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I. INTRODUCTION 

The na tu re  o f  t h i s  twen ty - fou r  month i n t e r i m  r e p o r t  t o  t h e  Head I n j u r y  Model 

Committee i s  q u i t e  d i f f e r e n t  f rom the  p rev ious  r e p o r t s .  I n  t h e  pas t ,  t h e  emphasis 

has been on exper imental  technique,  t e s t  development and raw da ta  d i s p l a y .  Th is  

r e p o r t  dea ls  ma in l y  w i t h  t h e  f i r s t  s teps towards f i n a l i z i n g  t h e  va r ious  mechanical 

p r o p e r t i e s  o f  the  t i s s u e s  o f  t h e  head i n  t h e  form o f  s t a t i s t i c a l l y  summarized 

s t r e s s - s t r a i n  curves and p h y s i c a l  constants .  From these summary curves i t  has 

been p o s s i b l e  i n  some cases t o  i n d i c a t e  promis ing c lasses o f  cand idate  s y n t h e t i c  

m a t e r i a l s .  I n  o t h e r  cases more work i s  necessary t o  reach t h i s  l e v e l  . 
It i s  e v i d e n t  f rom t h e  r e s u l t s  t o  date  t h a t  s t a t i s t i c  a n a l y s i s  a lone i s  n o t  

s u f f i c i e n t  t o  determine the  mechanical p r o p e r t i e s  o f  t h e  t i s s u e s  o f  the  head i n  

a meaningful  manner t h a t  w i l l  p rov ide  a r a t i o n a l  course f o r  s y n t h e t i c  head model 

design. S t a t i s t i c s  must be guided by t h e  f i n d i n g s  o f  f u n c t i o n a l  h i s t o l o g y ,  

m a t e r i a l s  sc ience and t h e o r e t i c a l  a n a l y s i s  i n  o r d e r  t o  achieve t h e  goa ls  o f  t h e  

p r o j e c t  i n  t h e  most e f f e c t i v e  manner. Such s t u d i e s  have been a c o n t i n u i n g  p a r t  

o f  ou r  program throughout t h e  p a s t  two years .  A t y p i c a l  example o f  t h i s  combined 

approach i s  found i n  the  i n  v i v o  p r ima te  b r a i n  p r o p e r t y  s t u d i e s .  I n  o rde r  t o  

f u l l y  understand the mechanics o f  the  dynamic probe and monkey b r a i n  as a t o t a l  

system, a comple te ly  t h e o r e t i c a l  a n a l y s i s  o f  t h e  system was performed (see 

Appendix A of t h i s  r e p o r t ) .  I n  a p a r a l l e l  manner cont inued work on the  exper i -  

mental da ta  has l e d  t o  spec ia l  techniques f o r  r e d u c t i o n  o f  the  data.  These two 

separate approaches a r e  now be ing combined i n  o r d e r  t o  f a c i l i t a t e  ou r  understanding 

of t h i s  ve ry  impor tan t  phase o f  the  p r o j e c t .  

Another example of t h e  combined approach t o  t h e  understanding o f  m a t e r i a l  

p r o p e r t i e s  i s  i n  o u r  work w i t h  s k u l l  bone. There i s  an i n c r e a s i n g  amount o f  



data being accumulated t o  substanti ate Dr. McEl haney ' s  hypothesis that the 1 arge 

variations i n  the skul 1 bone tests  are due t o  structural differences rather than 

material differences. A porous block model for skull bone which consists of a 

bone matrix with uniform properties and varying void content has been developed. 

The behavior of this model characterizes our observations on skull bone both as 

t o  the observed anisotropy and the strong density dependence of mechanical 

properties. We are currently developing this model t o  show that the mechanical 

behavior of skull bone can be duplicated by a single component material with a 

suitably dispersed vo id  content. 

Additional substantiation of the strong dependance of the mechanical 

properties of bone on i t s  macrostructure i s  contained in our continuing 

histological studies of the fracture s i tes  of tension specimens. Low strength 

tests  generally show the fracture init iated a t  a source of stress concentration 

while h i g h  strength tests  generally involve a fracture surface w i t h  l i t t l e  or 

no macro-di sconti nui t i  es. 

Consideration of the envelope of the tensile stress-strain curves of skul 1 

bone (Figure 10) shows that other types of bone also f i t  in this range. (See 

for example "Stress and Strain in Bones" by F .  Gaynor Evans, C .  C .  Thomas, 1957). 
6 The tensile modulus of compact bone for the human femur averages 2 x 10 psi 

3 whi 1 e cancel 1 ous bone from the human vertebrae averages 2.5 x 10 psi . The 

density of the femur bone i s  only slightly higher than the most dense skul 1 

bone. 

The goal of phase one of the Head Injury Model Construction Program i s  the 

specification and characterization of those physical properties of the tissues 

of the head relevant t o  head injury and necessary to select suitable substitute 

materials. Under the guidance of the H.I .M.C.  Committee we have concentrated 

our efforts on the properties of the skul 1 , scalp, dura and brain. 



The experimental program on skull bone properties i s  nearing completion. 

The important physical properties have been measured on a large number of 

specimens and s tat is t ical  analysis of the data i s  practically complete. A 

variety of regression analysis is  being developed as well as a summary charac- 

t e r i s t i c  model. A limited number of tes t s  on promising substitute candidate 

materi a1 s i s planned. 

The experimental program on scalp s t i l l  requires a significant effor t  for 

completion. An adequate source of human material has been established. Some 

compression testing a t  various rates has been done and a sufficient number of 

these will be performed in the current contract year to a1 low a meaningful 

s ta t i s t ica l  analysis. Tensile testing i s  s t i l l  under development and requires 

speci a1 gripping methods because of the subcutaneous fatty layer prominent in the 

human. Hopeful ly , this problem wi 11 be overcome and significant tensi le  testing 

accompl i s  hed. 

The dura tensile t e s t  program i s  well under way and should be completed by 

the end of this contract year. A coupling of the histological study with the 

tensi 1 e t e s t  data shows promise of isolating observed ani sotropi es . 
The t e s t  program on the mechanical properties of brain tissue has been 

developed t o  the point that some correlation of in vi vo and in vi tro bul k 

properties can be made. The techniques and information developed during the 

past two years will be applied in the present contract year t o  studying regional 

variations in human brain. High strain rate compression tests  of human brain 

will also be performed as an additional study in the characterization of brain 

properties. Preliminary testing of promising substitute candidate materials wi 11 

a1 so be incorporated into the t e s t  program. 
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I I. EXPERIMENTAL PROGRAM 

A. Hard Tissue Tests 

1. Sku1 1 Bone Radial Compression Tests. (J. W.  Melv in  and I. ~[arodawala)  

A1 1  o f  the compression t e s t i n g  o f  sku1 1  bone i n  the  Biomater i  a1 s  Laboratory 

has been performed on human s k u l l  bone t es ted  i n  the  r a d i a l  d i r e c t i o n .  The 

m a j o r i t y  o f  the  t e s t s  have been on specimens cons i s t i ng  o f  t he  d i p l o e  l a y e r  o f  

unembalmed human s k u l l  obtained a t  autopsy and s to red  a t  - l O ° C  u n t i l  used. Some 

t e s t s  have been performed on specimens which inc luded  i n n e r  and ou te r  tab1 e  

ma te r i a l  as we l l  as d ip loe .  Specimens o f  t h i s  type were a l so  used i n  the 

spec ia l  whole ca lvar ium compression t e s t s  o f  embalmed bone whi ch were repor ted  

i n  Special  Report No. 1  , 23 May 1969. 

The specimens cons i s t i ng  o f  d i p l o g  on l y  a re  the most useful type of specimen 

f o r  cha rac te r i z i ng  the  mechanical p rope r t i es  o f  the  d i p l oe  l a y e r  as a  ma te r i a l .  

The o the r  types o f  specimens are a c t u a l l y  two phase s t ruc tu res  and must be analyzed 

as such. A l l  bas ic  compression t e s t i n g  a t  s t r a i n  r a tes  up t o  i n  excess o f  500 sec-' 

has been completed i n  the pas t  s i x  months. 

The techniques and procedures used i n  t h i s  work have been repor ted  i n  previous 

i n t e r i m  repo r t s .  The specimens were a l l  d i p l o e  only.  A summary o f  the data a t  

each of the n ine  s t r a i n  r a tes  used i s  g iven i n  Table I. An a l t e rna te ,  graphica l  

form of represent ing the same data i s  shown i n  Figures 1-9. Here the mean 

compressive s t r e s s - s t r a i n  curve i s  const ructed from Table I in fo rmat ion .  A1 so, 

t he  bounds of one standard d e v i a t i o n  on e i t h e r  s i de  o f  the mean curve i s  shown. 

Since t he  m a j o r i t y  o f  the t e s t  data e x h i b i t e d  the zero slope co l lapse  type o f  

compressive f a i l u r e  the  curves were drawn accord ing ly .  Taken a t  face value, the  

data e x h i b i t s  the wide v a r i a t i o n  t y p i c a l  of d i p l o e  l a y e r  data. The key t o  



understanding this  variation was shown in the eighteen-month report t o  be the 

re1 ationshi p between compressive strength oc ,  compressive modulus Ec and 

specimen specific weight y .  Statist ical  analysis of this data with the goal 

of determining oC = f l  ( E c ) ,  oC = f 2 ( Y )  and Ec f2(y)  relationships i s  presently 

being carried out. Preliminary results indicate multiple correlation coefficients 

for some t ra i l  relations in the range from 0.85 to 0.97. Once these relations 

have been developed and verified a t  each strain rate we wi 11 have an effective 

means of determining strain rate effects which are now masked by specific weight 

variations. These re1 ationshi ps between properties and specific weight are a1 so 

going t o  be used in conjunction with models of two phase structures t o  analyze 

the composite type compression t e s t  specimens. The analytical results wi 11 then 

be compared with the composite specimen tes t  data for confirmation of the analysis. 



TABLE I. SUMMARY OF RADIAL COMPRESSION TESTING 



Radial Compression Test 

Fresh Human Skull Bone 

Diploe Layer Specimens 

Strain Rate OoOOZZ sec'l 

No. of Tests 22 

I 2 3 4 5 

COMPRESSIVE STRAIN, Orb, 



ial Compression %st 

Fresh Human Skull Bone 

Diptoe Layer Specimens 

No. of Tests 1 9  

0 I 2 3 4 5 

CQkfPRESSIVE STRAIN , 



' Fresh Human Skull Bone 

Oiploe Layar Specimens 

Strain Rate 8*22mse~ml 

No. of Tests 58 

CBPdPRESSIVE STRAIN, % 



R ~ d i a l  Compression Test 

Fresh Human Skull Bone 

Diploe Layer Specimens 

Strain Rate O.55 sec-1 

No. of Tests 15 

COMPRESSIVE STRAIN , O h  



18;O 0 0 

1 6,O 0 0 

Fresh Human Skull Bone 
Diploe Layer Specimens 

14,006 

No. of Tests 8 1 1 i 1 I / j f j j j - j  

0 I 2 3 4 5 

COF,4PRESSIVE STRAIN, '/c 



Fresh Human Skull Bone 

Diploe Layer Specimens 

Strain Rate 2-2 sec-1 

No. of Tests 70 



I 2 3 4 5 

C0MPRE;SSIVE STRAIN , ' io 

Radial Cohpression Test 

Fresh Huma-n Skull Bone 
Diploe Layer Specimens 

S t ra i i ~  Rate z2*2 sec'l 

No. of Tests 7 



It Radial Compression Test 

0 I 2 3 4 5 

COMPRESSIVE STRAIN, '/e 



COMPRESSIVE STRAIN, % 



2. Mechanical Response o f  Human Cran ia l  Compact Bone i n  Tension. (J. I. wood) 

The c o l l e c t i o n  o f  t e n s i l e  data has been completed and the immediately a v a i l a b l e  

r e s u l t s  a re  inc luded  i n  t he  f o l l o w i n g  paragraphs. Some data r e q u i r e  s t a t i s t i c a l  

analyses which i s  c u r r e n t l y  under way. Th is  r e p o r t  conta ins an out1 i n e  o f  the 

e n t i r e  program and d e t a i l s  both the  experiments t h a t  were performed as w e l l  as 

data ana lys is  t h a t  w i l l  be completed by the  end o f  August and w i l l  be forwarded 

t o  NIH i n  a  spec ia l  r epo r t .  

a. Desc r i p t i on  o f  problem and s i g n i f i c a n c e  o f  i n v e s t i g a t i o n ,  

A1 though the  1  i t e r a t u r e  on mechanical p rope r t i es  o f  bone i s  extensive,  

i t  conta ins o n l y  two papers dea l i ng  w i t h  p rope r t i es  o f  c r a n i a l  bone. Since 

c r a n i a l  bones c o n s i s t  o f  ou te r  and i n n e r  t ab l es  o f  compact bone, the  p rope r t i es  

o f  compact bone from o the r  p a r t s  o f  the  body might  be used as an approximation. 

Most o f  t he  a v a i l a b l e  data, however, i s  f o r  l ong  bones which a re  known t o  be 

an i so t r op i c .  Dempster's s p l i t  1  i n e  s tud ies  o f  the  sku1 1 i n d i c a t e  t h a t  c r a n i a l  

bone migh t  be i s o t r o p i c  i n  d i r e c t i o n s  tangent t o  the  sur face o f  the  s k u l l ,  thus, 

t he re  i s  a  need t o  know something about t he  d i r e c t i o n a l  p rope r t i es  o f  c r a n i a l  

bone. 

Pene t ra t ion  s tud ies  o f  the  s k u l l  performed a t  The U n i v e r s i t y  o f  Michigan 

f o r  the  Ford Motor Company have shown s t r a i n  r a tes  as h i gh  as 30 i n / i n / sec  

r e s u l t i n g  from impacts a t  30 m i l es  per  hour. Hence, t he re  i s  a  need t o  i n v e s t i -  

gate t he  e f f ec t  of s t r a i n  r a t e  on the  p rope r t i es  o f  c r a n i a l  bone. McElhaney has 

i n v e s t i g a t e d  the  p rope r t i es  o f  specimens from beef and embalmed human femur i n  

compression a t  h igh  s t r a i n  ra tes ,  b u t  the re  i s  no t e n s i l e  data on s t r a i n  r a t e  

p rope r t i es  o f  human bone. 

b. Object ives o f  i n v e s t i g a t i o n .  

The i n v e s t i g a t i o n  was c a r r i e d  o u t  t o  determine t he  mechanical charac- 

t e r i s t i c s  of the  compact l aye rs  o f  human c r a n i a l  bones i n  s u f f i c i e n t  d e t a i l  t o  



s e l e c t  a  ma te r i a l  w i t h  s i m i l a r  behavior f o r  a  phys ica l  head model and t o  enable 

a n a l y t i c a l  ana lys is  o f  head models t o  proceed. 

(1) Exper imenta l ly  determine t e n s i l e  s t r e s s - s t r a i  n  curves f o r  c r a n i a l  

bones w i t h  respec t  t o :  

( a )  Type o f  bone ( p a r i e t a l ,  temporal, f r o n t a l ) .  

( b )  V a r i a t i o n  w i t h i n  an i n d i v i d u a l .  

( c )  D i r e c t i o n a l  v a r i a t i o n .  

(d )  Popul a t i o n  v a r i  a t i  on. 

( e )  S t r a i n  r a t e .  

(2 )  S t a t i s t i c a l  l y  analyze the  data.  

( 3 )  Attempt t o  deduce a  f u n c t i o n a l  r e l a t i o n s h i p  between s t ress ,  s t r a i n  

and s t r a i n  r a t e .  

c.  Experiments performed. 

( 1 )  Se lec t ion  o f  specimens - specimen s i z e .  

(a)  P a r i e t a l  bone - ou te r  t ab l e .  

( b )  F ron ta l  bone - ou te r  t ab l e .  

( c )  Temporal bone - ou te r  t ab l e .  

( d )  I nne r  t a b l e .  

( 2 )  Specimen p repara t ion .  

( a )  Machining. 

( b )  S t r a i n  gaging. 

(3 )  S t a t i c  t e s t s .  

( a )  Crosshead ra tes  o f  0.02 t o  20 in /min - corresponding t o  s t r a i n  

ra tes  o f  0.0003 t o  0.3 sec-' . 
(b )  Gr ips.  



( 4 )  Dynamic t es t s .  

( a )  Crosshead ra tes  o f  200 t o  10,000 in /min - corresponding t o  

s t r a i  n  r a tes  o f  3.0 t o  150 sec- ' . 
(b)  Gr ips.  

(c)  Load measuring system. 

(d )  S t r a i n  measuring system. 

(e )  T r i gge r i ng  system. 

( 5 )  Cal i b r a t i o n  and dynamic response o f  l oad  and s t r a i n  measuring 

sys tems . 
( 6 )  Data record ing.  

d. Data ana lys is .  

( 1 )  Comparison o f  p roper t ies  w i t h i n  a  bone p lug  from a  s i n g l e  i n d i v i d u a l .  

( a )  A1 1 specimens from a  g iven d i r e c t i o n .  

(b)  Specimens from perpendicu lar  d i r e c t i o n s  . 
( c )  Specimens a t  d i f f e r e n t  s t r a i n  ra tes .  

( 2 )  Comparison o f  p rope r t i es  f rom severa l  i n d i v i d u a l s .  

(a)  A l l  specimens a t  a  g iven s t r a i n  r a t e  - average curve. 

(b) Average curves a t  d i f f e r e n t  s t r a i n  r a tes .  

( c )  Average curves f o r  d i f f e r e n t  bones ( p a r i e t a l ,  f r o n t a l ,  e t c .  ) . 
( 3 )  E f f e c t s  o f  s t r a i n  r a t e .  

( a )  U l t ima te  s t reng th .  

(b) U l t ima te  s t r a i n .  

( c )  Young's modulus. 

( d )  Energy absorbed. 

(4 )  Curve f i t t i n g  t o  a r r i v e  a t  a  c o n s t i t u t i v e  equat ion. 

e. Equipment l i s t .  

(1  ) Specimen manufacture and p repara t ion .  

(a)  Unimat l a t h e  - m i l l i n g  machine. 

( b )  S t r a i n  gages and suppl ies.  



( 2 )  Specimen tes t i ng .  

( a )  Grips and adaptors. 

(b)  Test machines. 

(b.1) I ns t ron .  

(b. 2)  P l  as-tech h i gh  speed machine. 

( c )  Load c e l l s .  

( c .  1 ) I n s t r o n  50 pound s t r a i n  gaged l oad  c e l l  . 
(c.2) K i s t l e r  1,000 pound c r y s t a l  l oad  c e l l .  

(d)  S t r a i n  gage b r idge  and DC a m p l i f i e r .  

(e) Data record ing.  

(e. 1 ) Tek t ron i  x model 547 osc i  1 1 oscope. 

(e.2) Po la ro id  camera and f i l m .  

Over 300 specimens were machined i n  t he  course o f  t h i s  i n v e s t i g a t i o n .  

Many were r e j e c t e d  as u n f i t  f o r  t e s t i n g  because they inc luded  p a r t  o f  the  d i  p l oe  

i n  t h e i r  th ickness.  Others o f  these small , de l  i c a t e  specimens broke before they 

cou ld  be t es ted  o r  were broken i n  the  development o f  g r i pp ing  and record ing  

techniques. One hundred and t h i r t y  good s t r e s s - s t r a i n  curves were obtained, 

represent ing data from 30 people, aged 25 t o  95 years.  Table I 1  sum~narizes 

the  number of bone plugs used from each area o f  the s k u l l  and i n  parenthesis 

the t o t a l  number o f  good t e s t s  obtained from each area. E igh t  specimens o f  

d i p l o e  i n  tens ion from 3 d i f f e r e n t  plugs and 6 specimens having a suture running 

through the t e s t  sec t i on  a l so  were tested.  



The f o l l o w i n g  observat ions can be made about t he  compact bone o f  the  

i n n e r  and ou te r  t ab l es  o f  the  s k u l l .  

( 1 )  Specimens from perpendicu lar  d i r e c t i o n s  w i t h i n  a  s i n g l e  bone 

p l ug  do n o t  have d i  s t i  nqui shably d i f f e r e n t  s t r e s s - s t r a i  n  curves. 

That  i s ,  i n  the  t angen t i a l  phase s k u l l  bone i s  approximately 

i s o t r o p i c .  

(2 )  There i s  more v a r i a t i o n  between people than w i t h i n  a  s i n g l e  

person. 

(3)  The modulus o f  t h i s  bone i n  tens ion  i s  r a t e  s e n s i t i v e ,  An ana lys is  

i s  c u r r e n t l y  be ing done on s t reng th ,  deformat ion and energy as a  

f u n c t i o n  o f  r a t e .  

( 4 )  Freezer s torage a t  - l O ° C  does n o t  seem t o  a f f e c t  the  p rope r t i es  

o f  c r a n i a l  bones. 

( 5 )  Sutures t es ted  i n  tens ion  have very  l i t t l e  s t reng th .  Future 

experiments i n v e s t i g a t i n g  t he  bending s t r eng th  o f  a  beam c u t  

from the braincase, w i t h  and w i t hou t  a  suture,  a re  planned. 

F igure 10 gives a  summary o f  t he  data from a l l  t e s t s  performed, i n c l u d i n g  

a l l  ages, types o f  bone and s t r a i n  r a tes .  The two l i n e s  o r i g i n a t i n g  f rom (0,O) 

2 g i ve  the  l i m i t s  o fmodu lusencoun te red :  1 . 5 ~ 1 0 ~  t o  3.2 x 1 0 6  1 b / i n .  The 

polygon encloses a1 1  o f  t he  f a i l u r e  po in t s .  Th is  type o f  rep resen ta t ion  w i  11 be 

he lp fu l  i n  s e l e c t i n g  candidate ma te r i a l s  f o r  the  syn the t i c  sku1 1  model . Obviously,  

t h e  s t r e s s - s t r a i n  curve o f  any candidate ma te r i a l  should f a l l  w i t h i n  t h i s  region. 

As an example, F igure I1 shows t he  envelope of F igure  10 w i t h  an over lay  o f  t he  

data envelope of a  t y p i c a l  po l yes te r  p l a s t i c  w i t h  g lass f i b e r  re in forcement .  

Th is  ma te r i a l  can c e r t a i n l y  be c l a s s i f i e d  as a  p re l im ina ry  candidate ma te r i a l .  

On the  o the r  hand, the s t r e s s - s t r a i n  curve f o r  Lexan, which was t es ted  i n  May 



f o r  the HIM committee, i s  shown i n  F igure I1 f o r  comparison. Even though the 

u l t i m a t e  s t reng th  o f  Lexan would seem t o  q u a l i f y  i t  as a candidate mater ia l ,  i t  

does n o t  match the envelope o f  s k u l l  bone very we l l  a t  a l l .  Once syn the t i c  

mater ia ls  have been c u l l e d  by the  envelope technique, the  nex t  s tep  w i l l  be the 

adjustment and ref inement o f  the  most promising syn the t i c  mater ia ls  .in order  t o  

match the r e s u l t s  o f  the  s t a t i s t i c a l  ana lys is  o f  t h i s  tens ion t e s t  data. 
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TABLE I1 SUMMARY OF TENSION TESTS 

The locations of specimens and numbers of tes ts  performed on each type of 

bone. 

PL = parietal l e f t  

PR = parietal right 

FL = frontal l e f t  

FR = frontal right 

T L  = temporal l e f t  

TR = temporal right 

OT = outer table 

I T  = inner table 



0 . 2  .4 .6 .8 1.0 

STRAIN, O/o 



FIGURE I1 
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3. Shear Tests.  

Large numbers o f  d i r e c t  shear t e s t s  on t he  diplo; l a y e r  o f  embalmed c a l v a r i  a  

have been repor ted  i n  a l l  th ree  o f  the  previous i n t e r i m  repor ts .  The main f i n d i n g  

from these t e s t s  has been the  h i g h l y  va r i ab le  nature o f  the  shear s t reng th  o f  the  

d i p l o e  l aye r .  This v a r i a t i o n  can be a t t r i b u t e d  main ly  t o  person t o  person 

v a r i a t i o n  and p o s i t i o n  v a r i a t i o n  on the  sur face o f  the  s k u l l  (twelve-month r e p o r t ) .  

I n  view o f  the  success o f  c o r r e l a t i n g  the compressive p rope r t i es  o f  the  d i p l o e  

l a y e r  w i t h  d i p l o e  s p e c i f i c  weight i t  was f e l t  t h a t  the  same may be done f o r  the 

shear t es t s .  I n  o ther  words, the l a r g e  v a r i a t i o n s  i n  the shear t e s t s  may a l so  

be a  d i  r e c t  consequence o f  d i  p l oe  1  ayer s p e c i f i c  weight v a r i a t i o n s  . Furthermore, 

examination o f  t he  mode o f  f a i l u r e  e x h i b i t e d  by the compression specimen shown i n  

F igure 12, where the load ing  was i n  the  v e r t i c a l  d i r e c t i o n  o f  the  p i c t u r e ,  suggests 

the p o s s i b i l i t y  t h a t  the  same mode o f  f a i l u r e  ( s p l i t t i n g  o f  the t rabeculae)  might  

occur i f  the  specimen were loaded i n  t ransverse shear. Thus, the f a i l u r e  mechanism 

i n  shear may be q u i t e  s i m i l a r  t o  t h a t  i n  compression. The rough averages o f  

t y p i c a l  d i p l o e  shear s t reng ths  are about one h a l f  the average d i p l o e  compressive 

s t rengths which would f o l l o w  i f  the f a i l u r e  processes were s im i  1  a r .  

I n  order  t o  i n v e s t i g a t e  the above hypothesis a  ser ies  o f  combined experiments 

i s  now under way. Using both f r e s h  and embalmed ma te r i a l ,  shear specimens w i l l  be 

taken i n  such a manner t h a t  compression specimens can be made from the  ma te r i a l  

remaining between the  c i r c u l a r  holes l e f t  i n  t he  bone by the  shear p l ug  c u t t e r .  

These compression specimens, o f  d i p l o e  l a y e r  on ly ,  w i l l  be used t o  ob ta i n  t r u e  

d i p l o e  spec i f i c  weight values f o r  use i n  the  c o r r e l a t i o n  o f  shear s t reng th  w i t h  

spec i f i c  weight. Because both the shear and compression specimens came from 

v i r t u a l l y  the  same reg ion  i n  the s k u l l ,  i t  w i l l  a l so  be poss ib le  t o  check the  

c o r r e l a t i o n  between shear s t r eng th  and compressive s t reng th .  
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4. Composite S t r u c t u r a l  Tes t ing  o f  Sku l l  Bone. (R. P. Hubbard) 

The mechanical response of 1 ayered sku1 1 bone i s  be ing s tud ied  as an 

essen t ia l  s tep i n  the development o f  a head i n j u r y  model. A n a l y t i c  mathema- 

t i c a l  models i nco rpo ra t i ng  s ku l  1 geometry and cons t i t uen t  mater i  a1 p roper t ies  

are be ing developed f o r  determinat ion o f  the mechanical response of s k u l l  bone. 

Development o f  mathematical models i s  based on avai  1 ab le  1 ayered beam, p l a te ,  

and shel 1 theory and so lu t ions .  Because o f  re1  a t i v e  simpl i c i  ty, 1 ayered beams 

are more general 1 y t r ea ted  by models i nvol  v i  ng p rope r t i es  o f  the  i nd i  v i  dual 

layers .  Adequate so lu t i ons  e x i s t  f o r  layered  p l a t e s  us ing a l e s s  s p e c i f i c  

approach i n  which a layered  p l a t e  i s  represented as a one l a y e r  p l a t e  w i t h  

e f f e c t i v e  c o e f f i c i e n t s  which account f o r  the presence o f  a low s t i f f n e s s  core 

between s t i f f e r  f ac i ng  layers ,  The e f f e c t i v e  s t i f f n e s s  c o e f f i c i e n t s  must be 

determined e i t h e r  w i t h  1 ayered beam theory  o r  t es t i ng .  Layered shel 1 theory 

e x i s t s  b u t  no appropr ia te  so lu t i ons  have been found. 

Because o f  r e l a t i v e  simpl i c i  ty, more complete a n a l y t i c a l  t reatment,  and 

relevance t o  p l a t e  and s h e l l  theory,  s k u l l  bone beams are  be ing t es ted  i n  the  

bending f i x t u r e  shown i n  F igure 13. Pre l im inary  beam samples have been machined 

from embalmed c a l v a r i a  and s to red  i n  an a i r t i g h t  p l a s t i c  bag. Beam d e f l e c t i o n  

i s  determined us ing  a s t r a i n  gaged c a n t i l e v e r  beam. From the r e s u l t s  o f  v a r i a b l e  

span t h ree  p o i n t  bend t e s t s  us ing  t he  same beam sample, the  bending and shear 

s t i f fnesses of the s k u l l  beam can be determined. Pre l im inary  beam t e s t  r e s u l t s  

i n d i c a t e  reasonable agreement w i t h  a n a l y t i c a l  values . 
Beam t e s t  techniques can be used t o  study t he  bending s t i f f n e s s  and s t reng th  

of s k u l l  sutures. Tes t ing  o f  layered  s k u l l  p l a tes  and s h e l l s  w i l l  f o l l o w  beam 

t e s t i n g  . 



2 8 

From analytical 1 ayered structure model s should come the 1 i nk between 

constituent materials properties, geometry, and structural response o f  1 ayered 

skull bone. Results from mechanical testing of skull samples will be compared 

with analytical results where possible and wi 11 yield understanding of phenomena 

which may n o t  be adequately described by mathematical modeling. 
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B. B r a i n  T issue Tests.  (Garne t t  T. Fa1 l e n s t e i n  and Verne D.  Hulce, Dow Corning 
Corpora t i  on) 

1. I n t r o d u c t i o n .  

Dow Corning e f f o r t  i n  the  p a s t  s i x  months cons is ted  p r i m a r i l y  o f  a n a l y s i s  

o f  raw da ta  ob ta ined  i n  prev ious t e s t s  o f  Rhesus monkey b r a i n .  The t e s t s  were 

performed u t i  1 i z i n g  t h e  Dynamic Probe Apparatus (DPA) , descr ibed i n  t h e  eighteen- 

1  month r e p o r t  . Two a d d i t i o n a l  t e s t s  were conducted i n  t h e  p e r i o d  w i t h  t h e  same 

b a s i c  assembly. M o d i f i c a t i o n s  t o  t h e  system were l i m i t e d  t o  an improved o p e r a t i n g  

t a b l e / t e s t  p l  a t f o r m  u n i t .  

A method f o r  r e d u c t i o n  o f  n o n - l i n e a r  data  f rom t h e  t e s t s  was devised which 

a l l ows  q u a n t i t a t i v e  r e s u l t s  t o  be e x t r a c t e d  f rom t h e  DPA r e s u l t s  f o r  t h e  f i r s t  

t ime. A cons iderab le  amount o f  raw da ta  was thus reduced and analyzed. 

A p r e l i m i n a r y  t e s t  of t h e  dynamic mechanical p r o p e r t i e s  o f  -- i n  v i  t r o  human 

s c a l p  was performed on the  Dynamic Mechani c a l  Apparatus (DMA) . 
P r e l i m i n a r y  t e s t s  were a l s o  conducted on promi s i n g  cand idate  s u b s t i t u t e  

mate r i  a1 s. 



2. Equipment and Procedures. 

a. DPA equipment. 

A combination opera t ing  t a b l e i t e s t  p l a t f o r m  u n i t  was const ructed f o r  

t e s t s  on l i v e  Rhesus monkeys. Th is  u n i t  replaces the  p rev i ous l y  used pr imate 

cha i r .  The animal i s  placed i n  a  prone p o s i t i o n  f o r  t e s t i n g ,  as cont rasted w i t h  

the s i t t i n g  p o s i t i o n  d i c t a t e d  by the  pr imate cha i r .  Th is  m o d i f i c a t i o n  improves 

t he  t e s t  i n  t h a t  ( 1 )  l e s s  handl ing o f  the  animal i s  required, ( 2 )  p r e t e s t  

p repara t ion  t ime i s  reduced, and (3 )  the system prov ides f o r  b e t t e r  manipu la t ion 

o f  t he  DPA probe u n i t .  Surg ica l  procedures remained unchanged from those p rev i ous l y  

repor ted.  A l l  t e s t s  were conducted near the  p recen t ra l  gyrus as i n  previous t es t s .  

The bas ic  DPA u n i t  i t s e l f  remained unchanged. 

b. Data reduc t ion .  

The l a rge  m a j o r i t y  o f  i n d i v i d u a l  t e s t s  conducted on Rhesus monkey b r a i n  

were a t  dynamic amplitudes o f  approximately 10-25 x  cm. For t h i s  amplitude 

range, the force outputs  obta ined cont inued t o  be non-sinusoidal  (non- l i near )  i n  

nature, as has been p rev i ous l y  observed. These data were reduced g raph i ca l l y .  

The p o r t i o n  of the s inuso ida l  i n p u t  displacement between the  l e a s t  t o t a l  b r a i n  

deformation and t he  zero dynamic ampl i tude o f  the  probe ( i  .e., the  second quadrant 

of the  s ine  i n p u t )  was u t i l i z e d .  Th is  p o r t i o n  o f  the  corresponding f o r c e  ou tpu t  

appeared t o  approximate r a t h e r  c l o s e l y  a  s ine  wave and thus de f ined  a l i n e a r  

component o f  t he  response t o  the displacement f unc t i on .  Th is  t o t a l  l i n e a r  

component of the  force was reso lved  i n t o  s ine  and cosine components, y i e l d i n g  

sp r ing  ( k )  and viscous l oss  ( n )  constants,  r espec t i ve l y .  The sp r i ng  constant 

was converted i n t o  the  dynamic e l a s t i c  shear modulus (GI) by u t i l i z i n g  the  

approximat i  on 

k  G' = F  where r = rad ius  o f  the probe. 



For the  DPA, t h i s  equat ion reduces t o  

GI = ,727 k 

2 Th is  approximat ion has been u t i l i z e d  by von Gierke i n  s i m i l a r  experiments and 

by ~ a n ~ o r r a ~ ,  who der i ved  t he  approximat ion i n  a d i f f e r e n t  manner from von Gierke. 

Note t h a t  t a n  6 i s  de f ined  as t he  r a t i o  o f  t he  maxima o f  v iscous l o s s  f o r c e  t o  

sp r i ng  force (nk/kx),  whereas t an  6 f o r  prev ious -- i n  v i t r o  t e s t s  on the  DMA was 

de f ined  as G " / G ' .  I t  w i l l  be assumed t h a t  t h e  two methods are equa l l y  v a l i d .  



3 .  Results. 

a. DPA tes ts  on silicone gels. 

The DPA was used to t e s t  silicone gels a t  b o t h  10 and 100 Hz. The 10 Hz. 

tes ts  were conducted using the driving mechanism of the DMA in order t o  obtain a 

sinusoidal input.  h he shaker of the DPA does n o t  provide a sinusoiclal signal in 

this low frequency range.) Standard DMA tes ts  a t  near 10 Hz. were conducted on 

the same silicone sample (see Reference 1 ) .  The results indicated a rather close 

correlation in the dynamic e las t ic  shear modulus, G I ,  b u t  tan 6 was approximately 

30% higher with the DPA probe/sample configuration when compared with the DMA tes ts .  

G ' G" 
Test - (dynes/cm2) (dynes/cm2) -- Tali 6 

DMA 3.8 x 104 1.1 x 104 .29 

DPA 4.2 1.6 . :39 

Another s i  1 icone gel , original ly uti l i  zed to t e s t  the DPA during early 

development, was tested some six months la ter  under the same conditions. The 

t e s t  frequency was 100 Hz. The results were within 10% of each other, a very 

good correlation, as the tests  were entirely separate and were conducted on 

adjacent, b u t  n o t  identical , t e s t  s i tes  from the same sample (see Figure 1 4 ) .  

b. DPA t es t s  on dog brain ( in  -- v i  t ro) .  

Tests similar to the low frequency (10 Hz.) tes ts  of gels were conducted 

on an -- i n  vitro dog brain hemisphere. The surface of the hemisphere was kept moist 

with isotonic saline solution. The dynamic amp1 i tudes and s t a t i c  deformations 

were within the ranges utilized on -- in vivo tests  of Rhesus brain a t  80-100 Hz. 

The results indicated linear responses whereas analogous tests  on Rhesus 

brain a t  h i  gher frequency yield markedly non-1 i near responses. A1 so, the increase 

of G I  with increasing s t a t i c  deformation i s  not so pronounced. A best f i t  of G '  

versus s t a t i c  deformation was obtained using a linear plot (see Figure 15 ) .  



c. DPA t e s t s  on Rhesus monkey b ra in .  

Raw data from some 42 i n d i v i d u a l  DPA t e s t s  on s i x  Rhesus monkey bra.ins 

were reduced by the graphic process descr ibed i n  Sect ion 2b. Both 2 viva and 

post-mortem t e s t s  were analyzed. Blood pressure was var ied  i n  a  c o n t r o l l e d  

manner i n  a  small number o f  t es t s .  The r e s u l t i n g  GI f o r  each t e s t  was p l o t t e d  

aga ins t  s t a t i c  deformation, a  common va r i ab le .  F igure 16 shows the t o t a l  r e s u l t s .  

F igure 17 shows the r e s u l t s  f rom two i n d i v i d u a l  t e s t  se r ies  ( i  .e., a l l  t e s t s  from 

each o f  two separate Rhesus b ra ins ) .  These t es t s ,  deemed t o  be the  most re1 i ab le ,  

y i e l d  good f i t s  when 6' i s  p l o t t e d  versus s t a t i c  deformat ion on a semi-log graph. 

A c o r r e l a t i o n  c o e f f i c i e n t  m a t r i x  was run  i n  order  t o  o b t a i n  the s i g n i f i -  

cance o f  supposed var iab les  (see Table 111). Forty- two se ts  o f  high-ampli tude 

data were used. Note t h a t  c o r r e l a t i o n  was obtained f o r  k  versus s t a t i c  deformation 

w i t h  a  p r o b a b i l i t y  o f  99%. The viscous component, n ,  versus s t a t i c  deformat ion 

y i e l d e d  a s i m i l a r  c o e f f i c i e n t .  On a t r i a l  basis,  judging from Figure 17 and 

evidence o f  hanke4,  i t  was assumed t h a t  the  i nd i ca ted  r e l a t i o n  between k  o r  GI 

and s t a t i c  deformation was exponent ial  : 

G I  Ae Bx where x = s t a t i c  deformation. 

Least square regress ion curves were ca l cu la ted  f i t t i n g  G '  values f o r  the  1 i n e a r  

po r t i ons  o f  the  f o r ce  curves t o  t h i s  r e l a t i o n .  A f i r s t  approximation was obtained 

us ing a l l  of the above data. Then a l l  data t h a t  could reasonably be assumed 

erroneous due t o  e i t h e r  (1  ) l a c k  o f  con t ro l  o f  va r iab les  o r  (2 )  l ack  o f  d e f i n i t i o n  

of va r iab les  were excluded. F i n a l l y ,  regress ion f i t s  were obta ined f o r  the two 

t e s t  se r i es  o f  F igure 17 where good r e l a t i o n s h i p s  were ev iden t  v i s u a l l y .  The 

regress ion curves are shown i n  Figures 18 and 19 along w i t h  t h e i r  c o r r e l a t i o n  

coe f f i c ien ts  r, and the number o f  data se ts  u t i l i z e d  f o r  the computation. 



4 The regress ion equat ions have y - i n te r cep t s  between 2.1 and 5.1 x  10 dynes/ 

2  4 2 cm . Th is  y i e l d s  G '  a t  zero deformat ion i n  the  range o f  (3.6 i 1.5) x 10 dynes/cm . 
d. DM t e s t s  on human scalp.  

A sample o f  human sca lp  was t es ted  -- i n  v i t r o  u t i l i z i n g  the  DMA. The sample 

geometry was t h a t  r o u t i n e l y  used f o r  t e s t i n g  e l  astomeric samples. ( A  rec tangu la r  

bar  specimen i s  mechanical ly grounded a t  both ends, w i t h  i t s  major ax i s  normal t o  - 
and i t s  major plane p a r a l l e l  t o ,  the  DMA d r i v e r  sha f t .  The center  i s  clamped t o  

the  DMA d r i v e r  sha f t .  This,  i n  e f f e c t ,  creates two shear specimens.) The t e s t  

frequencies were near 10 Hz., s i m i l a r  t o  those employed i n  t e s t i n g  b r a i n  t i ssue .  

Tes t ing  procedures were s i m i l a r  a lso.  I n  t h i s  p re l im ina ry  t e s t  G '  measured 14 x  

4 4  2  10 dynes/cm2, and G" 4  x  10 dynes/cm , y i e l d i n g  a t a n  6 o f  2 9 .  



4. Summary and Conclusions. 

Though a l a r g e  degree of v a r i  ab i  1 i ty  i s  ev iden t  i n  the  o v e r a l l  DPA t e s t  data, 

and i n  some cases w i t h i n  t e s t s  on a s i n g l e  b ra in ,  t he re  does appear t o  be a r e l a -  

t i o n s h i p  between t h e  apparent G' and the  probe s t a t i c  deformation. I n  cases where 

both i n  v i v o  and post-mortem t e s t s  were conducted, t he  v a r i a b i l i t y  between the  two 

types o f  t e s t s  was l e s s  than t he  general data sca t t e r .  

The o v e r a l l  v a r i a b i l i t y  i n  l a t e r  t e s t s  was l ess  than t h a t  encountered i n  

e a r l i e r ,  more exp lo ra to ry  t es t s .  A poss ib le  cause o f  some o f  t he  data s c a t t e r  

i s  long-term motion o f  the  b r a i n  w i t h i n  the  s k u l l  a f t e r  p o s i t i o n i n g  o f  the  probe, 

I f  such a mot ion i s  present,  however, i t  i s  apparent ly  random, as t e s t s  conducted 

immediately a f t e r  a s t a t i c  deformat ion determi na t i on  do n o t  c o r r e l a t e  b e t t e r  than 

t h e  data taken as a whole. 

The f a c t  t h a t  G '  increases w i t h  s t a t i c  deformat ion i s  n o t  con t ra r y  t o  prev ious 

4 work i n  the  f i e l d  o f  biomechanics. Franke and von Gierke2 both noted s i m i l a r  

increases i n  s tud ies  o f  the  impedance o f  the  human body surface. von Gierke noted 

t h a t  one must be aware o f  v a r i a t i o n s  i n  the modulus due t o  s t a t i c  deformat ion and 

Franke p l o t t e d  s t i f f n e s s  versus s t a t i c  deformation, ob ta i n i ng  a re1 a t i o n  s i m i l a r  

t o  t h a t  obta ined i n  the 80-100 Hz. t e s t s  o f  Rhesus b ra in .  

The G '  obtained i n  the  DPA t e s t s  r e s u l t s  from the  apparent sp r i ng  constant  

( k )  over  a smal l  dynamic ampl i tude superimposed on a r e l a t i v e l y  l a r g e  s t a t i c  

deformation. The sp r i ng  constant thus obta ined i s  a tangent value, That the  

tangent s p r i  ng constant va r i es  w i t h  s t a t i c  deformat ion def ines a non-1 i near 

force-deformat ion r e l a t i o n s h i p  f o r  the DPA probe on b r a i n  t i s sue .  A,lso, us ing  

t he  observed magnitudes o f  change in t he  sp r i ng  and viscous l o s s  constants w i t h  

s t a t i c  deformation, i t  can be shown t h a t  non- l inear  f o r ce  outputs  of' the  type 

observed exper imental  l y  w i l l  r e s u l t  f rom s inuso ida l  displacement inpu ts .  



Note that in similar tes ts  of brain material a t  10 Hz., the force response 

was linear. However, the G I  versus s t a t i c  deformation plot was l inear,  compared 

to the exponential plot for 80 Hz. tes t s .  

Tests conducted on si 1 i cone gels have not yielded an exponenti a1 re1 at i  onshi p 

for k versus s t a t i c  deformation. Rather, k increases linearly b u t  with a smaller 

slope than any encountered with tes t s  of brain t issue. Non-lineari ty has been 

obtained in a subjective t e s t  of a gel-fi l led balloon, diameter about 3 cm., 

sl  i ghtly pressuri zed. Possible causes i ncl ude pre-s tressi  ng the membrane covering 

(which had a small radius of curvature) and pressurizing the gel . Simi 1 a r  balloons 

f i 11 ed with either water or ai r exhi bi ted 1 i near responses. 

The data thus fa r  obtained tends to indicate that the dynamic shear spring 
4 2 modulus G '  l i e s  in the lower 10 dynes/cm range for  tes ts  conducted in the 80-100 

Hz. frequency range. There i s  a large variabili ty in the data and any changes 

from -- in vivo to post-mortem are less than the t e s t  variabi 1 i ty encountered. 

I t  i s  f e l t  that more testing of a similar nature i s  necessary before a 

modulus value can be quoted with reasonable certainty and with a reasonable 

tolerance. Such testing should also lead to a more precise determination of 

change in properties a t  death. 
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Figure  14 G '  versus S t a t i c  Deformation. 
100 Hz. DPA T e s t  o f  a S i l i c o n e  Gel. 
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Figure 15 G' versus Static Deformation of Dog Brain. 
10 Hz. DPA Test. 
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F igure  16 G '  versus S t a t i c  Deformation o f  Rhesus Monkey Bra in .  
All High-Amp1 i tude Tests Reduced by Graphic Method. 

Static Deformation , cm 



Figure 1 7  G' versus Static Deformation of Rhesus Monkey Brain. 
Two Best Individual Brains . 
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F i g u r e  18 Leas t  Squares F i t s  of DPA Data. G '  versus S t a t i c  
Deformat ion  of Rhesus Monkey Bra in .  F i r s t  and 
Second Approxi  ma t i  ons . 
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C. Other Soft Tissue Tests 

1 .  Dura Mater Tests (J .  W .  Melvin and I .  Barodawal a )  

In the past six months 100 tension tests  of fresh human dura 

mater have been performed. Eighty of the tests  were performed a t  

a nominal strain rate of 0.061 sec-' and twenty were performed a t  

a nominal strain rate of 0.61 sec-l. The tes t s  were performed in 

the Instron universal testing machine. The t e s t  specimen shape i s  

a specially made dumbbell specimen which i s  2.25 inches long with 

a reduced gage length section 0.25 inch wide and 0.75 inch long. 

This specimen size allows u p  to  eleven specimens to be cut out of 

a typical sample of dura mater. The dura mater i s  obtained a t  autopsy 

and placed in a jar  of saline solution. If the specimen cannot be 

tested immediately, i t  i s  stored in the saline solution in the re- 

frigerator. An Instron load cell of 1000 I bs . capacity i s  used t o  

indicate the load on the specimen and the s t rain in the specimen i s  

measured by the phototransistori zed optical extensometer shown in 

Figure 20 and described in the eighteen month report. The load cell 

i s  displayed versus the strain on an oscilloscope and the resulting 

clrve i s  photographed for 1 ater analysis. 

The macrostructure of dura mater, in the regions relatively 

free from large blood  vessel.^, appears t o  be a membrane with notable 

directions of fiber reinforcement. Further examination indicates 

that the direction of apparent fiber orientation when viewed on the 

outside surface of the material i s  different from that when viewed 

on the inside. Rough measurement of the angle between these two 
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d i r e c t i o n s  shows i t  t o  be about 70'. Some X-ray d i f f r a c t i o n  analyses 

run  on samples o f  dura mater a l so  i n d i c a t e  two d i r e c t i o n s  o f  o r ien -  

t a t i o n  about 70' apar t .  The i n n e r  l a y e r  o f  dura mater may be peeled 

o f f  and i t  i s  much t h i n n e r  than t he  remaining dura mater. Because o f  

t h e  h i g h l y  s t r uc tu red  na tu re  o f  dura mater two procedures have been 

incorporated i n t o  t h e  t e s t  program. One i s  c lose  h i s t o l o g i c a l  exam- 

i n a t i o n  of t he  ma te r i a l  both before and a f t e r  t e s t i n g .  The samples 

represent ing before t e s t  cond i t i ons  a re  taken near the  s i t e  o f  t he  

specimen and p a r a l l e l  t o  t he  t e s t  sect ion.  The t e s t  sec t i on  o f  t h e  

specimen i t s e l f  i s  used as t he  a f t e r  t e s t  sample. The samples a re  

s ta ined,  embedded i n  p a r a f f i n ,  sect ioned i n t o  10 micron thicknesses 

and mounted. F igure 21 shows a  t y p i c a l  before t e s t  sample. Note the  

sho r t  range a1 ignment o f  f i b e r s  and t he  longer  range random o r i en ta -  

t i o n .  A t es ted  sample i s  shown i n  F igure 22. The o r i e n t a t i o n  i n  t h e  

t e s t  sec t i on  i s  q u i t e  pronounced. The second procedure f o r  study o f  

o r i e n t a t i o n  e f f e c t s  i s  t o  take specimens i n  th ree  d i f f e r e n t  d i r e c t i o n s  

i n  t h e  dura mater. These d i r e c t i o n s  a re  t he  l o n g i t u d i n a l  d i r e c t i o n ,  

(para1 1  e l  t o  t he  s a g i t t a l  p lane)  , the  t ransverse d i r e c t i o n  (perpen- 

d i c u l a r  t o  the  s a g i t t a l  p lane) ,  and t he  diagonal d i r e c t i o n  ( roughly  

45' t o  e i t h e r  o f  t he  o the r  two d i r e c t i o n s ) .  These d i r e c t i o n s  are 

noted i n  the  t e s t  data. 

Analys is  of t he  data obtained t o  date i s  shown i n  Table I V ,  and 

i n  Figures 23 and 24. The c e n t r a l  curve i n  each band i s  t he  mean and 

t he  bounds of t he  bands a re  t he  standard dev ia t ions .  The s t r a i n  a t  

f a i l u r e  i s  q u i t e  s i m i l a r  i n  both o f  t h e  t e s t  d i r e c t i o n s  shown bu t  i n  



F i g u r e  16, t h e r e  a r e  n o t i c e a b l e  modul us and s t r e n g t h  d i f f e r e n c e s .  

Dura mater  seems t o  e x h i b i t  an i n i t i a l  l i m i t  s t r a i n  such as s k i n  

does, b u t  i t  i s  o n l y  about  one- tenth  t h e  magnitude o f  t h e  values 

assoc ia ted  w i t h  human s k i n .  The data  shown i n  F i g u r e  24 can o n l y  

be considered t e n t a t i v e  because o f  t h e  smal l  sample number. 



2. Scalp Tests 

A 1 imi ted number of fresh human scalp tes t s  have been performed 

in the l a s t  six months. With the exception of some cyclic shear tests 

on scalp, which are reported under the Dow-Corning brain testing sec- 

tion of this  report, a l l  the tes ts  on scalp were radial compression 

tests  on composite samples. The scalp samples were taken a t  autopsy 

in the form of a s t r ip  about 3 inches long and 0.25 t o  0.50 inch wide. 

The sample was placed in saline solution and then tested immediately 

or stored in a refrigerator until i t  could be tested. The specimens 

were roughly rectangular and their  dimensions depended directly on the 

width of the sample and the thickness of the scalp. The fat ty  sub- 

cutaneous layer was l e f t  intact on the specimens. The nominal strain 

rate in the tests  was about 0.2 sec-l. 

An aggregate compressive stress strain curve for nine tests  i s  

shown in Figure 25. The appreciable strain accumulation with zero 

or near zero load corresponds to compressing of the fat ty  subcut- 

taneous layer. Also shown in Figure 25 i s  an experimental synthetic 

material developed by the automotive industry t o  simulate scalp for 

comparison. 
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TABLE I V  SUMMARY OF DURA MATER TENSION TESTING 

T o t a l  
No. o f  
Persons 

5 

4 

8 

3 

2 

T o t a l  
No. o f  

Specimens 

12 

7 

2 4 

7 

5 

C 
-0 o 
L *r 
( ~ J Q  
- 0 l d . r  
r e F m  
a > a  
,a, Q 

2242 

2187 

4089 

5492 

3902 

s 
-0 o 
L *F 
a Q 
= a - r  
r a r m  
a > a  
$ 8 .  

282.6 

308.6 

459.7 

429.1 

453.9 

S t r a i n  
Rate 

sec 

0.061 

0.061 

0.061 

0.61 

0.61 

Mean 
0 

p s i  

736.8 

928.1 

1,219 

1,318 

1,092 

Specimen 
O r i e n t a t i o n  
R e l a t i v e  To 

S a g i t t a l  Plane 

L o n g i t u d i n a l  

Transverse 

Diagonal 

l o n g i t u d i n a l  

Diagonal 

-- - 

Mean 
E 

psi 

5,046 

6,094 

7,565 

12,008 

8,856 



Figure 20 Phototransi storized Qp  t i  cal  Extensometer w i t h  a 
Rubber Test Specimen in Place 





Figure 22 Tested Dura Mater (Arrow Indicates Test Direction) (40X) 







FIGURE 24 
AGGREGATE COMPRESSIVE 
STRESS - STRAIN CURVE for 
HUMAN SCALP in RADIAL 
COMPRESSION 

COMPRESSIVE STRAIN, % 



I I I . ANALYTICAL PROGRAM 
Ali E .  Engin 

In the eighteen-month report the basic course of theoretical 

research was out1 ined. As previously stated, the analytical program 

was divided into two very closely related parts. These parts are: 

1 ) Development of meaningful constitutive equations describing 

the physical properties of the various tissues of head. 

2 )  Analysis of progressively more sophisticated theoretical 

head injury models. 

In order t o  construct theoretical head injury models real is t ical  ly ,  

the knowledge of part 1 should preceed that of part 2 .  Since the l a s t  

report most of the analytical effort  has been directed t o  part 1 .  Among 

the various approaches considered for the development of the consti t u -  

t ive equations are (a )  emperical methods, ( b )  theoretical methods, and 

(c)  combination of empirical and theoretical methods. To see the pre- 

vious work done in this  area using these methods, an extensive survey 

of the l i terature  has been made. A summary of some of the representa- 

t ive papers on the experimental work done for various soft  tissue was 

prepared and i t  will be presented in a la te r  report. 

The leading empirical method i s  t o  find an approximating formula 

for the experimental data. For this  there are two approaches possible. 

One i s  to have the approximating function pass through the experi- 

mentally observed points. The other approach i s  t o  have the approximat- 

ing function retain some properties of tt-e data, such as the shape of 

the curve, and t o  have i t  pass as close as possible b u t  no t  necessarily 



th rough t h e  o r i g i n a l  data.  T h i s  i s  u s u a l l y  acceptab le  when d e a l i n g  

w i t h  exper imental  da ta  which a r e  s u b j e c t  t o  a  c e r t a i n  amount o f  e r r o r ,  

Method o f  Least  Squares of L i n e a r  Regression equat ions a r e  approx i -  

mat ing  fo rmulas  be long ing t o  t h e  l a t t e r  approach. A t  t h e  p resen t  t ime, 

a  computer program us ing  reg ress ion  a n a l y s i s  i s  a v a i l a b l e  t o  supply 

an e m p i r i c a l  u n i a x i a l  c o n s t i t u t i v e  equat ion  f o r  a  g i ven  exper imental  

data. Th is  equa t ion  rep resen ts  a  curve i n  two-dimensional space. 

When t h e  data  f o r  b i a x i a l  t e s t s  become a v a i l a b l e ,  t h e  ideas used f o r  

t h e  u n i a x i a l  c o n s t i t u t i v e  equat ions can be p r o j e c t e d  t o  o b t a i n  b i a x i a l  

c o n s t i t u t i v e  equat ions w i t h  t h e  h e l p  o f  a  techn ique which a l ready  e x i s t s  

a t  t h e  Computing Center o f  The U n i v e r s i t y  o f  Michigan.  A b i a x i a l  con- 

s t i t u t i v e  equa t ion  g e o m e t r i c a l l y  rep resen ts  a  su r face  i n  three-dimen- 

s i o n a l  space. A ve ry  e s s e n t i a l  advantage o f  t h e  e m p i r i c a l  equat ions i s  

t h a t  p r e v i o u s l y  s p e c i f i e d  m a t e r i a l  behav ior  such as e l a s t i c ,  v i sco -  

e l a s t i c ,  e l a s t i c - p l a s t i c ,  e t c . ,  i s  n o t  requ i red .  

Most o f  t h e  t h e o r e t i c a l  papers on t h e  c o n s t i t u t i v e  equat ions a r e  

on t h e  ph i losophy o f  these equat ions  and they have been w r i t t e n  w i t h  t h e  

language o f  general  t enso rs  o r  f u n c t i o n a l s .  From t h e  a p p l i c a t i o n  p o i n t  

o f  v iew they  can be cons idered use less  because o f  t h e  gap between t h e  

t h e o r e t i c i a n s  and t h e  exper imenta l  i s t ,  and exper imental  d i f f i c u l t i e s  

e s p e c i a l l y  d e a l i n g  w i t h  b i o l o g i c a l  m a t e r i a l s .  R i v l  i n  and h i s  assoc ia tes  

i n  t h e  f i e l d  o f  rubber  e l a s t i c i t y  and Y.  C. Fung i n  biomechanics made 

some c o n t r i b u t i o n s  t o  c l o s e  t h e  gap. The concept  we a r e  f o l l o w i n g  i s  

t o  develop a  theo ry  which r e s u l t s  i n  e x p e r i m e n t a l l y  p o s s i b l e  a n a l y s i s  

t o  determine t h e  c o n s t i t u t i v e  equat ions .  E s s e n t i a l l y ,  a  m o d i f i c a t i o n  



for Green's approach t o  constitutive equations i s  being considered. 

According to this  approach a constitutive equation can be derived 

from an internal energy function khich i s  assumed t o  be a function 

of the s t rain only. Modification being considered i s  the inclusion 

of strain-rate as well as strain for the argument of internal energy 

function. When one considers that most of the biological materials 

exhibit nonhomogenous, anisotropic and nonl inear viscoel ast ic  char- 

acter is t ics ,  the great complexity of the problem of mechanical pro- 

perty determination i s  obvious. 

An example of the combination of empirical and theoretical methods 

i s  given in the Appendix A "A Mathematical Model t o  Determine Visco- 

elast ic  Behavior of In Vivo Primate Brain." This paper i l lustrates  

how one can obtain complex dynamic shear modulus of in vivo brain 

from the combined re1 ationships of theoretical analysis and experi- 

mental data. From the theoretical mechanics point of view, the pro- 

blem being considered i s  that of the steady s ta te  response character- 

i s t ics  of a solid sphere of linear viscoelastic material whose mating 

surface with the rigid container i s  free from shear stresses.  The ex- 

ternal load i s  taken to be a local radial harmonic excitation. This 

i s  a theoretical model for an experimental setup consisting of an 

electromechanical device with a small driving point impedance probe 

which i s  placed in direct contact with the pia-arachnoid through a 

hole in the skull of a Rhesus monkey. In  the theoretical analysis, 

the response of the elast ic  material i s  determined f i r s t ;  l a te r  elas- 

t i c  response solution i s  converted t o  viscoel ast ic  response solution 

through the use of the el astic-viscoel ast i  c correspondence principle 



appl i c a b l  e  t o  steady s t a t e  o s c i l l  a t ions .  The paper i s  concl uded 

w i t h  a  d iscuss ion  o f  a  method t o  determine the  complex dynamic 

shear modulus, G*, o f  i n  v i v o  pr imate b ra in .  

When the  knowledge o f  G* as a  f u n c t i o n  o f  frequency i s  obta ined 

i t  can be used f o r  a  mechanical p roper ty  o f  b r a i n  i n  t h e  more com- 

p l ex  head i n j u r y  models. A t  t h e  present  t ime var ious head i n j u r y  

models a re  being evaluated f o r  f e a s i b i l i t y .  One of them i s  concerned 

w i t h  t he  impu ls ive  response o f  a  v i s c o e l a s t i c  ma te r i a l  f i l l e d  i n  a  

r i g i d  spher i ca l  s h e l l .  Th is  model can be viewed as a  f u r t h e r  exten- 

s i on  o f  the  work done by Anzel ius  and GUt t inger  who t r e a t e d  t h e  i m -  

p u l s i v e  response o f  i n v i s c i d ,  i r r o t a t i o n a l  f l u i d  f i l l e d  i n  a  r i g i d  

spher i ca l  she1 1  . The o the r  model under cons idera t ion  takes i n t o  

account the  e f f e c t  o f  t h e  c r a n i a l - c e r v i c a l  j u n c t i o n  on the  s t r ess  

d i s t r i b u t i o n  w i t h i n  t he  s k u l l  and t he  pressure g rad ien ts  i n  t he  b r a i n  

when t h e  head i s  sub jected t o  impact o r  impu ls i ve  loads. I t  i s  f e l t  

t h a t  ana lys is  o f  each new model w i t h  improved c o n s t i t u t i v e  equations 

w i l l  be useful f o r  t he  f o rmu la t i on  o f  a  much more complex head i n j u r y  

model such as an i r r e g u l a r l y  shaped s h e l l  s t r u c t u r e  f i l l e d  w i t h  v isco-  

e l a s t i c  ma te r i a l .  
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A MATHEMATICAL MODEL TO DETERMINE VISCOELASTIC 

BEHAVIOR OF I N  V I V O  PRIMATE BRAIN 
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Highway Safety  Research I ns  ti t u t e  
The U n i v e r s i t y  o f  Michigan 
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ABSTRACT 

Determinat ion o f  mechanical p rope r t i es  o f  the  cons t i tuen ts  o f  the  head 

i s  very  essen t i a l  f o r  t he  cons t ruc t i on  o f  var ious t h e o r e t i c a l  and experimental 

head i n j u r y  models. Th is  paper represents a mathematical model f o r  the evalu- 

a t i o n  o f  v i s c o e l a s t i c  behavior o f  i n  v i vo  pr imate b ra i n .  From t h e o r e t i c a l  

mechanics p o i n t  o f  view, the  problem being considered i s  t h a t  o f  the  steady 

s t a t e  response c h a r a c t e r i s t i c s  o f  a so l  i d  sphere o f  1 i near v i  scoel a s t i  c mater i  a1 

whose mat ing sur face w i t h  t he  r i g i d  con ta iner  i s  f r e e  from shear s t resses.  The 

ex te rna l  l oad  i s  taken t o  be a l o c a l  r a d i a l  harmonic e x c i t a t i o n .  F i r s t ,  the  

response o f  the  e l a s t i c  ma te r i a l  i s  determined; l a t e r  e l a s t i c  response s o l u t i o n  

i s  converted t o  v i scoe l  a s t i  c response s o l u t i o n  through the  use o f  t he  correspon- 

dence p r i n c i p l e  app l i cab le  t o  steady s t a t e  osc i  11 a t i  ons. The paper i s  concluded 

w i t h  a d iscuss ion  of a method which enables one t o  determine the  complex dynamic 

shear modul us o f  i n  v i v o  pr imate b ra i n .  



INTRODUCTION 

Vulnerability of human head and the resulting fa ta l i  t i e s  from various 

injuries to the head i s  a well-established fact.  The gravity of the s i tu-  

ation attracted many investigators from both experimental and theoretical 

f ie lds  of physical sciences. Previous research to give a proper description 

of the head injury has been either on determination of mechanical properties 

of the constituents of the head or on analyses of various theoretical head 

injury models. The investigations on these two categories are numerous. 

Only a few representative ones will be mentioned here, 

Among the numerous theories proposed for the brain damage, the theory 

mainly advocated by Hol bourn (1 943) and theory supported by the mathematical 

analyses of Anzel ius (1 943) and ~i i t t inger  (1 950) received the most attention. 

According to Holbourn the main cause of brain damage i s  the shearing effect 

produced by the severe deformation or fracture of the skull a t  the vicinity 

of the impact to the head or rotations of the brain w i t h i n  the skull. Anzelius 

and Guttinger considered the effect of a sudden impulsive load on a mass of 

inviscid fluid contained i n  a rigid closed spherical shell (or container). 

Their formulations are essentially identical and involve an axisymmetric 

solution of the wave equation i n  spherical coordinates. They concluded that 

an in i t ia l  compression wave arises from the point of impact (coup), and due t o  

the rigidity of the she1 1 ,  instantaneously a tension (rarefaction) wave i s  

emitted from the counterpole, both travelling towards the geometric center of 

the system. The collision (superposition) of the two waves a t  the center 

produces large pressure gradients, which was considered to be the cause of 

brain damage. Hayashi (1 968) treated a one-dimensional version of the Anzel i us- 

Guttinger model. His model consists of a rigid vessel (skull ) containing 

inviscid fluid (brain). The vessel i s  attached to a linear spring, which 
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represents the composite e las t ic  properties of the sku1 1 ,  scalp, etc.  Approximate 

solutions were obtained for  the limiting cases of very soft  and very hard impacts. 

A1 though this  simple model has the advantage of being easy to interpret,  i t  has 

the similar shortcomings of the Anzel ius-Guttinger model. Some of these short- 

comings are: ( a )  due to  rigidity and geometrical assumption, there i s  no way 

one can determine the possible locations of skull fracture and ( b )  the effects 

of skull deformation on the intracranial pressure distribution can n o t  be 

determined. Recently, Engin (1969) by obtaining analytical and numerical 

solutions for the dynamic response of a fluid-fi  1 led e las t ic  spherical shel 1 

removed the major restrictions of previous models. His model consists of e las t ic  

spherical shel 1 f i l l ed  with inviscid compressible fluid.  The shel 1 material and 

fluid are considered to be homogenous and isotropic. The loading pattern i s  

taken local, radial ,  impulsive and axisymmetric. Since the load i s  applied 

locally the combined linear shell theory which includes membrane and bending 

effects of the shell has been used for the proper description of the wave 

propagation. The conclusions of his paper include the possible locations of 

brain damage and skull injury on the basis of the numerical computations. 

Further extensions of Engin's model i s  possible i f  one knows the viscoelastic 

properties of brain; w i t h  this knowledge one can replace the inviscid fluid 

occupying the interior space of the shel 1 w i t h  a viscoelastic material. In 

l i terature ,  there are only four papers on the mechanical properties of brain. 

Franke (1  954) determined the coefficient of shear viscosity from impedance 

measurements of a glass sphere vibrating w i t h i n  fresh p i g  brain. Creep 

experiments were performed by Dodgson (1962) and Koeneman (1966) who also 

studied dynamic cyclic properties from rabbits, ra t s ,  and pigs. Recently, 

Fa1 lenstei n ,  e t .  a1 (1 969) developed an electromechanical device with a small 



d r i v i n g  p o i n t  impedance probe which was placed i n  d i r e c t  con tac t  w i t h  t h e  

p ia-arachnoid  through a ho le  (diameter i s  approximately 118 inches) i n  the  

s k u l l .  By means o f  t h i s  apparatus i n  v i v o  as we l l  as i n  v i t r o  t e s t s  on 

Rhesus monkeys were performed. I n  t h i s  paper, we w i l l  g i ve  the  t h e o r e t i c a l  

analyses o f  such a t e s t  conducted on the  b ra in .  The t h e o r e t i c a l  model f o r  

the  mathematical analyses i s  shown i n  F ig .  1.  From mechanics p o i n t  o f  view, 

t he  problem being considered i s  t h a t  o f  t h e  steady s t a t e  response c h a r a c t e r i s t i c s  

o f  a s o l i d  sphere o f  l i n e a r  v i s c o e l a s t i c  ma te r i a l  whose mat ing sur face w i t h  the  

r i g i d  con ta iner  i s  f r e e  from the  t angen t i a l  shear stresses. I n  p a r t i c u l a r ,  we 

w i l l  be i n t e r e s t e d  i n  the  response o f  the  v i s c o e l a s t i c  ma te r i a l  t o  a l o c a l  

r a d i a l  harmonic e x c i t a t i o n .  F i r s t ,  t he  response o f  the  e l a s t i c  ma te r i a l  w i l l  

be determined; 1 a t e r  e l  as t i c  response so l  u t i o n s  w i  11 be converted t o  v i scoe l  a s t i  c 

response so lu t i ons  through t he  use of the  e l a s t i c - v i s c o e l a s t i c  correspondence 

p r i n c i p l e  app l i cab le  t o  steady s t a t e  o s c i l l  a t ions  . We w i l l  conclude t h i s  paper 

w i t h  a d iscuss ion  o f  a method which enables one t o  determine the  l i n e a r  v isco-  

e l a s t i c  parameters o f  the  b ra in .  



THEORETICAL ANALYSES 

As mentioned i n  the Introduction, the theoretical analyses of the 

model i n  consideration will be given in two parts, namely; a) Elastic 

Response, and b )  Viscoelastic Response. We shall use the same model, 

Fig. 1 ,  for both parts; the only difference will be in the type of 

material which occupies the rigid spherical shell . 
a )  Elastic Response The linear equations of motion of an e las t ic  

medium, i n  vector form, are given by Fung (1965) 

- a 2 i  (A + ~ G ) v ( v . ~ )  - 260 x w = p- (1  
at2 

where i and ; represent the displacement and rotation vectors respectively, 

p i s  the mass density of medium, A and G are the e las t ic  material constants. 

These equations can be expressed i n  spherical coordinates, F i g .  2 ,  and 

introduction of axisymmetry and precl udi ng torsional displacements mean 

where v i s  the displacement component in the 0 direction. The remaining 

components of the displacement vector are along 4 and along the radial 

coordinate, r ,  and they are u and w respectively. I n  view of conditions 

( 2 )  the E q .  (1)  yields the following two equations in spherical coordinates 

where A i s  the cubical dilatation defined by 



and we i s  a component of #V x I) and i t s  value i s  

The equations of motion (3 )  and ( 4 )  can be uncoupled by assuming the 

displacement vector in the form of the gradient of a scalar function, 

m ,  plus the curl of a vector potential, !, i .e . ,  

i = v m + v x F .  ( 7 )  

I n  spherical coordinates for axisymmetric motion the components of u 
from E q .  ( 7 )  are found to be 

a o I a - ( + s i n d l  [art ~ 1 %  a+ where IJJ i s  the component of Y (8) 

' a m  l a  (qr ) ]  u = LPG- par along e-direction 
(9) 

Since the excitation i s  harmonic and applied locally on the spherical 

surface, the following expansions are considered for @ and +: 

where Pn(cos$) are Legendre polynomial s of the f i r s t  order, f i r s t  k ind .  

In view of the fact  that the second solutions of the Legendre equations 

are singular a t  the poles they are n o t  included i n  the expansions (10) 

and ( 1 1 ) .  In Eqs. (10) and ( 1 1 )  u and t are the frequency of harmonic 

excitation and time respectively. Next, l e t  us substitute Eqs. (10) and 

(11 )  into Eqs. (8) and ( 9 )  and defining dPn/d$ r P n ,  etc.  and with the 

relation ~ ~ ' ( c o s + )  = Pn(cos$) we obtain the following 



For brevity the arguments of the Legendre polynomials in Eqs. (1  2 ) ,  (1  3) and 

in the subsequent equations are not shown. The equations of motion (3) and 

( 4 )  contain terms like A, cubical dilatation, and w,. We evaluate these by 

substituting the expressions of displacement components, Eqs. (1  2 )  and (13),  

into Eqs. (5) and ( 6 ) .  The resulting equations are 

Here we make a note t h a t  the Legendre polynomials satisfy the following 

differential equation 

where h n  = n(n + I ) .  

Substitution of Eqs. ( 1 2 )  - (15) into the f i r s t  of the equations of 

motion, namely, E q .  (3) and repeated use of E q .  ( 1 6 )  in various places, 

a f te r  rather lengthy manipulation, yields the fo1 lowing expression 



2 d + n  'n - - - - - $ ] A  P r d r  , 2 n n n  

Simi l i a r ly  the second equation of motion, E q .  (4 ) ,  can be expressed as 

One can easily see t h a t  E q .  (17) i s  satisfied i f  the solutions of the 

following differential  equations are found 

d2+n + --- z d + n  - - p w  2 - -  ii)2 r d r  ~ ; i $ n  G $n n = 1 , 2 , 3  ,..... dr 

The solutions of these two equations also satisfy E q .  (18). Thus, we can 

s ta te  that equations (19) and (20 )  are the two sets  of differential equations 

t h a t  have to  be solved. 



Eqs. (1 9 )  and (20) can a1 so be rewritten as 

where 

P r 
2 2 $ = -  

x+2G and $2 = 

The f in i t e  solutions of the above differential equations are the spherical 

Bessel function of the f i r s t  kind 

where jn( k, r )  and jn( $r)  are the spherical Bessel functions with arguments 

k,r and k2r respectively; an and bn are the constants to be determined later .  

Substitution of the solutions on and $, i n t o  Eqs. (10) - (13) yields 

where ( [ I  denotes differentiation w i t h  respect t o  argument. 



The coefficients an and bn are determined by uti l izing the following 

appropriate boundary conditions 

i )  Vanishing of the shear s t ress  a t  the interface of e las t ic  (or 

viscoelastic) material and the rigid boundary, i . e .  r r  $ (a ,$)  = 0 

i  i  ) Local appl i  cation of the radial displacement, i  .e.  

Wo Or$i$o 

w(a,$) = w(+)eiwt, in particular, W ( + )  = i 0 $0<4rS, 

where W o  i s  the maximum amplitude of excitation. 

From the f i r s t  boundary condition we obtain 

Substitution of displacement components from Eq. (23) into Eq. (24) yields 

. . 

I j n ( k  a )  
- - E [ k r j n  ( k l a )  - 

for each n 2 1  a I 
bn ( i n - 2 )  jn( t2a) 2 II a n  

a + k2 a jn (k2a) 

The second boundary condition in the view of Eq. (23)  give the following 

Before proceeding further we expand the function W ( $ )  in a series of Legend* 

polynomi a1 s of the form 



where t h e  c o e f f i c i e n t s  cn a r e  found, by  t h e  usua l  methods, t o  be 

i t  b e i n g  r e a l i z e d ,  o f  course, t h a t  P , ( C O S + ~ ) E ~ .  

S u b s t i t u t i n g  Eqs. (25)  and (27) i n t o  Eq. (26)  y i e l d s  

Comparison o f  c o e f f i c i e n t s  i n  t h e  p rev ious  equa t ion  g i v e  t h e  f o l l o w i n g  

f o r  n  = o  - 0 
a. - and f o r  n k l  

k l j O 1  h a )  



Here we note that second derivative of spherical Bessel function appearing 

in Eqs. (30)  and (31) can be eliminated by uti l ization of the differential  

equation whose solutions are the spherical Bessel functions. 

Having determined the coefficients a n  and bn we can now obtain displace- 

ment components w and u from E q .  ( 23 ) .  For an isotropic e las t ic  material, the 

s t ress ,  o i  j ,  and s t ra in ,  E~ j ,  tensors are related in a following manner 

= 1  f o r i = j  
o i j  h n s l j  + 2Gcij  , j 

= O  f o r i f j  

G(E-ZG), E and G are modulus of e las t ic i ty  and shear modulus where A = 3G-.E 

respectively. Substituting E q .  (23) into E q .  ( 5 )  yields the cubical 

dilatation, A ,  for the axisymmetric motion of the material 

Since we are interested in the normal s t ress  in the radial direction E,, i s  

obtai ned from 

Thus, from Eqs. (32)  and (34) the final form of the normal s t ress ,  or,, i s  



This completes the e las t ic  solution. 

b) Viscoelastic Response The elast ic  solutions obtained in the part ( a )  

can be converted to  viscoelastic response solutions through the use of the 

el as t i  c-vi scoel as t ic  correspondence principle appli cable t o  steady s ta te  

oscillations as discussed by Bland (1960). According to this  principle the 

two independent e last ic  constants such as the e las t ic  shear modulus, G ,  and 

the modulus of e las t ic i ty ,  E ,  are replaced by the complex shear modulus 
I1 

G* = G '  + iG1I and complex modulus of e las t ic i ty ,  E* = E '  + iE respectively. 

Both real and imaginary parts of G* and E* are, i n  general, functions of 

frequency. 

Since G and E are replaced by G* and E*, k ,  , k2 and A should be replaced 

by k , * ,  k2* and A*. They are defined to  be 

The coefficients an and bn which were defined in the preceding sections now 

become complex functions, an* and bn*, of kt*, k2* and spherical Bessel functions 

of complex arguments. In view of this  the normal s t ress ,  or, , will take the 

fol 1 owing form 



j n ( k 2 * r )  k *j ' ( k  *r) - r l ~ , , ( c o s $ ) e ~ ~ ~  

The procedure o f  separat ing t h e  complex s t ress ,  or,, i n t o  the  r e a l  and imaginary 

p a r t s  a re  shown, i n  some d e t a i l ,  i n  the appendix. Having performed t h i s  we 

o b t a i n  t h e  f o l l o w i n g  expression f o r  the r a d i a l  normal s t r e s s  

6 = t a n  
z (r, $1 - r  2 
qKT 

The d e f i n i t i o n s  o f  Znk and Zn2 a r e  g iven i n  the  appendix. I n  Eq. (38) 6 i s  the  

phase angle between the  v a r i a t i o n  o f  s t ress  and t h e  v a r i a t i o n  of s t r a i n .  



The r a d i a l  normal f o r c e  under t h e  probe i s  g iven  by 

where dA = h a 2  s i n +  d+. I n  view o f  Eq. (38) above i n t e g r a l  can be w r i t t e n  as 



DISCUSSION 

As shown schematically i n  F i g .  1 the apparatus has an acceleration 

transducer 1 and force transducer 2 which measures a composite signal 

consisting of the force caused by the acceleration of the probe mass and 

the force transferred to  the t e s t  object. By a proper calibration of these 

two transducers one can obtain the shape and magnitudes of force and displace- 

ment quantities. A typical t e s t  supplies two sets  of information; namely, 

phase relations between the force and displacement and the magnitude of force. 

Since the brain i s  essentially incompressible we can assume that the visco- 

e las t ic  material contained i n  the rigid spherical she1 1 i s  incompressible. 

For an incompressible viscoelastic material 3G* = E*, thus the knowledge of 

the two material constants (or  functions i f  one seeks frequency dependent 

relations) i s  sufficient.  Let us consider t o  choose G '  and G" to be determined 

from a combined re1 ationshi p of theoretical analysis and experimental1 data. For 

this  task we carry on the following steps: 

a )  From Eq. 39 obtain the numerical value of the complex force that the 

material exerts on the probe. For a viscoelastic material, mathe- 

matical analysis will give a complex force, real part of which i s  

i n  phase w i t h  displacement and the imaginary part 90" out of phase. 

Hence, the rat io  of the imaginary part of the force to  the real part 

will be the tangent of the phase angle between displacement and force. 

6) Plot the theoretically obtained phase angles versus G I  for  various values 

of G " .  Here, we make the remark that the values of G' and G" can be 

in i t i a l ly  chosen arbi tar i ly .  This plot is i n  the form of family of 

curves. On this  plot draw a l ine passing through the experimental 
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value of the phase angle and parallel t o  G '  axis. This l ine will be 

intersecting the family of curves a t  various points which define pairs 

of values for  G '  and G". 

C )  Using these pairs of G' and G "  obtain the numerical values of theoretical 

force and plot these force values versus G I .  This plot wi 11 be only 

a single curve. The value of the experimental force determines a 

point on this curve. G '  and GI' defined by th is  point are the proper 

materi a1 constants for  the corresponding frequency. 

Utilizing the method outlined above one can obtain the real and imaginary 

parts of G* for  various frequencies. The knowledge of G* are a function of 

frequency is very essential for  the construction of transient response of the 

viscoel as t i c  material. 
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APPENDIX 

For the viscoelastic material the complex moduli are defined to be 

G* = G '  + i ~ "  

E* = E '  + iEii 

Also Lame's constant, A ,  in viscoelastic case takes the form of 

Substitution of ( I )  into (11) and rationalizing the resulting equation 

gives 

A* = Re(x*) + i I m ( ~ * )  (111) 

where 

Note that Re( ) and Im( ) denote the real and the imaginary parts of the 

complex function inside of the paranthesis respectively. 

The arguments of the spherical Bessel functions contain k ,  and k 2  which 

involve A* and G*; hence k,  and k2 become complex and they are 

= 
+ 2G* 

P U 2  112 k2* = 
and 

where 
l1 'I2 + ~ ~ ( h * )  + 26') 'I2 { [(Re(h*) + 2G112 + (Im(A*) + 26 1 

Re(k,*) 
[2(~e(h*)  + 2G1)* + 2(Im(h*) + 2 ~ " ) ~ ] ' / ~  



To o b t a i n  (V) the  f o l l o w i n g  r e l a t i o n  has been used 

where 2 2 1 1 2  r = ( x  + y )  

For t he  v i scoe l  a s t i c  ma te r i a l  t he  r e1  a t i onsh ip  between a, and b, becomes 

complex i n  the  f o l l o w i n g  manner 

l e t  j n ( k l * a )  

'n = 2 [k l * jn1 ( k ~ * a )  - a  I 



where 

k ( X n )  = 2k(k l* )Re[ jn1(k1*a)1 - 21m(k1*)1rnl jn1(kl*a)~ - 2 b [ j n ( k l * a ) l / a  

- 2m(k2*)Re[jn1 (k:a)l + 2 ~ e  (k2*)1m[jn1(k2*a)] 

Now ( V I )  can be w r i t t e n  as 

R (X,) + i Im(Xn) n 
bn* = Re(Yn) + i I m q  an 

'n * = [Re (y-) + i Itn +- ) ]an*  
n n 

where 

From Eq. (26) 03 00 

ao* = 
Co 

and an* = n - n 1, 2, 3 , . . ,  k l  *jo l(k1*a)  h 'n [ 'k , * jnL(k l*a)  - -- j ( k  *a) ]  
a 'n n 2 

an* = 'n 
'n 'n 

n 1, 2, 3, ... ( V I  I I) 
[A, - k(-j ) I  + i [Ai  - L(-j ) ]  

'n 'n 



E q .  (VIII) now becomes 

where cn[Ar - Re(Qn)l 'n 

Substituting E q .  (IX) into Eq. (111) we get 

where 

P u t t i n g  a l l  the above Eqs. ( I )  - (IX) into the E q .  ( 3 7 )  we get the following 

expressions for the complex normal s t ress  



Next, l e t  us define the following expressions: 



Eq. (X) i n  view o f  expressions de f ined  by Eq. ( X I )  can be w r i t t e n  as 

A f t e r  separa t ing  t he  r e a l  and imaginary pa r t s  o f  Eq. (XII) i n  < >, i t  

can be w r i t t e n  as 



where 

F i n a l l y ,  the  normal s t r e s s  can be expressed as 
00 

n = o 

where 
* 

ZnI Re(an )*Q1 - I rn (a , * )~~  + 2hnQ3/r 2 

(XIII) 

Eq. (XIV) i s  the  des i r ed  express ion t o  be shown. 
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NOMENCLATURE 

E Modulus o f  e l a s t i c i t y  

E* Complex modulus o f  e l a s t i c i t y ,  E '  + i ~ l '  

E '  , E" Real and imaginary p a r t s  o f  E* r e s p e c t i v e l y  

r Radia l  f o r c e  

G* Complex shear modulus, G '  + i G "  

GI, G" Real and imaginary  p a r t s  o f  G* r e s p e c t i v e l y  

Pn(cos$) Legendre po lynomia ls  o f  the  f i r s t  k i n d  

P,' (cosm) Associated Legendre po lynomia ls  o f  the f i r s t  k i n d  and f i r s t  o r d e r  

'n C o e f f i c i e n t s  o f  t h e  Legendre polynomial  expansion o f  

n C o e f f i c i e n t s  o f  t h e  Legendre polynomial  expansion o f  Y 

a Radius o f  sphere 

an, bn C o e f f i c i e n t s  o f  mn and un r e s p e c t i v e l y  

'n C o e f f i c i e n t s  o f  t h e  Legendre polynomial  expansion o f  1 oca l  l y  appl i e d  

r a d i a l  d isplacement 

/2J j n ( z )  Spher i ca l  Bessel func t ions ,  ( ~ 1 2 ~ )  n+l12(z) 

k, ,  k2 Wave numbers f o r  the d i l a t a t i o n a l  and shear waves r e s p e c t i v e l y  

k,* ,  k2* Complex wave numbers f o r  the  d i l a t a t i o n a l  and shear waves r e s p e c t i v e l y  

r 8,  Spher ica l  coord inates  

t Time 
- 
u Displacement v e c t o r  

u, v, w Components o f  the  displacement v e c t o r  i n  s p h e r i c a l  coord inates  

E ij, oij S t r a i n  and s t r e s s  tensors  r e s p e c t i v e l y  

x Lamb f i r s t  constant ,  G(E-2G)/(3G-E) 

'n = n ( n + l ) ,  where n a re  i n t e g e r s  

P Mass d e n s i t y  



w Ci rcul ar frequency 

A 
aw 2w , 1 au , cot$ Cubical dilatation, a, + T a m  P 

v Gradient operator 

vx Curl operator 

Note that every quantity which has superscript s t a r  i s  a complex number or function. 
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