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MAIN REPORT 



INTRODUCTION 

The r e p o r t  covers t h e  progress  made on t h e  Head I n j u r y  Model P r o j e c t  

i n  t h e  second s i x  months of t h e  c o n t r a c t .  The a c t i v i t y  i n  t h e  f i r s t  s i x  

months was covered i n  t h e  r e p o r t  p r e v i o u s l y  submi t ted .  T h i s  r e p o r t  uses 

t h e  same fo rma t  as t h e  p rev ious  r e p o r t  i n  t h a t  i t  i s  broken down i n t o  t h i s  

s e c t i o n ,  t h e  "Main Repor t " ,  and i n t o  a  s e c t i o n  o f  Appendices. The Main Report  

i s  a  summary o f  t h e  l a s t  s i x  months progress  and t h e  Appendices d e t a i  1 t h e  

work. 

I n  t h e  p a s t  s i x  months t h e r e  have been s i g n i f i c a n t  advances made i n  t h r e e  

areas which bear  d i r e c t l y  on t h e  achievement o f  t h e  o b j e c t i v e s  o f  t h e  p r o j e c t .  

These areas a r e  h i g h  speed p h y s i c a l  p r o p e r t i e s  t e s t i n g ,  h i s t o l o g y  o f  ha rd  and 

s o f t  t i s s u e s ,  and i n  v i v o  dynamic p r o p e r t y  t e s t i n g  o f  b r a i n  m a t e r i a l .  I n  

a d d i t i o n ,  advances have been made i n  a n a l y t i c a l  s t u d i e s  o f  head models and i n  

p romis ing  new measurement techn iques.  

The s i x  month r e p o r t  d iscussed t h e  e v o l u t i o n a r y  s teps i n  g e t t i n g  t h e  

program under way. They were: 

I .  Estab l ishment  o f  b i b l i o g r a p h i e s  on ha rd  and s o f t  t i s s u e .  

2. Es tab l ishment  o f  sources o f  f r e s h  and embalmed m a t e r i a l s  and 

t h e  a t t e n d a n t  c a t l o g i n g  procedures.  

3. Development o f  t e s t i n g  procedures.  

T h i s  r e p o r t  d iscusses t h e  f o l l o w i n g - u p  and expansion o f  these s teps and t h e  

p r o j e c t i o n  of t he  work i n t o  t h e  second y e a r  o f  t h e  p r o j e c t .  



I n  t he  ph#ysical  t e s t i n g  program on hard ma te r i a l s ,  t e s t i n g  has been 

c a r r i e d  i n t o  t he  impact range. Because o f  t h e  very s h o r t  t ime  du ra t i on  of 

the  tests,new g r i p s ,  record ing  techniques and t e s t  procedures had t o  be 

developed. The Plastechon High Speed Un iversa l  Tes t ing  Machine (F i g .  1 ) 

i s  now being used i n  many o f  the  t e s t s .  I t  has a con t inuous ly  v a r i a b l e  ram 

speed range f rom 20 inches/minute t o  30,000 inches/minute. S t a t i s t i c a l  

models have been developed t o  f a c i l i t a t e  the  ana lys is  o f  t h e  tesl: data i n  

regards t o  r a t e  o f  l oad ing  e f f e c t s ,  p o s i t i o n  e f f e c t s  and head t o  head e f f e c t s .  

A 1 abora to ry  devoted exc l  us i v e l y  t o  h i s  to1  og i  ca l  exami n a t i o n  o f  ha rd  

and s o f t  t i s sues  has been set-up. I t  inc ludes  a l l  t h e  normal equipment f o r  

process ing s o f t  t i s sues  p l us  a hard t i s s u e  s l i c e r  f o r  bone specimens. 

A 100% examinat ion program on te r l s i  1 e and compressive t e s t s  o f  bone i s  under 

way. The purpose o f  t h e  h i s t o l o g y  l a b  i s  t o  c o r r e l a t e  t he  m i c ros t r uc tu re  o f  a 

specimen w i t h  i t s  mode o f  f a i l u r e .  The l abo ra to r y  i s  i n  t h e  process o f  be ing 

equi pped t o  do compl e t e  chemi c a l  ana lys is  . 
Dow-Corni ng engineers have developed a po r t ab l  e dynami c p roper ty  dev ice 

known as the  Dynamic Probe Apparatus (DPA). The DPA permi ts  i n  wivo b r a i n  

t e s t i n g  i n  pr imates and a l lows  t e s t i n g  t o  cont inue through t ime o f  death t o  

s tudy pos t  mortem e f f e c t s .  A r e f i n e d  vers ion  o f  t h e  DPA cou ld  pclssibly be 

used i n  human i n  v i v o  t e s t s .  

S i g n i f i c a n t  progress has been made towards t he  a n a f y t i  c a l  s o l u t i o n  o f  

t he  head impact problem. A s o l u t i o n  has been ob ta ined  f o r  the case o f  a 

f l u i d - f i l l e d  sphe r i ca l  she1 1 o f  i ~ n i f o r r n  th ickness subjected t o  a symmetric 

impulse. Work i s  con t i nu i ng  on t he  re f inement  and a p p l i c a t i o n  more complex 

sys tems . 



The f a l l o w i n g  papers w i l l  be w r i t t e n  i n  t h e  n e x t  s i x  months 

by t h e  Biomechanics Deaprtment based on t h e  work performed f o r  t h e  Head 

I n j u r y  P r o j e c t .  

7 .  Mechanical P r o p e r t i e s  o f  t h e  B r a i n  
Fa1 1 ens t e i n  , Me1 v i  n, Hul se 

2. T e n s i l e  P r o p e r t i e s  o f  S k u l l  C o r t i c a l  Bone 
Robbins, Me1 v i n ,  Wood 

3. Compression P r o p e r t i e s  o f  Sku1 1 Cancel l ous  Bone 
Me1 v i n  , Robbins , Roberts 

4. Shear P r o p e r t i e s  o f  S k u l l  Cancel lous Bone 
Melv in ,  F u l l e r ,  Robbins 

5. The E f f e c t  o f  M i c r o - s t r u c t u r e  on t h e  Mechanical Propert i ies o f  Bone 
F u l l  e r ,  Me1 v i  n, Robbi ns , Roberts 

6. Mathematical Model o f  S k u l l  Impact 
Engin, L i u ,  Robbins 

A progress schedule showing t h e  n e x t  yea rs  a c t i v i t y  on t h e  Head I n j u r y  

P r o j e c t  i s  shown i n  F ig .  2. 

Exper imental  Research Program 

A.  Sources o f  B i o l o g i c a l  Specimens 

The arrangements made w i t h  t h e  U n i v e r s i t y  o f  Mich igan Medical  Center ,  t h e  

Veterans A d m i n i s t r a t i o n  H o s p i t a l  and t h e  Anatomy Department o f  t h e  U n i v e r s i t y  

f o r  t h e  a c q u i s i t i o n  o f  f r e s h  human autopsy m a t e r i  a1 , embalmed hunnan m a t e r i  a1 

and 1 i v i n g  pr imates  have proven qu i  t e  s a t i s f a c t o r y .  The system f o r  ma te r i  a1 

a c q u i s i t i o n  was d e t a i l e d  i n  t h e  s i x  month r e p o r t .  Table 1 l i s t s  the  supp ly  

of human autopsy m a t e r i a l  acqu i red  d u r i n g  t h e  l a s t  s i x  months. 

B .  Experiments and Resu l ts  

1 . Tension Tests  

The t e n s i o n  t e s t  has undergone cons ide rab le  development i n  t h e  p a s t  s i x  

months. Improved techniques now make i t  p o s s i b l e  t o  take  a bone p lug ,  machine 



out a specimen, strain gage i t  and t e s t  i t  in less than an hour. Gripping 

techniques have been proven well into the range of dynamic impact loading. 

Stat is t ical ly  planned t e s t  series are being used t o  study the relative 

effects of strain rate and skull t o  skull variation on the tensile properties 

of compact skull bone. A detailed discussion of the analysis of variance 

models used i n  the study i s  in Appendix D. 

Comprehesive histological studies are a1 so being made on each tensile 

specimen. We feel t h a t  specimens containing structural flaws, obvious only 

under histological examination, should not be analyzed statistice11 ly with 

relatively unflawed specimens. Figs. 3, 4 ,  and 5 point this o u t  markedly. 

Fig. 3 shows the stress-strain curves for two specimens from the same bone 

plug with grossly different behavior. Examination of the failure micrographs 

of the specimens pinpoint the reason for the differing behavior. F i g .  4 shows 

that specimen YA 13 PL 5 failed in a reasonably uniform region o f  bone. Fig. 

5 shows that specimen VA 13 PL 1 failed in a region which was rich in flaws. 

For meaningful s ta t i s t ica l  analysis of mechanical properties these two specimens 

can n o t  be classed together. 

Details 0.f the tension testing program can be found in Appendix A .  

2 .  Compress ion Tests 

The compression t e s t  determines the crushing characte~ristics of the 

djploe layer. Work in the past six months has centered on improving the t e s t  

specimen configuration and developing equipment for high speed tests .  

The compression specimen now consists of  diploe layer only. A1 1 specimens 

in a t e s t  series are machined to a constant height. By standardizing the 

specimens we have eliminated much of the data scatter present in ear l ier  testing. 

Figs. 6 and 7 show the effectiveness of this approach. These graphs show an 



obvious r e l a t i o n s h i p  between c rush ing  s t r e n g t h  and modulus o f  e l a s t i c i t y .  

We fee l  t h e  key t o  t h i s  r e l a t i o n s h i p  i s  t h e  d e n s i t y  o f  t h e  d i p l o e  l a y e r .  

H i s t o l o g i c a l  examinat ion i n c l u d i n g  d e n s i t y  determi n a t i o n  i s  be ing  made t o  v a l -  

i d a t e  t h i s  concept. 

The data f rom t h e  t e s t s  has been analyzed accord ing t o  two way a n a l y s i s  

o f  var iances i n  o rde r  t o  i n v e s t i g a t e  t h e  r e l a t i v e  e f f e c t s  o f  s t r a i n  r a t e  and 

s k u l l  t o  s k u l l  v a r i a t i o n  on t h e  mechanical p r o p e r t i e s .  Th is  work, i s  d e t a i l e d  

i n  Appendix B. 

3. Shear Tests 

The purposes o f  t h e  shear t e s t  i s  measurement o f  t h e  c a p a c i t y  o f  t he  d i p l o e  

l a y e r  t o  r e s i s t  shear i n  terms o f  shear s t reng th .  An improved techn ique has 

been developed f o r  o b t a i n i n g  u n i f o r m  specimens f rom embalmed calvar iums and 

f r e s h  bone p lugs  q u i c k l y .  The shear t e s t  g r i p s  have been m o d i f i e d  t o  improve 

t h e  l o a d i n g  o f  t h e  specimens. 

S t a t i s t i c a l l y  planned t e s t s  have been r u n  on embalmed m a t e r i a l  u s i n g  t h e  

Plastechon h i g h  speed u n i v e r s a l  t e s t i n g  machine. The purpose o f  t h e  t e s t s  was 

t o  i n v e s t i g a t e  t h e  r e l a t i v e  importance o f  t h e  e f f e c t s  o f  s t r a i n  r a t e ,  p o s i t i o n  

i n  t h e  skul1,and s k u l l  t o  s k u l l  v a r i a t i o n  on the  shear s t r e n g t h  prsoper t ies .  

A 1  i m i  t e d  number o f  t e s t s  have been r u n  on f rozen,  f r e s h  autopsy ma te r i  a1 . The 

r e s u l  t s  of t h e  t e s t s  a r e  d e t a i  1  ed i n  Appendix C.  

A  u s e f u l  means f o r  d i s p l a y i n g  shear s t r e n g t h  as a  f u n c t i o n  o f  p o s i t i o n  i n  

t h e  s k u l l  has been developed. The three-dimensional  b a r  graph show i n  F i g .  8 

was drawn by  a  computer. The h e i g h t  o f  each b a r  represents  t h e  sh~ear s t r e n g t h .  

The coo rd ina te  system a long t h e  s ides  o f  t h e  d i s p l a y  i n d i c a t e  t h e  specimen p o s i -  

t i o n  i n  t h e  s k u l l .  The l e t t e r s  on t h e  top  o f  each b a r  i n d i c a t e  t h e  s t r a i n  r a t e  



used i n  t e s t i n g  t h a t  specimen, F ig .  8 i s  a  f r o n t  view o f  t h e  sku11 and 

some o f  t he  data i s  obscured from view. The computer can view thle data 

from any p o s i t i o n  and i n  F i g .  9 i t  i s  v iewing i n  from t h e  rea r .  Note t h a t  

da ta  obscured i n  F ig .  8 i s  now v i s i b l e .  We f e e l  t h a t  t h i s  technique w i l l  

prove q u i t e  va luab le  i n  d i s p l a y i n g  a  v a r i e t y  o f  i n f o rma t i on  r e l a t e d  t o  

p o s i t i o n  i n  t he  s k u l l .  

4. Mechanical P roper t ies  o f  B ra i n  

In t he  pas t  s i x  months t he re  have been t h ree  major areas o f  i n v e s t i g a t i o n  

on t h e  mechanical p r o p e r t i e s  o f  human b ra i n .  E f f o r t  was d i r e c t e d  toward t he  

de te rmina t ion  o f  t he  complex dynamic shear modulus and secant b u l k  modulus o f  

human b r a i n  t i s sue .  A new device,  designed t o  measure a  complex [dynamic mod- 

u l us  o f  t h e  b r a i n  -- i n  v i v o ,  was cons t ruc ted  and used f o r  p r e l i m i n a r y  i n v e s t i g a t i o n s  

o f  two monkey b ra i ns  -- i n  v i vo .  

The e f f o r t  t o  determine t he  complex dynamic shear modulus o f  human b r a i n  

t i s s u e  was begun du r i ng  t h e  f i r s t  s i x  months o f  t h e  con t rac t ,  u t i l i z i n g  Dow 

Corn ing 's  Dynamic Mechanical Apparatus (DMA) . These r e s u l t s  were pub1 i shed  i n  

t he  S i x  Month Report o f  t h e  con t rac t .  Research s ince  t h a t  t ime has been d i r e c t e d  

toward reduc i  ng observed d i  f fe rences  i n  t h e  measured modulus thought t o  be 

due t o  such phys io l og i ca l  mechanisms as d r y i n g  and shear degradat ion.  L a t e s t  

data i n d i c a t e  t h a t  these e f f e c t s  can be minimized by u t i l i z i n g  a  h i gh - re l a t i ve - .  

hum id i t y  sample environment i n  co r l j unc t ion  w i t h  a  t h i n  s i  1  i cone ccaati ng on t h e  

exposed t i s s u e  sur face.  Based on a l l  a v a i l a b l e  data i t  i s  thought; t h a t  the  

e l  as t i c  (G' ) , and viscous 1 oss (G" ) components o f  the  complex dyna~mi c  shear 

3 modulus (G* = G '  + iG" )  o f  human b r a i n  t i s s u e  l i e  between 6-11 x  10 dynes/cm 2  

3 and 3.5-6.0 x  10 dynes/cm2, r e s p e c t i v e l y .  Tan a , o r  G"/G1 i s  th~ought t o  l i e  

i n  t h e  range 0.40-0.55. 



I n  o r d e r  t o  measure a  c:omplex dynamic modulus o f  b r a i n  t i s s u e  -- i n  v i v o ,  a  

dev i ce  was cons t ruc ted  f o r  - -  i n  v i v o  t e s t i n g  th rough a  114- inch holle i n  t h e  s k u l l .  

Termed t h e  Dynamic Probe Apparatus (DPA), t h i s  dev ice  has been used t o  t e s t  

t h e  b r a i n s  o f  two anes the t i zed  l i v e  monkeys. The monkeys were s a c r i f i c e d  

d u r i n g  t h e  t e s t  and measurements were con t inued  u n t i  1  approx imate ly  two hours 

p o s t - s a c r i f i c e  i n  o r d e r  t o  f i n d  a c o r r e l a t i o n  between t h e  .- i n  - v i v o  modulus and 

t h a t  observed i n  t e s t s  o f  autopsy specimens as used on t h e  DMA. H i s t o l o g i c a l  

i n v e s t i g a t i o n  o f  t h e  sample t i s s u e  was a l s o  conducted i n  o r d e r  t o  a s c e r t a i n  i f  

any b r a i n  damage r e s u l t e d  f rom t h e  t e s t i n g .  The data  i s  c u r r e n t l y  be ing  reduced 

and w i l l  be r e p o r t e d  a t  a  l a t e r  date.  I t  i s  now f e l t  t h a t  t h i s  dev ice  i s  t h e  

p o t e n t i  a1 l y  most-useful  approach f o r  determi n a t i o n  o f  t h e  t r u e  -. i n  - v i  vo modulus 

o f  t h e  b r a i n  as i t  encompasses t h e  v a r i a b l e s  o f  ampl i tude and frequency, and 

t h e r e f o r e  shear r a t e .  It a l s o  a l l ows  r a p i d  t e s t i n g ,  as t h e  r e s u l t s  a r e  recorded 

photograph ica l  l y  . 
The de te rm ina t ion  o f  t h e  secant  b u l k  modulus o f  human b r a i n  t i s s u e s  f o r  

appl  i e d  h y d r o s t a t i c  s t resses  o f  0-1000 p s i  was t h e  o b j e c t  o f  cons ide rab le  t e s t -  

i n g .  High pressure  t e s t s  i n  a  two-phase system (human b r a i n  t iss lue p l u s  c a r r i e r  

f l u i d )  were a1 so con t inued  f o r  an i nc reased  t e s t  popu la t i on .  Severe v a r i a t i o n s  

i n  t h e  modulus had been observed i n  p r e l i m i n a r y  t e s t s  conducted a t  low pressures,  

under 1000 p s i ,  on an I n s t r o n  t e n s i l e  machine. These v a r i a t i o n s  were though t o  

be due t o  a i r  entrapped w i t h i n  t h e  vascu la r  s t r u c t u r e  o f  t h e  t e s t  t i s s u e s  o r  t o  

e f f e c t s  a t t r i b u t a b l e  t o  t h e  s e l e c t i o n  o f  c a r r i e r  f l u i d .  A number o f  low pres-  

sure  t e s t s  were conducted u s i n g  bo th  s i l i c o n e  f l u i d  and wa te r  as t h e  c a r r i e r  

f l u i d s .  Some o f  t h e  samples were degassed a t  low pressure  immedia te ly  preced ing 

a c t u a l  t e s t i n g  . Resul t s  i n d i c a t e  t h a t  t h e  degassing procedure caused gaseous 

vo ids  i n  t h e  samples whlch l e d  t o  erroneous low modulus values.  The c a r r i e r  

f l u i d s  s e l e c t i o n  does n o t  seem t o  be ve ry  c r i t i c a l  except  f o r  t h e  p o s s i b i l i t y  



of t r a p p i n g  smal l  a i r  bubbles on t h e  t i s s u e  sur face when us ing a  s i l i c o n e  f l u i d .  

(One t e s t  was i n v a l i d a t e d  f o r  th i is  reason.) The values f o r  t h e  secant b u l k  

modulus obta ined i n  o t h e r  non-degassed low pressure t e s t s  form a  smooth curve 

when mated t o  values obta ined a t  h igh  (> I000 p s i )  pressures. Th is  work i s  

d e t a i  1  ed i n  Appendix E. 

0. Future  Work 

The bas ic  bone t e s t s  ( tens ion ,  compression, and shear) w i l l  be extended 

i n t o  t h e  range o f  dynamic impact. The r e s u l t i n g  data  w i l l  be s o r t e d  and 

c l a s s i f i e d  according t o  t h e  f i n d i n g s  o f  t h e  para1 l e l  h i s t o l o g i c a l  s tud ies .  

F i n a l l y ,  t h e  so r ted  data  w i  11 be s t a t i s t i c a l l y  analyzed i n  o rder  t o  produce 

meaningful values o f  t h e  p r o p e r t i e s  o f  s k u l l  bone as a  f u n c t i o n  o f  s t r a i n  r a t e  

and t o  i n d i c a t e  t h e  e f f e c t  m i c r o s t r u c t u r e  has on these p roper t ies .  Th is  i n f o r -  

mat ion w i l l  be used i n  t h e  a n a l y t i c a l  development o f  c o n s t i t u t i v e  equat ions f o r  

s k u l l  bone. 

An a d d i t i o n a l  t e s t  on s k u l l  bone w i l l  be inco rpora ted  d u r i n g  t h e  coming 

year .  A f o u r  p o i n t  bending t e s t  w i l l  be performed on beams machined from 

f r e s h  bone p lugs.  The upper and lower surfaces o f  the  beam w i l l  be the  upper 

and lower  t a b l e s  o f  t h e  s k u l l  bone. Both specimens w i t h  and w i t h o u t  sutures w i l l  

be tes ted.  In t h e  case o f  specimens w i t h  sutures i n  t h e  t e s t  sec t ion ,  t h e  

o b j e c t  o f  t h e  t e s t  i s  t o  c h a r a c t e r i z e  t h e  bending moment t ransmiss ion along the  

beam through t h e  suture .  Th is  i n f o r m a t i o n  i s  needed f o r  construc. t ion o f  whole 

s k u l l  mechanical models. The case where no su tu re  i s  present  i n  the  t e s t  s e c t i o n  

i s  even more impor tan t  t o  t h e  goals o f  t h e  Head I n j u r y  P r o j e c t .  Th is  i s  because 

t h e  bending specimen i s  t h e  f i r s t  s tep  towards t h e  c o n s t r u c t i o n  o f  a  whole s k u l l  

uodel . The bending t e s t  i nco rpora tes  t h e  fea tu res  o f  a l l  t h e  th ree  bas ic  bone 

t e s t s  ( tens ion,  compression, and shear) i n t o  what i s  e s s e n t i a l l y  a work ing model. 



The values of the mechanical properties determined in the basic tes ts  can 

be used in simple beam theory t o  predict how the bending specimen will behave 

under load. Depending on the loading conditions, the beam failure can be due 

t o  tensile failure of the outer table in the t e s t  section, compressive failure 

of the diploe layer near the loading pins or shear failure of the diploe layer 

between the loading pins. Thus, the observed and measured behavior of the actual 

beam can be compared with the behavior predicted from the basic tes ts .  

Testing of the soft  tissues of the head except brain material will be done 

in the coming year. The f i r s t  step in developing these tests will be the 

development of a phototransi tonzed extensometer that wi 11 enable strain measure- 

ments t o  be made that will be independent of specimen slippage in the grips. 

The majority of the work will be done in tension, with some work done in shear. 

Blood vessels will be included in this testing. 

A series of in vivo primate brain tests  i s  planned using the DPA. The 

results of the tests will be compared with in v i  tro primate tes t s .  The resulting 

information will be used in an analytical study t o  correlate the properties 

obtained by bo th  testing methods. This correlation will then a1 low concentrated 

tests  t o  be performed on human brain material in vi tro with the assurance that 

they can be related t o  in vivo conditions. The concentrated testing will be 

concerned with structural and directional effects in the brain material. Invest- 

igation of the possibility of impulsive testing of brain material will be made. 

The dynamic bulk modulus of human brain material and CSF will be deter- 

mined using the t e s t  cyl i nder of Dow-Corni ng in the Pl as techon testing machi ne. 

The material will be subjected t o  cyclic loading a t  frequencies u p  to 100 H Z .  

CSF viscometry will also be carried o u t  using standard and capillary viscometers. 

A schedule of these efforts i s  shown in Fig. 2 .  



T h e o r e t i c a l  Program 

A. Mathematical Model f o r  Head I n j u r y  

Since t h e  t ime o f  t h e  S i x  Month Report most o f  the  a n a l y t i c a l  e f f o r t  has 

been d i r e c t e d  a t  t h e  impact problem o f  a  f l u i d - f i l l e d  s h e l l .  Th is  work i s  

descr ibed i n  Appendix F. The problem which was solved, i n v o l v e s  a  s p h e r i c a l  

e l  a s t i c  she1 1 o f  un i fo rm th ickness sub jec ted  t o ,  a  symmetric impulse. The f l u i d  

i s  a  l i n e a r ,  a c o n s t i c  medium n o t  possessing any v i s c o e l a s t i c  behavior.  Computer 

e v a l u a t i o n  o f  t h e  s o l u t i o n  i s  n e a r l y  f i n i s h e d .  The uniqueness o f  t h i s  problem 

r e s t s  i n  t h e  f a c t  t h a t  i t  i s  a  t r a n s i e n t  problem which means t h a t  t h e  i n i t i a l  

wave passing through t h e  s k u l l  and b r a i n  can be s tud ied .  The n e x t  s t e p  i n  t h e  

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

Th is  a n a l y t i c a l  work i s  s e r v i n g  t o  s a t i s f y  t h e  requirement f o r  a PhD i n  t h e  

Department o f  Engineer ing Mechanics a t  t h e  U n i v e r s i t y  o f  Michigan. Mr. A l i  

Engin who i s  c a r r y i n g  o u t  t h e  s tudy has r e c e n t l y  j o i n e d  t h e  s t a f f  o f  t h e  Biomech- 

an ics  Department where he w i l l  devote f u l l  t ime t o  s t u d i e s  i n  impact dynamics. 

B. Future  Work 

Cont inu ing e f f o r t s  w i l l  be made towards r e f i n i n g  t h e  p resen t  head model 

a n a l y s i s  t o  achieve t h e  goal o f  an accurate  mathematical r e p r e s e n t a t i o n  o f  t h e  

human head. Once s u f f i c i e n t  data  on t h e  r a t e  s e n s i t i v e  p r o p e r t i e s  o f  s k u l l  bone 

have been gathered, work w i l l  renewed on developing c o n s t i t u t i v e  equat ions t o  

rep resen t  t h i s  behavior.  The a n a l y t i c a l  techniques descr ibed i n  t h e  s i x  month 

r e p o r t  w i l l  be used i n  t h i s  e f f o r t .  

An a n a l y t i c a l  c o r r e l a t i o n  o f  i n  v i v o  b r a i n  t e s t i n g  and i n  v i t r o  b r a i n  t e s t i n g  

i s  planned. Th is  work w i l l  f o l l o w  t h e  complet ion o f  t h e  planned s e r i e s  o f  i n  v i v o  

p r ima te  t e s t s  mentioned i n  t h e  exper imental  sec t ion .  

The schedul ing o f  these e f f o r t s  i s  shown i n  F i g .  2. 



TABLE 1.  SUMMARY OF HUMAN MATERIAL 

Bone Specimen Age Race Sex Cause o f  Death 

VA-33- PR 

VA-  34- PL 

VA-35-PR 

VA-36-PL 

VA-37-PR 

VA- 38- PL 

VA- 39-PR 

VA-40- PR 

VA-41 -PL 

VA-42- PL 

VA-43- PR 

VA-44-PR 

VA-45- PR 

VA-46-PL 

VA-47-PL 

VA-48-PR 

VA-49-PL 

VA-50-PR 

VA-51 -PL 

VA-52-PR 

VA-53-PR 

VA-54-PR 

Hear t  a t t a c k  

Cancer o f  t h r o a t  

Cancer o f  c o l o n  

Cancer o f  l u n g  

Vascul a r  d isease 

Drug overdose 

Mu1 t i p l e  myiloma 

R e s p i r a t o r y  death 

Emphysema 

Cancer o f  l u n g  and 1 i v e r  

Cancer 

Kidney f a i  1 u r e  

Kidney f a i l u r e  

Diabetes 

Ma1 i gnant me1 enoma 

Chron ic  r e n a l  f a i  1 u r e  

Ma1 i g n a n t  rnelenoma 

Cancer 

Acute G r a n u l o c y t i c  Leukemia 

Cancer 

D i  Gul i elma Syndrome Leukemia 

I n f e c t i o n  f rom o p e r a t i o n  



Bone Specimen Age Race Sex Cause o f  Death 

VA- 55-PR 

VA-56- PL 

VA-57-PR 

VA- 58- FR 

VA-59-FR 

VA-60-PL 

VA-61 -PR 

VA-62-PR 

EM-89 

EM-90 

EM-91 

EM-94 

EM-95 

EM-96 

EM-97 

EM-99 

EM- 1 00 

EM- 1 08 

EM-115 

R i g h t  pulmonary embolism 

Acute Leu kemi a 

B r a i n  Cancer 

Mesenter i  c throm~bosi s 

B r a i n  Tumor 

Me tas  t a t i  c carcinoma 

Acute Aneurysm 

Unknown 

Hear t  dfsease 

Hear t  d isease 

Terminal M e t a s t a t i c  carcinoma 

Coronary thrombosis 

M e t a s t a t i c  carcinoma 

Chronic r e n a l  i n s u f f i c i e n c y  

Cerebral  vascu la r  acc iden t  

Bronchopneumonia 

Ruptured a o r t a  

Ac idos is  

Bronchogenic carc: i  noma 

D.O.A. - hyper tens ion 

Hodgkini  d isease 

C i r r h o s i s  o f  l i v e r  

Acute G a s t r o i n t e s t i s n a l  
hemorrhage 



Bone Specimen Age Race Sex Cause o f  Death 

Unknown 

5 5 

30 

7 I 

43 

4 0 

2 5 

4 5 

14 

5 2 

64 

7 3 

55 

I nd i an  

Unknown 

Renal f a i  1 u re  

Massi ve b r a i  n damage 

Cancer 

Cancer 

Cancer 

Pneumonia 

Neurogeni c shock 

Me tas ta t i c  Hemanqi o 

Lung Cancer 

Renal f a i l u r e  

Pulmonary hemorrhage 

Cardiac ar rhythmia 



F i g .  1 Plastechoin H igh  Speed U n i v e r s a l  T e s t i n g  Machine F a c i l i t y .  
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PL- 5 

Fig. 3 Stress-Strain Curves f o r  Two Tensile Specimens from the  same Bone Plug. 



F i g .  4 Micrograph o f  Specimen VA 13 PL 5 (40X) 



F i g .  5 M i c r o g r a p h  o f  Specimen VA 13 PL 1 (40X) 



COMPRESSIVE MODULUS OF ELASTICITY E x l o m 5  p s i  

F i g .  6 Compressive Strength vs . Compressive Modul us o f  Elas t i c i ty  fo r  Spongy Sku1 1 

Bone Tested a t  0.218 in / in /sec  St ra in  Rate. 
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F i g .  7 Compressive Strength vs. Compressive Modulus o f  Elas t i c i ty  f o r  Spongy Skull 

Bone Tested a t  2.208 in/ in/sec St ra in  Rate. 







APPENDIX A 

TENSION TESTS 



DYNAMIC TENSION TEST 

The tension tes t  i:; the most sophisticated mechanical property test  

now being performed on the hard tissues of the skull. I t  i s  a time con- 

suming and delicate t e s t ,  b u t  the engineering information obtained far  

outweighs the diff icul t ies .  At the time of the six months report the 

tension tes t  program was in i t s  early stages. Since then the tes t  

design has been proven from s t a t i c  loading conditions to we1 1 into the 

range of dynamic impact loading. 

The la test  techniques in specimen preparation are shown beginning 

with a bone p l u g  as taken a t  autopsy in Fig. 1 .  The p l u g  can either be 

fresh from autopsy or stored a t  - 1 0 ~  c until needed for testing. The 

cross on the plug indicates the orientation of the plug in the skull as 

discussed in the six mon th  report. Fig. 2 shows the layout of the specimen 

blanks with identification numbers in place. The blanks are s1ic:ed out 

carefully t o  avoid excessive machining heat (Fig. 3) and then a horizontal 

s l ice  i s  taken from the outer table, d ip l ie  or inner table. The sliced 

specimen blanks are then milled t o  a uniform thickness and machined t o  the 

conventional tensile tes t  shape shown in Fig. 4. The finished specimens 

are stored in the freezer until needed for testing, a1 t h o u g h  some are 

taken directly to the strain gaging area where they are gaged with two 

small strain gages (Fig. 5) and then tested. The time from bone p l u g  t o  

finished tes t  i s  less than an hour. This time i s  considerably less than 

the times mentioned in the six mon th  report where i t  took two hours just 

t o  strain gage one specimen. This i s  due t o  the continued improvement of 

machining and strain gaging techniques. A 1  so, the number of unsu~ccessful 



t e s t s  has diminished apprec iab ly  due t o  improved t e s t i n g  techniques. 

The dynamic tens ion  t e s t  procedure cons is ts  now o f  t h ~ e  f o l l  owing steps : 

1. mount specimen i n  t he  g r i p s  2. so lder  s t r a i n  gage leads i n t o  recorder  

c i r c u i t r y  3. balance s t r a i n  gage c a r r i e r  a m p l i f i e r  4. check c i r c u i t  

s t a b i l i t y  5. check f o r  bending s t r a i n s  induced i n  t he  specimen 6. perform 

a  tens ion  t e s t  t o  f a i l u r e  a t  a  se lec ted  s t r a i n  r a t e .  

The t e s t  can be performed i n  e i t h e r  o f  two t e s t i n g  machines , For 

crosshead speeds from 0.02 inches per minute t o  20 inches per  minute the  

I n s t r o n  10,000 I b. capac i t y  f l o o r  model un ive rsa l  t e s t i n g  machine i s  used. 

For crosshead ra tes  from 20 inches per  minute t o  30,000 inches per  minute 

the  Plastechon h igh  speed un ive rsa l  t e s t i n g  machine shown i n  F i g ,  6 i s  

used. Because o f  the  sho r t  du ra t i on  o f  the t e s t s  a t  h igher  ra tes ,  an 

osc i l l oscope  i s  used t o  record the  l o a d - s t r a i n  curve o f  the  t e s t .  By c y c l i n g  

t h e  i n t e n s i t y  o f  t he  e l e c t r o n  beam o f  the  osc i  1 loscope w i t h  an o s c i l l a t i o n  

a t  a  g iven frequency (known as z-ax is  niodul a t i o n ) ,  the  load-s t r a i  n  curve 

appears as a  se r ies  o f  dots.  The t ime du ra t i on  between dots i s  known from 

the  o s c i l l a t o r  frequency and thus load, s t r a i n  and t ime ( o r  e f f e c t i v e l y  

s t r a i n  r a t e )  a re  recorded a l l  on t he  same t race.  A t y p i c a l  tens ion  t e s t  data 

sheet i s  shown i n  F ig .  7. 

A p a r a l l e l  study o f  each tens ion  specimen i s  made h i s t o l o g i c ~ a l l y .  Upon 

the  complet ion o f  the  machining s f  a  t e n s i l e  specimen, and before s t r a i n  

gaging, microphotographs o f  the  f o u r  s ides o f  the  s t r a i g h t  t e s t  sec t ion  are 

made a t  a  magn i f i ca t i on  o f  40x. A t y p i c a l  example i s  shown i n  F ig .  8. 

A f t e r  t e s t i n g  t o  f a i l u r e  the four -s ides are again photographed w i t h  the two 

halves o f  t he  broken specimen i n  p rox im i t y  as shown i n  F ig .  9. The photos 

a re  examined t o  f i n d  s t r u c t u r a l  reasons f o r  the  f a i l u r e  occur ing i n  the  reg ion  



where i t  d i d  and i n  the manner i n  which i t  d id .  I n  order  t o  p i n p o i n t  the  

exact i n i t i a t i o n  s i t e  o f  t he  f a i l u r e  the  f r a c t u r e  sur face must be examined 

i n  a d d i t i o n  t o  t he  s ides o f  t he  specimen. Figs.  10 and 11 a re  e l ec t r on  

micrograph r e p l i c a s  o f  a  small p o r t i o n  o f  such a t y p i c a l  surface. The mag- 

n i f i c a t i o n  i s  19900~ .  I t  i s  f e l t  t h a t  a  lower magn i f i ca t i on  would a l low 

b e t t e r  v iewing o f  t he  whole f r a c t u r e  sur face b u t  l i g h t  microscopes do no t  

have the  depth o f  f i e l d  necessar,y t o  reso lve  t he  rough f r a c t u r e  surface. 

Plans a re  under way a t  t h i s  t ime t o  ob ta i n  the  use o f  a  scanning e l ec t r on  

microscope f o r  making fractographs o f  the  e n t i  r e  f r a c t u r e  su r face  a t  about 

50 t o  100x. The scannr'ng scope has no depth o f  f i e l d  problem and the  ' resu l ts  

should be spectacular.  

I n  a d d i t i o n  t o  the  above h i s t o l o g i c a l  work, one h a l f  o f  the  t es ted  

specimen i s  s l i c e d  on a hard t i s s u e  s l i c i n g  machine (F i g .  12) and then ground 

down t o  about 100 microns i n  th ickness.  The surfaces o f  the  specimen can 

then be exanlined w i t h  t r ansm i t t ed  1  i g h t  on a microscope f o r  h i s  t o l o g i c a l  l y  

s i g n i f i c a n t  e f f e c t s  o f  t e s t i n g .  For f u r t h e r  study the  o the r  h a l f  can be 

d e c a l c i f i e d  and s l i c e d  on a microtome t o  10 micron thickness. Chemical ana lys is  

w i  11 a l s o  be done on the specimens t o  determine mineral  content,  water content  

and dens i t y .  I n  cases where the chemical ana lys is  can no t  be performed on t he  

specimen i t s e l f ,  t he  remaining ma te r i a l  from the  bone p l ug  used t o  produce 

t he  specimen w i l l  be analyzed. 

The r e s u l t s  o f  the! dynamic t e n s i l e  t e s t s  w i  11 be analyzed acicording t o  

t h e  two-way ana lys is  o f  var iance descr ibed i n  Appendix D. Th is  e~na lys is  w i l l  

compare the e f f ec t s  o f  s t r a i n  r a t e  and t he  e f f e c t s  o f  s k u l l  t o  sk,ul l  v a r i a t i o n  

on t he  modulus o f  e l a s t i c i t y  and t he  t e n s i l e  s t r eng th  o f  ou te r  t a b l e  compact 

s k u l l  bone. The r e p l i c a t i o n  o f  t h i s  se r ies  o f  t e s t s  i s  no t  complete a t  t h i s  

time, b u t  t h e  data a t  two s t r a i n  r a tes  i s  a v a i l a b l e  as shown i n  Table 1 .  



The average va lue  o f  t h e  modulus o f  e l a s t i c i t y  f o r  11 specimens t e s t e d  a t  

6 a crosshead speed o f  2  i nches lm inu te  on t h e  I n s t r o n  was 1.85 x 10 p s i .  

The average break ing s t r e s s  a t  t h a t  r a t e  f o r  9 o f  t h e  specimens was 10,194 

p s i .  A t o t a l  o f  7 specimens were t e s t e d  a t  20 i nches lm inu te  on t h e  I n s t r o n  

6 w i t h  an average modulus o f  e l a s t i c i t y  o f  2.01 x 10 p s i  and an average b reak ing  

s t r e s s  o f  10,850 p s i .  Both t h e  modulus and t h e  b reak ing  s t r e s s  slhowed a  s l i g h t  

i nc rease  apparen t l y  due t o  s t r a i n  r a t e  e f f e c t s .  But, u n t i l  t h e  t iest  s e r i e s  

i s  complete w i t h  r a t e s  a t  200 inches lm inu te  and 2,000 inches lm inu te  on t h e  

Plastechon and t h e  e n t i r e  s e r i e s  analyzed by  t h e  s t a t i s t i c a l  model t h e  r e s u l t s  

can o n l y  be considered t e n t a t i v e .  The raw da ta  f rom these t e s t s  i s  shown i n  

Tab le  1 and summarized i n  T a b l e  2. 



TABLE: 1. RAW TENSION TEST DATA 

Cross Head 
Rate U l t ima te  St ress 
in /min.  Specimen No. Modul us o f  E l  as t i c i  t y  p s i  

UA-28-PR-3 

VA-17-PR-1 

VA-17-PR-7 

VA-17-PR-8 

YA-18-PR-1 

VA- 18- PR- 5 

VA-19-PL-4  



TABLE 2. SUMMARY OF TENSION TEST DATA ON COMPACT BONE 

T e n s i l e  Modulus of E l a s t i c i t y ,  E 

S t r a i n  Rate = 0.02 i n / i n / s e c  S t r a i n  Rate = 0.140 i n / i n / s e c  

Mean Value 1.853 x l o 6  p s i  (1.33 x 1 0 ~ k g / m ~ )  2.014 x l o 6  p s i  (1.42 x 106kg/m2) 

Standard 
D e v i a t i o n  0.325 x l o 6  p s i  (0.228 x 109kg/m2) 0.337 x l o 6  p s i  (0.237 x 1 0 ~ k g / m ~ )  

H i g h v a l u e  2 . 3 3 x 1 0 6 p s i  ( 1 . 6 4 x 1 0 ~ k g / m ~ )  2 . 4 2 ~ 1 0 ~ p s i ( 3 . 4 4 x 1 0 ~ k g / m ~ )  

6 Low Value 1.34 x 10 p s i  (0.94 x 1 0 ~ k g / m ~ )  1.45 x l o 6  p s i  (1.04 x 106kg/m2) 

Tensi 1 e Breaking St ress ,  Gf 

S t r a i n  Rate = 0.02 i n / i n / s e c  S t r a i n  Rate = 0.140 i n / i n / s e c  

6 2 Mean Value 10,194 p s i  (7.10 x 10 kg/m 10,850 p s i  (7.63 x 106kg/m2) 

Standard 
D e v i a t i o n  2,640 p s i  (1.85 x 106kg/m2) 2,810 p s i  (1.97 x 106kg/m2) 

High Value 13,800 p s i  (9.70 x 106kg/m2) 14,600 p s i  (10.04 x 106kg/m2) 

Low Value 7,700 p s i  (5.40 x 106kg/rn2) 7,000 p s i  (4.92 x 106kg/m2) 







F i g .  3. Specimen Blanks Cut from Bone P lug  



F i g .  4. Finished Tensile Specimens 



F i g .  5 .  S t r a i n  Gaged T e n s i l e  Specimen 



F i g .  6. T e n s i l e  Specimen Ready t o  be Tested i n  
Plastechon High Speed T e s t i n g  Machine 



MECHANICAL PROPERTIES DATA SHEET 

SPECIMEN NO. VA-17-PR-1 

DATE TESTED 15 A p r i l  1968 

CROSSHEAD RATE 0.05 & 20 i n/mi n  - 
I .M. FREQUENCY - 1200 Hz 

TEST SECTION 

ADDITIONAL DATA 
5 

CALCULATED DATA ;;1 
STRAIN RATE 0.18 i n / i n / s e c  

MODULUS OF ELASTICITY 2 - 4 2  x l o b  1 b / i n L  
F i g .  7. T y p i c a l  T e n s i l e  Tes t  Data Sheet 

ULTIMATE STRESS 14,tiOO 1 b / i n 2  

ULTIMATE STRAIN 7,800 i ~ i n / i n  

HISTOLOGICAL COMMENTS 

Compact bone 

TEST COMMENTS 

S o l i d  l i n e  g i ves  i n i t i a l  modulus a t  low 
cross-head r a t e  

v e r t i c a l  sca le :  2  lb /cm 
h o r i z o n t a l  s c a l e :  200 p i  n / i  n/cm 

Dashed l i n e  f rom t e s t  t o  f a i l u r e  a t  h i g h e r  
cross-head r a t e  

v e r t i c a l  s c a l e :  10 lb /cm 
h o r i z o n t a l  s c a l e :  1000 p i n / i n / c m  



F i g .  8. T e n s i l e  Specimen VA-17-PL-5 P o s t e r i o r  
View Before  T e s t i n g  

F i g .  9. T e n s i l e  Specimen VA-17-PL-5 P o s t e r i o r  
View A f t e r  T e s t i n g  



Fig. 10 Transmission Electron Micrograph of Tensi 1 e Specimen 
Fracture Surface Rep1 ica (1 9900X) 



Fig. 1'1 Transmission Electron Micrograph of Tensi 1 e Specimen 
Fracture Surface Rep1 i ca (1  9900X) 



Fig. 12 Hard Tissue Slicer with Tested Tensile Specimen 
Mounted for Slicing 



APPENDIX B 

COMPRESSION TESTS 



DYNAMIC COMPRESSION TEST 

The compression t e s t  i s  b a s i c a l l y  a  c rush t e s t  o f  t h e  d i p l o e  l a y e r  o f  

t h e  s k u l  1 bone. The t e s t  i s  conducted on r e c t a n g u l a r  b locks  o f  s k u l  1  bone 

w i t h  t h e  d i r e c t i o n  o f  l o a d i n g  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  o f  t h e  s k u l l .  I n  

t h e  f i r s t  s i x  months o f  t h e  program t h e  specimens c o n s i s t e d  o f  d i p l o e  l a y e r  

w i t h  p o r t i o n s  o f  t h e  i n n e r  and o u t e r  l a y e r s  o f  compact bone i n t a c t .  S ince t h e  

modulus o f  e l a s t i c i t y  o f  t h e  d i p l o e  l a y e r  i s  i n  t h e  range o f  an o r d e r  o f  magni- 

tude l e s s  than t h a t  o f  t h e  compact bone, t h e  d i p l o e  l a y e r  does most o f  t h e  de- 

fo rm ing  d u r i n g  t h e  t e s t .  T h i s  leads t o  two d i f f i c u l t i e s .  Due t o  v a r i a t i o n s  

i n  t h e  t a b l e  th icknesses,  a  s e r i e s  o f  specimens, a l l  o f  t h e  same o v e r a l l  h e i g h t ,  

w i  11 have d i f f e r e n t  d i p l o e  th ichnesses.  T h i s  leads t o  d i f f e r e n t  s t r a i n  r a t e s  

i n  t h e  d i p l o e  a t  a  g i ven  crosshead speed and a l s o  d i f f e r e n t  s t r u c t u r a l  s t i f f n e s s  

due t o  t h e  v a r i a b l e  amount o f  d i p l o e  present .  To a l l e v i a t e  these problems a l l  

t e s t i n g  f o r  b a s i c  i n f o r m a t i o n  i s  now done on specimens c o n s i s t i n g  o f  d i p l o e  l a y e r  

o n l y  which a r e  machined t o  a  cons tan t  h e i g h t .  Specimens w i t h  t a b l e s  i n t a c t  a r e  

s t i l l  b e i n g  tes ted ,  b u t  as a  s t r u c t u r a l  t e s t  as opposed t o  a b a s i c  t e s t .  

The t e s t i n g  o f  t h e  compression specimens has been done on a  I n s t r o n  10,000 

1  b. u n i v e r s a l  t e s t i n g  machine w i t h  t h e  crosshead pushing upward a g a i n s t  a  1,000 

l b .  c a p a c i t y  l o a d  c e l l  a t  r a t e s  up t o  20 inches p e r  minute .  Because of t h e  

ve ry  s h o r t  t i m e  d u r a t i o n  o f  t h e  t e s t  a t  h i g h  crosshead r a t e s ,  e x t r a  c i r c u i t r y  

was designed t o  p reven t  o v e r l o a d i n g  o f  t h e  l o a d  c e l l .  The s h o r t  t e s t  d u r a t i o n  

a l s o  n e c e s s i t a t e d  t h e  use o f  a  r e c o r d i n g  o s c i l l o s c o p e  i n  p lace  o f  t h e  s t r i p  

c h a r t  r e c o r d e r  used i n  t h e  s t a t i c  t e s t s .  Load i s  d i s p l a y e d  versus t i m e  on t h e  

scope face. S ince t h e  crosshead moves a t  a  c o n s t a n t  speed t h e  l oad - t ime  t r a c e  

can e a s i l y  be conver ted t o  a  l o a d - d e f l e c t i o n  t r a c e .  The scope t r a c e  i s  



t r i g g e r e d  by an a d j u s t a b l e  ni icro! jwi t c h  t o  f a c i  1  i t a t e  optitmum t r a c e  d i s p l a y .  

A t y p i c a l  t r a c e  and data  sheet  a r e  shown i n  F ig .  1. Before  t h e  t e s t ,  t h e  

specimen dimensions a r e  measured and t h e  specimen i s  weighed. The l o a d i n g  

curve shown i n  F ig .  1  i s  t y p i c a l  o f  t h e  m a j o r f t y  o f  t h e  specimens t e s t e d .  

F a i l u r e  o f  t h e  specimen i s  cons idered t o  occur  when t h e  l o a d  f a l l s  o f f  a b r u p t l y  

i n d i c a t i n g  c o l l a p s e  o f  t h e  spongy s t r u c t u r e .  The modulus o f  e l a s t i c i t y  of t h e  

specimen can be c a l c u l a t e d  from t h e  s lope  o f  t h e  f a i r l y  l i n e a r  r e g i o n  between 

where t h e  l o a d  p i c k s  up r a p i d l y  and f a i l u r e  occurs.  The s t r a i n  r a t e  i s  c a l -  

c u l a t e d  b y  d i v i d i n g  t h e  crosshead r a t e  by  t h e  h e i g h t  o r  gage l e n g t h  o f  t h e  

specimen. 

The compression t e s t  i s  i n  many ways t h e  most s t r u c t u r e - s e n s i t i v e  t e s t  o f  

t h e  t h r e e  b a s i c  mechanical t e s t s  on s k u l l  bone. I n  o r d e r  t o  c o r r e l a t e  t h e  

compressive mechanical p r o p e r t i e s  o f  t h e  d i p l o e  1  ayer  w i t h  s t r u c t i u r a l  f e a t u r e s ,  

a  number o f  h i s t o l o g i c a l  0bservat; ions a r e  made on t h e  specimens. As noted,  t h e  

we igh t  and volume o f  each specimen i s  measured t o  a l l o w  t h e  d e n s i t y  t o  be c a l -  

cu la ted .  Each specimen i s  photographed a t  s u i t a b l e  m a g n i f i c a t i o n  b e f o r e  t e s t i n g  

t o  r e c o r d  s t r u c t u r a l  f e a t u r e s .  A f t e r  t e s t i n g ,  t h e  specimen i s  sec t i oned  on t h e  

ha rd  t i s s u e  s l i c e r  and s t a i n e d  t o  b r i n g  o u t  t h e  reg ions  o f  s t r u c t u r a l  f a i l u r e .  

The s e c t i o n  i s  photographed and examined f o r  modes o f  f a i l u r e .  A r e g i o n  o f  a  

f a i l e d  compression specimen i s  shown i n  F i g .  2. Note t h e  v a r i e t y  o f  cracks 

present ,  bo th  c l e a n  breaks and l o c a l  m u l t i p l e  cracks.  

A s e r i e s  of compression t e s t s  p lanned acco rd ing  t o  t h e  two way a n a l y s i s  

o f  va r iances  d iscussed i n  Appendix D have been r u n  t o  s tudy  t h e  r e l a t i v e  e f f e c t s  

o f  s t r a i n  r a t e  and s k u l l  t o  s k u l l  v a r i a t i o n  on c rush ing  s t r e n g t h  and modulus o f  

e l a s t i c i t y  of f r e s h  s k u l l  bone. The two s t r a i n  r a t e s  were 0.218 i n / i n / s e c  and 



2.208 i n / i n / s e c .  Plugs f rom f o u r  s k u l l s  were used f o r  b o t h  s t r e n g t h  and 

modulus data  and a  f i f t h  s k u l l  p l u g  f o r  s t r e n g t h  da ta  a lone.  In a l l  50 

specimens were t e s t e d .  The r e s u l t s  shown b y  t h e  a n a l y s i s  were t h a t  b o t h  

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

between t h e  two e f f e c t s  was n o t  s i g n i f i c a n t .  The raw da ta  found i n  t h e  t e s t  

s e r i e s  i s  shown i n  Tab le  1  and a  summary o f  t h e  r e s u l t s  o f  t h e  a n a l y s i s  i s  

shown i n  Tab le  2. 



TABLE 1. COMPRESSION TEST RAW DATA 

Compressive Compress i ve 
Specimen Number S t r a i n  Rate Modulus o f  E l a s t i c i t y  St rength ,  p s i  

VA-5-PL-1 

VA- 5- PL- 3 

VA- 5- PL- 5 

VA-5-PL-8 

VA- 5-PL-9 

VA-5-PL-11 

VA- 6- PR- 1 

VA-6-PR-3 

VA-6-PR-5 

VA-6-PR-7 

VA-6-PR- 10 

VA-6- PR- 1 2 



Compress i ve Compressive 
Specimen Number S t r a i n  Rate Modulus o f  E l a s t i c i t y  St rength ,  p s i  

----- 

VA-5- PL-4 2.208 i n / i n / s e c  1.80 x l o 5  5,230 

VA-5-PL-6 I I 1.85 l o 5  4,760 

VA-5- PL- 7 I I 1.60 x l o 5  4,850 

VA-5-PL-10 I I 1 .68 x l o 5  3,520 

VA-5-PL-12 1 I 2.24 l o 5  5,360 



Compressive Compress i ve 
Specimen Number Strain Rate Modulus o f  Elast ic i ty  Strength, psi 

VA-8-PL-9 

VA- 8- PL- 1 2 

VA-8-PL-15 

VA-8-PL-21 

VA- 29-PL-4 

VA-29-PL-5 

VA-29-PL-7 

VA-29-PL-10 

VA-29-PL-15 

VA-29-PL-19 

VA-29-PL-23 



TABLE 2. SUMMARY OF COMPRESSION TEST DATA OF THE DIPLOE LAYER 

A. Averages of a l l  da ta  

Compressive Modulus o f  E l a s t i c i t y ,  ED 

S t r a i n  Rate 0.218 i n / i n / s e c  S t r a i n  Rate = 2.208 i n / i n / s e c  

Meanva lue  2 . 1 7 8 x 1 0 5 p s i  (1 .53x108kg /m2)  2.511 x 1 0 5 p s i  ( 1 . 7 7 ~ 1 0 ~ k g / m ~ )  

Standard 
D e v i a t i o n  1.35 x l o 5  p s i  (0.95 x 1tI8kg/m2) 1.57 x l o 5  p s i  (1.11 x 108kg/m2) 

High Value 3.99 x l o 5  p s i  (2.81 x 108kg/m2) 4.08 x l o 5  p s i  (2.88 x 108kg/m2) 

Low Value 0.24 x l o 5  p s i  (0.168 x 108kg/m2) 0.74 x l o 5  p s i  (0.52 x 108kg/m2) 

Compressive St rength ,  oD  

S t r a i n  Rate = 0.218 i n / i n / s e c  S t r a i n  Rate = 2.208 i n / i n / s e c  
Mean Value 5736 p s i  (4.03 x 106kg/m2) 7363 p s i  (5.16 x 1 06kg/m2) 

Standard 
D e v i a t i o n  3090 p s i  (2.17 x 106kg/m2) 3430 p s i  (2.42 x 106kgfm2) 

High Value 11,600 p s i  (8.15 x 106kg/m2) 13,050 p s i  (9.15 x 106kg/m2) 

Low Value 755 p s i  (5.3 x ' 1 0 ~ k g / m ~ )  2060 p s i  ( 1  .44 x 1 o6 kg/m2) 

B.  Two way Ana lys i s  o f  Var iance Resul t!j 

Mean Value o f  da ta  f rom bo th  Standard d e v i a t i o n  w ? t h  main e f f e c t s  
s t r a i n  r a t e s .  o f  s t r a i n  r a t e  and s k u l l  t o  s k u l l  

-- variance  accounted f o r .  

Compressive 
Modulus o f  
E l a s t i c i t y  2.34 x l o 5  p s i  (1.65 x 1 0 ~ k ~ l m ~ )  0.405 x l o 5  p s i  (0.284 x 108kg/m2) 

Compressive 
S t reng th  6550 p s i  (4.60 x 106kg/m2) 1565 p s i  (1 . l o  x 10 6 .  k.g/m 2 ) 



MECHANICAL PROPERTIES DATA SHEET 

SPECIMEN NO. VA-29-PL-14 

DATE TESTED 5/1/68 

CROSSHEAD RATE 10I1/Min 

I ,M. FREQUENCY ------------ 
TEST SECTION 

DIMENSIONS 0.098' x 0.184" 

ADD I T  I ONAL DATA 

S p e c i f i c  Weight  = 0.0461 l b / i n  3 

H e i g h t  = 0.138 i n  

CALCULATED DATA I 
STRAIN RATE 1 . I 8  i n / i n / s c c .  

MODULUS OF ELASTICITY -- 1.96 x l o 5  p s i  

ULTIMATE STRESS 8,520 p s i  

HISTOLOGICAL COMMENTS 

Specimen c o n s i s t e d  o f  d i p l o e  l a y e r  o n l y .  

F i g .  1. T y p i c a l  Compression 
T e s t  Data Sheet  

- 

TEST COMMENTS 



Fig. 2. Micrograph of Failed Region of ~ i ~ l o e  
Layer Compression Specimen (40X) 



APPENDIX C 

SHEAR TESTS 



DYNAMIC SHEAR TEST 

The dynamic shear t e s t  i s  a  r e l a t i v e l y  s imp le  t e s t  t h a t  measures t h e  

shear s t r e n g t h  o f  t h e  d i p l o e  l a y e r  o f  s k u l l  bone. The t e s t  i s  a  qu i ck ,  easy- 

t o - r u n  t e s t  which i s  be ing  used t o  develop s t a t i s t i c a l  analyses a p p l i c a b l e  

t o  t h e  o t h e r  mechanical t e s t s .  So f a r ,  n e a r l y  a l l  t h e  shear t e s t s  have been 

r u n  on specimens taken f rom t h e  embalmed ca lvar iums o f  medical  school  cadavers. 

A s h o r t  s e r i e s  o f  t e s t s  on f r e s h  bone m a t e r i a l  f rom autopsy i s  mentioned 5n 

t h e  s e c t i o n  on t e s t  r e s u l t s .  Since t h e  e n t i r e  c a l v a r i u m  i s  a v a i l a b l e  f o r  t e s t -  

i n g ,  a  l a r g e  number o f  specimens (about  150) can be taken f rom t h e  same source. 

Acco rd ing l y  i t  i s  p o s s i b l e  t o  s tudy l o c a t i o n  e f f e c t s  w i t h i n  s k u l l  q u i t e  e f f e c -  

t i v e l y .  

An improved techn ique o f  o b t a i n i n g  shear specimens has been developed w i t h  

t h e  r e s u l  t t h a t  more u n i f o r m  specimens may be ob ta ined  f a s t e r .  IPreviousl,y, 

t h e  S t r y k e r  Autopsy Saw w i t h  318" I.D. Bone P lug C u t t e r  was hand he ld .  Now i t  

i s  mounted on a  d r i l l  p ress  s tand  as shown i n  F ig .  1 .  The specimens a r e  taken 

as c y l i n d e r s  o f  bone w i t h  t h e i r  a x i s  pe rpend icu la r  t o  t h e  s k u l l  su r face .  Water 

i s  a l l owed  t o  r u n  over  t h e  c u t t e r  t o  p reven t  b u r n i n g  o f  t h e  p l u g ,  

The shear t e s t  g r i p s  have a l s o  been redesigned s i n c e  t h e  d e s c r i p t i o n  i n  

the  s i x  month r e p o r t .  The g r i p s  a r e  shown i n  F i g .  2 .  Note t h a t  by sur round ing 

t h e  moveable p o r t i o n  o f  t h e  g r i p s  w i t h  t h e  f i x e d  upper p a r t  t h e  p o s s i b i l i t y  

of spread ing o f  t h e  s l i d i n g  s u r f a c e  under l o a d  i s  e l i m i n a t e d .  The s l i d i n g  faces 

of t h e  g r i p s  a r e  coated w i t h  Alpha Molykote  t o  min imize f r i c t i o n  e f f e c t s .  The 

p l u g  i s  i n s e r t e d  on one s i d e  o n l y  w i t h  t h e  d i p l o e  l a y e r  cen te red  on one o f  t h e  

s l  i d i n g  planes.  The g r i p s ,  loaded and ready t o  t e s t  a r e  shown i n  F i g .  3. 



Because of the narrow gap  between the two surfaces (0.005 inches) the nominal 

shear s t r a i  n rate i s  magnified considerably. For given crosshead velocity , 

the s t ra in  rate i s  the velocity divided by the gap of 0.005 inches or effectively 

200 times the crosshead velocity. The t e s t  can be performed bo th  on the Instron 

10,000 1 b .  universal test ing machine and the Pl astechon high speed universal 

testing machine. The load versus time trace for the t e s t  i s  obtained on an 

osc.illoscope and the peak load recorded. The shear strength i s  calculated by 

dividing the peak load by the circular  cross sectional area of thte plug. A 

typical fai led specimen i s  shown in Fig. 4. 

Presently, the shear t e s t  i s  being used t o  develop a three way analysis of 

variance s t a t i s t i c a l  model described in Appendix D. The s t a t i s t i c a l  model will 

be used t o  determine the relat ive importance of s t ra in  rate ef fects ,  skull t o  

skull variation, and position within the skull effects .  A scheme for choosing 

the s t ra in  rate t h a t  a particular plug will be run a t  i s  shown in Fig. 5. The 

l e t t e r s  W ,  X, Y ,  Z represent four different  s t ra in  rates and the regions bounded 

by the double lines represent locations of groups of four plugs considered t o  be 

a position. The individual plugs are identified by the scheme detailed in the 

s ix  m o n t h  report. Fig. 6 shows the conversion of this  scheme t o  tihe regions of 

the unified location system for a l l  contractors of the Head Injury Model Project. 

Over 1,000 shear t e s t s  have been performed a t  high rates bo th  on the Instron 

and the Plastechon test ing machines. At this  time, however, n o t  a l l  of these 

t es t s  have been incorporated into the s t a t i s t i c a l  analysis techniques presently 

under developement. Thus, the results  discussed here will be concerned with some 

600 shear t e s t s  involving four embalmed calvariums of similar struictural features, 

run a t  four different  s t ra in  rates (1.66, 6.66, 16.6, 66.6 in/in/sec) and analyzed 

by the i n i t i a l  three way analysis s f  variance s t a t i s t i c a l  mode. The skull 

information i s  l i s t ed  in Table 1 and simple 



averaging o f  a l l  t h e  da ta  f o r  each r a t e  and sku1 1  i s  shown i n  Table 2.  

It has been noted t h a t  t h e r e  i s  f a i r  correspondence o f  shear s t reng ths  of 

t h e  l e f t  and r i g h t  ha lves o f  t h e  s k u l l  a t  corresponding p o s i t i o n s .  Th is  

i n f o r m a t i o n  was used t o  p rov ide  r e p l i c a t i o n  f o r  t h e  model as a  f i r s t  run.  

Because t h e  computer program a l l ows  o n l y  complete data  a t  each p o s i t i o n  a t  

t h i s  t ime, t h e  system was reduced t o  a  s tudy o f  6  r e p l i c a t e d  p o s i t i o n s  i n  4  

d i f f e r e n t  s k u l l s  w i t h  4 s t r a i n  r a t e s  represented i n  each s k u l l  a,t each p o s i t i o n ,  

a  t o t a l  o f  288 t e s t s  i nco rpora ted  i n  t h e  ana lys i s .  The r e s u l t s  ~f t h e  a n a l y s i s  

a re  a  mean shear s t r e n g t h  o f  3124 p s i  w i t h  a  s tandard e r r o r  o f  582 p s i .  The 

most s i g n i f i c a n t  f a c t o r  was s k u l l  t o  s k u l l  v a r i a t i o n ,  t h e  n e x t  most s i g n i f i c a n t  

f a c t o r  was p o s i t i o n  and t h e  i n t e r a c t i o n  between s k u l l  and p o s i t i o n  was t h i r d  

most impor tant .  Other i n t e r a c t i o n s  were p resen t  a t  low l e v e l s ,  b u t  most i n t e r -  

e s t i n g  was t h a t  t h e  main e f f e c t  o f  s t r a i n  r a t e  was judged n o t  s i g n i f i c a n t  by the  

ana lys i s .  F u r t h e r  t e s t i n g  w i l l  be done a t  h igher  s t r a i n  r a t e s  f o r  t h e r e  i s  

i n d i c a t i o n  t h a t  r a t e  s e n s i t i v i t y  does show up a t  h i g h e r  r a t e s  i n  embalmed bone. 

A l i m i t e d  s tudy o f  a  s e r i e s  o f  shear t e s t s  on a  f rozen,  f r e s h  bone p l u g  

f rom autopsy proved ve ry  i n f o r m a t i v e .  S i x  shear specimens were taken f rom the  

p l u g  and 3 were t e s t e d  a t  6.66 i n / i n / s e c  and 3  were t e s t e d  a t  66.6 i n / i n / s e c .  

The r e s u l t s  a r e  t a b u l a t e d  i n  Table 3. The average shear s t r e n g t h  a t  6.66 i n / i n / s e c  

was 3272 p s i  and t h e  average shear s t r e n g t h  a t  66.6 i n / i  n/sec was 4386 p s i ,  an 

inc rease  o f  31%, 



TABLE 1 

S k u l l  #99 

Age: 82 

Sex: Male 

Race : Caucasi an 

Cause o f  Death: Pneumonia 

Sku l l  # I 08  

Age: 60 

Sex: Male 

Race : Caucasian 

Cause of Death: B leeding U l ce r  

Sku l l  #I06 

Age: 63 

Sex: Male 

Race: Caucasian 

Cause of Death: Myocardi a1 I n f a r c t i o n  

Sku l l  #95 

Age: 55 

Sex: Male 

Race : Caucasian 

Cause of Death: Acute Coronary 



TABLE 2. AVERAGE SHEAR STRENGTH VALUES FOR 

4 SKULLS AT 4 STRAIN RATES 

Shear S t r a i n  Rate 

Sku1 1 1 - 6 6  i n / i n / s e c  6.66 i n / i n / s e c  

#95 3474 p s i  (2.44 x 106kg/m2) 3559 p s i  (2.50 x 106kg/rn2) 

#99 3044 p s i  (2.14 x 106kg/m2) 3422 p s i  (2.40 x 106kg/m2) 

# l o 6  2879 p s i  (2.02 x 106kg/m2) 2972 p s i  (2.09 x 106kg/m2) 

# l o 8  3828 p s i  (2.69 x 106kg/m2) 3578 p s i  (2.60 x 1 0 ~ k g / r n ~ )  

Shear S t r a i n  Rate 

Sku1 1 16.6 i n / i n / s e c  66.6 i n / i n / s e c  

#95 3389 p s i  (2.38 x 1 0 ~ k g / r n ~ )  3671 p s i  (2.58 x 106kg/m2) 

#99 3080 p s i  (2.16 x 106kg/m2) 3108 p s i  (2.19 x 1o6kg/m2) 

# I06  3196 p s i  (2.25 x 106kg/m2) 2889 p s i  (2.03 x 10~kcj/m*) 

# I 0 8  3885 p s i  (2.73 x 106kg/m2) 3875 p s i  (2.72 x 106kg/m2) 



TABLE 3. SHEAR TESTS ON AUTOPSY MATERIAL 

Bone P lug  No. VA-42-PL 

Age: 73 

Sex: Male 

Race: Caucasian 

Cause o f  Death: Cancer 

P lug  P o s i t i o n :  Centered on boundary between reg ions  11 and 13 

Tests a t  6.66 i n / i n / s e c  Tests  a t  66.6 i n / i n / s e c  

Spec. I 3555 p s i  (2.50 x 106kg/m2) Spec. 4 4354 p s i  (3.06 x 106kg/m2) 

Spec. 2 3025 p s i  (2.13 x 106kg/m2) Spec. 5 4516 p s i  (3.17 x 106kg/m2) 

Spec. 3 3236 p s i  (2.28 x 1 06kg/m2) Spec. 6 3987 p s i  (2.81 x 106kg/m2) 

Avg . 3272 p s i  (2.30 x 106kg/m2) Avg . 4286 p s i  (3.01 x 106kg/m2) 



F i g .  1 .  A p p a r a t u s  f o r  C u t t i n g  S h e a r  T e s t  Specimens 
f rom Embalmed Cal variurn 



F i g .  2 .  Shear Tes t  G r i p s  



F i g .  3 Shear Test Grips With Specimen I n  Place 



Fig. 4 Typical Shear Specimen F a i  1 ure 



, , I 

Fig. 5 Latin Square Arrangement for  Assigning Strain Rates to  Shear Test Specimens. 
I 



F i g .  6 Conversion of Calvarium Reference System t o  Uniform Reference System. 



APPENDIX D 

STAT I ST I CAL ANALYSIS 



STATISTICAL ANALYSIS 

The object of the careful test ing procedures and the h i  st01 ogical 

analysis of the t e s t  specimens in th is  project i s  to minimize and explain 

the so-cal 1 ed "biological variation" that  occurs in the mechanical properties 

of biological materials. I t  i s  realized, however, that  a l l  variations can 

not be explained away and, in f a c t ,  the mechanical properties of in teres t  wil l  

most l ikely be characterized by a distribution of values in a s t a t i s t i c a l  

sense. Thus, a1 ong with the development of the test ing procedures there have 

been parallel developments of s t a t i s t i c a l  procedures to f i t  the t e s t s .  The 

s t a t i s t i c a l  models described here are i n i t i a l  formulations . The development 

of s t a t i s t i c a l  models i s  viewed as an i tera t ive  process and the models will 

grow in sophistication as the t es t s  progress. 

I n  the tension and compression t es t s  the main emphasis has been p u t  on 

s t ra in  ra te  effects  and skull to  skull effects  since not enough material i s  

available from any one skull to  study position effects .  Thus, a  two-way ana- 

lys is  of variance model has been worked out for  assessing the relat ive 

importance of s t ra in  ra te  and skull to skull variations. 

The basic model i s  given by 

Y i j k Z " U i  + 6 j + y i j  "ijk i  = 1 ,  ... 9 I 

j = 1 ,  - 9 -  , J  

k = 1 ,  0 . .  

where 
t h . t h  t h y i j k  = the observed value for the i- skul l ,  J- ra te  and the K- 

rep1 i cation 

u = overall mean effect  
t h 

a i = main effect  of the i- sku1 1 



t h  . 
p, = main e f f e c t  o f  t h e  j- s k u l l  
j 

t h  t h  
Y i j  

= i n t e r a c t i o n  between t h e  i- s k u l l  and t h e  j- r a t e  

t h  
ci jl( = t h e  e r r o r  i n  t h e  i j k- observed va lue 

Due t o  t h e  r e l a t i v e  abundance o f  specimens f rom whole embalmed c a l -  

variums, the  shear t e s t  a l lows t h e  v a r i a b l e  o f  p o s i t i o n  i n  t h e  s k u l l  t o  be 

s t u d i e d  i n  a d d i t i o n  t o  t h e  v a r i a b l e s  s t u d i e d  i n  the  tens ion  and compression 

t e s t s .  The s t a t i s t i c a l  model f o r  i n c l u d i n g  t h e  e f f e c t  o f  p o s i t i o n  i s  a  

t h r e e  way ana lys is  o f  var iance.  

The bas ic  model i s  g i ven  by 

- A  B C AB AC 
yijkl - aa.  + a + ak + a , .  t aik + aBC + 

1 j J J  
ABC + E i j k l  

j k  ' i j k  

where 

t h  t h  t h  y i  j k l  = t h e  observed value f o r  t h e  i- s k u l l ,  j- r a t e ,  k- p o s i t i o n  

t h and 1- rep1 i c a t i  on 

p = o v e r a l l  mean e f f e c t  

t h  
aA = main e f f e c t  o f  t h e  i- s k u l l  i 

t h  
aB = main e f f e c t  o f  t h e  j- r a t e  
j 

t h  = main e f f e c t  o f  t h e  k- p o s i t i o n  
a k 

t h  t h  
aAB = i n t e r a c t i o n  between i- sku1 1  and j- r a t e  i j 

t h  t h 4: = i n t e r a c t i o n  between i- s k u l l  and k- p o s i t i o n  

t h  t h  BC = i n t e r a c t i o n  between j- r a t e  and k- p o s i t i o n  'j k  

oABC = t h r e e  way i n t e r a c t i o n  
l ~ k  

t h  c i j  k l  = t h e  e r r o r  i n  t h e  i j kl-  observed va lue 
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Complex Dyna,mic Shear Modulus 

Tes t  Desc r i p t i on  and 0bjec t i .ves  

The e f f o r t  t o  determine the complex dynamic shear  modulus 

of human b r a i n  t i s s u e  was cont inued a s  s t a t e d  i n  t h e  Appenc.ices 

Concerning t h e  Experimental and Ana ly t i c a l  Research Program 

(Volume IV of t h e  I n t e r i m  Report on Contrac t  PH-43-67-1136). 

now Corning1 a Dynamic Mechanical Apparatus (DIM) was u t i l i z e d  

f o r  t e s t i n g .  Thi! t e s t s  were e o n d u c t ~ d  t o  - (1) i n c r ea se  the  

sample popu l a t i on ;  and ( 2 )  eva lua t e  and reduce e r r o r s  i n  the  

measured modulus due t o  d ry ing  of t h e  t e s t  specimen dur ing  a c t u a l  

t e s t i n g .  The mechanical procedure remained t h e  same a s  was 

r epo r t ed  i n  t h e  i n t e r i m  r e p o r t ,  Primary emphasis was p laced 

on longer  t e s t  s e r i e s  conducted on one specimen r a t h e r  than  

t o t a l  number of specimens, The t e s t  s e r i e s  were designed t o  

show modulus v a r i a t i o n  due t o  p rev ious  shear  h i s t o r y  and a l s o  

involved varLous sa,mple prepa , ra , t ion  t echn iques .  A l l  t e s t s  were 

conducted a t  37°C. 

Var i a t i ons  of two techn iques  were u t i l i z e d  t o  reduce water  

l o s s  from the  t e s t  specimen du r ing  a,ctua.l  t e s t i n g .  The f i r s t  

e f f o r t  i n v o l v ~ d  coa t i ng  t h e  e n t i r e  sample su r f ace  wi th  Dow 

CorningQ Medical Adhesive 'B' . This product  i s  a  so lven t -  

d i spe r s ed  s i l i . cone  adhesive i n  a e r o s o l  form. Samples were coa ted  

by e i t h e r  sp ray-coa t ing  them wi th  adhes ive  d i r e c t  from the  aero-  

so ' l  can o r  by brush-coa,ti .ng t h e  surfa .ces  wi th  t h e  s i l i cone - ,  

so lven t  mixture which ha.d been reduced t o  a p p r ~ x i m a ~ t e l y  50% 

of t h e  o r i g i m l  percenta.ge s o l i d s  (when i n  a e r o s o l  fo rm) .  

The second technique cons i s t ed  of i s o l a t i n g  t he  sample 

from the  e x t e r i o r  environment by means of a  t h i n  p l a s t i c  case  

approximately 1/4-3/8 inch from t h e  v e r t i c a l  wa l l s  of t he  sample. 
* < 

This technique was a l s o  used i n  con junc t ion  wi th  t h e  above: 

mentioned s i l i c o n e  c o a t i n g ,  This  technique assumes t h a t  l i t t l e  

o r  no water  w i l l  be l o s t  from t h e  sample once t h e  case  hum2.dity 

i s  e q u i l i b r a t e d  wi th  t h e  sample. 



The s h e a r  r a t e s  ( d e n o t e d  by 8 s )  were con t inued  a.t a.pproxi- 

mate ly  t h e  same l e v e l  a s  had been u t i l i z e d  p r e v i o u s l y .  S i m i l a r  

t e s t  sequences were conducted on s e v e r a l  specimens i n  c o n j u n c t i o n  

w i t h  v a r i o u s  sample p r e p a r a t i o n  p rocedures .  

Tes t  Equipment a.nd 1ns t rumen ta . t ion  

The equipment d e s c r i b e d  i n  t h e  i n t e r i m  r e p ~ r t  was u t i l i z e d  

f o r  a l l  t e s t i n g .  The above-mentioned sample i s o l a t i o n  chamber 

was t h e  on ly  m o d i f i c a t i o n .  This  chamber was c o n s t r u c t e d  of 

0 . 1  inch  t h i c k  P l e x i g l a s  and was i n t e g r a t e d  i n t o  t h e  e x i s t i n g  

P l e x i g l a s  cover  p l a t e .  

A p r e c i s i o n  50-ohm r e s i s t o r  i n  t h e  smperage measurement 

c i r c u i t  was found t o  have been d e f e c t i v e  throughout  t h e  p e r i o d  

covered i n  t h e  i n t e r i m  r e p o r t .  The G'! and t a n  6 v a l u e s  which 

were r e p o r t e d  a r e  22% l e  s  s  t h a n  t h e  t r u e  expe r imen ta l  v a l u e s .  

The va lues  p r e s e n t e d  i n  t h i s  r e p o r t  were ob ta ined  w i t h  t h e  

new r e s i s t o r  i n  p l a c e .  

Data Reduct ion 

Minor m o d i f i c a t i o n s  i n  t h e  d a t a  r e d u c t i o n  procedure  were 

a .dop t e d  t o  reduce t h e  number of necessa,ry s t e p s .  The r e v i s e d  

procedure  f o l l o w s .  

(1) Determine t h e  s h e a r  ang le ,  Qs, f o r  each  sa,mple measure- 

ment and a l s o  f o r  each  unloaded measurement u s i n g  

t h e  f o l l o w i n g  e q u a t i o n  - 

where f i s  t h e  f requency,  h  i s  t h e  sample heigh't  i n  

m i l s ,  0.00415 i s  a  machine c o n s t a n t  determined e x p e r i -  

m e n t a . 1 1 ~  f o r  t he  DMA, and 56.97 i s  a  l i n e a r  conver s ion  

f a c t o r  which r e p l a c e s  tan- ' .  



( 2 )  Curves of t h e  r e sonan t  f r equency  ( f o )  a,nd co r r e spond ing  

i n p u t  amperage ( I ~ )  a r e  p l o t t e d  v e r s u s  0s f o r  t h e  

unloaded machine. 

(3 )  f o  and I. a r e  r ead  from t h e  above c u r v e s  f o r  each  

sample 0s and r eco rded .  

(4) The sample a r e a  i s  s c a l e d  from t h e  photograph  of t h e  

sample u s i n g  a  p l a n i m e t e r ,  w i t h  t h e  a i d  of a  c a l i b r a t e d  

g r i d  s co red  on t h e  cover  p l a t e  and v i s i b l e  i n  t h e  

photograph .  

( 5) The moduli  and s u p p o r t i n g  pa,ra.meters a r e  ca . lcu la , ted  

from t h e  f o l l o w i n g  formula~s,  which a r e  appl ica ,b: le  

t o  ope ra t t i on  a t  r e sonan t  c o n d i t i o n s .  

t a n  6 - G"/G 

where: . ho  = Sample h e i g h t ,  cm 

A = Sample area., cm2 

Ko = Volume s p r i n g  c o n s t a n t  of ma,chine, 

M = Vibra , t i ng  mass, 243 grams 

f = Resona,nt f requency  w i t h  sample i n  p l a c e ,  

Her tz  

f ,  = Resonant f r equency  wi thou t  sample and 

a t  sa.me a .pparent  Qs a.s f ,  Her tz  



C1 = Force c o n s t a n t  of machine, 1.53 x l o 6  

gram-ohm-sec-" 

E = Output vo l ta .ge ,  v o l t s  

Rmo = Mechanical  r e s i s t i v i t y  of  ma.chine, 

( c ~ I ~ / E )  

I = D r i v i n g  amperage w i t h  sample i n  p l a c e ,  

amperes 

I. = D r i v i n g  amperage w i t h o u t  sample and a t  

same a p p a r e n t  0s  a s  I, amperes 

These m o d i f i c a t i o n s  t o  t h e  p r e v i o u s l y  r e p o r t e d  procedure  

were made t o  a l l ow t h e  d a t a  t o  be reduced on a  semi-au tomat ic  

c a l c u l e t o r ,  t h u s  l ower ing  d a t a  r e d u c t i o n  t i m e o  They a r e  mathe- 

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

Data and D i s c u s s i o n  

Complete t e s t  r e s u l t s  a r e  i n c l u d e d  i n  t a b u l a r  form ( ~ a b l e s  

I t h rough  IV ) f o r  a l l  m a t e r i a l s  t e s t e d  and a l s o  i n  g r a p h i c  

form ( ~ i g u r e s  1 th rough  7 ) f o r  s e l e c t e d  t e s t  s e r i e s  t h a t  a r e  

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

r e p o r t .  The code system f o r  t h e  t e s t s  remains  t h e  same and 

i d e n t i f i e s  each  t e s t  a s  t o  - (1) t y p e  of b r a i n  and sex  ( a s  - 

HBM - - Human - Bra in ,  - e ale) ; ( 2 )  t h e  s p e c i f i c  b r a i n  ( 5 - 7  o r  9) ; 
(3)  hour s  post-mortem a t  t h e  beg inn ing  of t e s t i n g ;  and ( 4 )  t h e  

i n d i v i d u a l  t e s t ,  denoted  by a  l e t t e r ,  where a  s e r i e s  of t e s t s  

was conducted w i t h  t h e  same specimen i n  a  s h o r t  t ime p e r i o d ,  

An i n d i v i d u a l  t e s t  i n c l u d e s  e i t h e r  - (1) one measurement i s o l a t e d  

from o t h e r  measurements by a  r e c o r d a b l e  amount of t ime ( a s ,  

f o r  example, f i v e  minutes )  ; o r  ( 2 )  a  scan ,  o r  group of app rox i -  

ma te ly  6-8 measurements a t  v a r i o u s  s h e a r  r a t e s  conducted i n  

r a p i d  sequence .  



A l l  t e s t  s e r i e s  i n v o l v i n g  human b r a i n s  5-7 were coa ted  

w i t h  Dow Corning@ Medical Adhesive ' B s  a s  was t e s t  s e r i e s  

HBM-9-960 With t h e  e x c e p t i o n  of s e r i e s  HBM-5-28, which was 

spray-coated ,  a l l  t h e  above s e r i e s  were brush-coated w i t h  a  

s o l v e n t - d i l u t e d  v e r s i o n  of t h e  same a d h e s i v e e  The b rush-coa t ing  

t echn ique  i s  cons idered  b e t t e r  a s  i t  a p p a r e n t l y  p l a c e s  a  t h i n n e r  

and more uniform c o a t i n g  on t h e  sample s u r f a c e  than  does t h e  

sp ray-coa t  t e c h n i q u e o  

A l l  t e s t  s e r i e s  of human b r a i n s  5-7 were conducted w i t h  

t h e  p r e v i o u s l y - r e p o r t e d  h u m i d i f i e r  i n  t h e  t e s t  chamber, whereas 

t h o s e  s e r i e s  of human b r a i n  9  were t e s t e d  i n  an unhumidif ied 

chamber 

Graphs of v a r i o u s  modulus components from t e s t s  HBM-6-20, 

HBM-9-25 and HBM-9-96 a r e  p r e s e n t e d  a s  t h e y  i l l u s t r a t e  t h e  p e r t i -  

nan t  r e s u l t s  and o b s e r v s t i o n ~ ~  I t  had been p r e v i o u s l y  noted  

t h a t  GP i s  f a r  more s u s c e p t a b l e  t o  d ry ing  t h a n  i s  G" ".igure 

1 shows G P  f o r  t e s t  HBM-6-20. The sample had been brush  coa ted  

w i t h  t h e  adhes ive - so lven t  mixture  and was i n  a  high-humidity 

environment .  Scan A produced a  G P  va lue  d e c r e a s i n g  w i t h  i n c r e a s -  

i n g  shea r  r a t e .  Scans B and C produced a  most c o n s t a n t  G f  v a l u e .  

A f t e r  a  15 minute r e s t  p e r i o d ,  scans  D-F e s s e n t i a l l y  r epea ted  

t h e  performance observed i n  A - C .  Tes t  G, conducted immediately 

a f t e r  1 0  minutes of s h e a r i n g  a t  0s -14" would tend t o  i n d i c a t e  

some t h i x o t r o p i c  mechanism a s  t h e  G-alue i s  lower t h a n  had 

been observed i n  scans  A-Fo Gr i n c r e a s e d  some 30% i n  t e s t  H, 

which was conducted some 20 minutes a f t e r  t e s t  G, t h e  i n t e r i m  

p e r i o d  being occupied by a  s t a t i c  ( r e s t )  sample p o s i t i o n .  T e s t s  

I - M  were conducted a f t e r  a  f i v e  minute p e r i o d  of s h e a r  a t  0s 

-1400 These t e s t s  a r e  n o t a b l e  i n  t h a t  G I  t ends  t o  i n c r e a s e  

with i n c r e a s i n g  s h e a r  a .ngle.  



Figures  2 and 3 i l l u s t r a t e  GI f o r  t e s t  s e r i e s  HBM-9-25 

and HBM-9-96, r e s p e c t i v e l y o  Both of t h e s e  s e r i e s  employed a  

t e s t  sequence v e r y  s i m i l a r  t o  HBM-6-20. HBM-9-25 was conducted 

wi thou t  any sample c o a t i n g  o r  humidi ty  c o n t r o l ,  b u t  was enc losed  

i n  t h e  above-descr ibed P l e x i g l a s  chamber which i s o l a t e d  i t  from 

t h e  DMA sample chamber. S e r i e s  HBM-9-96 was conducted w i t h  

t h e  same sample p r e p a r a t i o n s  a s  HBM-9-25 and a d d i t i o n a l l y  brush-  

c o a t i n g  t h e  sample a s  i n  HBM-6-20, Examination of t h e s e  graphs 

r e v e a l s  s i m i l a r  t r e n d s  bu t  wi th  c o n s i d e r a b l y  more v a r i a t i o n  

i n  GI v a l u e s  f o r  t h e  l a t t e r  scans  i n  any g iven  sequence oE scans  

conducted i n  r a p i d  o r d e r .  

F i g u r e s  4 and 5 i l l u s t r a t e  GI' v a l u e s  f o r  t e s t  s e r i e s  

HBM-9-25 and HBM-9-96, r e s p e c t i v e l y .  Taken c o l l e c t i v e l y ,  t hey  

i n d i c a t e  t h a t  G" i s  f a r  more c o n s t a n t  t h a n  i s  G I  f o r  t h e  p a r -  

t i c u l a r  t e s t  s e r i e s o  Tan 6 va lues  f o r  t h e  same t e s t s  a r e  i l l u s -  

t r a t e d  i n  F igures  6  and 7  , The l a r g e  v a r i a t i o n s  a r e  p r i m a r i l y  

t h e  r e s u l t  of G 1  f l u c t u a t i o n s .  

One nota .ble  s e t  of va , r i a . t i ons  i n  t a n  6 was seen  dur ing  

t e s t  s e r i e s  HBM-7-47 and HBM-7-48. These two t e s t  s e r i e s  were 

conducted on b r a i n  t i s s u e s  t h a t  were irnrnedia.tely a,dja.cent t o  

each  o t h e r  i n  v i v o .  HBM-7-48 wa.s conducted on a, sa.mple whose -- 
major a x i s  l a , ~  i n  a,n a . n t e r i o r - p o s t e r i o r  pla,ne of t h e  b ra8 in  r a t h e r  

t h a n  i n  a  l a t e r a l  p l ane  a s  had a l l  t h e  o t h e r  samples .  The G" 

v a l u e s  were ex t remely  low and y i e l d e d  ta ,n  6 va.lues approxima,tely 

one o r d e r  of magnitude lower than  was recorded  f o r  t h e  r e s t  

of t h e  t e s t  p o p u l a t i o n o  As t h e r e  a r e  no o t h e r  t e s t  parameters  

which sugges t  such a  d r a s t i c a l l y  decreased  t a n  6 ,  i t  may w e l l  

be an i n d i c a t i o n  of t h e  a n i s o t r o p y  of t h e  human b r a i n .  Fu tu re  

t e s t s  w i l l  be des igned t o  r e s o l v e  t h i s  i s s u e .  

I n  summation, i t  appears  t h a t  i s o l a t i n g  t h e  t e s t  specimen 

from t h e  g e n e r a l  t e s t  environment i s  no t  a s  e f f e c t i v e  a s  p ro -  

v i d i n g  a  h i g h  r e l a t i v e  humidi ty  f o r  t h e  t e s t  chamber. G 1  v a l u e s  

a r e  p robab ly  n o t  n o t i c e a b l y  dependent on shea r  ang le  f o r  t h e  

range of s h e a r  a n g l e s  u t i l i z e d  i n  a l l  of t h e  t e s t s .  Based on 

t h e  a v a i l a b l e  expe r imen ta l  r e s u l t s ,  i t  i s  b e l i e v e d  t h a t  GI l i e s  



in the range 6-11 x lo3 dynes/cm2; G", 305-6,0 x 103 dynes/cm2; 
and tan 6, 0.110-0.55. 



Dynamic Probe Apparatus  

T e s t  D e s c r i ~ t i o n  and 0b . i ec t ives  

While t h e  DMA h a s  been deemed s u i t a b l y  s e n s i t i v e  f o r  measur- 

i n g  t h e  complex dynamic s h e a r  modulus of human b r a i n ,  it does 

l a c k  t h e  a b i l i t y  t o  measure t h e  modulus of t h e  b r a i n  -- i n  v i v o .  

An -- i n  v i v o  measurement on a  l i v e  specimen e s s e n t i a l l y  e l i m i n a t e s  

such p o t e n t i a l  v a r i s b l e s  a s  d ry ing ,  ag ing  p o s t  mortem, and l a c k  

of  p e r f u s i o n .  One should  a l s o  be a'ble t o  de t e rmine  t h e  change 

i n  modulus from l i v i n g  t o  s e v e r a l  h o ~ r s  p o s t  mortem, t h u s  showing 

a  c o r r e l a t i o n  of t h e  p r e s e n t  d a t a  (DMA t e s t s )  t o  t h e  modulus 

of t h e  l i v i n g  ( i n  vivo) b r a i n .  D e s i r a b l e  f e a t u r e s  f o r  an i n  v i v o  -- -- - 
t e s t  i n c l u d e :  

( 1) Var ia .b le  f r equency  and ampl i tude  

(2) The a b i l i t y  t o  t e s t  a  s m a l l  segment of t i s s u e  i n  o r d e r  

t o  observe  any d i f f e r e n c e  i n  modulus a t  v a r i o u s  p o i n t s  

of t h e  b r a i n o  

( 3 )  P o r t a b i l i t y  

( 4 )  Ease of d a t a  r e d u c t i o n  

The above c r i t e r i a  i n d i c a t e d  t h a t  a  f o r c e d ,  non- resonant  

t e s t e r  w o u l d  p r o v i d e  t h e  b e s t  approach .  A t r a n s f e r  inpedance 

method was s e l e c t e d  due t o  t h e  i n c r e a s e d  s e n s i t i v i t y  over  a  

s u b t r a c t i v e  method ( a s  employed on t h e  DMA) when working ~ i t h  

low-modulus t e s t  m a t e r i a l s  such  a s  t h e  b r a i n .  A smal l ,  s e n s i t i v e  

impedance head d r i v e n  by a  s i n u s o i d a l  v i b r a t i o n  g e n e r a t o r  p ro -  

v i d e s  t h e  mechanica l  i n p u t  f o r  such a  sys t emo  

The t e s t  geometry t o  be employed c o n s i s t s  of a  sma l l -  

d i ame te r  rod ( p r o b e )  a t t a c h e d  t o  t h e  impedance head and v i b r a t e d  

p e r p e n d i c u l a r  t o ,  and i n  c o n t a c t  w i th ,  t h e  s u r f a c e  of t h e  b r a i n .  

A p robe  d i a m e t e r  of  app rox ima te ly  1/8 i n c h  was deemed a p p r o p r i a t e  

f o r  measurement of m a t e r i a l  p r o p e r t i e s  r a t h e r  t h a n  t h o s e  of 

t h e  sys tem.  A f i n a l  d i a m e t e r  of 0 .135" was s e l e c t e d  i n  c r d e r  
t o  y i e l d  a  c o n t a c t  a r e a  of 0 . 1  cm2. 



T h i s  machine, t o g e t h e r  w i t h  i t s  acco~npanying  e l e c t r o n i c s ,  

h a s  been  termed t h e  Dynamic Probe Rpparti tus,  o r  D P A .  I t s  purpose  

i s  t o  measure and d i s p l a y  a  s t r e s s - s t r a i n  p l o t  f o r  a t e s t  mate- 

r i a l  s i n u s o i d a l l y  e x c i t e d  by t h e  f l a t  end of  t h e  p robe  t i p o  

U t i l i z i n g  a x  o s c i l l o s c o p e ,  t h i s  p l o t  may be r e c o r d e d  p h o t o g r a p h i -  

' c a l l y  e i t h e r  a s  - (1) an x-y p l o t  ( ~ i s s a j a ~ ~ s  t r a c e ) ;  o r  (2) 

a t ime  b a s e  p l o t  c o n s i s t i n g  of s e p a r a t e  f o r c e  and d i s p l a c e m e n t  

s i g n a l s .  Both t y p e s  of  p l o t s  y i e l d  themse lves  t o  t h e  same a n a l y -  

s i s .  The L i s s a j o u f s  t r a c e  a l s o  a l l o w s  d e t e r m i n a t i o n  of  t h e  p e r -  

c e n t a g e  dzmping. Th i s  type  o f  a n a l y s i s  i s  a p p l i e d  t o  t h e  we1.l- 

known R o e l i g  T e s t  Machine, d e s i g n e d  t o  t e s t  e l a s t o r x e r i c  spec imens .  

T e s t  P rocedure  ---- 

The t e s t  p r o c e d u r e  c o n s i s t s  of  seven  s t e p s :  

(I.) The r e l a t i v e  s i g n a l  s t r e n g t h s  from t h e  f o r c e  gages  

and t h e  a c c e l e r o m e t e r  a r e  a d j u s t e d  t o  y i e l d  a  n u l l  

s i g n a l  when t h e  impedance head i.s d r i v e d ,  w i t h o u t  

c o n t a c t  w i t h  t h e  t e s t  specimen.  

( 2 )  The f o r c e  s i g n a l  i s  c a l i b r a t e d  s t a t i c a l l y  by measur ing  

t h e  change i n  t h e  d . c .  s i g n a l  o u t p u t  when a  knotin 

we igh t  i s  added t o  t h e  probe  t i p  a s sembly .  

( 3 )  The d i s p l a c e m e n t  s i g n a l ,  f rom t h e  a c c e l e r o m e t e r ,  i s  

c a l i b r a t e d  dynanl ica l ly  f o r  t h e  t e s t  f r e q u e n c y  by v i b -  

r a t i n g  t h e  i-mpedance head th rough  a  known d i sp lacemen t  

and ' a d j u s t i n g  t h e  g a i n  on t h e  o s c i l l o s c o p e  t o  y:ield 

t h e  d e s i r e d  c a l i b r a t i o n .  The d i sp lacemen t  l e v e l  i s  

measured by a  mechan ica l ly  groxnded micrometer  mounted 

on t h e  a x i s  of  motion of  t h e  impedance head .  I t  i s  

b rough t  i n t o  l i g h t  c o n t a c t  w i t h  t h e  bas?  d i s c  of t h e  

impedance head w i t h  t h e  s y s t ~ r n  i n  s t a t i c  condition. 

T h i s  rnicrorncter s e t t i n g  i s  rccorclcd a s  t l ie s t a t i c  . , 



r e a d i n g .  A f t e r  removing t h e  micrometer  t i p  from t h e  

base  d i s c ,  t h e  impedance head i s  s i n u s o i d a l l y  d r i v e n  

a t  n e a r  maximum ampl i tude .  The micrometer i s  t h e n  

r e a d j u s t e d  t o  y i e l d  l i g h t  c o n t a c t  w i t h  t h e  base  d i s c  

d u r i n g  t h e  peak  ampl i tude .  Th i s  c o n d i t i o n  i s  assumed 

t o  occur  s i m u l t a n e o u s l y  w i t h  t h e  f i r s t  d i s t o r t i o n  

of e i t h e r  t h e  f o r c e  o r  d i sp lacemen t  s i g n a l s  b e i n g  

d i s p l a y e d  on t h e  o s c i l l o s c o p e .  The s i n g l e  ampl i tude  

d i sp lacemen t  i s  t h e  d i f f e r e n c e  i n  micrometer s e t t i n g s  

f o r  t h e  s t a t i c  and dynamic c o n d i t i o n s .  

(4) The DPA i s  brought  i n t o  c l o s e  p r o x i m i t y  w i t h  t h e  t e s t  

specimen. ( ~ o r m a l  o p e r a t i o n  i s  i n  a  v e r t i c a l  p l a n e  

normal t o  t h e  s u r f a c e  of t h e  t e s t  specimen.)  The 

sys tem v i b r a t i o n  ampl i tude  i s  a d j u s t e d  t o  approx ima te ly  

t h e  d e s i r e d  t e s t  c o n d i t i o n .  

(5) The DPA i s  s lowly  lowered o n t o  t h e  t e s t  specimen s u r -  

f a c e  f a r  enough t o  i n s u r e  a  complete  t r a c e ,  i . e .  t h e  

probe  must c o n t a c t  t h e  specimen throughout  t h e  s i n u -  

s o i d a l  c y c l e o  Note t h a t  t h i s  r e q u i r e s  a  s t a t i c  d e p r e s -  

s i o n ,  of t h e  probe  t i p  on t h e  t e s t  specimen, a t  l e a s t  

e q u a l  t o  t h e  s i n g l e  ampl i tude  of v i b r a t i o n o  

( 6 )  The a.mplitude i s  f i n e - a . d j u s t e d  t o  t h e  d e s i r e d  l e v e l .  

(7) A photograph of t h e  r e s u l t i n g  L i s s a j o u P s  t r a c e  i s  

t a k e n .  O p t i o n a l l y ,  a  photograph of t h e  l i n e a r  ( t i m e -  

based)  t r a c e s  i s  a l s o  t a k e n ,  

Data Reduct ion  

Inasmuch a s  t h e  f l a t - e n d e d  probe appea r s  t o  o p e r a t e  on 

t h e  sample i n  b o t h  t h e  s h e a r  and compressive modes s imul t aneous ly ,  

one can  n o t  de termine  e i t h e r  t h e  complex dynamic s h e a r  o r  com- 

p l e x  dynamic Young's modulus, G* and E* r e s p e c t i v e l y ,  u n t i l  

a  r a t h e r  thorough a n a l y s i s  of t h e  induced s t r e s s e s  i s  per formed.  

One should  be a b l e ,  however, t o  de termine  t h e  e l a s t i c  ( M I )  and 

v i s c o u s  l o s s  (M") components of a  complex dynamic modulus M*, 



and t a n  6 ,  o r  M"/M'  . M v ,  M", and M* a r e  analogous t o  G', G", 

and G*,  r e s p e c t i v e l y .  

See F igure  9a.  I n  o r d e r  t o  ana lyze  t h e  photograph of t h e  

L i s s a j o u ' s  t r a c e  r e s u l t i n g  from a  t e s t ,  one must f i r s t  de t e rmine :  

(1) The f o r c e  on t h e  probe a.t maximum a.mplitude, y2 

( 2 )  The maximum ampl i tude ,  x2 

(3)  The f o r c e  on t h e  probe a , t  z e r o  ampli tude,  yl 

( 4 )  A shape f a c t o r ,  e q u a l  t o  t h e  e f f e c t i v e  specimen t h i c k -  

n e s s  (h.)  d i v i d e d  by t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  

probe  t i p  ( A ) ,  o r  h/A. 

The f o r c e s  involved  a r e  n o t  t h e  t o t a l  f o r c e s  on t h e  probe 

b u t  r a t h e r  t h o s e  due t o  t h e  motion of t h e  probe on t h e  t e s t  

specimen. The i n i t i a l  s t a t i c  f o r c e s  a r e  n o t  p r e s e n t  i n  t h e  

o s c i l l o s c o p e  t r a c e s  due t o  t h e  f a c t  t h a t  t h e  s i g n a l s  were chan- 

n e l e d  through t h e  o s c i l l o s c o p e  Is a  . c  a i n p u t s .  

These v a l u e s  a r e  t h e n  s u b s t i t u t e d  i n  t h e  fo l lowing  e q u a t i o n s  - 

M" = M P  t a n  6 

h Y l  - -  - - 
A X 2  

Note a . lso,  i n  F igure  gb, t ha . t  t h e  f o l l o w i n g  equa . t ions  ,may 

be u t i l i z e d :  

a 
$ Damping = - 

b 



A l l  of t h e  above equa t ions  assume t h e  occurrence  of a p e r -  

f e c t ,  o r  n e a r - p e r f e c t  e l l i p s e  except  equa t ion  ( e )  which i s  v a l i d  

f o r  d i s t o r t e d  e l l i p s e s  a s  w e l l .  

The e f f e c t i v e  sample t h i c k n e s s ,  h, i s  cons ide red  t o  be 

l e s s  t h a n  t h e  d iameter  of t h e  b r a i n ,  i , e .  t h e  i n t a c t  b r a i n  

r e p r e s e n t s  a  semi-inf  i n i t e  sample t h i c k n e s s .  

I t  i s  expected  t h a t  h  w i l l  be determined exper imen ta l ly  

and r e l a t e d  t o  t a n  6, t e s t  ampli tude,  o r  a  combination of t h e  

two 0 

Experiment a  1 

The DPA was used wi thou t  c a l i b r a t i o n ,  t o  t e s t  a s i l i c o n e  

g e l  and one sample of human b r a i n  t i s s u e .  The purpose of t h e  

t e s t s  was t o  determine the  f e a s i b i l i t y  of i n  v ivo  t e s t i n g  wi th  -- 
t h e  a p p a r a t u s .  Q u a l i t a t i v e  r e s u l t s  i n d i c a t e d  t h a t  t h e  s e n s i -  

t i v i t y  was s u f f i c i e n t  f o r  t e s t i n g  b ra ) in  t i s s u e .  It was a . l so  

noted  t h a t  t h e  re la .xa . t ion  t ime of bra . in  t i s s u e  i s  r a . the r  long .  

This  causes  t h e  f o r c e  on t h e  probe t i p  t o  be l e s s  on t h a t  p o r t i o n  

of t h e  ampli tude c y c l e  n e a r e s t  t h e  sample s u r f a c e  ( i . e .  when 

t h ~  l e a s t  s t a t t i c  compression i s  i n d i c a , t e d ) .  This  ca,uses t h e  

L i s s a j o u ' s  t ra .ce  t o  be skewed r a 8 t h e r  t h a n  a. p e r f e c t  e l l l p s e .  

This  e f f c c t  was n o t  observed when t e s t i n g  t h e  s i l i c o n e  g e l .  

Two i n  v i v o  t e s t  s e r i e s  have been conducted on l i v e  s q u i r r e l  -- 
monkeys a t  t h e  Highway S a f e t y  Research I n s t i t i ~ t e  l a b s  (Ann A r b o r ) .  

Both t e s t  s e r i e s  were ve ry  s i m i l a r o  The monkey, weighing about  1 

one kilogram, was a n e s t h e t i z e d  w i t h  sodium pen ta .ba , rb i t a l  and 

p l a c e d  on a  custom-design j i g  which he ld  i t s  head f i r m l y  i n  

an u p r i g h t  p o s i t i o n .  Transducers  f o r  EKG a'nd r e s p i r a t i o n  monitor-  

i n g  were a t t a c h e d  t o  t h e  monkey, A 1/4- inch ho le  was c u t  through 
t h e  s k u l l ,  be ing  p o s i t i o n e d  over  t h e  r i g h t  f r o n t a l  lobe  of t h e  

b r a i n  immediately a n t e r i o r  t o  t h e  f r o n t a l  s u l c u s  and c l o s e  t o  

t h e  m i d l i n e o  The dura  was then  removed w i t h  a. sca. lpe1.  The 

DPA wa,s p o s i t i o n e d  v e r t i c a l l y  over  t h e  ho le  and ope ra ted  accord-  

i n g  t o  t h e  above-descr ibed t e s t  procedure .  Both L i s s a j o u l s  



t r a c e  and l i n e a r  t r a c e  photographs were t a k e n .  A s e r i e s  of 

t e s t s  was covzducted over  a p e r i o d  of about  one hour .   he probe 

t i p  remained i n  t h e  same s t a t i c  p o s i t i o n  on t h e  b r a i n  between 

t e s t s . )  The monkey was t h e n  s a c r i f i c e d  w i t h  a  l e t h a l  dose of 

sodium p e n t a b a r b i t a l .  T e s t s  were now con t inued  f o r  about  1 - i /2  

hours  a f t e r  *dea th .  

Slow r e l a x a t i o n  of t h e  b r a i n  m a t t e r  i s  e v i d e n t  i n  t h e  t e s t  

pho tos .  Also, t h e  dynamic f o r c e  on t h e  probe t i p  was reduced 
!I t o  about  ~ n e - h a l f  i t s  l i v i n g "  v a l u e  on ly  a  few minutes p o s t  

mortem. The s t a t i c  f o r c e  on t h e  probe,  due t o  i t s  i n i t i a l  

d e p r e s s i o n  on t h e  b r a i n ,  decreased  a l s o .  The photographic  

r e s u l t s  a r e  c u r r e n t l y  be ing  more tho rough ly  ana lyzed .  

The monkey b r a i n  from t h e  f i r s t  t e s t  was f i x e d  i n  10% For- 

mal in  and l a t e r  examined g r o s s l y  and by l i g h t - m i c r o s c o p i c  h i s t o -  

l o g i c a l  methods. Gross examinat ion  I n d i c a t e d  an apparen t  abnor-  

m a l i t y  ( c o l o r  change) under t h e  t r e p h i n e d  a r e a .  Histologi .ca1 

r e s u l t s  showed t h i s  c o l o r  change t o  be due t o  d r y i n g .  The on ly  

abnormal i ty  under  t h e  t e s t  a r e a  was edems of c o r t i c a l  parenchyma 

and p i a  v a s c u l a r i z a t i o n .  A l l  neurons remained i n t a c t  and t h e r e  

was no damage t o  g l i a l  s t r u c t u r e s .  



Secant  Bulk Modulus 

Tes t  Desc r i p t i on  and Objec t ives  

As s t a t e d  i n  t h e  i n t e r i m  r e p o r t ,  work i n  t h e  bulk  modulus 

a r ea  was cont inued,  w i th  t h e  primary e f f o r t  concen t ra ted  on 

low-pressure  e f f e c t s .  As p r e v i o u s l y  def ined,  t he  s ecan t  bulk  

modulus ( p )  of a  compress ib le  m a t e r i a l  i s  t he  r a t i o  of s t r e s s  

t o  s t r a i n  f o r  t h e  case  of h y d r o s t a t i c  compression and is ,  t h e r e -  

f o r e ,  t h e  i nve r se  of c o m p r e s s i b i l i t y .  The t e s t  procedure con- 

s i s t s  of p l a c i n g  t h e  t e s t  m a t e r i a l  i n  a c y l i n d e r i c a l  compression 

c e l l  and compressing i t .  A s t r e s s - s t r a i n  record  of t h e  t e s t  

p rov ides  t h e  necessa ry  da t a  f o r  t h e  c a l c u l a t i o n  of p from t h e  

equa t i on  - 

where: Vo = or ig ina .1  volume of t e s t  m a t e r i a l  

Ap = a,pplied h y d r ~ s t a ~ t i c  p r e s s u r e  

ATTO =: change i n  volume produced by Ap 

Equipment and I n s t  rumenta t ion  

The same compression c e l l  and Baldwin Tate-Emory Universa l  

T e s t e r  as desc r ibed  i n  t h e  i n t e r i m  r e p o r t  were u t i l i z e d  f o r  

h igh  p r e s s u r e  d a t a  c o l l e c t i o n .  Low p r e s s u r e  t e s t s  were conducted 

on a  Model TM I n s t r o n  t e n s i l e  machine and an I n s t r o n  CCT com- 

p r e s s i o n  load  c e l l  (200  pounds maximum load)  . The maximum t e s t  

p r e s s u r e  w i th  t h i s  assembly i s  1000 p s i .  A compression r a t e  

of 0.5$/minute was u t i l i z e d ,  The I n s t r o n  employs a  record ing  

system s i m i l a r  t o  t h a t  of t h e  Baldwin Tate-Emory machine. 



Test  Specimens and Procedures 

Tissue  specimens f o r  h igh  p r e s su re  t e s t s  were prepared 

a s  p r ev ious ly  r e p o r t e d .  Specimens f o r  low p re s su re  t e s t s  were 

prepared by one of f o u r  methods. A f t e r  c u t t i n g  t h e  t i s s u e  i n  

smal l  p i e c e s  and measuring i t s  volume ( b y  displacement i n  the  

c a r r i e r  f l u i d  t o  be employed i n  t he  t e s t )  i t  was e i t h e r :  

(I) t e s t e d  wi th  s i l i c o n e  f l u i d  o r  wa.ter a.s t h e  c a r r l e r  

f l u i d ,  o r  

degassed i n  t he  c a r r i e r  

and then  t e s t e d ,  

f l u i d  ( s i l i c o n e  

The degass ing s t e p  was included, t o  determine i f  a i r  t rapped 

w i th in  the  va scu l a tu r e  of t h e  sample t i s s u e s  was respons ib le  

f o r  t h e  a,ppa,rently low modulus a t  p r e s su re s  up t o  300-500 p s i .  

Water was used a s  t h e  c a r r i e r  f l u i d  i n  some t e s t s  t o  determine 

i f  t h e  s i l i c o n e  c a r r i e r  f l u i d  al lows a i r  bubbles t o  remain on 

t he  c u t  t i s s u e s  due t o  l a ck  of we t t i ng  a s s o c i a t e d  wi th  s i l i c o n e  

f l u i d s  . 
It was necessa ry  t o  add a  very small  amount of s i l i c o n e  

f l u i d  t o  t he  top  of t h e  water  column i n  t he  compression c e l l  

i n  o rder  t o  achieve  a  good s e a l  wi th  the  p i s t o n .  The amount 

of s i l i c o n e  f l u i d  i n  t he  t e s t  volume was n e g l i g i b l e  and, t h e r e -  

f o r e ,  no t  considered i n  c a l c u l a t i o n s .  

Only minor changes i n  t h e  e s t a b l i s h e d  t e s t  procedure were 

necessa ry  f o r  those t e s t s  conducted on t he  I n s t r o n  t e n s i l e  

machine: The record ing  system of t h e  I n s t r o n  does no t  r equ i r e  

an e x t e r n a l  p o s i t i o n  t r an sduce r .  A compression r a t e  of 0.5%/ 

minute was u t i l i z e d .  The o t h e r  s t e p s  of t he  e s t a b l i s h e d  proce-  

dure were observed wi thout  mod i f i c a t i on ,  I n  genera l ,  mu l t i p l e  

compression-decompression cyc l e s  were recorded f o r  each sample 

l oad ing  f o r  an  inc reased  t e s t  popu l a t i on  and a l s o  t o  a s c e r t a i n  

i f  any i r r e v e r s i b l e  s t r a i n s  were p r e s e n t .  



Da,ta Reduction 

Minor modi f i ca t ions  i n  t h e  e s t a b l i s h e d  da.ta. r e d u c t i o n  p ro -  

cedure  were observed i n  o r d e r  t o  l e s s e n  t h e  t o t a , l  data ,  r e d u c t i o n  

t ime .  This wa,s p o s s i b l e  a,s only  two-pha.se systems ( b r a i n  p l u s  

c a r r i e r  f l u i d )  were t e s t e d .  

The s e c a n t  bulk modulus (p )  i s  obta,ined from t h e  equa t ion  - 

where: % B r  -; percenta,ge of bra , in  i n  t h e  t e s t  column 

Ap -.. a p p l i e d  h y d r ~ s t a ~ t i c  s t r e s s ,  p s i  

CT = t o t a l  observed percentage  compression of t h e  

t e s t  volume a t  Ap 

CF = percen tage  compression due t o  t h e  c a , r r i e r  

f l u i d  a t  Ap 

Data and Discuss ion  

Complete r e s u l t s  from a l l  t e s t s  a r e  p r e s e n t e d  i n  Tables 

V through IXe Graphic r e s u l t s  a,re inc luded a,s necessa,ry t o  

i l l u s t r a t e  p e r t i n e n t  r e s u l t s .  

The h igh p r e s s u r e  t e s t s  conducted on t h e  Baldwin Tate-Emory 

machine show no s i g n i f i c a n t  v a r i a t i o n s  from t h e  p r e v i o u s l y  

r e p o r t e d  r e s u l t s *  The s e c a n t  bu lk  modulus appears  t o  be ve ry  

s i m i l a r  t o  pub l i shed  va lues  f o r  wa te r .  

The r e s u l t s  ob ta ined  from t e s t s  conducted on t h e  I n s t r o n  

t e n s i l e  machine a r e  most i n t e r e s t i n g  i n  t h a t  they  inc lude  t h e  

v a r i a b l e s  of c a r r i e r  f l u i d  and sample degass ing .  F igure  1 0  

shows s e c a n t  bulk  modulus va lues  ob ta ined  a t  p r e s s u r e s  up t o  

1000 p s i  w i t h  t h e  fo l lowing  t e s t  pa ramete r s .  



Sample Prepara , t ion  C a r r i e r  F lu id  

( a )  Not dega,s sed S i l i c o n e  

( b )  Not degassed Water 

( c )  Dega.ssed S i l i c o n e  

( d )  Degassed Water 

Also inc luded i s  a  low p r e s s u r e  t e s t  conducted on t h e  

Baldwin Tate-Emory machine. Three samples, 8-HBM-33, 8-HBM-57 
(degassed i n  s i l i c o n e  f l u i d ) ,  and 9-HBM-121 (degassed i n  w a t e r ) ,  

y i e l ded  low modulus va lue s  due t o  t h e i r  extreme c o m p r e s s i b i l i t y  

a t  p r e s s u r e s  under -200 p s i .  See Figure  11, The remaining 

two samples, 8-~BM-149 and 9 - ~ ~ ~ - 1 4 1 ,  y i e lded  much higher  modulus 

va lue s  and d i d  no t  e x h i b i t  extreme c o m p r e s s i b i l i t y  a t  under 

200 p s i .  See a l s o  Figure  11. Of t he  t h r e e  low modulus samples, 

two had been degassed:  

(1) 8 - ~ ~ ~ - 5 7  - 65 mm Hg f o r  15 minutes 

( 2 )  9-HBM-121 - 8 mrn Hg f o r  30 minutes 

Both samples were r e s t i n g  i n  t h e i r  c a r r i e r  f l u i d s  ( s i l i c o n e  

and water ,  r e s p e c t i v e l y )  whi le  sub j ec t ed  t o  t h e  low pressu:res.  

Q u a l i t a t i v e  obse rva t i ons  i n d i c a t e d  t h a t  t h e  sample volumes had 

inc reased  dur ing  t h e  low p r e s s u r e  c o n d i t i o n s .  It  i s  f e l t  t h a t  

t he  extended degass ing procedure c r e a t e d  gaseous voids w i th in  

t h e  i n t e r i o r  of t h e  t i s s u e s .  These gaseous voids  caused t he  

l a r g e  amount of compression a t  r e l a t i v e l y  low p r e s s u r e  (under  

-200 p s i ) ,  The remaining low-modulus sample, 8 - ~ ~ ~ - 3 3 ,  i s  f e l t  

t o  have had a i r  bubbles t rapped on t h e  sample s u r f a c e s .  These 

t h r e e  t e s t s  were summarily deemed i n v a l i d ,  Notice t h a t  t h e  

modulus s lope  i s  ve ry  s i m i l a r  f o r  a l l  samples a t  p r e s s u r e s  )200 

p s i .  This  i s  s t i l l ,  ano the r  i n d i c a t i o n  t h a t  t he  i n a b i l i t y  t o  

measure t h e  t r u e  amount of compression a t  low p r e s s u r e s  ((200 

p s i )  i s  t h e  prime cause of d i f f e r e n c e s  i n  t h e  modulus from sample- 
to-sample a t  low p r e s s u r e s .  Therefore,  t h e  h ighe r  modulus va lue s  

obta ined i n  t e s t s  8 - ~ ~ ~ - 1 4 9  and 9-HBM-141 a r e  considered t o  

be t h e  t r u e  v a l u e s .  F igure  12 shows how t h e s e  va lue s  appear 

on an  extended p r e s s u r e  range when compared w i th  h igh p r e s s u r e  

t e s t s .  



Future  Work 

The DMA w i l l  f i n d  cont inued usage coupled wi th  a  b e t t e r  

sample environment t o  f u r t h e r  reduce t h e  phys io log i ca l  e f f e c t s  

now connected wi th  t e s t i n g .  A p h y s i o l o g i c a l  s a l i n e  s o l u t i o n  

w i l l  be flowed over t h e  exposed sample su r f ace s  dur ing  t e s t i n g .  

The i n t e r n a l  temperature  of t h e  samples w i l l  be monitored wi th  

a  thermocouplee The f e a s i b i l i t y  of an impulse t e s t  w i l l  be 

exp lored .  

The DPA w i l l  be u t i l i z e d  f o r  cont inued i n  v ivo  t e s t s  on -- 
monkeys. Tes t  procedures  w i l l  be r ev i s ed  a s  necessa ry .  I n  

o rde r  t o  reduce t he  number of t e s t  parameters ,  t h e  monkey b r a i n s  

w i l l  be pe r fused  wi th  p h y s i o l o g i c a l  s a l i n e  a t  t h e  normal i n t e r n a l  

va scu l a r  p r e s s u r e  upon s a c r i f i c e .  It i s  hoped t h a t  t h i s  same 

technique can be app l i ed  t o  a  human b r a i n  immediately p reced ing  

autopsy.  Newly developed p r e s s u r e  t r an sduce r s  may we l l  r ep l ace  

t h e  cus tom-fabr ica ted  impedance head now i n  u s e o  

The s ecan t  bulk  modulus w i l l  be i n v e s t i g a t e d  a t  a l l  p r e s -  

s u r e s  f o r  t h e  range of 0-100,000 p s i  s t r e s s .  It i s  expected 

t h a t  t h e  predominance of t he  e f f o r t  w i l l  be concen t ra ted  on 

low p r e s s u r e  ( 0-1000 p s i )  and very-high p r e s s u r e  (40,000-1.00,000 

p s i )  t e s t s .  The f e a s i b i l i t y  of impulse load ing  w i l l  be s t x d f e d .  
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'41 tan E =  5 

Figure  9 - Analys is  of L i s sa , j ou l s  Figure 



9 8-HBM-149 IN SILICONE FLUID(BALDWIN) 

0 9-HBM-141 IN H z 0  (INSTRON) 

9-HBM-121 (DEGASSED) IN Hz0 (INSTRON) 
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Figure 10 - Variables in Measurement of Secant Bulk Mcdulus of Human 

Brain  Tissue for G - 1 0 0 0  psi. a ~ u d ,  sample degassing 







Table 3 

Dynamic Shear Modulus 

Human Br a,in No. 5 

Sample H i s to ry  - Time of dea,th: l2:l5 P,M., 23 Ja,n. 6l3 
Age: 80 

Sex: M 
Race: C 

Cause of dea,th: Overdose of P1ascide:L: 
Developed pneumonia 

Time specimen removed a t  autopsy:  l O : 5 O  A.M., 
24 Jan.  68 

Location of t e s t  specimen: F r o n t a l  lobe 

T rans f e r  cond i t i ons  : Packed i n  polyethylene  
bags a,nd c a r r i e d  i n  
i c e  and water  

G' G " 
Test  No. Freq ( H Z )  Qs dynes/cm2 dynes/cm2 t a n  6 - 
H B M - ~ - ~ ~ A  9.73 2 . 5 "  19.3 x 10" 9.2 x 10" 0.48 
28 Jan* 68 9.51 3.9 16.7 7 5 0.45 
Temp. - 37OC 9.32 5.3 13.0 7.5 0.58 
White mat te r  9 $23 6.'7 12.4 5 -9 0.48 
ho - 0.70 cm 9.11 8.2 9.3 4.9 0.53 
A =: 2,86 em2 9.07 9.6 9.3 4.4 0.47 
ho/A = 0.246 cm-I 9.04 11.0 9.3 4-03 0.46 



Table I (con t inued)  

Tes t  No. 

HBM-5-28C 

Freq (HZ) 

9.49 
9.33 
9 . 2 1  
9.1-5 
9 - 0 9  
9.06 
9.04 

'as - 
2 .6 '  
4 .0  
5.4 
6 . 8  
8.2 

9 6 
11.0 

G ' G" 
dynes/cm2 dynes/cm2 t a n  6 

8.8 x lo3 5 . 8  x 103 0.66 
9 . 1  5 # 9  0.65 
8 . 6  6 . 1  0 . 7 1  
9 . 0  5 .2 0.58 
8 0 5  4 .9  0 .58 
8.9 4 .6  0.52 
9 8 3 4 *3 0.46 

Sample rcmained i n  s t a t i c  cond i t i on  f o r  15 minutes a t  37°C 
between t e s t s  C %nd D 



Table 1 (~oncluded) 

G' G " 
Test  No. --- Freq (HZ) - 0s dynes/cm2 dynes/cm2 tan 6 

Sample si?_ea.red a t  8s "20" for f i v e  minutes a t  37°C between tests 
E and F 



Dyna,mic Shea,r Modulus 

Humam Brain  No, 6 

Sa,mple His to ry  - Time of dea th :  8:30 P.M., 28 Jan.  68 

Age: 50 

Sex: M 

Race: C 

Cause of dea th :  Respi ra , tory  dea th  

Time specimen removed a t  a,utopsy: l l :O5 A . M . ,  
29 Jan .  68 

Location of t e s t  specimen:' P a , r i e t a l  lobe 

Trans fe r  cond i t i ons :  Packed i n  polyethylene  
bags and c a r r i e d  i n  
i c e  and wa.ter 

Tes t  No. 

HBM-6-20~ 

29 J an .  68 

Temp. - 37°C 
White mat te r  

ho = 0.45 cm 

A = 4 ,40  cm2 

h o / ~  = 0.102 cm-I 

G' G" 
Freq (HZ) 0s dynes/cm2 dynes/cm2 t a n  6 - 



Ta,ble 11 ( Cant inued) 

G '  G " 
Test  No, Freq (HZ) & dynes/cm2 dynes/cm2 t a n  6 - 

Sample remained i n  s t a , t i c  c o n d i t i o n  f o r  .15 minutes a , t  3 7 O C  
between t e s t s  C and D 



Ta,ble 11 ( ~ o n t  inued) 

Tes t  Noo 

HBM-6-20~ 

- -. 
Freq ( H z )  - Qs dynes/cm2 dynes/cm5 t a n  6 

Sa.mple shea.red a.t  8s  -14" f o r  t e n  minutes a , t  3T°C 

Sample remafixled i n  s t a t i c  cond i t i on  f o r  20 minutes a t  37°C 
between t e s t s  G and H 

Sample sheared a , t  0s -14" f o r  1 0  minutes a t  37°C between t e s t s  
H and I 



Ta.ble 11 ( ~ o n c  luded)  

T e s t  No. 

H B M - ~ - ~ ~ K  

G' 
F r e q  ( H Z )  - Qs dynes/cm2 

G" 
dyne s/cm2. t a n  d 

0.53 
0.51 
0.49 
0.45 
0.43 
0.44 



Table I11 

Dynamic Shea,r Modulus 

Human Bra,in No. 7 

Sample H i s to ry  - Time of dea th :  8:45 P.M., 27 J an .  68 
Age: 49 
Sex: M 

Race: C 

Ca,use of dea th :  Emphysema and Pneumot:norax 

Time specimen removed a,t autopsy:  11:45 A.M. ,  
29 Jan .  68 

Locat ion of t e s t  specimen: F r o n t a l  lobe  

T rans f e r  cond i t i ons  : Packed i n  po lye thy lene  
ba,gs and c a r r i e d  i n  
i c e  a.nd water  

Tes t  No. - 

HBM-7-47A 
29 Jan .  68 
Temp. - 37°C 
White ma t t e r  

ho = 0.439 cm 
A = 3.98 cm2 

ho/A = 0.110 cm-l 

G' 
Freq  ( H Z )  - Qs dynes/cm2 

G" 
dyne s/cm2 t a n  6 

0.46 
0.43 
0.42 

0.36 
0 0 37 
0~36 



Table 111 ( continued) 

Test  No. 

H B M - T - ~ ~ C  

IIBM-7-48A 
29 Jan. 68 
Temp. - 37°C 
White mat te r  

h, = 0.307 cm 

A = 3.98 cm2 
ho/A = 0.077 cm-' 

G' 
Freq (HZ) Qs dynes/cm2 - 

G" 
dynes/cm2 t a n  d 

1 , 8  x 10" see t e x t  

0.6 

0.4 

0.2 

0 . 1  

0 .2  

0 , 6  x l o 3  see t e x t  

0.4 

O G 4  
0 0 2 

0 a 3 
0 .3  

0,6 x l o 3  see t e x t  

o o 4  
0 .4  

0 0 2 

003 
0 * 4 



Table 111 ( continued) 

Tes t  No. - 
HBM-7-47C 

H B M - Y - ~ ~ A  
29 Jan. 6% 
Temp. - 37'C 
White mat te r  

ho = 0.307 cm 

A = 3.98 cm2 
ho/A = 0.077 emm1 

G ' 
Freq (HZ) Qs dynes/cm2 - t a n  6 

see  t e x t  

see t e x t  

see t e x t  



Table 111 (cont inued)  

G G" 
Test  Noo Freq ( H Z )  - 0s dynes/cm2 dynes/cm2 t a n  6 

Note tha . t  t e s t s  47A-c a.nd 48A-C were conducted on ad jacen t  t i s -  
sues t h a t  were o r i en t ed  90" from ea.ch o the r  -- i n  v ivo .  

H B M - T - ~ ~ A  10.18 4.0' 19.0 x lo3 4.2 x 10' 0.22 

30 Jan.  68 9.93 6,1 16.2 6.2 0.38 
Temp. - 37OC 9.75 8.3 14,4 5.5 0.38 
White mat te r  9.62 10~5 l2*9 406 0.36 
ho =: 0.432 cm 9 0 53 12.7 1 2 ~  4.2 0.35 
A = 3.00 em2 9.45 15.0 10.7 4.1 0.38 
ho/A = O* 144 cm-l 9.38 17.2 9.6 4.0 0.42 



Table 111 (concluded)  

Tes t  No, 

HBM-7-62~ 

G'  G" 
Freq ( H Z )  - Qs dynes/cm2 dynes/cm2 t a n  6 

9.84 4 .1 "  9 . 7  x 103 512 x 103 0.54 

Sample remained i n  s t a t i c  c o n d i t i o n  f o r  15 minutes a t  37OC 
between t e s t s  D and E 

Sa.mple remained i n  s t a t i c  cond i t i on  for  15 minutes a,t  37°C 
between t e s t s  E and F 

Sample rema,ined i n  s t a t i c  cond i t i on  f o r  one hour a t  37°C between 
t e s t s  G and H 



Table  I V  

Dynamic Shear  Modulus 

Human B r a i n  No. 9 

Sample H i s t o r y  - Time of dea th :  1 ~ 2 5  P.Me, 2  May 68 
Age: 71 

Sex:  M 

Race: C 

Cause of d e a t h :  Lung Cancer 

Time specimen removed a t  au topsy :  1 0 ~ 3 0  A . M . ,  
3 May 68 

Loca t ion  of t e s t  specimens:  F r o n t a l  l o b e  

T r a n s f e r  c o n d i t i o n s :  Packed i n  p o l y e t h y l e n e  
bags and c a r r i e d  i n  
i c e  and w a t e r  

T e s t  No, 

?EM-9-25A 

3 May 68  

Tenp, - 37°C 

White m a t t e r  

h, = 00386 cm 

li 3043  cm2 

h,/A = 0.112 cm-l 

Freq  ( H Z )  QS - 
9.98 4.5' 
9 0 72 7 . 0  

9 0 50 9 . 5  
9.42 1 2 * 0  

9.32 14.5 
9.26 1 7 . 1  

9.23 1gs6 

G ' G " G* 
dynes/cm2 dynes/cm2 dynes/cm2 t a n  6 



Table  I V  ( con t inued)  

G " 
dyne s/cm2 

5.0 x 10" 

5.2 
4 07 
402 
4.0 

4,o 

G* 
d n e s / m 2  t a n  6 

8.3 x lo3 0.76 
8.0 0.85 

9.1 0~60 
8.4 0.58 

8*5 0.53 
8.3 0.55 

Sample remained i n  s t a t i c  c o n d i t i o n  f o r  15 minutes  a t  37OC 
between t e s t s  A - C  and D 



Table IV ( cont inued)  

Tes t  No. 

HBM-9-25F 

G ' 
Freq ( H Z )  - 0s dynes/cm2 

G " 
dyne s/cm2 

G* 
&nes/cm2 t a n  6 

Sample sheared  a t  8s  -17.0" f o r  15 minutes a t  37OC 

Sample remained i n  s t a t i c  c o n d i t i o n  f o r  20 minutes a t  37'C 
between t e s t s  G and H 

Sample remained i n  s t a t i c  c o n d i t i o n  f o r  f i v e  minutes a t  37°C 
between t e s t s  H and I 



Table I V  ( ~ o n t i n u e d )  

Tes t  No. 

HBM-9-25J 

G ' G" G* 
Freq ( HZ) - Qs dynes/cm2 dynes/cm2 c&le s/cm2 

9.68 4.7' 5.8x103 4 . 6 ~ 1 0 ~  7 . 4 ~ 1 0 ~  

9.52 7 0 1 6.1 4 -4 7 5 
9.42 9.6 6.6 4.5 8.0 
9-37 12.0 7.3 3 6 8 . '1 
9.34 5 7.9 3.4 8.6 
9.34 16.9 8.3 3.8 g .1 

H B M - ~ - ~ ~ A  9.91 3.1" 13.6 x lo3 8.4 x lo3 16.0 x lo3 
6 Ma.y 68 9.69 4.7 12.1 7 05 14.2 
Temp. - 37°C 9.50 6.4 1005 6e3 12 .2 

White ma.tter 9.41 8.1 10.0 508 11.6 
ho = 0.57 cm 9-33 9.8 9.3 4.9 10.5 
A = 4,14 cm2 9.28 11.5 9.0 4.9 1002 

ho/A - 0.138 cm-I 

t a n  6 



Table I V  ( ~ o n t  inued) 

Test No. 

HBM- 9 - 96 C 

GI G " G* 
Freq (HZ) - 0s dynes/cm2 dynes/cm2 dynes/cm2 t a n  6 

Sample remained i n  s t a , t i c  cond i t i on  f o r  15 minutes a , t  37'C 
between t e s t s  A-C  and D 





Ta.ble I V  ( ~ o n c  luded) 

G'  G " G* 
Test  No. Freq ( H Z )  - Qs dynes/cm2 dynes/cm2 dynes/cm2 t a n  6 

Sample remained i n  s t a . t i c  cond i t i on  f o r  20 minutes a t  3 7 O C  
between t e s t s  I and J 



Table  V 

Secan t  Bulk Modulus 

Huma,n B r a i n  No, 5 

Sample H i s t o r y  - Time of d e a t h :  l 2 : l 5  P.M., 23  J a n .  68 

Age: 80 
Sex:  M 

Race: C 

Ca.use of dea , th :  Overdose of P la . sc ide1 ;  
developed pneumonia, 

Time specimen removed a. t  au topsy :  10:50 A . M . ,  
24 Ja,n. 68 

Loca t i on  of t e s t  specimen: Fronta .1  l obe  

T r a n s f e r  c o n d i t i o n s :  Packed i n  p o l y e t h y l e n e  
ba,gs and shipped i n  
i c e  and w a t e r  

Tot a , l  Bra.in Seca,nt  Bulk 
Tes t  No, P r e s s u r e  Compression Compression Modulus 

5-HBM-27 5 x l o 3  p s i  2.08% 1.18% 2 , 9 6  x l o 5  p s i  

Mixed g r e y  and 1 0  3 .60  2 .02  3 .46  

wh i t e  m a t t e r  15 4.95 2 .83  3 70 

24 J a n .  68 20 6 .24  3 . 6 6  3 .82 

Temp. - 37'C 
69 .9% b r a i n  

30.1% c a r r i e r  f l u i d  

( s i l i c o n e )  

T e s t  machine : 

Baldwin Ta t e -  

Emory 

Above v a l u e s  a r e  the  average  of t h r e e  ( 3 )  t r i a l s  



Table  VI 

Secan t  Bulk Modulus 

Human B r a i n  No. 6 

Sample H i s t o r y  - Time of dea, th:  2:30 P.M., 28 Jan .  68 

Age: 50 

Sex: M 

Cause of d e a t h :  R e ~ p i r a ~ t o r y  d e a t h  

Time specimen removed a t  au topsy:  ll:05 A . M . ,  
29 J a n .  68 

Loca t ion  of  specimen: ' P a , r i e t a l  l obe  

T r a n s f e r  c o n d i t i o n s :  Packed i n  p o l y e t h y l e n e  
bags and sh ipped  i n  
i c e  and wa te r  

T o t a l  Br a.in Seca,nt  Bulk 
Tes t  ?loo P r e s s u r e  Compression Compression Modulus 

6-HBM-20 5 x lo3 p s i  2.01% l .U$ 2.94 x lo5 p s i  

Mixed g r e y  and 1 0  

wh i t e  m a t t e r  1 5  

29 J a n .  68 20 

Tempo - 3 7 O C  
65.2% b r a i n  

34.8% c a . r r i e r  f l u i d  

( s i l i c o n e )  

T e s t  machine : 

Baldwin Tate -  

Emory 

Above va. lues  a , re  t h e  a.vera,ge of  t h r e e  (3)  t r i a , l s  



Ta.ble VII 

Seca,nt Bulk Modulus 

Human Bra.in No. 7 

Sample H i s to ry  - Time of dea th :  0:45 P.M., 27 Ja,n. 68 

Age: 49 

Sex: M 

Ra.ce: C 

Ca,use of dea,th: Emphysema. a.nd Pneumothorax 

Time specimen removed a t  autopsy:  11:45 A . M . ,  
29 Jan .  68 

Locat ion of specimen: Fronta.1 lobe  

T rans f e r  cond i t i ons :  Packed i n  polyet ,hylene 
bags and shipped. i n  
i c e  and wa,ter 

T o t a l  Bra in  Secant  Bulk 
Tes t  No. P ressure  Compression Compression Modulus 

7 - ~ ~ ~ - 4 6  5 x lo3 p s i  2.08% 1 18% 2.57 x l o5  p s i  

Mixed g rey  and 10  3.74 2 ,16  2 . 8 1  

whi te  mat te r  15 5 a 13 3 . 0 1  3 .02 

29 J a n o  68 20 6033 3.75 3 e23 

Temp. - 37OC 

60~6% b r a i n  

39.4% c a r r i e r  f l u i d  

( s i l i c o n e )  

Te s t  machine : 

Baldwin Tate-  

Emory 

. . . . . . . . . . . . . . . . . . . . . . . .  

Above va lue s  a,re t h e  a.verage of t h r e e  (3 )  t r i a l s  



Table VIII 

Secant  Bulk Modulus 

Human Bra,in No. 8 

Sample His to ry  - Time of dea,th:  4:07 A o M . ,  17 A p r i l  68 
Age: 41  

Sex: M 

Race: C 

Ca,use of dea,th:  Lung cancer  

Time specimen removed a t  autopsy:  10:50 A . M e ,  
17 A p r i l  68 

Locat ion  of t e s t  specimen: Pa.r ie ta .1  lobe 

Tra ,nsfer  c o n d i t i o n s  : Packed i n  polye thylene  
bags and ca . r r i ed  i n  
i c e  a,nd water  

Tes t  No. 

8 - ~ ~ ~ - 3 3  
Mixed g rey  and 

white  ma t t e r  

18 A p r i l  68 
Temp. - 37°C 
62 1% bra  i n  

37.9% c a r r i e r  f l u i d  

( s  i l i c  one) 

Tes t  ma@ hine  : 

I n s t r o n  

P ressu re  

100 p s i  

200 

300 
400 

500 
600 

700 
800 

900 

1000 

Bra in  
Compression 

Secant  Bulk 
Modulus 

0.06 x 105 p s i  

Above va.lues a r e  t h e  a,vera.ge of two ( 2 )  t r i a , l s  



Table V I E  (Cont inued)  

T e s t  NO.  

8-HBM-54 
Mixed g rey  and 

whi te  m a t t e r  

19 A p r i l  68 
Temp, - 3 7 O C  
73.0% b r a i n  

2700$ c a r r i e r  f l u i d  

( s i l i c o n e )  

Tes t  machine: 

Baldwin Ta te -  

Emory 

P r e s s u r e  

1 .x l o 3  p s i  

2 * 5  

5 
1 0  

Tota.1 
Compression 

B r a i n  
Compress i o n  

0.43% 

0.79 

1 . 3 0  

2 .24  

3 * 13 
3.93 
4 .66  

5.31 

Above v a l u e s  a r e  t h e  avera,ge of f i v e  ( 5 )  t r i a . 1 ~  

8-~ISM-57 

( d e g a s s e d )  

Mixed g r e y  a.nd 

whi te  ma, t te r  

.lg A p r i l  68 
Temp. - 3 7 O C  
66.85 b r a f i n  

33.2% c a r r i e r  f l u i d  

( s i l i c o n e )  

T e s t  ma.chine : 

Ins t ron  

100 p s i  

200 

300 

400 

500 
600 

700 

800 

900 
1000 

Secant  Bulk 
Modulus 

1 0 7 3  x l o 5  p s i  

2 .32  

2 . 8 1  

3 .27  

3 * 50 

3 .72  

3.92 

4 .13  

0 , l O  x l o 5  p s i  

Above v a l u e s  a.re t h e  avera,ge of  t h r e e  ( 3 )  t r i a l s  



Table V I I I  ( Concluded) 

Tes t  No. 

8 - ~ ~ M - l 4 9  

Mixed g rey  and 

white  m a t t e r  

23 A p r i l  68 
Temp. - 3 7 O C  

63.7% b r a i n  

36.3% c a r r i e r  f l u i d  

( s i l i c o n e )  

Tes t  machine : 

Baldwin Ta te -  

Emory 

T o t a l  Bra,in Secant  Bulk 
P r e s s u r e  Compression Compression Modulus 

250 p s i  

500 

750 
1000 

. . . . . . . . . . . . . . . . . . . . . . . .  

Above va.lues a r e  t h e  a.vera,ge of f i v e  ( 5 )  t r i a . 1 ~  

1 .32  x l o 5  p s i  



Seca.nt Bulk Modulus 

Human Bra in  No. 9  

Sample H i s t o r y  - Time of dea, th:  1:25 P.M., 2  Ma.y 68 

Age: 7 1  

Sex: M 

Cause of  dea,th:  Lung cance r  

Time specimen removed a.t  a ,utopsy:  10:30 A . M . ,  
3 May 68 

Locat ion  of t e s t  specimen: F r o n t a l  l obe  

Tra.nsfer  c o n d i t i o n s :  Pa,cked i n  po lye thy lene  
ba,gs and c a , r r i e d  i n  
i c e  a.nd waster 

Tota, l  Bra, in  Secant  Bulk 
Tes t  No, P r e s s u r e  Compression Compression Modulus 

9-HBM-93 1 x l o 3  p s i  0  a 53% 0.28% 2 .17  x l o 5  p s i  

Mixed g rey  and 2 . 5  1 .17  0 ,54  2.79 

whi te  m a t t e r  5 2.12 0.94 3 . 2 4  
6  May 68 1 0  3 n 72 1 . 6 6  3 .66  

Temp. - 37'C 1 5  5.11 2.34 3.88 
6 0 ~ 6 %  b r a i n  20 6437 2.99 4 , 0 5  

39.4% c a r r i e r  f l u i d  

( s  i l i c o n e )  

Tes t  machine: 

Baldwin Tate-  

Emory 

Above v a l u e s  a r e  t h e  avera.ge of f o u r  ( 4 )  t r i a . 1 ~  



Ta.ble I X  ( concluded) 

Test No. 

9-HBM-121 

(degassed)  

Mixed g r e y  and 

whi te  ma, t ter  

7 May 68 
Temp. -, 3 ' 7 O C  
62.1% b r a t n  

37.9% c a r r i e r  f l u i d  

(wa, ter)  

Tes t  machine : 

Ins t ron 

T o t a l  Bra in  Secant  Bulk 
P ressu re  Compression Compression Modulus 

,100 p s i  

200 

300 
400 

500 
600 

700 
800 

900 

1000 

Above va lues  a r e  t h e  avera,ge of t h r e e  (3)  t r i a l s  

9-IiBM- 141 

Mixed g rey  a.nd 

whi te  ma t t e r  

8 May 68 

Temp. - 3 7 O C  
6 2 4 %  b r a i n  

37.9% caa . r r ie r  f l u i d  

( d a t e r )  

Tes t  machine: 

I n s t r o n  

100 p s i  

200 

300 
400 

500 
600 

700 
800 

900 
1000 

0.12 x l o 5  p s i  

0.22 

0 .30  

0 * 39 
0.46 

0.53 

0,60 

0 .65  

0.72 

0.76 

1 .25  x l o 5  p s i  

1.66 

Above v a l u e s  a r e  t h e  average of seven ( 7 )  t r i a l s  



APPENDIX F 

IMPULSE LOADING OF A CLOSED SPHERICAL SHELL 



INTRODUCTION 

This appendix reports on the development of a mathematical model of 

head injury. In the s ix  month  report on th i s  project ,  the analysis of the 

axisymmetric response of a closed spherical she1 1 t o  a local radial impulse 

was stated.  

The current report,  en t i t led  The Axisymmetric Response o f  a Fluid- 

Filled Spherical She1 l t o  a local Radial Impulse, describes an impact model 

with the brain represented by a compressible, i rrotat ional  , inviscid f lu id .  



LIST OF SYMBOLS 

A r b i t r a r y  constants  (Constants o f  I n t e g r a t i o n )  
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---.- - . . 
FIGURE 1. CLOSED SPHERICAL SHELL SUBJECTED TO LOCAL IMPULSE 
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THE: AXISYMMETRIC RESPONSE OF A FLUID-FILLED 

SPHERICAL SHELL TO A LOCAL RADIAL IMPULSE 

Impact problems involving spherical shells have been the subject of 
1 much research during the past one hundred years. Lamb, ~ a ~ l  ei h ,' Anzel i us, 3 

and ~ i t t i n ~ e r , ~  have studied the response of an acoustic f luid enclosed in a 

cavity with a:,rigid spherical wall. Others such as ~ a k e r , ~  Silberger, 7 

Naghdi and ~ a l n i n s  ,8 ~ a l  nins McIvor and sonstegardl0 have studied the 

v i  bratian response of spherical shel 1 s .  Coupled problems have been consi dered 

by ~ u n ~ e r , "  Goodman and  stern,' ' and  ~ i c k l i n ~ , ' ~  a l l  of whom worked with shells 

submerged in a f luid.  In addition, Morse and ~ e s h b a c h ' ~  as well as Rand and 

~ i ~ a c ~ ~ i o ' ~  have carried o u t  the only vibration analyses of fluid-fi lled shel ls .  

THE IN VACUO CASE 

The equations of motion for free vibration of a closed spherical shell 

may be derived using an energy formulation as was done in Reference 10 where 

Lagrangi an representation of spher? cal shel 1 deformation was used, If the 

undeformed and deformed confi guratl'ons o f  the midsurface are represented by 

spherical coordinates (a,n,{) and  (r,8 ,$) respectively, the deformed coordinates 

are functions of in i t i a l  configuration and  time, i . e . ,  r = r ( ~ , ~ , t ) ,  e = e ( ~ , ~ , t ) ,  

and 4 = $ ( ~ , q , t ) .  The following dimensionless quantities may be defined. 

= Q - (angular rneridiocal displacement) 

5 = (a- r ) /a  ( r a d i a l  displacement) 

1 
1/2 then T = c,t/a ' I2 i f  cS = [ E / ~ ~ ( ~ - Y  )I = E [ E / P ~ ( ~ - V  )I 

a2 = h2/12a2 ( a  t h i c k ~ e s s  parameter) 



For torsionless axisymmetric motion, + - +([ ,T) and r r ( c  ,T) i .e .  , a / a q  = 0. 

If a / a (  i s  represented by a dot, the' system of equations reduces t o  two linear 

partial differential equations i n  the case where b o t h  the displacement and i t s  

derivative are assumed small . 

(I+v)(; + t c o t  !i -25) - a2[b + 25 c o t  5 - G ( l + v +  c o t 2  5 )  + $ c o t  E, (2-v+ cot2!) 

Assume t,he displacements 5 and are represented by; 

where P,,(cos ) are Legendre Polynomials of the f i r s t  kind, and P,!, (cos ) are 

associated Legendre Polynomials of the f i r s t  kind and f i r s t  order. I t  can be 

shown that lo  the square of the frequencies i s :  

9 = [2(1+v)] . O  

2.h2 = [1 + j v  - d ( l - v )  + hn(l+v$) + a2h?,] 

2 2 2  ([l + 3v - ( 1 -  + hn(l+vu2) + a A,] 

- [ - 2 ( - 2 ) ( 1 )  + ~ ~ ( 1 - v 2 )  + d ~ ~ ( 5 - v 2 )  - ha2 A: 



where positive and negative signs give frequencies unm and uric respec:tively 

and h n  = n(n+l) .  The amplitude rat ios  are: 

The solutions for 5 and are: 

For th i s  problem the displacement in i t i a l  conditions are: 

The two velocity i n i t i a l  conditions are not  obvious. Their determination 

involves several steps . 
Firs t ,  the local velocity input may be expressed by a series expansion. 

w .  v ( 0 < 5 < 5 , )  
c vnPn (COS 5 )  If w =' a-r, l e t  - = bt n=o = lo (to c 5 < n) 19)  



B o t h  sides of equation ( 9 )  are then mu1 t ipl ied by P,(cos E )  sin 6 and integrated 

4 0  
p,(cos f )  sin 5  d!, 

- 
'n 

- (10) 

j0 r( 
(cos  5 )  s i n  5 d~ 

2 
The no ra  of  P,; N(?,) = ,ftl ~E(x)dx = - n = 0,1 ,2 . . .  

-1 2n+l , 

2 
N[P,(COS E ) ]  = j''-?~ A ( C O S  5 )  s i n  5 d l  = - 2n+l , (11) 

214-1 
v n = L-J. 2 v /,SO P, (cos  5 )  ' s i n  I 

However, using the transformati)on x = cos 6 in (3-12), i t  i s  easy to  show that  

v 
v* 

= - (1 - cos 5,) 
2 

Hence, v, i s  known for  every n. 

Second, the 1 inear momentum a1 ong the polar axis PP , M,, i s  defined to  be 

the component of the radial momentum due t o  i n i t i a l  radial velocity v for 

0 < 6 < + to (See Figure 2 ) .  Let v, be the component of v along the polar axis 

PP', then the linear momentum along the polar axis i s  

aw M = $ VZ pdV = I - COS phdn, z p a s  .v. p , s  . v*  at  

where 

d~ = em2 s i n  CIS 

p.s .v. = par t i a l  s h e l l  volume. 



Figure 2. Momentum considerations for the shell. 



Qr i n  view of ( 9 )  

m 

MZ = 2naZph t o  ngo vnPn (cos 5 )  s i n  E cos 5 d l  . 

The mass of the she l l ,  consistent with thin shell theory, i s  

m 
4 h3 

total = - 3 pa[jha2 + T I  z 4npa2h . 
Hence, the velocity ioparted to the center of mass of the shell ( in  the negative 

polar axf s direction) i s  

v = I /  C v,pn (cos  5) s i n  5 cos t c i !  . z 2 !n=O 

Using the transformation x = cos 6 ,  i t  can be shown af te r  a l i t t l e  manipulation 

t h a t  

00 
'n v V L n-1 

V, = 8 v 0 ( l  - cos 25,) + C n + l  
n= l  ( 2 n t l ) v  [vn '0 + (2n-1) - (2n+3) I 

(16 )  
where use was made of (1 3 ) .  

Third, the relative .distribution of the deformation velocity 1s found by 

dividing closed spherical she1 1 into two portions : 

(A )  0 < L < t!, ( ~ e ~ i o n  where t h e  v e l o c i t y  input  i s  applied)  

(5) +CO < 6 < rr (Region outside A )  

For region ( A )  the deformation velocity in radial direction i s  called a w / a t  and 

i n  the meridional direction a u / a t ,  then, 



& mi 
I- = - - Yz C O S  5 = aw - - vzP1 (cos 5 )  
at & & 

('173 
ati - = 0 -. yZ sin 5 = -vZ P1' (COS 5 )  
& 

Equation (17) may be wri'tten more exgl i c i t l y  using ( 9 ) .  

&i - = 
at; 

- vzpl ' (cos 5 )  ( l a b )  

where v, is  determined fron~ (13) and v, from (16).  I n i t i a l l y ,  f o r  region 

(B)  the shell  moves with the velocity, vZ, which i s  imparted to  the center 

of mass of the shell in the negative polar-axis direction.  Hence, the two 

velocity i n i t i a l  conditions in  terms of the variables of the problem are 

- 1 aw ac(5Jo) - -- 
Cs a t  

fo r  0 < t < + 5, a T 

I 

1 au ar(sJ0) = - - fo r  0 < 5 < + a T Cs at; 

This completes the determination of the i n i t i a l  conditions. 



Appl ica t ion  o f  the i n i t i a l  c o n d i t i o n s  (8a) and (8b)  t o  s o l u t i o n s  (7a ,b )  

1 eads  t o  no = an, = a 0. Hence, from (7a ,b) , nc 

From equa t ions  (18a,b)  and (19a ,b )  i t  can be concluded t h a t  

for  n 

1 
Al#lm +' Alc~ic = ( ~ i  - v Z )  (20a)  . , 

fo r  n = 1 

for n 2 2 

'nm U h m  ' 'nc (21b) 

\ 

# 

From (20a) and (20b) 

S i m i l a r l y ,  from (21al and (21b),  f o r  n - ? 2 ,  

6 , s  

'nm 'n - -- nc 'n 
Anc - and An, = 

-6 ,> Uhc cs('nm ni ~ h m  cs('nc-'nm) 



Since a l l  t h e  A,,, An,, an,, an,, u and wnm a re  known, t h e  s o l u t i o n s  (7a)  n c 

and (7b) a re  complete ly  determinate.  

V'o 61c V ' l  + vz(1-filc: 
Co'Oo s i n  uQr + 5 ( k y d  = - s i n  (wLm7 j pl (cos 5)  cs Ulrn (61,-fjim) 

" vn 'nm bnC 
+ $2 % [~~~ s i n  (qlC7) + , (6 nc" 6 nm )u nm s i n  ( u + ~ T ) ]  P ~ ( C O S  E )  

61, V l  + vz(1-61,) 
~ 1 ( 5 s d  " - -- - s i n  (ulrf17) S ~ G  5 

'lrn c s  (6lc-&l,) 

Vn 'nc8nm s i n ( u n m ~ ) ]  kcos ? n ( ~ 0 s  E ) - ~ ? ~ - ~ ( C O S  !) 1 
+ 

cs 
t .  

n=2 (Snm-anc ) ~m(&n, -6nJ  s i n  5 I - 

where v,, 'ns nm and nc9. nm and nc a re  computed f rom Equat ions (16),  (13) ,  

(6), and ( 5 )  r e s p e c t i v e l y .  I t  was shown i n  reference (10) t h a t  f o r  a/h - > 20 

and n - > 2, t h e  c o e f f i c i e n -  i n  t h e  second term under t he  summation i n  ( 2 2 )  can be 

neglected.  

The l i n e a r  midsurface s t r a i n  and r o t a t i o n  q u a n t i t i e s ,  i n  terms of &,T) 

and $ ( c  are  

(23a )  
midsurfece normal s t r z i n s  

1 a2 r 
k o r ( 5 , ~ )  = ~ ( 1  + 5 + -3 ) a5 ( 243 

1 midsu face - (1 5 - $ cot, 5 )  ! curvaFures k o r i ( l ~ ~ )  - a s i n  5 i (24b) 

at l3C5,~) = - - a 5 
= t h e  angle be+,rieen t h e  surface normal 

and t h e  r a d i a l  ray . (25) 



For an isotropic and homogeneous continuum, Hooke's Law yields the biaxial 

stress-strai  n re? ations 

where E and E are the z-surface strain quantities 
5 0 

1 , T = E 0'1 + z[ko7 sin ( ~ - p ) - g ~ ( l + ~ o , , ) ( l - ~ )  

where 

THE FLUID-SOLID INTERACTION 
t 

In order to use Hami 1 ton's principle to obtain the governing d i  fferenti a1 

equations of a fluid-fil led spherical shell ,  i t  i s  necessary t o  calculate the 

kinetic and potential energies of the region occupied by an ideal fluid and the 

t h i n  e last ic  shell surrounding i t .  The potential energy of the region i s  



The f i r s t  term i n  (28) i s  t h e  s t r a i n  energy o f  t h e  s h e l l ,  t h e  second and t h i r d  

t e r n s  a re  t h e  work done due t o  t h e  i n t e r n a l  f l u i d  pressure and t h e  ex te rna l  pres- 

su re  pu l se  r e s p e c t i v e l y  whi l e  t h e  l a s t  term i s  conlpressive s t r a i n  energy s to red  

i n  t h e  f l u i d .  

The s t r a i n  energy pe r  u n i t  area o f  t he  t h i n  s h e l l  i s  well-known. 16 

0 = Eh ~h~ 
2 L (kmtkQ)2  - 2(1-v) (kQkQ- T Z ? )  ] . 2 [ ( E L $ - E ~ ) ~  - 2(1-V) (E(E3 - 3 I tGv--j'r 2(1-v ) 

(29 )  

The midsur face s t ra in -d isp lacement  r e l a t i o n s  i n  t h e  case o f  axisymmetr ic 

t o r s i o n l e s s  mot ion  o f  t h e  s h e l l  a re  

The k i n e t i c  energy o f  t h e  r e g i o n  i s  

App ly ing  Hamil t a n ' s  p r i  n c i p l e  

t oge the r  w i t h  equat ions (28) t o  (31) ,  r e s u l t s  i n  t h e  equat ions o f  mot ion o f  t h e  

r eg ion  a long w i t h  some n a t u r a l  boundary cond i t i ons  



( 1 d ) [ - ~ ~ ~ - n ~ c o t  a + ( v +  cot2 m)u] - dw,am - 8 w w ( (  cot 0 + [$(cot2 O + ~ ) + ~ + ~ I ~ ,  

2 + ~ 2 % ~  C O ~  m - [ ( l + v ) ( r + d )  + d cot2 6]jUq + [ d  o + 3 2  C O ~  a 

- ( l + v ) ( l + d )  cot  $ 1 ~  + d [ w m m a m  + 2 C O ~  4 wpm(  - ( l+v+ cot2 m)wmm 

1 - v 2  
+ (2 cot  o + cot3 m - v cot  m ) ~ , ]  + 2(1+v)w + psa2wtt 

1 1 2, 2 c $2 ( r  or), + (sin a,),] - mtt = 0 r2 s in  Q (34) 

where, as before, the subscript notation i s  used fo r  partial differentiation. 

In ( 3 3 ) ,  Pa = -pomt(a,$,t) i s  the dynamic fluid pressure acting on shell sur- 

face. 

From (34) the form of velocity potential % can be expanded as 

CO 

m(r,m,t) = n-o Z: c,(t)pn(co$ o j , (h r )  (35) 

The boundary conditicn between fluid and shell can be stated as the continuity 

of normal velocities,  i . e . ,  

wt(@,t)  = mr(a,m,t) (36 1 

Equations (32) and (33)  are nondimensionalized by using $ = u / a ,  5 = -\//a, 

t = c,t/a, where cS i s  the wave velocity in the shel l .  They become 



( l + V ) ( $ + +  co t  5 - 21) - $[?+2j; co t  5 - $(l.+v+ cot2  5 )  + $ co t  5 ( 2 4  cot2 5 )  
.I 

t *tl+ it C O ~  5 - ! ( ~ + V - F  6 )  + i C O ~  5 ( 2 4  + 511 

I t  should be noted t h a t  equations (37) and (38) are i d e n t i c a l  t o  ( I )  and ( 2 )  

except f o r  t he  two terms i n v o l v i n g  a m / a ~  and F, i n  (38) .  

I n  t he  absence o f  the  ex te rna l  pressure pulse, the  frequency equat ion i nc lud ing  

the  e f f e c t  o f  t he  f l u i d  can be obtained. Analogous t o  Sect ion B y  t he  nondimensional 

displacements , 5 and j ~ ,  are expanded as i n  (3)  and (4 ) .  The system af d i  f f e r e n t i  a1 

equations fo r  the  c o e f f i c i e n t s  a,(~) and b,(~) are 

d2a,(d + - 2 ( l + v )  fo r  n = 0, - 
d72 1 + """ = O 

where f = p,a/psh = nondimensional f l u i d - s h e l l  parameter and An = (n+l )n.  

The s o l u t i o n  o f  (39), (40) and (41) are assumed t o  be o f  the  form 



where s = c/c, = ra t io  of the compressive wave speed in the f luid to the wave 

speed in bending. Substitution of ( 4 2 )  into (39) t o  (41) yields 

for n 2 1 

2( i t - v )  
fo r  n = 0, s2n2 - jo(n~ = o [l+mj.! 

j,(n 
[l+f Imr~ [ L - ~ - A  1 [l+$)-2(1.+~ j - $ i ~ E - h ~ ~ ( l . - / j  i n n - 

s4n4 + 

I t  i s  interesting to note that the limiting cases of equations (43) and 

(44) agree w i t h  the results obtained previously, as i t  must. 

Case 1 f = 0 corresponds t o  the absence of f l  uid, i .e. , the i n-vacuo case 

given by (35). 

Case 2 s -> 0 corresponds to  a rigid shell and the equation degenerates to 



which i s  e a s i l y  shown t o  be equal t o  

Equation (45b) was obtained by ~ i t t i n ~ e r .  4 

Case 3 a2 = 0 y i e l d s  t he  frequency equation corresponding t o  t h e  membrane 

(extensional  ) theory.  
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