve 'which c o n s i s t e d  of t h e  

computations i l l u s t r a t e d  i n  F igures  10 and 11. 

Three  f o r c e  v a l u e s  (F2, F3, F4) and t h e i r  corresponding d i s t a n c e s  

( o r  t imes) from i n i t i a l  s k i n  c o n t a c t  (D2, D3, and D4) a r e  ob ta ined  by 

s imple  a l g o r i t h m s .  F2 is t h e  peak f o r c e  ob ta ined  dur ing t h e  f i r s t  h a l f  

of t h e  p e n e t r a t i o n  and is  c h a r a c t e r i z e d  by a s u b s t a n t i a l  dec rease  i n  

f o r c e  immediately fo l lowing .  F3 is t h e  f o r c e  l e v e l  a t  which t h e  f o r c e  

curve  t e n d s  t o  l e v e l  ou t  a f t e r  t h e  peak f o r c e ,  I n  some t e s t s  where t h e  

f o r c e  t e n d s  t o  i n c r e a s e  a s  p e n e t r a t i o n  c o n t i n u e s ,  t h i s  corresponds c l o s e l y  

t o  t h e  minimum f o r c e  v a l u e ,  b u t  i n  o t h e r  t e s t s  i t  corresponds t o  t h e  p o i n t  

where t h e  force-displacement s l o p e  shows a sudden d e c r e a s e  o r  p l a t e a u .  

F4 is taken a t  1" p a s t  s k i n  c o n t a c t  and t h e r e f o r e  D4 is 1 inch o r  2.54 

c e n t i m e t e r s .  The r a t i o s  ~ 4 1 ~ 2 ,  F4/F3, F3/F2, D2/D4, and ~ 3 1 ~ 4  a r e  a l s o  

computed by WCAL a s  a r e  t h e  t imes  ( ~ 2 ,  T3, T4) corresponding t o  D2, D3, 

and 04. The a r e a  under t h e  curve  from f o r c e  bu i ldup  t o  p o i n t  2 (F2, D2) 

is computed and c a l l e d  p e n e t r a t i o n  work (PWORK) whi le  t h e  a r e a  from 2 t o  4 

is  computed and c a l l e d  drag work (DWORK). Th is  l a t t e r  a r e a  is a l s o  d iv ided  

i n t o  t h e  a r e a  between p o i n t s  2 and 3 c a l l e d  f i r s t  dragwork (DRAGWI) and 

t h e  a r e a  between 3 and 4 c a l l e d  second dragwork (DRAGW2). T o t a l  p e n e t r a t i o n  

work (TWORK) i s  equa l  t o  PWORK + DWORK . The percen tage  of PWORK and DCJOPX 

a r e  computed (PWOWL and D\JORK%) a s  i s  t h e  pe rcen tage  of DRAGWl of DWORK 





lDRWK12% (DRAGW~/DWORK) x 1001. F i n a l l y ,  a  normalized dragwork which is  

r e a l l y  a  dragwork pe r  c e n t i m e t e r  was computed t o  remove e f f e c t s  of changes 

i n  d isp lacement  (D2 and D3) on t h e  measure of dragwork. NDWK is t h e  

normalized v a l u e  of DWORK [NDWK = (DWORK/(D~-D2)]  and NDWK2 i s  t h e  normal- 

i zed  v a l u e  of DRAW2 [NDWK2 = DRAGW~/(D~-D~)  ] .  Values of f o r c e  a r e  r e p o r t e d  

i n  Newtons (IN = .221bf = 102gf . ) ,  d i sp lacement  i n  c e n t i m e t e r s  (cm),  

t ime i n  m i l l i s e c o n d s  (msec), work i n  m i l l i j o u l e s ,  and normalized work i n  
# 

m i l l i j o u l e s / c e n t  imeter  . These c a l c u l a t e d  v a r i a b l e s  a r e  summarized i n  

F i g u r e  11. 

The program "WCAL" r e a d s  i n  t h e  d i g i t i z e d  d a t a  from each t e s t ,  com- 

p u t e s  v a l u e s  f o r  t h e s e  parameters  and w r i t e s  t h e  r e s u l t s ,  a long w i t h  

coded t e s t  v a r i a b l e s ,  on a d a t a  t a p e  p laced  on t a p e  u n i t  0 (program t a p e  

is  removed). 

The lower c h a r t  t r a c e  i n  F igu re  9 shows t h e  n e e d l e  p o s i t i o n  a s  

measured by t h e  LVDT from which t h e  slow s t a r t  is ev iden t .  I n  an a t t empt  

t o  reduce  t h e  f o r c e  n o i s e  due t o  sudden s topping  p r i o r  t o  dwe l l ,  t h e  inpu t  

s i g n a l  was low pass  (approx.  80 Hz c u t  o f f )  f i l t e r e d  r e s u l t i n g  i n  t h e  

rounded c o r n e r s  e n t e r i n g  t h e  dwe l l  phase. 

2. S t a t i s t i c a l  Ana lys i s  - XI'S (MIDAS) . 
The r e s u l t s  from each t e s t  analyzed by WCAL a r e  w r i t t e n  i n  b i n a r y  

coded f l o a t i n g  p o i n t  format u t i l i z i n g  one-fourth of a  L I N C  t a p e  block.  

S i n c e  t h e r e  a r e  400 b locks  a v a i l a b l e  on a t a p e ,  r e s u l t s  from 1600 t e s t s  

can be  w r i t t e n  on a s i n g l e  LINC t ape .  Data ana lyzed  and s t o r e d  i n  t h i s  

way were copied t o  a  DEC computer t a p e  compat ib le  w i th  t h e  PDP 11/45  com- 

p u t e r  system i n s t a l l e d  a t  HSRI, and then  t r a n s f e r r e d  t o  magnetic  t a p e  (800 

BPI, f i x e d  b lock ,  un labe led )  , These r e s u l t s  were then  read  i n t o  f i l e  a t  

t h e  Michigan Terminal  System (PIITS) where they  could  b e  f u r t h e r  ana lyzed  



VARIABLE 
VAR. NO. NkYE DESCRIPTION UNITS 

11 F2 Peak fo rce  in 1st half  of curve Newtons 

12 F3 Force a t  minimum or  p la teau 
following F2 

Newtons 

13 F4 Force a t  1" a f t e r  sk in  contac t  Newtons 

14 F32 Ratio of F3 t o  F2 (F3/F2) None 

15 F43 Ratio of F4 t o  F3 (F4/F3) None 

16 F4 2 Rat io  of F4 t o  F2 ( ~ 4 / ~ 2 )  None - 
17 D2 Distance from sk in  contac t  

a t  which F2 occurs 

18 D3 Distance from skin  contac t  
a t  which F3 occurs 

cm. 

19 D4 2.54 cms. (1") pas t  sk in  contac t  cm. 

20 D2 4 Rat io  of D2 t o  D4 (D2/D4) None 

2 1 D34 Ratio of D3 t o  D4 (D3/D4) None 

2 2 T2 T h e  from skin  contac t  :o F? ms ec 

23 T3 Time from sk in  contac t  t o  F3 ms ec 

24 T4 Time from. skin  contac t  t o  Fh nsec 

25 FJORK Pene t r a t ion  work-area under fo rce  
curve from skin  contac t  t o  F2 

2 6 DWO RK 3rag work-area under force  curve 
from F2 to  Fb 

m i l l i j  ou l e s  

m i l l i j o u l e s  

2 7 TJO RK To ta l  work-sum of WORK and WORK n i l l i f  oules  

28 DRANL F i r s t  p a r t  of dragwork-area under 
fo rce  curve from F2 t o  F3 

29 DRAGW2 2nd pa r t  of dragwork-area under 
fo rce  curve from F3 to  F4 

m i  l l f j  ou l e s  

m i l l i j o u l e s  

30 ?WORK2 Percent  of TWORK which i s  ?WOE X 

3 1 CWORKZ Percent of WORK which is DtlORK X 
WORK (w X 100 

32 CclORK12Z Percent of DWORK which is DRAGWl 

3 5 NMJK Normalized DWORK = DWORK / (D4-D2) r n i l l i j  oules/cm. 

36 NDWK2 Normalized DRACV12 a DRAGJ2 / (D4-D3) mi l l i joules /cm.  - 

Figure 11 List of Calculated Variables with Descriptions 
and U n i t s .  



by means of a  v a r i e t y  of s t a t i s t i c a l  programs i n  t h e  MIDAS ( ~ i c h i g a n  I n t e r -  

a c t i v e  Data Ana lys i s  System) package. The s t a t i s t i c a l  r e s u l t s  and l is t-  

i n g s  p resen ted  i n  t h i s  r e p o r t  were genera ted  u s i n g  t h i s  system. 

I n  o r d e r  t o  compare, i n  a  s t a t i s t i c a l  sense ,  r e s u l t s  from d i f f e r e n t  

t e s t  s t r a t a ,  t h e  S tuden t  T- tes t  was used t o  t e s t  f o r  s i g n i f i c a n t  d i f f e r -  

ences  i n  mean v a l u e s .  A p  v a l u e  o r  s i g n i f i c a n c e  l e v e l  of .05 was used a s  

t h e  c r i t e r i a  f o r  a c c e p t i n g  t h e  n u l l  h y p o t h e s i s  t h a t  t h e  means of two 

samples were t h e  same. It is r e a l i z e d  t h a t  n e i t h e r  of t h e  c o n d i t i o n s  of 

independence of t e s t  v a l u e s  w i t h i n  a  group o r  between groups was s t r i c t l y  

v a l i d  s i n c e  t h e  same cadaver  was used f o r  s e v e r a l  t e s t s  w i t h i n  a  group and 

f o r  s e v e r a l  t e s t s  between groups.  I n  s p i t e  of t h i s  l a c k  of adherance t o  

t h e  requ i rements  of t h e  T- tes t* ,  i t  was f e l t  t h a t  t h e  r e s u l t s  would s t i l l  

p r o v i d e  a r e a s o n a b l e  s t a t i s t i c a l  comparison. 

* S t r i c t l y  speaking each t e s t  should  have been performed on a  d i f f e r e n t  
cadaver  i n  o r d e r  t o  s a t i s f y  independence w i t h i n  and between t e s t  groups.  



SECTION 3  

RESULTS 

A. GENERAL DESCRIPTION 

I n  t o t a l ,  d a t a  from 883 p e n e t r a t i o n  t e s t s  of B-D42 hypodermic n e e d l e s  

were c o l l e c t e d  and analyzed f o r  t h e  48 t e s t  c o n d i t i o n s .  Tab le  1 shows a  

breakdown of t h e  sample s i z e s  con ta ined  i n  each b l o c k  of t h e  t e s t  m a t r i x .  

While a  t o t a l  of 6 cadavers  were used i n  t h i s  s t u d y ,  t e s t i n g  on t h e  f i r s t  

two cadavers  was p r i m a r i l y  f o r  development of exper imenta l  p r o t o c o l  and 

procedures .  T e s t  r e s u l t s  form t h e s e  f i r s t  two cadavers  were of small 

sample s i z e  and ob ta ined  p r i o r  t o  re f inements  i n  t h e  t e s t  system and have 

t h e r e f o r e  n o t  been inc luded  i n  t h e  r e s u l t s  of t h i s  s tudy .  Tab le  2 summar- 

i z e s  t h e  g e n e r a l  c h a r a c t e r i s t i c s  and t i s s u e  measuranents f o r  t h e  f o u r  

cadavers  on which t h e  883 t e s t s  were made. The measurements of f a t  dep th  

and s k i n  t h i c k n e s s  were ob ta ined  v i s u a l l y  w i t h  a  l i n e a r  s c a l e  p laced  n e x t  

t o  a  c r o s s  s e c t i o n  of t h e  t i s s u e  upon complet ion of a  t e s t  s e r i e s .  These 

measurements a r e  n o t  e x a c t ,  bu t  r a t h e r  "eye b a l l "  e s t i m a t e s  of t h e  r e l a t i v e  

t i s s u e  t h i c k n e s s  t o  g i v e  some i d e a  of t h e  d i f f e r e n c e s  between cadavers  and 

body r e g i o n s  ( t e s t  s i t e s ) .  Tab le  3  shows a  summary of t h e  number of t e s t s  

conducted on each of t h e s e  f o u r  cadavers  f o r  t h e  b u t t o c k  and c a l f  r e g i o n s .  

B.  SKIN TENSION OF EXCISED SKIN 

While no a t t e m p t  was made i n  t h i s  s tudy  t o  measure o r  r e c r e a t e  a  

"normal" s k i n  t e n s i o n ,  t h e  procedure  used i n  e x c i s i n g  t h e  s k i n  was des igned 

t o  m a i n t a i n  t h e  s k i n  t e n s i o n  a s  n e a r  a s  p o s s i b l e  t o  t h a t  of t h e  i n t a c t  

cadaver  s k i n  w h i l e  main ta in ing  s i m p l i c i t y .  The procedure  used and d e s c r i b e d  

p r e v i o u s l y  ( S e c t i o n  D2b of S e c t i o n  2)  worked q u i t e  w e l l  a l though  a s  can b e  

seen  from T a b l e  2 t h e r e  was some t i s s u e  r e l a x a t i o n  a s  measured by t h e  change 
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TABLE 3 

SAMPLE S I Z E  O F  T E S T S  BY CADAVER, BODY REGION,  AND T E S T  T Y P E  

TOTAL P E R  
CADAVER 

68 

219 

208 

CAD. if 

3 

4 

5 

6 

COLUMN TOTAL 

S M I S  

BUTT 

17 

9 9 

7 8 

S K I N  

CALF 

2 0 

0 

6 4 

7 5 

269 

BUTT 

17 

7 3 

14 6 

80 

164 

CALF 

14 

4 7 

0 

7 7 

3 13 

7 6  ! 308 

137 883 



i n  dimensions of t h e  stamped g r i d .  While  no a t t empt  was made t o  i n v e s t i -  

g a t e  t h e  e f f e c t  of changes i n  s k i n  t e n s i o n  on force-displacement  charac-  

t e r i s t i c s ,  i t  was t h e  i n v e s t i g a t o r s '  s e n s e  t h a t  changes i n  s k i n  t e n s i o n  

due t o  e x c i s i n g  t h e  s k i n  d i d  n o t  have a  s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s  

r e p o r t e d  h e r e ,  Evidence i n  suppor t  of t h i s  f a c t  w i l l  be  d e s c r i b e d  l a t e r  

i n  t h i s  s e c t i o n  ( s e e  comparisons of mean F2 v a l u e s  f o r  SKIS v s  SKIN i n  

S e c t i o n  J). F i g u r e  12 i l l u s t r a t e s  t h e  r e s u l t s  of c u t t i n g  t h e  exc i sed  

s k i n  t i s s u e  p r e p a r a t i o n  a f t e r  completing t h e  p e n e t r a t i o n  t e s t s .  The 

t e n s i o n  i n  t h e  s k i n  caused o v a l  shaped openings s i m i l a r  t o  t h a t  r e s u l t i n g  

from c u t t i n g  i n t a c t  s k i n  and s u p p o r t s  t h e  conc lus ion  t h a t  a  "normal" s k i n  

t e n s i o n  h a s  been mainta ined.  

C. SAMPLE FORCE-PENETRATION CURVES 

F i g u r e  13 shows t h e  p e n e t r a t i o n  p o r t i o n  (and p a r t  of dwel l )  of a c t u a l  

fo rce - t ime  curves  a t  p e n e t r a t i o n  v e l o c i t i e s  of 2.5, 5 ,  and 10 incheslsecond.  

The sync s i g n a l  l e v e l  changes deno te  t h e  beginning of p e n e t r a t i o n ,  dwel l  

and r e t r a c t i o n  phases.  For t h e  h i g h e r  v e l o c i t i e s  a  s u b s t a n t i a l  o s c i l l a t i o n  

is  seen  t o  occur  a t  t h e  end of p e n e t r a t i q n  due t o  t h e  sudden s topp ing  of 

t h e  n e e d l e .  Th i s  is  e s p e c i a l l y  s e v e r e  a t  10 inches/second b u t ,  h a s  no 

e f f e c t  upon t h e  r e s u l t s  of t h i s  s tudy  s i n c e  only  t h e  f i r s t  1" of p e n e t r a t i o n  

(1" beyond s k i n  c o n t a c t )  has  been ana lyzed ,  An a lgor i thum t o  p rov ide  

g r a d u a l  build-up t o  t h e  d e s i r e d  n e e d l e  v e l o c i t y  d u r i n g .  t h e  f i r s t  314" of 

n e e d l e  t r a v e l  h a s  been inc luded  i n  t h e  "Call 40" s u b r o u t i n e  of BDBAS, b u t  

i t  i s  seen  t h a t  some n o i s e  s t i l l  occurs  a t  10 inches/second p r i o r  t o  s k i n  

c o n t a c t .  While t h e  e f f e c t  of t h i s  o s c i l l a t i o n  i n  t h e  f o r c e  s i g n a l  depends 

on t h e  r e l a t i v e  magnitude of t h e  a c t u a l  p e n e t r a t i o n  f o r c e s ,  i t  is n o t  con- 

s i d e r e d  t o  have a  s i g n i f i c a n t  i n f l u e n c e  on t h e  a n a l y s i s  of any t e s t  r e s u l t s  

i n  t h i s  s tudy .  





Figure 13 Force and Sync Curves for 2.5 (top) , 5.0 (middle) , and 
10.0 (bottom) in& px secand pnetration velocities. 
P a p r  sped = 125 d s e c .  



The t h r e e  curves shown i n  Figure 13 a r e  r ep re sen ta t ive  of t he  type 

of fo rce  response obtained f o r  a l l  883 t e s t s .  The general  c h a r a c t e r i s t i c s  

of t h i s  response a re :  1) a sudden and smooth increase  i n  f o r c e  upon sk in  

contact  t o  a maximum or  peak a t  about .5 t o  1.25 cent imeters  beyond sk in  

contac t ;  2 )  an abrupt  decrease i n  fo rce  t o  some new l e v e l  g r e a t e r  than zero;  

and 3) a gradual  increas ing ,  gradual  decreasing,  or  approximately constant  

f o r c e  f o r  t h e  remainder of pene t ra t ion  depending on t h e  p a r t i c u l a r  needle  

and t i s s u e  condit ions.  In  a few cases ,  f o r  i n t a c t  calf  sk in  (SMIS/CALF), 

a second peak was observed i n  t h e  region a f t e r  t h e  f i r s t  peak, but t h i s  

was not a cons i s t en t  observat ion and no attempt was made t o  quant ify it. 

For purposes of f u t u r e  d iscuss ion ,  t h e  por t ion  of t h e  curve from sk in  con- 

t a c t  t o  peak fo rce  w i l l  be  r e f e r r ed  t o  a s  t h e  penet ra t ion  phase, while  t he  

por t ion  from peak fo rce  t o  1" beyond sk in  contac t  i s  r e f e r r e d  t o  a s  the  

drag phase. I n  accordance with these  general  f e a t u r e s ,  t h e  response va r i -  

ab les  descr ibed i n  Sec t ion  El of Sect ion 2, and i l l u s t r a t e d  i n  Figure 10 

w i l l  be  used i n  t h e  remainder of t h i s  r epo r t  f o r  quant ifying and comparing 

t h e  force-displacement c h a r a c t e r i s t i c s  f o r  t he  d i f f e r e n t  t e s t  condi t ions.  

D. GENERAL DESCRIPTION OF TEST RESULTS 

I n  Appendix F (Computer Sheets) t h e  24 response va r i ab l e s  obtained 

from each force-displacement curve a r e  l i s t e d  i n  groups according t o  t he  48 

t e s t  s t r a t a .  Appendix B p resents  t h e  summary s t a t i s t i c s  f o r  each of t hese  

measurement va r i ab l e s  by t e s t  group including the  sample s i z e ,  mean, standard 

devia t ion ,  and minimum and maximum values.  

I n  order  t o  v i s u a l i z e  and compare t h e s e  s t a t i s t i c s  f o r  t h e  various 

t e s t  s t r a t a ,  t he  mean values of F2, D 2 ,  F3, D3, and F4, D4 have been used 



t o  r e c o n s t r u c t  t h e  "average" force-displacement  c u r v e s ,  F i g u r e  14 i l l u s -  

t r a t e s  t h i s  "average" o r  mean r e c o n s t r u c t e d  force-displacement  response  

f o r  a l l  t e s t s  (N=24) i n  t h e  s t r a t a  B U T T / S M I S / ~ ~ / ~ ' / D R Y .  

E. VELOCITY DEPENDENCY 

A common c h a r a c t e r i s t i c  of a lmost  a l l  b i o l o g i c a l  t i s s u e s  is t h e i r  

v i s c o - e l a s t i c  n a t u r e  which i m p l i e s  t h a t  t h e i r  p h y s i c a l  p r o p e r t i e s  a r e  r a t e  

o r  v e l o c i t y  dependent.  It might b e  expected,  t h e n ,  t o  f i n d  some kind of 

v e l o c i t y  dependency of t h e  force-displacement  response  of hypodermic n e e d l e s  

p e n e t r a t i n g  human t i s s u e .  For t h i s  r eason ,  t h e  n e e d l e  i n j e c t i o n  d e v i c e  and 

c o n t r o l  sys tem developed f o r  t h i s  s t u d y  were des igned t o  p rov ide  f o r  con- 

s t a n t  p e n e t r a t i o n  v e l o c i t y  dur ing  each t e s t .  While t h e  system can p rov ide  

any v e l o c i t y  from zero  t o  14 inches/second i n  i t s  p r e s e n t  c o n f i g u r a t i o n ,  

v e l o c i t i e s  i n  t h i s  s t u d y  were r e s t r i c t e d  t o  2.5, 5,  and 10 inches/second.  

F i g u r e s  15A through 15L (Appendix A) compare t h e  mean r e c o n s t r u c t e d  

r e s p o n s e  curves  f o r  t h e  t h r e e  p e n e t r a t i o n  v e l o c i t i e s  i n  each s t r a t a  o r  

t e s t  c o n d i t i o n  a t  a  p e n e t r a t i o n  a n g l e  of 90'. T a b l e  4 compares t h e  mean 

v a l u e s  of s e l e c t e d  v a r i a b l e s  f o r  t h e  t h r e e  v e l o c i t i e s .  While i n  a  coup le  

of c a s e s  ( e s p e c i a l l y  CALF/SKIN/DRY) t h e r e  a r e  d i f f e r e n c e s  i n  t h e  average  

curves  f o r  t h e  t h r e e  v e l o c i t i e s ,  t h e  o v e r a l l  impress ion ob ta ined  is  t h a t  

v e l o c i t y  h a s  r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  force-displacement  curve.  It  

shou ld  be po in ted  ou t  t h a t  t h e  v a l u e  of F4 f o r  t h e  2.5"/second t e s t s  i n  

e x c i s e d  s k i n  (SKIN) is e r roneous ly  h i g h  due t o  an undetermined s o u r c e  of 

low frequency n o i s e  on t h e  AID channel .  Thus, t h e  g r e a t e r  s l o p e s  i n  t h e  

drag p o r t i o n  of t h e  c u r v e  f o r  s k i n  t e s t s  a t  2.5"/second a r e  n o t  t r u e  con- 

d i t i o n s .  T h i s  is t h e  on ly  e r r o r  i n  t h e  analyzed d a t a  and a f f e c t s  on ly  t h e  

v a l u e  of F4 (and t h e r e f o r e  DWORK) i n  t h e  2.5If/second SKIN t e s t s .  With t h i s  

a d d i t i o n a l  f a c t  i n  mind, t h e  d i f f e r e n c e s  between t h e  curves  become even l e s s  







s i g n i f i c a n t .  It w i l l  a l s o  be not iced t h a t  where d i f f e r ences  do occur 

t h e r e  is  usua l ly  no t rend with v e l o c i t y  which is  cons i s t en t  wi th in  a  

t e s t  o r  more important,  between t e s t s .  For t h e  SMTS t e s t s ,  two poss ib le  

t rends  of ques t ionable  s ign i f i cance  can be observed, however. A t  t he  

c a l f ,  t h e  f o r c e  F4 is cons i s t en t ly  higher  f o r  higher v e l o c i t i e s  while  

t h e r e  a r e  no c l e a r  d i f f e r ences  f o r  po in ts  2 and 3. A t  t h e  but tock t h i s  

t rend i n  F4 is  not  observed but  t he  va lue  of D 2  seems t o  be inverse ly  

r e l a t e d  t o  ve loc i ty .  For t h e  excised sk in  (SKIN), t hese  t rends  a r e  not 

apparent.  

From a s t a t i s t i c a l  point  of view one can a l so  examine t h i s  quest ion 

of v e l o c i t y  dependence. The Student T-test  was used t o  compare mean 

values of t he  measurement v a r i a b l e s  f o r  2.5"/second t e s t s  with lO"/second 

t e s t s  and f o r  5"/second t e s t s  with lO"/second t e s t s .  Tables 5  and 6 

summarize t h e  r e s u l t s  of t hese  comparisons f o r  F2, F3, F4, D2, D3, PWORK, 

DWORK, TWORK, PWORK%, DWORK%, NDWK, and NDWK2. An X i nd ica t e s  a  s i g n i f i -  

cant  d i f f e r e n c e  i n  group means a t  t h e  .05 l e v e l  of s ign i f i cance .  S t a t i s -  

t i c a l l y ,  i t  i s  seen t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r ences  between v a r i a b l e  

means a t  d i f f e r e n t  v e l o c i t i e s  and t h a t  t he re  a r e  more d i f f e r ences  between 

2.5"/second and lO"/second than between 5"/second and lO"/second. While 

t hese  t e s t s  c e r t a i n l y  do not allow t h e  conclusion t h a t  pene t ra t ion  ve loc i ty  

has no e f f e c t ,  t h e  randomness of t h e  s i g n i f i c a n t  d i f f e r ences  toge ther  with 

a  comparison of a c t u a l  mean values from Table 4,  support t h e  conclusion 

t h a t  wi th in  t h e  range of v e l o c i t i e s  used here ,  t h e  v e l o c i t y  dependency i s  

q u i t e  small ,  poorly def ined ,  and of no "p rac t i ca l "  s ign i f i cance ,  Even f o r  

t h e  SMIS/CALF t e s t s  and SMLS/BUTT t e s t s  f o r  which F4 and D2 graphica l ly  

showed some v e l o c i t y  dependent t rends ,  t h e  d i f f e r ences  a r e  seen t o  be 

not  always s i g n i f i c a n t ,  I n  s p i t e  of t h i s  r e l a t i v e  i n s e n s i t i v i t y  t o  

pene t ra t ion  v e l o c i t y ,  most of t h e  s t a t i s t i c a l  comparisons which follow 

w i l l  u t i l i z e  t e s t s  a t  5"/second only. 

3  9 



TABLE 5 

RESULTS OF STUC'ENT T-TESTS FOR 2 .5" /SEC.  VS 101 ' /SEC.  
( a l l  t e s t s  a t  9 0 ' )  
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TABLE 6 

RESULTS OF STUDENT T-TESTS FOR 5 ,  OH/SEc.  VS ~ O " / S E C ,  
( a l l  t e s t s  a t  90') 
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F. VARIATION OF RESULTS WITHIN TEST STRATA 

Aopendix C c o n t a i n s  t h e  summary s t a t i s t i c s  f o r  each t e s t / t i s s u e  

c o n d i t i o n  a t  90' p e e n t r a t i o n  a n g l e  w i t h  t h e  r e s u l t s  f o r  t h e  t h r e e  veloc-  

i t i e s  combined. F igures  16 A through 16 L show t h e  r e c o n s t r u c t e d  fo rce -  

d isplacement  curve  envelopes  f o r  t h e s e  groups where t h e  dashed l i n e s  cor-  

respond t o  t h e  mean v a l u e s  and t h e  s o l i d  l i n e s  correspond t o  t h e  mean p l u s  

o r  minus one s t a n d a r d  d e v i a t i o n  on t h e  f o r c e ' v a l u e s .  It  should b e  po in ted  

o u t  t h a t  t h e s e  a r e  n o t  t r u e  envelopes  s i n c e  they do no t  i n c o r p o r a t e  t h e  

s t a n d a r d  d e v i a t i o n s  about t h e  d i s t a n c e s  D 2  and D3. These graphs  i n d i c a t e ,  

however, t h a t  even w i t h i n  a  p a r t i c u l a r  t i s s u e / n e e d l e / t e s t  s t r a t a  t h e r e  can 

be  c o n s i d e r a b l e  d i f f e r e n c e s  from one i n j e c t i o n  t o  a n o t h e r .  I n  t h e  com- 

p a r i s o n s  which fo l low,  t h e s e  curve  envelopes  should be  kep t  i n  mind s i n c e  

on ly  t h e  r e c o n s t r u c t e d  curves  f o r  t h e  mean v a l u e s  w i l l  be  cons idered .  



G. ANGLE DEPENDENCY 

Figures  17A through 17L compare t h e  r e c o n s t r u c t e d  mean force-dis-  

placement curves  f o r  90" v s  45" t e s t s  f o r  each t e s t  s t r a t a  a t  5"/second 

w h i l e  T a b l e  7 compares t h e  mean v a l u e s  of s e l e c t e d  v a r i a b l e s  f o r  t h e  two 

p e n e t r a t i o n  ang les .  Tab le  8  summarizes t h e  r e s u l t s  of s t u d e n t  T - t e s t s  

comparing t h e  sample means of s e l e c t e d  v a r i a b l e s  a t  t h e s e  two a n g l e s  where 

a n  "X" i n d i c a t e s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  means a t  t h e  ,05 l e v e l .  

An overview of t h e s e  r e s u l t s  r e v e a l s  r e l a t i v e l y  few and no c o n s i s t e n t  

s i g n i f i c a n t  d i f f e r e n c e s  i n  mean v a l u e s  of t h e  measurement v a r i a b l e s .  I n  

on ly  one c a s e  (CALF/SKIN/DRY) i s  t h e r e  a  s i g n i f i c a n t  d i f f e r e n c e  i n  mean 

peak f o r c e  v a l u e s .  Values of D 2  a r e  v e r y  comparable f o r  t h e  two a n g l e s  

and consequent ly  so  a r e  v a l u e s  of p e n e t r a t i o n  work (PWORK). For t h e  but-  

t o c k  t e s t s ,  t h e  mean v a l u e s  of F3, F4 and consequent ly  DWORK a r e  c o n s i s t -  

e n t l y  ( b u t  n o t  always s i g n i f i c a n t l y  ) g r e a t e r  f o r  t h e  45" t e s t s .  T h i s  

t r e n d  is n o t  observed f o r  t h e  c a l f  t e s t s ,  however. It must be  concluded 

from t h e s e  r e s u l t s ,  t h e r e f o r e ,  t h a t  t h e  force-displacement  response  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  p e n e t r a t i o n  a n g l e s  between 45 and 90 degrees  

t o  t h e  s k i n  s u r f a c e .  

H. COMPARISONS BETWEEN NEEDLE LUBRICANTS 

F i g u r e s  18A through 18D compare t h e  mean r e c o n s t r u c t e d  force-dis-  

placement curves  f o r  t h e  t h r e e  n e e d l e  l u b r i c a n t  c o n d i t i o n s  (DRY, 1249, 360) 

f o r  t h e  f o u r  t i s s u e  c o n d i t i o n s  of BuTT/SMIS, BUTTISKIN, CALFISMIS, ~ALF/SKIN 

under t h e  t e s t  c o n d i t i o n s  of 5  inches/second a t  90 degrees .  Tab le  9 sum- 

mar izes  and compares mean v a l u e s  of s e l e c t e d  v a r i a b l e s  and Tab le  10 sum- 

mar izes  t h e  r e s u l t s  of S tuden t  T - t e s t s  between 1249-and 360- lubr icant  con- 

d i t i o n s .  I n  a l l  f o u r  t e s t  s t r a t a  t h e  d r y  n e e d l e  c u r v e  s t a n d s  c l e a r l y  a p a r t  

from t h e  two l u b r i c a n t s ,  t h e  magnitudes of F2, F3, and F4 being s i g n i f i -  

c a n t l y  g r e a t e r  f o r  t h e  d r y  n e e d l e s .  I n  a l l  c a s e s  except  BUTT/SKIN t h e  
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TABLE 8 

RESULTS OF STUDENT T-TESTS FOR 90' VS 45' TESTS 
AT 5 .OV/SEc.  
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v a l u e  of D2 i s  s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  d r y  n e e d l e s  t h a n  t h e  l u b r i -  

c a t e d  n e e d l e s .  Tab le  11 summarizes r a t i o s  of ~ 2 1 ~ 4  f o r  each of t h e  c u r v e s  

from which it is  s e e n  t h a t  t h e s e  r a t i o  d i f f e r e n c e s  between d r y  and l u b r i -  

c a t e d  n e e d l e s  a r e  most s i g n i f i c a n t  f o r  t h e  SMIS ( i n t a c t  t i s s u e )  t e s t s .  It 

is  a l s o  seen  from t h e  f o u r  graphs  t h a t  t h e  s e p a r a t i o n  between d r y  and l u b r i -  

c a t e d  n e e d l e  curves  i s  g r e a t e r  f o r  t h e  i n t a c t  t i s s u e  (SMIS) t e s t s .  

Comparing t h e  r e c o n s t r u c t e d  force-displacement  curves  f o r  -the 1249- 

v e r s u s  t h e  360- lubr icant  c o n d i t i o n ,  it i s  seen t h a t  f o r  a l l  f o u r  t i s s u e  

c o n d i t i o n s ,  t h e  magnitudes of F2 and D2 a r e  n e a r l y  i d e n t i c a l  and t h e r e f o r e  

t h e  c a l c u l a t e d  mean v a l u e s  of p e n e t r a t i o n  work (PWORK) f o r  t h e  two l u b r i -  

c a n t s  a r e  e s s e n t i a l l y  and s t a t i s t i c a l l y  t h e  same. The curves  d i f f e r  con- 

s i s t e n t l y ,  however, i n  t h e  d rag  p o r t i o n  of t h e  curves ,  t h e  1249 l u b r i c a n t  

hav ing ,  in each c a s e ,  h i g h e r  v a l u e s  of F3 and F4 and t h e r e f o r e  t h e  g r e a t e r  

d r a g  work (DWORK, NDWK, and NDWK2). 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  even through t h e  v a l u e s  of F3, F4 and 

DWORK a r e  s i g n i f i c a n t l y  d i f f e r e n t  between a l l  t h r e e  l u b r i c a n t  c o n d i t i o n s ,  

t h e  s l o p e s  of t h e  mean curves  from p o i n t  3 t o  4  a r e  n e a r l y  t h e  same f o r  each 

t i s s u e  c o n d i t i o n .  

I. BUTTOCK VERSUS CALF 

F i g u r e s  19A through 19F compare t h e  mean r e c o n s t r u c t e d  fo rce -d i sp lace-  

ment curves  of t h e  b u t t o c k  and c a l f  r e g i o n s  f o r  t h e  s i x  t e s t  s t r a t a  a t  5 " /  

second and 90'. Table  12 compares t h e  mean v a l u e s  of s e l e c t e d  v a r i a b l e s  and 

Tab le  1 3  summarizes t h e  T - t e s t  r e s u l t s  f o r  b u t t o c k  v e r s u s  c a l f  t e s t s .  S e v e r a l  

o b s e r v a t i o n s  can be  made from t h e s e  d a t a .  

I n  every c a s e  t h e  mean peak f o r c e  i s  g r e a t e r  f o r  t h e  BUTT t e s t s  than 

t h e  CALF t e s t s ,  bu t  i n  on ly  two c a s e s  ( b o t h  SMfS) i s  t h e  d i f f e r e n c e  s i g n i -  

f i c a n t .  For t h e  i n t a c t  t i s s u e  (SMIS) , t h e  peak f o r c e  a l s o  occurs  s i g n i f i -  

c a n t l y  l a t e r  ( i . e . ,  D2 is g r e a t e r )  f o r  t h e  BUTT t e s t s .  T h i s  r e l a t i o n s h i p  



TABLE 10 

RESULTS OF STUDENT T-TESTS FOR 1249 VS 360 LUBRICANTS 
( a l l  t e s t s  a t  90' and 5.01'/sec.) 
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TABLE 13 

RESULTS OF STUDENT T-TESTS FOR BUTT VS CALF 
( a l l  t e s t s  a t  90' and 5.0M/sec.)  
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of D2's is a l s o  t r u e  t o  a  l e s s e r  degree f o r  t h e  S K I N  t e s t s  with lub r i ca t ed  

needles  and is not  t r u e  f o r  t h e  case  of SKIN/DRY t e s t s .  For excised sk in ,  

t h e  mean values of F3 and F4 a r e  cons i s t en t ly  g rea t e r  f o r  t h e  BUTT t e s t s .  

Thus, f o r  excised sk in ,  both the  penet ra t ion  work (PWORK) and drag work 

(DWORK) a r e  g r e a t e r  on the  average f o r  t h e  BUTT t e s t s  although these  

d i f f e r ences  were not always s t a t i s t i c a l l y  s i g n i f i c a n t .  For t h e  SMIS 

t e s t s ,  even though t h e  peak fo rce ,  F2, is g rea t e r  f o r  t h e  BUTT t e s t s ,  

t h e  average va lue  of F4 is  cons i s t en t ly  smaller  f o r  t h e  BUTT t e s t s .  This  

is  a  consequence of t h e  f a c t  t h a t  t h e  s lope  from point  3 t o  point  4  i s  

always p o s i t i v e  and g rea t e r  f o r  t h e  SMIS/CALF t e s t s  than f o r  t h e  SMIS/BUTT 

t e s t s .  The obvious suggestion is  t h a t  the  muscle t i s s u e  i n  c l o s e  prox- 

imity t o  t h e  i n t a c t  ca l f  sk in  provides a  g rea t e r  drag e f f e c t  on a l l  t h r e e  

needle  condi t ions  than does t h e  f a t  t i s s u e  which comprises t he  f i r s t  1 

inch o r  more ofsubcutaneous t i s s u e  a t  t he  buttock. I n  s p i t e  of t h i s  

observat ion t h e  d i f f e r ences  i n  normalized drag work (NDWK) were not s ign i -  

f i c a n t  f o r  any lub r i can t  condi t ion f o r  SMIS t e s t s .  

J .  INTACT VERSUS EXCISED TISSUE (SMIS VS SKIN) 

Figures 20A through 20F compare t h e  mean reconstructed force-displace- 

ment curves of i n t a c t  (SMIS) versus excised (SKIN) f o r  t h e  s i x  t e s t  s t r a t a  

a t  5"/second and 90'. Table 14 compares t h e  va lues  of s e l ec t ed  va r i ab l e s  

and Table 15 summarizes t h e  T-test  r e s u l t s  f o r  SMIS versus SKIN t e s t s .  

The most s t r i k i n g  d i f f e r ence  between the  i n t a c t  and excised sk in  t e s t s  

is t h a t  t he  drag work (DWORK, NDWK, NDWK2) i s  s i g n i f i c a n t l y  and cons i s t en t ly  

higher f o r  t he  i n t a c t  sk in  (SMIS). This i s  a s  expected, of course,  s ince  

t h e  needle  su r f ace  contac ts  more t i s s u e  as i t  penet ra tes  t h e  i n t a c t  sk in  

whereas once t h e  needle  t i p  has penetrated through the  excised sk in ,  t he  
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TABLE 15 

RESULTS OF STUDENT T-TESTS FOR SKIS VS S K I N  TESTS 
( a l l  t e s t s  a t  90' and 5.0tt/sec.) 
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t i s s u e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  n e e d l e  s h a f t  remains e s s e n t i a l l y  con- 

s t a n t .  I n  f a c t ,  as shown i n  T a b l e  16 ,  f o r  a l l  t e s t  s t r a t a ,  t h e  f o r c e  

i n c r e a s e s  from p o i n t  3  t o  p o i n t  4  f o r  t h e  i n t a c t  s k i n  (F4/F3>1) t e s t s  

whereas i n  a l l  b u t  t h e  CALF/DRY s t r a t u m  t h e  f o r c e  d e c r e a s e s  from p o i n t  3 

t o  p o i n t  4 ( F 4 / ~ 3 < 1 )  f o r  t h e  exc i sed  s k i n  t e s t s .  Also,  i n  every t e s t  

s t r a t a  t h e  mean v a l u e  of F3 and t h e  r a t i o  of F4/F3 is g r e a t e r  f o r  t h e  

i n t a c t  s k i n  t e s t s .  

For t h e  DRY n e e d l e s ,  t h e  mean v a l u e  of peak f o r c e ,  F2, i s  s i g n i f  i- 

c a n t l y  g r e a t e r  f o r  t h e  i n t a c t  s k i n  w h i l e  f o r  t h e  l u b r i c a t e d  n e e d l e s ,  t h e  

mean v a l u e  of F2 f o r  t h e  i n t a c t  s k i n  is l e s s  t h a n  and /or  about equa l  t o  

t h e  v a l u e  f o r  exc i sed  s k i n ,  A s i g n i f i c a n t  o b s e r v a t i o n ,  however, i s  t h a t  

t h e  peak f o r c e ,  F2, o c c u r s  sooner ( ~ 2  is  smal le r )  f o r  t h e  i n t a c t  s k i n  

than  f o r  t h e  exc i sed  s k i n  a t  t h e  c a l f  (SXIS/CALF) and a t  about  t h e  same 

d i s t a n c e  o r  g r e a t e r  f o r  t h e  i n t a c t  s k i n  a t  t h e  bu t tock .  T h i s  r e l a t i v e  

s h i f t  i n  D2 f o r  SMIS v e r s u s  SKIN i s  e s p e c i a l l y  obvious f o r  t h e  d r y  n e e d l e s  

where t h e  v a l u e s  of D2 f o r  CALF and BUTT exc i sed  s k i n s  a r e  approximately  

t h e  same. 

K. COMPARISONS OF PENETRATION AND DRAG WORK 

The measures of p e n e t r a t i o n  work and d rag  work computed from t h e  

force-displacement  curves  g i v e  perhaps  t h e  b e s t  o v e r a l l  and most meaning- 

f u l  c h a r a c t e r i z a t i o n  of t h e  i n j e c t i o n  p rocess  s i n c e  t h e y  i n c o r p o r a t e  a l l  

t h e  o t h e r  measurement v a r i a b l e s .  While t h e  v a l u e s  of PWORK and DWORK have 

been inc luded  i n  p rev ious  comparisons,  t h i s  s e c t i o n  is  presen ted  t o  sum- 

mer ize  t h e  r e s u l t s  f o r  t h e s e  v a r i a b l e s .  F igures  21A through 21D and 22 A 

through 22D g r a p h i c a l l y  summarize t h e  r e s u l t s  f o r  p e n e t r a t i o n  work (PWORK) 

and d rag  work (DWORK) f o r  a l l  t e s t  s t r a t a .  In  each graph t h e  mean v a l u e  
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f o r  each s t r a t a  i s  shown by a symbol and t h e  mean p l u s  and minus one 

s t a n d a r d  d e v i a t i o n  is  i l l u s t r a t e d  by b r a c k e t s .  Tab les  17 through 20 show 

t h e  mean v a l u e s  ( i n  m i l l i j o u l e s )  used f o r  t h e s e  g raphs  and i n c l u d e  mean 

v a l u e s  of TWORK, DRAGW1, DRAGW2, and t h e  normalized d rag  work 's  NDWK and 

NDWK2. The normal ized work v a l u e s  were computed t o  g i v e  d r a g  work per 

u n i t  d i s t a n c e  ( i . e . ,  m i l l i j o u l e s / c m )  i n  o r d e r  t o  e l i m i n a t e  e f f e c t s  of 

changes  i n  D2 o r  D3. on t h e  drag.  r e s i s t a n c e  measure. 

An overview of t h e s e  g raphs  and t a b l e s  s u p p o r t s  t h e  conc lus ion  t h a t  

t h e  force-displacement  response  is  e s s e n t i a l l y  v e l o c i t y  independent .  

I n  on ly  one c a s e ,  BUTT/SMIS/DRY, is t h e r e  any c l e a r  t r e n d  of PWORK ( i . e , ,  

PhlORK d e c r e a s e s  w i t h  h i g h e r  v e l o c i t i e s )  and even h e r e  t h e  d i f f e r e n c e s  

i n  t h e  means a r e  small i n  c o n s i d e r a t i o n  of t h e  sp read  of t h e  d i s t r i b u t i o n s ,  

There  i s  perhaps  some i n d i c a t i o n  t h a t  DWORK i n c r e a s e s  w i t h  v e l o c i t y  f o r  bo th  

CALF and BUTT i n t a c t  s k i n ,  b u t  t h e  dependence i s  small. I t  w i l l  a l s o  be  

n o t i c e d  from Table  19 t h a t  t h e  v e l o c i t y  dependency of DWORK f o r  BUTTISMIS/ 

DRY does  n o t  e x i s t  f o r  t h e  normalized drag works i n d i c a t i n g  t h a t  t h i s  

apparen t  r e l a t i o n s h i p  is caused by a  s h i f t  i n  D2 (and t h e r e f o r e  PWORK) 

w i t h  v e l o c i t y  ( i . e . ,  PWORK and DWORK a s  c a l c u l a t e d  a r e  n o t  independent) .  

The d i f f e r e n c e s  between DRY and l u b r i c a t e d  n e e d l e s  a r e  c l e a r l y  appar- 

e n t  from t h e s e  d a t a  a s  is t h e  s i m i l a r i t y  i n  PIJORK and smal l  d i f f e r e n c e s  i n  

DWORK ' (1249 be ing  g r e a t e r )  f o r  t h e  two l u b r i c a n t  c o n d i t i o n s .  The r e l a t i v e  

independence of p e n e t r a t i o n  c h a r a c t e r i s t i c s  w i t h  p e n e t r a t i o n  a n g l e  is  a l s o  

apparen t  from t h e s e  g raphs  and t a b l e s .  

Comparing PWORK v a l u e s  i n  t h e s e  graphs  and t a b l e s  f o r  SMIS and S K I N  

shows s i g n i f i c a n t  d i f f e r e n c e s  on ly  f o r  t h e  BUTT/DRY t e s t s ,  t h e  SMIS v a l u e s  

being l a r g e r .  Th i s  of course  is  due t o  t h e  i n c r e a s e  i n  D2 w i t h  t h e  SMIS 

t e s t s  ( s e e  Tab le  1 4 ) .  A comparison of PWORK v a l u e s  f o r  CALF and BUTT shows 

t h e  CALF t e s t s  t o  be  g e n e r a l l y  lower t h a n  t h e  BUTT t e s t s  f o r  a l l  c o n d i t i o n s .  
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The d i f f e r e n c e  i s ,  however, g r e a t e r  f o r  t h e  SMIS t e s t s  ( i n t a c t )  t h a n  t h e  

exc i sed  t e s t s .  

A comparison of t h e  DWORK v a l u e s  f o r  SMIS and SKIN shows t h e  DWORK t o  

b e  l e s s  i n  a l l  c a s e s  f o r  t h e  exc i sed  s k i n  (SKIN). These d i f f e r e n c e s  a r e  

e s p e c i a l l y  apparen t  f o r  t h e  CALF. A comparison of t h e  DWORK v a l u e s  f o r  

CALF and BUTT shows t h a t  f o r  t h e  SKIN t e s t s ,  DWORK is s l i g h t l y  lower f o r  

t h e  CALF. For t h e  SlffS t e s t s  DWORK i s - s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  

CALF w i t h  d r y  n e e d l e s  and e s s e n t i a l l y  t h e  same f o r  t h e  BUTT and CALF f o r  

t h e  l u b r i c a t e d  n e e d l e s .  

L. VARIATION BETWEEN CADAVERS 

S i n c e  t h e  883 t e s t s  comprising t h e  r e s u l t s  of t h i s  s tudy  were ob ta ined  

from f o u r  d i f f e r e n t  cadavers ,  i t  i s  l o g i c a l  t o  examine t h e  d a t a  f o r  v a r i -  

a t i o n  between cadavers  i n  t h e  hope t h a t  any c o n s i s t e n t  o b s e r v a t i o n s  can b e  

exp la ined  by measurable  d i f f e r e n c e s  i n  t h e  cadavers  themselves ,  the reby  

p rov id ing  a d d i t i o n a l  in fo rmat ion  on t h e  mechanisms e f f e c t i n g  p e n e t r a t i o n  

r e s i s t a n c e .  With t h i s  p o s s i b i l i t y  i n  mind, t h e  b a s i c  in format ion  and t i s s u e  

measurements p resen ted  i n  Tab le  2  were recorded.  

F igure  23A through 23L, 24A through 24D, and 25A through 25'3 p resen t  t h e  

mean r e c o n s t r u c t e d  f o r c e  displacement  curves ,  PWORK v a l u e s  and s t a n d a r d  

d e v i a t i o n s ,  and DWORK v a l u e s  and s t a n d a r d  d e v i a t i o n s  r e s p e c t i v e l y  f o r  t h r e e  

of t h e  f o u r  cadavers .  The sample s i z e s  t aken  on cadaver  #3 were i n s u f f i c i e n t  

f o r  t h e s e  comparisons and s o  t h e s e  r e s u l t s  were n o t  inc luded .  I n  o r d e r  t o  

i n c r e a s e  t h e  sample s i z e s  f o r  t h e  o t h e r  t h r e e  cadavers ,  r e s u l t s  f o r  a l l  t h r e e  

v e l o c i t i e s  were  combined. For t h e  CALF, t e s t s  were performed on on ly  two 

(o f  t h e s e  3) cadavers  f o r  t h e  SMIS and SKIN c o n d i t i o n s  ( i , e . ,  no CALF/SMIS 

t e s t s  were done on cadaver  #4 ,  and no C&F/SKIN t e s t s  were done on cadaver  

5 T a b l e  2 1  summarizes and compares t h e  mean v a l u e s  f o r  s e l e c t e d  v a r i -  

a b l e s  from t h e s e  t h r e e  cadavers .  
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The f i r s t  p o i n t  t o  be  no ted  from t h e s e  r e s u l t s  i s  t h a t  i n  many 

c a s e s  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s ,  from one cadaver  t o  ano ther .  For 

some t e s t  s t r a t a  t h e r e  is a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  v a l u e  of peak 

f o r c e  (e .g . ,  BUTT/SMIS/DRY; B U T T / S K I N / ~ ~ ~ ~ ,  BUTT/SMIS/1249, BUTT/SKIN/360) 

w h i l e  f o r  o t h e r s  t h e  peak f o r c e  v a l u e s  a r e  v e r y  c l o s e  ( e , g ,  , CALF/SMTS/DRY, 

C A L F / S M I S / ~ ~ ~ ~ ,  BUTT/SMIS/360, CALF/SMIS/~~O) .  For some s t r a t a  t h e r e  is a  

s i g n i f i c a n t  change i n  D 2  between two o r  more cadavers  (e .g . ,  BUTT/SMIS/DRY, 

B U T T / S K I N / ~ ~ ~ ~ ,  C A L F / S K I N / ~ ~ ~ ~ ,  BUTT/s?fIS/360) w h i l e  f o r  o t h e r s  t h e  d i f f e r -  

ences  a r e  i n s i g n i f i c a n t  (e .g . ,  C A L F / S M I S / ~ ~ ~ ~ ,  BUTT/SKIN/360, CALF/SKIN/~~O, 

C A L F / S M I S / ~ ~ O ) ,  Also i n  some s t r a t a  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  

t h e  v a l u e s  of PWORK (BUTT/SMIS/DRY) , DWORK (e .g . ,  BUTT/SMIS/DRY) , and i n  

t h e  f o r c e  r a t i o  F43 (e .g  . , BUTT/SKIN/DRY, CALF/SKIN/DRY) . 
Upon c l o s e r  examination of t h e s e  r e s u l t s ,  one beg ins  t o  g e t  t h e  

impress ion t h a t  t h e s e  cadaver d i f f e r e n c e s  a r e  n o t  ve ry  c o n s i s t e n t  o r  

e x p l a i n a b l e  i n  terms of measured cadaver  and t i s s u e  parameters .  T h i s ,  

indeed,  may be  t h e  c a s e  t o  some e x t e n t  s i n c e  a l l  p o s s i b l y  important  para- 

mete r s  were n o t  measured o r  c o n t r o l l e d  (e .g . ,  a c t u a l  s k i n  t e n s i o n ,  c o n t a c t  

p r e s s u r e  on i n t a c t  s k i n ) ,  I n  s p i t e  of t h i s ,  t h e  graphs i n  F igures  26 

through 29 were c o n s t r u c t e d  i n  an a t t empt  t o  v i s u a l i z e  more c l e a r l y  any 

c o n s i s t e n t  d i f f e r e n c e s  between cadavers .  From t h e s e  f i g u r e s  a  number of 

t r e n d s  can be  observed: 

F2 - 
a )  For SMIS/BUTT 

b) For SKIN/BUTT 

c)  For SMIS/CALF 

d) For SKIN/CALF 

Cad. #5 > Cad. #4; Cad. i15 > Cad. #6 

Cad. ii4 > Cad. #6; Cad. /I5 > Cad. /I6 

Cad. /i6 > Cad. i,i5 

Cad. ?I4 > Cad. #6 



a)  For SMIS/BUTT Cad. /I4 < Cad, /I5 < Cad. /I6 

b) For SKIN/BUTT Cad. dl4 > Cad. / / 5 ;  Cad. //5 < Cad. /I6 

c)  For SMIS/CALF Cad. /I5 < Cad. P6 

d) For SKIN/CALF Cad. /I4 > Cad. ?I6 

PWO RK 

a)  For  SMIS/BUTT Cad. i /5 > Cad. iI4 

b) For  SKIN/BUTT Cad. /I4 > Cad. /I6 

c) For SMIS/CALF Cad, {I5 < Cad. /!6 

d) For SKIN/CALF Cad. /I4 > Cad. / /6  

DWORK 

a) For SMIS/BUTT Cad. i l5 > Cad, /I4 > Cad. /I6 

b) For SKIN/BUTT Cad. #5 > Cad, f I4;  Cad, /I5 > Cad. #6 

c) For SMIS/CALF Cad. /I5 > Cad. /I6 

d) For SKIN/CALF/LUB. Cad, /I4 > Cad. / /6  
SKIN/CALF/DRY Cad. /I4 < Cad. /I6 

From t h e s e  r e l a t i o n s h i p s  t h e  fo l lowing  s t a t e m e n t s  can be  made: 

1) Peak f o r c e  and PWORK f o r  cadaver  /I5 a r e  c o n s i s t e n t l y  h i g h e r  

t h a n  f o r  cadaver  /I6 f o r  BUTT t e s t s  b u t  c o n s i s t e n t l y  lower 

f o r  S:fIS/CALF t e s t s .  

2) Peak f o r c e  and PWORK f o r  cadaver  /I4 a r e  g r e a t e r  t h a n  f o r  

cadaver  /I6 f o r  SKIN/BUTT and SKIN/CALF. 

3) D2 f o r  cadaver  /I4 is  c o n s i s t e n t l y  s m a l l e r  t h a n  f o r  

cadaver  /I5 f o r  SMIS/BUTT. 











4) D2 f o r  cadaver  /I4 i s  c o n s i s t e n t l y  g r e a t e r  than  f o r  

cadaver /I6 f o r  SKIN/CALF. 

5) DWORK f o r  cadaver /I5 is c o n s i s t e n t l y  h i g h e r  than  f o r  

cadaver  i14 o r  cadaver #6. 

6) DWORK f o r  cadaver /I4 is  g r e a t e r  t h a n  f o r  cadaver !I6 

f o r  l u b r i c a t e d  n e e d l e s  i n  SKIN/CALF and l e s s  f o r  d ry  

n 9 e d l e s  i n  SKIN/CALF. 

Examining now t h e  d a t a  i n  Tab le  2 with  regard  t o  t h e s e  o b s e r v a t i o n s  t h e  

fo l lowing  comments can be made: 

Peak f o r c e  i n  cadaver /I5 was h i g h e r  t h a n  f o r  cadaver #6 f o r  BUTT t e s t s  

even though t h e  measured BUTT s k i n  t h i c k n e s s  was l e s s  ( 2 . 2  mm v s  3.2 mm). 

There  i s ,  however, a l a r g e  d i f f e r e n c e  i n  t h e  age  of t h e  cadavers  (39  v s  55) 

and i n  t h e  t ime  s i n c e  d e a t h  ( 2  v s  6 days) which could account f o r  t h e s e  

d i f f e r e n c e s .  I n t u i t i v e l y  one might have expected t h e  peak f o r c e  t o  be  

s m a l l e r  f o r  cadaver  /I5 t h a n  f o r  cadaver /I6 f o r  SMIS/BUTT due t o  a t h i n n e r  

s k i n  and l e s s  subcutaneous f a t .  A t  t h e  t ime of t e s t i n g  it was observed,  

however, t h a t  t h e  b u t t o c k  t i s s u e  of cadaver #5 was q u i t e  e a s i l y  depressed 

( i . e . ,  s o f t )  i n  r e l a t i o n  t o  o t h e r  cadavers .  Th i s  i s  f u r t h e r  evidenced by 

t h e  f a c t  t h a t  D2 was g r e a t e r  f o r  cadaver  /I5 than f o r  cadaver 34  ( s t a tement  

3 above) f o r  SMIS~BUTT even though t h e  f a t  was t h i c k e r  on cadaver !\4. It 

appears  t h a t  t h e  c o n d i t i o n  of t h e  s k i n  and under ly ing  t i s s u e  due t o  age  and 

p o s s i b l y  t ime  s i n c e  d e a t h ,  may b e  more important  f a c t o r s  i n  p e n e t r a t i o n  

r e s i s t a n c e  than  t h e  t i s s u e  t h i c k n e s s  measurements themselves.  The reason  

f o r  t h e  r e v e r s a l  i n  t h e  r e l a t i o n s h i p  of peak f o r c e s  from SM'ISIBUTT t o  SMIS/ 

CALF f o r  t h e s e  two cadavers  is n o t  obvious from t h e  d a t a  of Tab le  2 .  

S ta tement  4 above, t h a t  D2 i s  g r e a t e r  f o r  cadaver # 4  than  cadaver !I6 

f o r  SKIN/CALF could be  a r e s u l t  of d i f f e r e n t  SKIN t e n s i o n s ,  cadaver /I4 



being c o n s i d e r a b l y  o l d e r  t h a n  cadaver  # 6 .  These t e n s i o n  d i f f e r e n c e s  

would n o t  n e c e s s a r i l y  b e  i n d i c a t e d  by t h e  g r i d  r e l a x a t i o n  f a c t o r s  shown 

i n  Tab le  2 u n l e s s  t h e  d i f f e r e n c e s  were a  r e s u l t  of t h e  e x c i s i n g  p r o c e s s  

i t s e l f .  

The h i g h  v a l u e s  of DWOEX measured on cadaver  # 5  a r e  a l s o  n o t  c l e a r l y  

exp la ined  by t h e  d a t a  of Tab le  12 b u t  a g a i n  could  b e  due t o  age  and t i s s u e  

c o n d i t i o n  d i f f e r e n c e s  p r e v i o u s l y  no ted .  The r e a s o n  f o r  t h e  r e v e r s a l  i n  

t h e  r e l a t i o n s h i p  of DWORK'S f o r  cadavers  /I4 and 6 f o r  l u b r i c a t e d  v e r s u s  

d r y  n e e d l e s  i n  s k i n  c a l f  ( s t a t e m e n t  6) is a l s o  n o t  e x p l a i n a b l e  from t h e s e  

d a t a  b u t  c l e a r l y  p o i n t s  o u t  t h e  f a c t  t h a t  d i s t i n c t l y  d i f f e r e n t  mechanisms 

a r e  o p e r a t i n g  i n  t h e  l u b r i c a t e d  and d r y  c o n d i t i o n s  dur ing  t h e  drag p o r t i o n  

of p e n e t r a t i o n .  

A more d e t a i l e d  examinat ion of a l l  t h e  measurement v a r i a b l e s  and t h e i r  

v a r i a t i o n s  between cadavers  i n  terms of t h e  cadaver  in format ion  i n  Tab le  2 

is beyond t h e  scope of t h i s  s t u d y  and perhaps premature  w i t h  t h e  s m a l l  

number of cadavers  and l i m i t e d  measurements on each. It would seem, how- 

e v e r ,  based on t h e  comparisons of t h i s  s e c t i o n ,  t h a t  a  more thorough and 

c a r e f u l  q u a n t i f i c a t i o n  of cadaver t i s s u e  should b e  a  p a r t  of any f u t u r e  

t e s t i n g  and could  p rov ide  u s e f u l  in fo rmat ion  on t h e  mechanism of t h e  

i n j e c t i o n  p rocess .  



SECTION 4 

CONCLUSIONS, DISCUSSION, AND SUGGESTIONS 

A. DISCUSSION AND CONCLUSIONS 

1. V e l o c i t y  Dependency 

Within  t h e  v e l o c i t y  range  of 2 .5  t o  10.0 inches/second t h e  r e s i s t a n c e  

t o  p e n e t r a t i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  p e n e t r a t i o n  v e l o c i t y .  Peak 

f o r c e  v a l u e s  and PWORK v a l u e s  a r e  comparable f o r  a l l  t h r e e  v e l o c i t i e s  t e s t e d  

a l though  t h e r e  appears  t o  be some tendency f o r  D2 and PWORK t o  d e c r e a s e  

w i t h  i n c r e a s i n g  v e l o c i t y ,  e s p e c i a l l y  f o r  SMIS~BUTT and SKIN/CALF/DRY 

c o n d i t i o n s .  For SMIS t e s t s ,  t h e  v a l u e s  of F4 and DWORK (and t o  a l e s s e r  

e x t e n t ,  F3) t end  t o  i n c r e a s e  w i t h  h i g h e r  v e l o c i t i e s  a s  does t h e  r a t i o  of 

F4 t o  F3. I n  a  s t a t i s t i c a l  s e n s e ,  a  s i g n i f i c a n t  d i f f e r e n c e  i n  mean v a l u e s  

can be found a t  t h e  .05 l e v e l  f o r  a  number of s e l e c t e d  measurement v a r i -  

a b l e s  u s i n g  t h e  S tuden t  T- tes t  t o  compare mean v a l u e s  f o r  t h e  v e l o c i t y  

s t r a t a .  There  i s ,  however, no p a t t e r n  t o  t h e s e  r e s u l t s  which would sugges t  

a  c o n s i s t e n t  and c l e a r  v e l o c i t y  dependency. From a  p r a c t i c a l  v iewpoin t ,  

i n  terms of p a t i e n t  accep tance  and t i s s u e  trauma, it  i s  d o u b t f u l  t h a t  any 

of t h e  observed v e l o c i t y  d i f f e r e n c e s  would be  of importance.  

2 .  Angle Dependency 

For i n j e c t i o n  a n g l e s  between 45 and 90 degrees  t o  t h e  s k i n  s u r f a c e ,  

t h e  p e n e t r a t i o n  r e s i s t a n c e  and force-displacement  c h a r a c t e r i s t i c s  a r e  

v i r t u a l l y  independent of p e n e t r a t i o n  ang le .  The on ly  c o n s i s t e n t l y  observ- 

a b l e  d i f f e r e n c e  (which was n o t  always s t a t i s t i c a l l y  s i g n i f i c a n t )  was a  

tendency f o r  D 2  t o  be s m a l l e r  a t  45" f o r  t h e  SMIS t e s t s .  Th i s  is  no 

doubt due t o  t h e  f a c t  t h a t  t h e  n e e d l e  does  n o t  d i r e c t l y  compress t h e  s k i n  

and subcutaneous  t i s s u e  a s  i n  t h e  90 d e g r e e  t e s t s  and s o  t h e r e  is  l e s s  

t i s s u e  deformat ion a t  peak f o r c e  dur ing  t h e  45 degree  t e s t s .  I f  peak 



f o r c e  is,  i n  f a c t ,  c o r r e l a t e d  w i t h  some p o i n t  on t h e  n e e d l e  t i p  ( e . g . ,  

h e e l )  e x i t i n g  from t h e  de rmis ,  one would expect  t h a t  D2 would b e  g r e a t e r  

f o r  45 d e g r e e  t e s t s ,  o t h e r  f a c t o r s  being equal .  The m a t e r i a l  deform- 

a t i o n  e f f e c t ,  however, could  and probably  does mask any such o b s e r v a t i o n .  

3. . Lubr ican t  Comparisons 

I n  g e n e r a l ,  t h e  mean v a l u e s  of peak f o r c e ,  F2, and p e n e t r a t i o n  

work, PWORK, f o r  DRY n e e d l e s  were 1 112 t o  3  t imes  g r e a t e r  t h a n  f o r  t h e  

1249 and 360 l u b r i c a t e d  n e e d l e s  which were v e r y  comparable t o  each o t h e r .  

Mean v a l u e s  of DWORK f o r  DRY n e e d l e s  were 2  t o  3  times g r e a t e r  than  f o r  

360 l u b r i c a t e d  n e e d l e s  and 1.5 t o  2.3 t imes  g r e a t e r  than  f o r  1249 l u b r i -  

c a t e d  need les .  The primary d i f f e r e n c e  between t h e  1249 and 360 l u b r i c a t e d  

n e e d l e s  was i n  t h e  v a l u e s  of DWORK, t h e  1249 v a l u e s  being about  1 112 t imes 

g r e a t e r  on t h e  average.  It was a l s o  observed t h a t  t h e  mean v a l u e s  of D 2  

were g r e a t e r  f o r  t h e  DRY n e e d l e s ,  e s p e c i a l l y  f o r  t h e  SMIS t e s t s  and t h a t  

t h e  o v e r a l l  d i f f e r e n c e s  between DRY and l u b r i c a t e d  n e e d l e s  were  most not-  

a b l e  f o r  SMIS t e s t s .  There  was v i r t u a l l y  no s i g n i f i c a n t  d i f f e r e n c e  i n  

peak f o r c e  o r  PWORK v a l u e s  between t h e  two l u b r i c a t e d  c o n d i t i o n s  f o r  any 

t e s t  s t r a t a .  The l a r g e s t  r a t i o  f o r  ~ 2 1 ~ 4  ( i . e . ,  t h e  g r e a t e s t  D2 v a l u e )  

o c c u r r e d  f o r  BUTTISMIS t e s t s  w h i l e  t h e  s m a l l e s t  r a t i o  was f o r  CALF/SMIS 

t e s t s  f o r  a l l  l u b r i c a n t  c o n d i t i o n s ,  a l though  t h e s e  d i f f e r e n c e s  were g r e a t -  

e s t  f o r  DRY n e e d l e s .  

4. But tock  v s .  Calf  

A c o n s i s t e n t  f i n d i n g  i n  comparing BUTT and CALF t e s t s  was a  g r e a t e r  

mean v a l u e  of peak f o r c e  (F2)  and PWORK f o r  t h e  BUTT t e s t s .  For s k i n  

t e s t s  t h e  mean v a l u e s  of F2 and PWORK were about  1.1 t o  1 .4  t imes  g r e a t e r  

f o r  BUTT t e s t s  w h i l e  f o r  SMIS t e s t s  t h e  mean v a l u e s  of F2 and PWORK were 

1.2 and 1.7 t imes  g r e a t e r ,  r e s p e c t i v e l y ,  f o r  BUTT t e s t s .  For SMIS t e s t s ,  



t h e  mean v a l u e  of D2 was a l s o  s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  BUTT t e s t s ,  

r e f l e c t i n g  t h e  t h i c k  l a y e r  of subcutaneous  r e l a t i v e l y  compress ib le  f a t  

i n  t h e  b u t t o c k  r e g i o n  i n  c'omparison t o  t h e  predominance of t h e  s t i f f e r  

muscle t i s s u e  a t  t h e  c a l f .  

For exc i sed  s k i n ,  DWORK i s  c o n s i s t e n t l y  h i g h e r  f o r  t h e  BUTT t h a n  

CALF. For i n t a c t  s k i n  (SMlS t e s t s )  t h e  v a l u e  of F4 and t h e  r a t i o  F4 t o  

F3 i s  c o n s i s t e n t l y  g r e a t e r  f o r  CALF t e s t s  a l though  a  T- tes t  does  n o t  always 

show a  s i g n i f i c a n t  d i f f e r e n c e  i n  normalized dragwork s i n c e  t h e  mean v a l u e  

of F3 t e n d s  t o  be s m a l l e r  f o r  CALF t e s t s .  

The d i f f e r e n c e s  between CALF and BUTT t e s t s  f o r  exc i sed  s k i n  ( g r e a t e r  

F2, PWORK, and DWORK f o r  BUTT) a r e  probably  due t o  d i f f e r e n c e s  i n  s k i n  

t h i c k n e s s  and p o s s i b l y  s k i n  t e n s i o n  a t  t h e  two s i t e s ,  w h i l e  d i f f e r e n c e s  

f o r  SMIS t e s t s  ( g r e a t e r  F2, D2, and PWORK f o r  BUTT and g r e a t e r  F4 and F4/F3 

f o r  CALF) a r e  c l e a r l y  a  r e s u l t  of t h e  p r o p e r t i e s  of t h e  subcutaneous 

t i s s u e .  

5 SKIN v s ,  SMlS 

A d i s t i n c t  advantage of u s i n g  cadaver  t i s s u e  a s  opposed t o  l i v i n g  

t i s s u e  is t h a t  t h e  i n j e c t i o n  p rocess  can be s t u d i e d  on t h e  s k i n  o r  dermis 

i t s e l f  wi thou t  t h e  e f f e c t s  of t h e  under ly ing  t i s s u e s .  I n  comparing t h e  

r e s u l t s  f o r  i n t a c t  v e r s u s  exc i sed  s k i n  t i s s u e ,  t h e  d i s t i n c t  d i f f e r e n c e  

is  i n  t h e  d rag  p o r t i o n  of t h e  force-displacement  curve.  A s  would be  

expected,  DWORK, NDWK, NDWK2, and F4 a r e  c o n s i s t e n t l y  g r e a t e r  f o r  t h e  SMIS 

t e s t s ,  I n  f a c t ,  f o r  a l l  SMIS t e s t s  t h e  r a t i o  of F4 t o  F3 is  g r e a t e r  than 

1 .0  w h i l e  f o r  a l l  but  one c a s e  t h e  r a t i o  of F4 t o  F3 is  l e s s  t h a n  1.0 f o r  

SKIN tests. 

Concerning peak f o r c e ,  F2, i t  is  i n t e r e s t i n g  and s i g n i f i c a n t  t h a t  i n  

on ly  one c a s e  (BUTTIDRY) was t h e r e  a  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  

between i n t a c t  and exc i sed  t i s s u e .  Thus t h e r e  i s  l i t t l e  q u e s t i o n  t h a t  t h e  



peak f o r c e  is d i r e c t l y  a t t r i b u t a b l e  t o  t h e  i n t e r a c t i o n  of t h e  n e e d l e  

(p robab ly  some p o i n t  on t h e  t i p )  w i t h  t h e  dermis  i t s e l f ,  The importance 

of t h e  subcutaneous  t i s s u e  i n  modifying t h e  p e n e t r a t i o n  phase of t h e  

force-displacement  c u r v e  is most c l e a r l y  seen ,  however, i n  t h e  p o s i t i o n  

of t h e  peak f o r c e ,  o r  D2 .  For t h e  CALF t e s t s ,  t h e  peak f o r c e  occurs  sub- 

s t a n t i a l l y  sooner  f o r  SMIS t h a n  SKIN t e s t s ,  w h i l e  f o r  t h e  BUTT t e s t s ,  i t  

occurs  s l i g h t l y  l a t e r  o r  a t  about  t h e  same d i s t a n c e  f o r  SMIS t e s t s  com- 

pared t o  s k i n  tests. 

6 ,  I n t r a - s t r a t a  V a r i a t i o n  

I n  S e c t i o n  F of Chapter 3 i t  was noted t h a t  w i t h i n  each t e s t  s t r a t a  

t h e r e  could  b e  c o n s i d e r a b l e  v a r i a n c e  i n  t h e  f  orce-displacement curves .  

Th i s  i s  n o t  s o  s u r p r i s i n g  t o  anyone who has  worked w i t h  b i o l o g i c a l  systems 

and simply p o i n t s  o u t  t h e  complexity and non-homogeneity of b i o l o g i c a l  

t i s s u e s ,  t h e  d i f f i c u l t y  of a t t empt ing  t o  q u a n t i f y  and unders tand t h i s  

behavior ,and t h e  n e c e s s i t y  of u s i n g  a  t i s s u e  s imulan t  i n  any s tandard  t e s t .  

7 .  In te r -cadaver  V a r i a t i o n  

A s u b s t a n t i a l  amount of in te r -cadaver  v a r i a t i o n  was found,  some of 

which was c o n s i s t e n t .  between t e s t  s t r a t a  and e x p l a i n a b l e  on t h e  b a s i s  of 

measured cadaver  parameters .  Other v a r i a t i o n s  were n o t  so  c o n s i s t e n t  o r  

u n d e r s t a n d a b l e  i n  terms of measured t i s s u e  p r o p e r t i e s .  

On t h e  one hand t h i s  v a r i a t i o n  between cadavers  i s  somewhat d i s t u r b i n g .  

It is  l i k e l y ,  however, t h a t  t h e s e  v a r i a t i o n s  r e f l e c t  t h e  response  v a r i -  

a t i o n  which is  t o  be  found on l i v i n g  s u b j e c t s  due t o  age ,  body composi t ion,  

t i s s u e  c o n d i t i o n ,  and o t h e r  f a c t o r s  and i n  t h i s  s e n s e  a r e  a  necessa ry  p a r t  

of t h e  t o t a l  p i c t u r e .  I f  t h i s  is t h e  c a s e ,  important  in fo rmat ion  f o r  

unders tand ing  t h e  i n j e c t i o n  p rocess  should be  ob ta ined  from a  s e r i e s  of 

c a r e f u l l y  c o n t r o l l e d  exper iments  on a  number of cadavers .  Th i s  would i n v o l v e  



t h e  development of a  s e t  of t e s t s  f o r  p r e c i s e  q u a n t i f i c a t i o n  of cadaver  

t i s s u e  and c o n d i t i o n ,  i n c l u d i n g  such f a c t o r s  a s  s k i n  t e n s i o n  and t i s s u e  

c o m p r e s s i b i l i t y ,  and e s t a b l i s h m e n t  of a  s i n g l e  t e s t  p r o t o c o l  f o r  t h e  

comparisons, 

8. Cadaver v s .  L iv ing  T i s s u e  

Two advantages  of u s i n g  cadaver  t i s s u e  were mentioned i n  S e c t i o n  1 - 
a)  t h e  a b i l i t y  t o  o b t a i n  l a r g e  sample s i z e s  f o r  s t a t i s t i c a l  comparisons,  

and b) t h e  a b i l i t y  t o  s t u d y  t h e  t i s s u e  r e s p o n s e  i n  a  number of ways n o t  

p o s s i b l e  on l i v i n g  s u b j e c t s  (e .g . ,  exc i sed  s k i n ) .  The q u e s t i o n  of t h e  

s i m i l a r i t y  of t h e  responses  of cadaver  t i s s u e  and l i v i n g  t i s s u e  t o  t h e  

i n j e c t i o n  p rocess  is an important  one, however, and must b e  cons idered .  

A s  o u t l i n e d  i n  S e c t i o n  1, a  comparison of l i v i n g  and dead t i s s u e  was made 

by S t a t h o p u l o s ,  e t  a l .  i n  t h e  e a r l y  s t a g e s  of t h i s  p r o j e c t .  I n j e c t i o n  

equipment used on l i v i n g  s u b j e c t s  was brought t o  H S R I  and used i n  performing 

t e s t s  on one cadaver .  While t h e  a n a l y s i s  of t h e  r e s u l t i n g  d a t a  has  n o t  

been completed a t  t h i s  t ime ,  i n i t i a l  i n d i c a t i o n s  a r e  t h a t  t h e  l i v i n g  and 

dead t i s s u e  r e s u l t s  a r e  q u i t e  comparable ( 5 ) .  

Upon reviewing t h e  l i t e r a t u r e  on s k i n  p r o p e r t i e s  and s k i n  t e s t i n g ,  

no evidence could b e  found t h a t  any major changes occur  t o  t h e  p r o p e r t i e s  

of t h e  s k i n  w i t h i n  s e v e r a l  days of dea th  a s  long a s  t h e  t i s s u e  is r e f r i g -  

e r a t e d .  Nahum, e t  a l .  (1973) i n  performing punc ture  t e s t s  on cadaver  

t i s s u e  noted t h a t  f o r  unembalmed t i s s u e s  from 36 hours  t o  s e v e r a l  days o l d  

. .... There  was no evidence of i n i t i a l  s t i f f e n i n g  of t h e  
t i s s u e s  when t h e  e a r l i e s t  t e s t s  were performed, and no 
change was noted over  t h e  s e v e r a l  days  of t e s t i n g ,  dur ing  
which t h e  m a t e r i a l  was r e f r i g e r a t e d  except  when under 
a c t u a l  test.  To t h e  touch,  t h e  t i s s u e s  a t  a l l  t imes  f e l t  
ve ry  l i f  e - l ike .  

For t h e  t e s t s  performed i n  t h i s  s t u d y  it could a l s o  b e  s a i d  t h a t  t h e  

cadaver  s k i n  t i s s u e  f e l t  verylhormall 'and ( e x c e p t  f o r  temperature)  could n o t  



b e  d i s t i n q u i s h e d  from l i v i n g  s k i n .  With regard  t o  t h e  e f f e c t s  of temper- 

a t u r e  i t  should b e  noted t h a t  Gadd, e t  a l .  (1965) ,  found no e f f e c t s  of 

t empera tu re  on p e n e t r a t i o n  r e s i s t a n c e  of s k i n  over a  range down through 

t h e  f r e e z i n g  p o i n t  of t h e  t i s s u e s .  

Probably t h e  g r e a t e s t  d i f f e r e n c e  i n  l i v i n g  and dead t i s s u e  i s  n o t  

due t o  changes i n  t h e  s k i n ,  bu t  r a t h e r  t o  changes i n  t h e  subcutaneous 

t i s s u e .  Two types  of e f f e c t s  could be  important .  One i s  r e l a t e d  t o  t h e  

n a t u r a l  t u r g o r  of t h e  t i s s u e  due t o  v a s c u l a r  p r e s s u r e s  and c e l l u l a r  

p r e s s u r e s .  Thus l i v i n g  t i s s u e  probably has a  g r e a t e r  tendency t o  "bounce 

back" a f t e r  being depressed than  cadaver t i s s u e .  The second e f f e c t  con- 

c e r n s  t h e  d i f f e r e n c e s  between l i v i n g  and dead muscle t i s s u e  and would 

probably be  s i g n i f i c a n t  only  i n  t h o s e  body r e g i o n s  where t h e  l a y e r  of 

f a t  i s  r e l a t i v e l y  t h i n  (e .g . ,  arms and l e g s ) ,  Two d i f f e r e n c e s  e x i s t .  

F i r s t ,  muscle has  undergone some chemical  changes ( p r o t e i n  coagu la t ion)  

1 
i n  pass ing  through t h e  s t a t e  of r i g o r  mor t i s .  Second, dead muscle, even 

i f  i t  were biochemical ly  t h e  same, cannot undergo a c t i v e  t e n s i o n  l i k e l y  

t o  occur  i n  l i v i n g  s u b j e c t s .  

From t h e  r e s u l t s  of t h i s  s t u d y ,  comparing b u t t o c k  and c a l f  p e n e t r a t i o n  

responses ,  i t  is c l e a r  t h a t  t h e  p r o p e r t i e s  of t h e  under ly ing  t i s s u e  can 

have a  s i g n i f i c a n t  e f f e c t  on parameters  of t h e  force-displacement curve.  

From t h i s ,  one may i n f e r  t h a t  changes i n  t h e  subcutaneous t i s s u e  due t o  

l o s s  of f l u i d  p r e s s u r e  and /or  changes i n  muscle could cause  changes i n  

t h e  force-displacement response.  Some i n s i g h t  i n t o  t h e  magnitude and s i g n i -  

f i c a n c e  of any such changes may be  provided by t h e  r e p o r t  i n  p r e p a r a t i o n  by 

S t a t h o p u l o s ,  e t  a l .  ( 5 ) .  

I 
I t  should b e  noted t h a t  r i g o r  m o r t i s  has  passed w i t h i n  24 hours  of 
d e a t h  and does n o t  e x i s t  a t  t h e  t ime  of t e s t i n g .  



It should a l s o  be  po in ted  o u t ,  however, t h a t  t h e  a b i l i t y  of muscle 

t o  c o n t r a c t  i n  l i v i n g  s u b j e c t s  could  b e  a  s i g n i f i c a n t  f a c t o r  i n c r e a s i n g  

t h e  v a r i a b i l i t y  of t h e  measured response.  T e s t s  examining t h e  d i f f e r e n c e  

between i n j e c t i o n  responses  i n  r e l a x e d  and t ensed  muscle ( p o s s i b l y  us ing  

EMG's a s  an  i n d i c a t o r )  t i s s u e s  should b e  performed and t h e  e f f e c t s  of 

muscle t e n s i o n  cons idered  and perhaps  c o n t r o l l e d  i n  f u t u r e  t e s t i n g  of  

l i v i n g  s u b j e c t s .  

9. E f f e c t s  of S u b j e c t  Age and Sex 

It is  w e l l  known and documented ( 3 ) t h a t  t h e  composi t ion and 

mechanical  p r o p e r t i e s  of s k i n  change w i t h  age  and so i t  might b e  expected 

t h a t  p e n e t r a t i o n  r e s i s t a n c e  might change a s  w e l l .  While some s i g n i f i c a n t  

v a r i a t i o n s  i n  p e n e t r a t i o n  parameters  e x i s t  between t h e  f o u r  cadavers  

(aged 39 t o  79) used i n  t h i s  s t u d y ,  no c o r r e l a t i o n s  w i t h  s u b j e c t  . a g e  o r  

s e x  a r e  a p p a r e n t .  I n  a d d i t i o n  t o  t h e  smal l  sample s i z e  which makes any 

meaningful  c o r r e l a t i o n  d i f f i c u l t , t w o  o t h e r  e x p l a n a t i o n s  seem p l a u s a b l e .  

F i r s t ,  i t  may be  t h a t  changes and d i f f e r e n c e s  i n  dermal  and subcutaneous 

t i s s u e  w i t h  a g e  do n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  t i s s u e  r e s i s t a n c e  t o  

punc tures  of t h e  s i z e  of 22 gauge hypodermic n e e d l e s .  Second, it may be  

t h a t  o t h e r  f a c t o r s  which a f f e c t  s k i n  and t i s s u e  c h a r a c t e r i s t i c s  such a s  

s u b j e c t s  h e a l t h  and p h y s i c a l  c o n d i t i o n  a r e  more s i g n i f i c a n t  and t h e r e f o r e  

mask any c o r r e l a t i o n s  w i t h  age  o r  sex.  

10. S k i n  Tension 

I n  t h i s  s t u d y ,  t h e  i n t a c t  t i s s u e  t e s t s  were performed w i t h  t h e  s k i n  

s u r f a c e  compressed somewhat by a  p l e x i g l a s s  p l a t e ,  b u t  w i t h  o t h e r w i s e  normal 

s k i n  t e n s i o n  a s  it  e x i s t s  on t h e  cadaver .  Tension of exc i sed  s k i n  was 

mainta ined a s  n e a r  normal a s  p o s s i b l e  by g l u i n g  an aluminum r i n g  t o  t h e  

i n t a c t  s k i n  b e f o r e  e x c i s i n g .  No a t t e m p t  was made, however, t o  measure o r  

va ry  t h e  s k i n  t e n s i o n  t o  de te rmine  i t s  importance.  It  may b e ,  f o r  example, 



t h a t  v a r i a t i o n s  i n  t h e  s k i n  t e n s i o n  between cadavers  could  account  f o r  

some of t h e  v a r i a n c e  between cadavers .  The r e s u l t s  of t h i s  s t u d y  i n d i c a t e  

t h a t ,  a t  l e a s t  t o  t h e  e x t e n t  t h a t  s k i n  t e n s i o n  a f f e c t s  t h e  d e f o r m a b i l i t y  

of t h e  s k i n  d u r i n g  n e e d l e  p e n e t r a t i o n ,  i t  w i l l  probably  a f f e c t  some of t h e  

p e n e t r a t i o n  paramete rs ,  T h i s  would a l s o  sugges t  t h a t  s k i n  t e n s i o n  may be  

a more impor tan t  c o n s i d e r a t i o n  where t h e  subcutaneous  t i s s u e  is  p r i m a r i l y  

f a t  and more e a s i l y  deformed. 

11. Recommended C h a r a c t e r i s t i c s  of a Standard Sk in  Simulant  
and T e s t  P r o t o c o l  

Perhaps  t h e  most s i g n i f i c a n t  r e s u l t  of t h i s  s t u d y  i n  terms of choosing 

a s t a n d a r d  s k i n  s imulan t  and t e s t  p r o t o c o l  i s  t h a t  obse rvab le  d i f f e r e n c e s  

e x i s t  between (1)  exc i sed  and i n t a c t  s k i n  and ( 2 )  i n t a c t  s k i n  a t  d i f f e r e n t  

body reg ions .  I n  o t h e r  words, t h e  measured parameters  of t h e  force-dis-  

placement c u r v e  on n e e d l e  p e n e t r a t i o n  can be  s i g n i f i c a n t l y  a f f e c t e d  by 

t h e  c h a r a c t e r i s t i c s  of t h e  subcutaneous  t i s s u e .  D i f f e r e n c e s  may r e s u l t  

n o t  on ly  i n  v a l u e s  of peak f o r c e  (BUTT v s .  CALF) but  a l s o  i n  t h e  n e e d l e  

p o s i t i o n  a t  peak f o r c e  and i n  t h e  d r a g  phase of t h e  p e n e t r a t i o n  p rocess .  

The e x t e n t  t o  which t h e s e  d i f f e r e n c e s  i n  force-displacement  c h a r a c t e r -  

i s t i c s  must b e  considered i n  t h e  measurement and comparison of n e e d l e  and 

l u b r i c a n t  m o d i f i c a t i o n s  depends u l t i m a t e l y  on t h e i r  c o r r e l a t i o n  w i t h  p a t i e n t  

r e a c t i o n  and t i s s u e  trauma. I t  would seem a t  t h i s  t ime,  however, t h a t  t o  

u s e  a s i n g l e  p i e c e  of t h i n  s y n t h e t i c  m a t e r i a l  a s  a s k i n  s imulan t  may b e  

inadequa te  ( o r  a t  l e a s t  l e s s  t h a n  t h e  b e s t  p o s s i b l e  s i t u a t i o n ) .  R a t h e r ,  

a composite of two m a t e r i a l s  may be  necessa ry  t o  s i m u l a t e  complete ly  t h e  

force-displacement  response  c h a r a c t e r i s t i c s  of t h e  i n j e c t i o n  process .  The 

o u t e r  m a t e r i a l  would b e  r e l a t i v e l y  t h i n  and would r e p r e s e n t  t h e  dermis .  

The i n n e r  m a t e r i a l  would b e  r e l a t i v e l y  t h i c k  f o r  r e p r e s e n t i n g  t h e  f a t  and 



muscle and,  i n  f a c t ,  two o r  t h r e e  d i f f e r e n t  m a t e r i a l s  could b e  used i n t e r -  

changeably t o  encompass t h e  range of t i s s u e  c h a r a c t e r i s t i c s  demonstrated 

by v a r i a t i o n  of f a t / m u s c l e  t h i c k n e s s e s  and muscle t e n s i o n s .  

Beyond t h e s e  c o n s i d e r a t i o n s ,  t h e  m a t e r i a l ( s )  should demonstra te  t h e  

g e n e r a l  force-displacement c h a r a c t e r i s t i c s  of r e a l  t i s s u e  c o n s i s t i n g  of 

t h e  r i s e  t o  a  peak f o r c e  a t  .5 t o  1.5 c e n t i m e t e r s  (depending on c o n d i t i o n s )  

and a s h a r p  d e c r e a s e  t o  a  lower and g r a d u a l l y  i n c r e a s i n g  ( w i t h  p e n e t r a t i o n  

depth)  d rag  f o r c e .  It  would a l s o  be  d e s i r a b l e  t h a t  t h e  f o r c e  v a l u e s  be  

s i m i l a r  t o  t h o s e  r e p o r t e d  i n  t h i s  s tudy  f o r  t h e  v a r i o u s  l u b r i c a n t  condi- 

t i o n s ,  b u t  it i s  more important  t h a t  t h e  r e l a t i o n s h i p s  of t h e  f o r c e  v a l u e s  

and work q u a n t i t i e s  b e  s i m i l a r  w i t h i n  and between t e s t  c o n d i t i o n s .  That 

is ,  t h e  s y n t h e t i c  m a t e r i a l  should  demonstra te  p r o p o r t i o n a t e l y  lower work 

and f o r c e  v a l u e s  f o r  t h e  l u b r i c a t e d  n e e d l e s  than d ry  need les  and lower 

d rag  work v a l u e s  f o r  t h e  360 l u b r i c a n t  than  f o r  t h e  1249 l u b r i c a n t ,  e t c .  

With regard  t o  v e l o c i t y  and p e n e t r a t i o n  a n g l e  dependency, t h e  r e s u l t s  

h e r e  suggest  t h a t  t h e  force-displacement c h a r a c t e r i s t i c s  need n o t  and 

probably should n o t  be  v e l o c i t y  o r  a n g l e  dependent w i t h i n  t h e  ranges  t e s t e d .  

With t h e s e  c o n s i d e r a t i o n s  i n  mind, a  recommended s tandard  t e s t  pro- 

t o c o l  would c o n s i s t  of t h e  fo l lowing :  

1. Use of a  d u a l  l a y e r e d  s y n t h e t i c  m a t e r i a l ,  approxi-  

mately  8" i n  d iamete r ,  t h e  upper l a y e r  of which i s  

t h i n  and,  when t e s t e d  a l o n e ,  s i m u l a t e s  t h e  force-  

d isplacement  c h a r a c t e r i s t i c s  of exc i sed  s k i n .  The 

lower l a y e r  should be  1 112 - 2" t h i c k  and s i m u l a t e  

t h e  c o m p r e s s i b i l i t y  and drag c h a r a c t e r i s t i c s  of f a t /  

muscle combinations.  Th is  composite of m a t e r i a l  should 

probably be  supported on t h e  bottom and s i d e s  by a  r i g i d  

c o n t a i n e r .  



2 .  P e n e t r a t i o n  of t h e  above m a t e r i a l  us ing  a  cons tan t  

p e n e t r a t i o n  v e l o c i t y  of 5"/second t o  a  depth  of 

1.5 inch.  

3 .  P e n e t r a t i o n  a n g l e  of 90" t o  t h e  s u r f a c e  of t h e  s k i n  

s imulan t  . 
4 .  Computerized c o n t r o l  of t h e  experiemnt and on- l ine  

d i g i t i z a t i o n  of t h e  d a t a  i s  d e s i r a b l e ,  a l though  

n o t  e s s e n t i a l ,  f o r  f a s t  and a c c u r a t e  d a t a  c o l l e c t -  

i o n  and a n a l y s i s .  

B.  SUGGESTIONS FOR FUTURE WORK 

I n  t h i s  s tudy  an i n j e c t i o n  dev ice  and d a t a  c o l l e c t i o n  and a n a l y s i s  

system were developed f o r  o b t a i n i n g  p e n e t r a t i o n  d a t a  of hypodermic need les  

i n  cadaver  t i s s u e .  A g e n e r a l  d a t a  b a s e  of force-displacement curves  dur ing  

need le  p e n e t r a t i o n  was e s t a b l i s h e d  f o r  a  wide range of n e e d l e ,  t i s s u e ,  and 

t e s t  c o n d i t i o n s  and,  i n  a d d i t i o n ,  a  s e r i e s  of t e s t s  were performed on 

some p o t e n t i a l  s k i n  s imulan t s  and t h e  r e s u l t s  compared ( 4 )  w i t h  t h e  r e s u l t s  i n  

human t i s s u e ,  From each p e n e t r a t i o n  response curve,  a  number of measure- 

ments were computed i n  an a t t empt  t o  q u a n t i f y  and compare r e s u l t s  from 

d i f f e r e n t  t e s t  s t r a t a .  Th i s  r e p o r t  has  been an  a t t empt  t o  d e s c r i b e  and 

summarize t h i s  work and t h e  r e s u l t s .  Because of t h e  volume of d a t a ,  i t  

has  n o t  been p o s s i b l e  t o  examine every r e l a t i o n s h i p  and measurement v a r i a b l e  

a s  complete ly  a s  may be  d e s i r a b l e .  Thus, i t  is n o t  in tended t h a t  t h i s  

r e p o r t  r e p r e s e n t  t h e  end of t h e  d a t a  a n a l y s i s  of t h e  883 cadaver  t e s t s  per- 

formed f o r  t h i s  s tudy  o r  t h a t  t h e  f i n d i n g s  presented i n  t h e  preceding pages 

r e p r e s e n t  f i n a l  answers o r  conc lus ions .  To be s u r e ,  t h i s  s t u d y  should be 

regarded a s  on ly  a  p re l iminary  and b a s i c  s t e p  toward o b t a i n i n g  a  complete 

unders tanding of t h e  i n j e c t i o n  p rocess ,  and t h e  mechanisms involved i n  



g e n e r a t i n g  t h e  p e n e t r a t i o n  r e s i s t a n c e  response  c h a r a c t e r i s t i c s ,  and 

toward de te rmin ing  and des ign ing  a  s t a n d a r d  t i s s u e  s imulan t  and t e s t  

p r o t o c o l .  

The fo l lowing  paragraphs  l i s t  and d i s c u s s  ( n o t  i n  any p r i o r i t y  

o r d e r )  a  number of t a s k s  which a r e  worthy of c o n s i d e r a t i o n  f o r  f u t u r e  

work . 
1. Develop a  s e r i e s  of t e s t s  f o r  q u a n t i f y i n g  t i s s u e  com- 

p r e s s i b i l i t y  ( s o f t n e s s )  f o r  comparing p e n e t r a t i o n  

r e s u l t s  between body r e g i o n s  and s u b j e c t s  ( l i v i n g  o r  

dead) .  

2 .  Develop a d e v i c e  f o r  measuring and modifying cadaver  

exc i sed  s k i n  t e n s i o n  i n  o r d e r  t o  de te rmine  i t s  e f f e c t s  

on p e n e t r a t i o n  force-displacement  c h a r a c t e r i s t i c s  and 

compare r e s u l t s  between cadavers .  

3 .  Modify and improve t h e  n e e d l e  i n j e c t i o n  d e v i c e  t o :  

a )  reduce i t s  s i z e  and weight  

b) i n c r e a s e  i t s  v e l o c i t y  range  

c) improve i t s  v e l o c i t y  c o n t r o l  f e a t u r e s  

d) reduce  n o i s e  a t  p e n e t r a t i o n / d w e l l  and dwel l /  

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

4 .  Conduct a d d i t i o n a l  cadaver  t i s s u e  t e s t s  u s i n g  new 

and b e t t e r  procedures  ( i n c l u d i n g  1 and 2 when 

a v a i l a b l e )  t o  d e s c r i b e  and q u a n t i f y  t i s s u e  d i f f e r -  

ences ,  A v a r i e t y  of new t i s s u e  c o n d i t i o n s  could 

be  used such a s  p e n e t r a t i n g  i n t a c t  f a t  o r  i n t a c t  

muscle w i t h  s k i n  removed i n  o r d e r  t o  s t u d y  t h e  

c h a r a c t e r i s t i c s  and c o n t r i b u t i o n  o f '  each t i s s u e  

s e p a r a t e l y .  Also,  t h e  performance of l u b r i c a n t s  



should be  t e s t e d  a f t e r  p re -pene t ra t ion  through a  rubber  

membrane a s  occurs  p r i o r  t o  a c t u a l  use .  

5 .  Develop a  t echn ique  f o r  moni tor ing t h e  dep th  of need le  

p e n e t r a t i o n  i n t o  t i s s u e  i n  o r d e r  t o  c o r r e l a t e  f o r c e  

v a l u e s  w i t h  n e e d l e  geometry and t i s s u e  anatomy. The 

p r e s e n t  s e r i e s  of t e s t s  monitored need le  p o s i t i o n  bu t  

due t o  t i s s u e  depress ion ,  t h i s  does n o t  d e s c r i b e  

n e e d l e  p o s i t i o n  i n  t h e  t i s s u e .  It is only through measuring 

a c t u a l  n e e d l e  dep th  i n  t h e  t i s s u e  t h a t  t h e  observed f e a t u r e s  

of t h e  f o r c e  curve  can u l t i m a t e l y  be exp la ined  i n  terms of 

n e e d l e  geometry, t i s s u e  c h a r a c t e r i s t i c s ,  e t c .  I f ,  f o r  example, 

peak f o r c e  i s  due t o  t h e  h e e l  of t h e  need le  t i p  e x i t i n g  t h e  

dermis ,  then  t h e  peak f o r c e  should c o r r e l a t e  c l o s e l y  wi th  s k i n  

t h i c k n e s s  f o r  s i m i l a r  n e e d l e s ,  r e g a r d l e s s  of t h e  subcutaneous 

t i s s u e  c h a r a c t e r i s t i c s .  

The u l t i m a t e  g o a l  would be  t o  develop a  t echn ique  which 

could  be  e a s i l y  and r e l i a b l y  used t o  monitor need le  dep th  i n  t h e  

t i s s u e  of b o t h  cadaver and l i v i n g  s u b j e c t s .  P r i o r  t o  such a  

dev ice ,  however, i t  may be  of i n t e r e s t  and v a l u e  t o  u s e  e x i s t i n g  

techniques  such a s  h igh speed f i l m s  and high speed x-rays ( re -  

c e n t l y  developed a t  H S R I )  on a  l i m i t e d  number of i n t a c t  and 

exc i sed  t i s s u e  cadaver t e s t s  i n  o r d e r  t o  c o r r e l a t e  n e e d l e  dep th  

wi th  f o r c e  d a t a .  

6 .  Continue s e a r c h  f o r  and t e s t i n g  of p o t e n t i a l  s k i n  and 

subcutaneous t i s s u e  s imulan t s .  

7 .  Begin t o  i n v e s t i g a t e  procedures  f o r  measuring p a t i e n t  acceptance 

(e .g . ,  pain)  and t i s s u e  trauma f o r  e v e n t u a l  c o r r e l a t i o n  wi th  

force-displacement d a t a ,  



8. Perform t e s t i n g  of new n e e d l e  d e s i g n s  and new 

l u b r i c a n t s ,  

9 .  Expand i n  j e c t  ion  t e s t i n g  and q u a n t i f i c a t i o n  t o  

i n c l u d e  c h a r a c t e r i s t i c s  of dwel l  and r e t r a c t i o n  

phases of t h e  i n j e c t i o n  p rocess .  

10.  Performinjectiontestswithother t y p e s o f  

n e e d l e s  and t e s t  set-up c o n d i t i o n s  (e.g. ,  I V  

need les  i n j e c t e d  a t  low a n g l e s  i n t o  p r e s s u r i z e d  

v e i n s ) .  

11. Continue c o l l e c t i n g  d a t a  on l i v i n g  s u b j e c t s  

examining e f f e c t s  of muscle c o n t r a c t i o n  on 

t h e  force-displacement curves.  
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APPENDIX A 

FIGURES 15 THROUGH 25 

The f i g u r e s  con ta ined  i n  t h i s  appendix compare t h e  measure- 

ment r e s u l t s  f o r  t h e  d i f f e r e n t  t e s t  s t r a t a  u s i n g  mean r e c o n s t r u c t e d  

force-displacement  c u r v e s  and p l o t s  of PWORK and DWORK. Due t o  t h e  

number of g raphs  i n  each f i g u r e  they  have been s e p a r a t e d  from t h e  main 

t e x t  f o r  e a s e  of read ing .  



FIGURE 15 (A-L) 

Graphical Camparisons of Mean Reconstructed Force-Displacement 

Curves f o r  t he  Three Penet ra t ion  Ve loc i t i e s  a t  Di f fe ren t  Test  S t r a t a  
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FIGURE 16  (A-L) 

Reconstructed Force-Displacement Curves f o r  Different  Test S t r a t a  

I l l u s t r a t i n g  the  Variance (+ one standard deviat ion) on Force Values - 



























FIGURE 1 7  (A-L) 

Graphical Comparisons of Mean Reconstructed Force-Displacement 

Curves for  90 and 45 Degree Tests a t  5"/second 
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FIGURE 18 (A-D) 

Graphica l  Comparisons of Mean Reconstructed Force-Displacement 

Curves f o r  t h e  Three  Lubr ican t  Condi t ions  - DRY, 1249, and 360. 











FIGURE 19 (A-F) 

Graphical Comparisons of Mean Reconstructed Force-Displacement 

Curves for BUTT and CALF Tests 















FIGURE 20 (A-F) 

Graphical Comparisons of Mean Reconstructed Force-Displacement 

Curves for SMlS vs. SKIN Tests. 















FIGURE 2 1  (A-D) 

Graphical Comparisons of PWORK Values 
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Graphica l  Comparisons of DWORK Values 











FIGURE 23 (A-L) 

Graphical Comparisons of Mean Reconstructed Force-Displacement 

Curves f o r  Cadavers 4 ,  5 ,  and 6 



























FIGURE 24 (A-D) 

Graphical Colnparisons of PWORK Values f o r  Cadavers 4 ,  5, and 6 
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FIGURE 25 (A-D) 

Graphical  Comparisons of DWORK Values f o r  Cadavers 4 ,  5 ,  and 6 



1, .,,, 11!, 11 , .  

. . . . .  . . . . . .  .. . .. . ... . . .  - - . , - - . . - - !  -- - - - - -, - - - - - - - .- - - - - - 

. . ,  . 
1 

.., - . . . . . . . . . . . . .  

. .  . . . . . . . . . .  - - 

, .  ' 
. , 

, . - - -. . .  . .. -- - . - .. . . . . .  - - . - ... . . - .  
I . , . . . .  . . ! .  ' 

- . . . . . .  , . .  , . .  , . .  . . .  . . , . - . . , , 
a . -  . . . . .  . .  . . . . . . . . . . . . . . .  . ,  . . . .  . . . .  . . . . . .  ... I .  . . . . . . . . . . . . . .  . , - - --.---- ---- .--.- .-i--, .- ..-- L.. . -  ------.---. ----.. . . .  . .  ... . . . . . . - .  . . . . . . .  . . . . . . . . .  . , . - .  ..,-.. . , . . , 1 . ! . ) I  i :  ..., . . .... ... ... .. .. - - . . . . .  .. .::i .:-. . . . . . . . . .  . .. ' : : : :  : ! :.:. 

. - - - - - - - -- - - - - 
. . . . . . . . . . .  . . . .  . . .  +---* , - -., . -  , 

, ---. 
- . , . . . . . . . . . . - .  .< . . . . . . .  ,~ . - .. . .. . .- 

. .- - . . . . .  , 
. . ..-,. ..:- . . . . .  7; : - .  - : :  , : 7 .. - 

i- ----.- .- . . - ---- - --, -2 .-*-. . I .. . , . .  . / _ (  . . . . . . . . .  - . .- - . -- - 
... ... . . . .  . . . . .  I . . .  1- : : - ,  : :  . .  I . .  , . . . . . .  ! ... 

i. .-- --__-- . . . . . . .  . _ . I  . , - .... R ' I  
, . . . . . . . . . . . . .  I I . .  . .  . . , . . . .  . - . , . , . . , . . .  r f  u- . -  . . - ,  . . ,  ! - -  - - _ I . , .  

. . . I .  .,. r . n  1 1  ...; . . . . .  . . . . . . . . . . . .  
8 

" "  

... ... ... ..--- ...-, ---L ..:-!:::-. I-.. .;.. .-.L .- - -,,.---. - .;. -: . . . . .  ! - . . . - .  ! . . . .  1 .  / . . . . .  ..* . . .  , . .  
r .  

<.. - '  . -  . .,. ; . -  : . . . .  . . . . . .  . . . . .  
: '  ....... - .  . . . , 

-. - - - - - -- . - r. t . . . . .  ----- -- - . .  . --- 
..*!. . . I -  ::'-.I ..... "id ..;:.:::I ' . . .  , ;  :.::.,.;..,:--..-.. . . . .  I ... j..?:k:-'!:' .. : ' . .  . . .  " '  - 4  . . 

.. , . . . . . . . . .  - . . . . . . . . . . . .  - .,- . . . . . .  . ..- - 
.- _ I  __. I_  . . . .  . , - 

a - .  5 . , - ;  7 ,*:; ,:., :- :.::! .-::: L .  - - '  ,-. . --. .; - .:- :. i . . , . . . . . . . . .  . . . .  . .. . . . . . . . . .  , _. __ ,  : .__  .-- . . . .  -- ---. _ , _ _ _  .- 

. . ... -.: .... :x:; - ; ; ,  . : ; . , .  ;;:i : ::;,: .::;:;:: ;..i:.i...- .-T- , . . .  - . . .  U I  --::I, , . - ,  . ' -. - - I  ' ' . . . . . . . . . . + . . . . . . .  . ' .  . 
+.- .-. -.--.- .. +.-....---- .. .- . ... 

- . ,  . . - a  . , . . . . .  .- . . . . . . . . . . . .  --...,- _,___,___ . _  
. . .  . .  2 i . . .  .-j : - . ,  , , j .  I " . ' .  f ' .  , / . . . . . . .  . . . . . . .  . . . .  . . . . . . . .  1 . . . . . . . . . . .  . .  - _ ,  - - ' -  .--- - . . . _ , _  - . . ..- 

. ,  . 

t 
. .  , t . . - ,  1 . , ;  . , ; I .  : :, . . ,  I :,, , !  - . .  < . . . . . . . . . . . . .  

' : ; . . . . . . . . . . .  . . . .  4 . .  . . . .  . . . . . . . .  '4- . - ..... . . , . .  . . . . . . . . . . .  . .  , . . . . - . . . . . . .  - - 1.-:--...2.. ..:.I.-:-:.I.:-..:-:.-:-: .1 1.. 

, .. , . ... . .  , . . ,  / _ _ , . .  
. . . .  . ,. , . - . / .  

. . .  

'i! 
.- la il 

p.. T'o 
z-1 

-1 3 

- -  ; 1 
I! . ,  4 - * 

-; @ -..-- -: > 
?-- 1 -,-. .- . --'+I . - - ' : . I  - :.: .-- - ----. 

' J 
I .  

. .  . .  . . .  ...... . . . . . .  . . . .  
. ,  , 

/ - _  _ _ v . -  , ' 1 :  . . ,  
. . 

- - - . . . .  . . 
, .. - . . - '  . 

i.. . . . . .  - 1. .... ... " I -.- - 
0 1 

i . . . . .  . I .  . . ,  
, . 

........ .... 

, , / .  I 

: ! '  . '  - ' I  .. , 

Y I 
0: 





I, I , , ,  >I,, l l ,  ,,,, ,,I.. 

, . . . . .  ..... , .  . . . . . . . . . . . .  . .  - . , .  . .  . . . . . . . . . . . . . . . . .  . . ,  8 . .  . - - .-- ., - -.--- . . . . . . . .  . , . . . . . .  . - . .  ------ 
. . . . . . .  . . . .  ..  - , - 

. . . . . .  '. '.I-:.' ; :  - .  , . . . . . . - . . . . .  - 2  - - . . . . .  . . .  . . . . . . . . .  . . . . .  . . ..-. : :.::! ... :. I _ -. - -. _ -_-__ ._-. _..._.I_.. ..---I.-- --. -.-- - --.- - . . . . . . . . . . .  , . .  , . .  . , . . , . A . . ' .  8 

: : :  ' ., : ,  .." . . . . . . . .  . . . .  . . . . .  -. - -- --- I . : . : . . . : . : .  
. , .  , . .  , , ! , , . . . . .  . . . . . .  ... . . .  . . . . . . . .  

. .  .- . . .  I ,  . 
- , : 

. . _ . . . . . _ .  /... . 8 .  . , -. . . - - ........ - .. - . -. . - - . - . - . . . . . , . : ; -.----.--. J l  :.. - -. .- 
-. , . . . . . . . . . . . . . .  . .  . . . . . . .  .. , . . . . . . . . . .  -. . . .  -,:. 1. . . . .  I -. 

:. : . , 
. . . . . . . . . .  . . . . .  I - "  . - '  ---- -.--- --- - ----.------... . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . .  . .  - , -  , ... .., . . . . . . . . . . . . . . . . .  ..!'.::::...:. :.: .:i . . . . . . .  . .  . .. ... .. . . . .  .. . . . .  . . . . . .  , .  . :: ; , : ;: ; , : : , I : : : ; I '  ;. :.- . !  - . . .  . . .  , - , .  : 

g ..-.. -:;. -'.-;-:---. :.I-- - 1.. : -; 7.-::7';---;7-b-:----- - - - -. .-., . . . . . . .  . . . . . . .  .. - . :.: ... . . . . .  , .: - I  .:-. . , _ .  , _ .  - i i .:.: : .. -.. .. / . . . . . . . . . . .  - 1 ::-.: . - - ,  , .  , . . . . .  . . . .  - .  , - -- .--_ -- ; -  - . , . ' . ' I  

. . . . . .  . . . . .  ,_...._-- ------- 
. . .  .. - . . - . . . . .  . .  . .  . .  . .  , . .  

-i.,;" -;-:,. 
I ! '..: . . . _ . . . . . . . . . . . . . .  . . . . .  . . .  .I-.- 

. ,  . . , ! - .-ii: -, .....:... -.-+-., - !L.--; --z1.! -.2z-.L.-I.:..--l-.-, - --..; . . . . . . . . . . . .  . . . . .  
J "  

. . 8 .  I. . . . . . . . . . . . . . . .  i .... _ I . .  . . . . . . . . . . .  . -  i . . . . . . . . . .  . , I . . . . I . . . . . . . .  . . , , ,  y<- -. - - . - - . . -- .- . . .  . . _ . . . .  ______.____i_.-(____-_I_ 

- . .  . . 1 

. . .  . I . j ; :  . . I  , 
, : :: .!.:'..:: ;:..:. . ' ' ' ' 

, , ... , - . . . . . . . . . . .  .. . - ._1...-- ..- .- -.- ..I -.+-. :-: --.----I-.. .-.- . :  - . .  . 
4 ;  
: . . 1 : :  ' , . . . . . . . . .  ; : , .  ;:. j 

. . . . .  . . . . .  -.. - ,  I . ,  I - 8  6%. .-  . -- . . - - - . - - - - .  - - - - -  - - --:- -- 
U. . . ,  , . .  

8 . . . . . . . .  8 .  . _ I . .  , 






