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ABSTRACT 

Acous t i c  microscopy, which has been e s t a b l i s h e d  f o r  
t h e  e v a l u a t i o n  o f  t h e  e l a s t i c  p r o p e r t i e s  o f  s o l i d  
m a t e r i a l s  i n  imaging and i n  q u a n t i t a t i v e  measure-  
ments,  i s  i n t r o d u c e d  i n t o  t h e  d e n t a l  f i e l d  as a 
research  t o o l  t o  i n v e s t i g a t e  d i r e c t l y  t h e  change o f  
v i s c o - e l a s t i c  p r o p e r t i e s  i n  d e n t a l  h a r d  t i s s u e s  
(enamel and den t ine )  a s s o c i a t e d  w i t h  t h e  p r o g r e s s  
o f  c a r i e s .  A p o i n t - f o c u s - b e a m  (PFB) a c o u s t i c  
m i c r o s c o p e  i s  employed t o  image p r i m a r y  c a r i e s  
l e s i o n s  i n  human enamel w i t h  a s p a t i a l  r e s o l u t i o n  
o f  3 p m  a t  400 MHz i n  b o t h  a m p l i t u d e  and phase. 
D e s t r u c t i o n  o f  s t r u c t u r e  and decrease o f  a c o u s t i c  
impedance, ma in l y  due t o  t h e  d e m i n e r a l i z a t i o n ,  a r e  
o b s e r v e d .  A m e t h o d  o f  q u a n t i t a t i v e  m a t e r i a l  
c h a r a c t e r i z a t i o n ,  u s i n g  t h e  V(z) cu rve  a n a l y s i s  o f  
1 i n e - f  ocus -beam (LFB) a c o u s t i c  m i c r o s c o p y ,  i s  
a p p l i e d  t o  s t u d y  changes i n  t h e  v i s c o - e l a s t i c  
p r o p e r t  i e s  assoc  i a t e d  w i t h  t h e  demi n e r a l  i z a t i o n .  
P r e l i m i n a r y  a c o u s t i c  measurements a r e  r e p o r t e d  f o r  
t h e  h a r d  t i s s u e s  o f  human enamel and dent ine,  and 
a l s o  f o r  a h y d r o x y a p a t i t e  c e r a m i c .  It i s  f o u n d  
t h a t  i n  o r d e r  t o  a n a l y z e  t h e  v i s c o - e l a s t i c  
p r o p e r t i e s  t h e  propagat ion c h a r a c t e r i s t i c s  o f  l e a k y  
s u r f a c e  a c o u s t i c  waves (LSAWs) f o r  enamel and o f  
l eaky  su r face  skimming compressional  waves (LSSCWs) 
f o r  d e n t i n e ,  as a f u n c t i o n  o f  f requency, should be 
made. 

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

I n  t h e  d e n t a l  r e s e a r c h  f i e l d s ,  t h e  f u n d a m e n t a l  
p r o b l e m  o f  t h e  change o f  v i s c o - e l a s t i c  p r o p e r t i e s  
i n  t h e  d e n t a l  hard  t i s s u e s  o f  enamel and d e n t i n e  
a s s o c i a t e d  w i t h  t h e  p r o g r e s s  o f  c a r i e s  r e m a i n s  
unsolved, a l though t h e  t h e r a p e u t i c  t e c h n o l o g y  o f  
t r e a t i n g  decayed t e e t h  has developed success fu l l y .  
Some k i n d s  o f  u l t r a s o n i c  methods, such as t h e  p u l s e  
i n t e r f e r e n c e  me thod  [ l ]  and t h e  c r i t i c a l  a n g l e  
r e f l e c t i o n  method [ Z ] ,  have  b e e n  e m p l o y e d  f o r  
dynamic  t e s t i n g  o f  t e e t h  and f o r  d e t e r m i n a t i o n  of 
e l a s t i c  cons tan ts  o f  d e n t a l  m a t e r i a l s .  However,  
u l t r a s o n i c  i n s t r u m e n t s  s u i t a b l e  f o r  t h e  research  
purpose do n o t  e x i s t .  R e c e n t l y ,  a c o u s t i c  m i c r o -  
s c o p y  h a s  b e e n  e s t a b l i s h e d  a s  a m o s t  u s e f u l  
t e c h n i q u e  f o r  m a t e r i a l  a n a l y s e s  i n  i m a g i n g  a n d  
q u a n t i t a t i v e  measurement  i n  m a t e r i a l  sc ience  and 
n o n d e s t r u c t i v e  e v a l u a t i o n  [3 ,4] .  Peck and B r i g g s  
[ 5 ]  have  been t r y i n g  t o  demonstrate t h e  use fu lness  
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o f  a c o u s t i c  microscopy i n  d e n t a l  f i e l d s ,  e s p e c i a l l y  
i m a g i n g  i n  c o m p a r i s o n  w i t h  c o n v e n t i o n a l  o p t i c a l  
microscopy and microradiography.  S ince 1981, when 
we d e v e l o p e d  t h e  q u a n t i t a t i v e  m a t e r i a l  c h a r a c -  
t e r i z a t i o n  method b y  means o f  t h e  LFB a c o u s t i c  
microscope, s t u d i e s  on t h e  q u a n t i t a t i v e  a n a l y s i s  o f  
m a t e r i a l s  have  been c o n d u c t e d  e x t e n s i v e l y  a n d  
s u c c e s s f u l l y  made t o  e x p l o i t  t h e  p r a c t i c a l  a p p l i c a -  
t i o n s  [6-91. 

I n  t h i s  paper .  a c o u s t i c  microscopy which combines 
LFB and PFB a c o u s t i c  microscopes, i s  i n t r o d u c e d  t o  
i n v e s t i g a t e  d i r e c  t 1 y t h e  v i  sco-el a s t i c  p r o p e r t i e s  
o f  t h e  d e n t a l  hard  t i s s u e s  o f  enamel and d e n t i n e  
a s s o c i a t e d  w i t h  d e m i n e r a l i z a t i o n .  A new LFB sys- 
tem, s u i t a b l e  f o r  t h i s  study, i s  developed and t h e  
f u n d a m e n t a l  p r o b l e m s  i n  a p p l y i n g  t h e  sys tem t o  
d e n t a l  m a t e r i a l  c h a r a c t e r i z a t i o n  a r e  discussed. 

2 .  Composi t ion and S t r u c t u r e  o f  Tooth 

Denta l  hard  t i s s u e s  o f  human enamel and d e n t i n e  a r e  
composed o f  m i n e r a l s  (hyd roxyapa t i t e :  HAP), o rgan ic  
m a t e r i a l s  ( k e r a t i n  i n  e n a m e l  a n d  c o l l a g e n  i n  
d e n t i n e )  and water.  The r e p r e s e n t a t i v e  composi t ion 
i s  g i v e n  i n  Table 1. Hydroxyapat i te ,  w h i c h  i s  t h e  
c h i e f  c o m p o n e n t  o f  d e n t a l  h a r d  t i s s u e s ,  has 
hexagonal - l ike c r y s t a l l i n e  symmetry c h a r a c t e r i s t i c s  
[ l o ] .  and enamel and d e n t i n e  a r e  d e s c r i b e d  as a 
pseudo-hexagonal  i n  w h i c h  t h e  c - a x e s  a r e  a p -  
p r o x i m a t e l y  i n  l i n e  w i t h  t h e  enamel r o d s  and 
d e n t i n a l  tubules,  r e s p e c t i v e l y  [ 21. 

A s  f a r  a s  we know, c o m p l e t e  d a t a  o f  t h e  e l a s t i c  
p r o p e r t i e s  o f  human enamel and d e n t i n e  a r e  n o t  

Table 1. Represen ta t i ve  comgosi t ion o f  human 
enamel and d e n t i n e  . 

mine ra l  o r  an ic  water 
mafnr i a 1 

0 )  1 
Enamel 92 2 6 

Dent ine 64.5 29 6.5 

S.N.Bhaskar. "Orban's o r a l  h i s t o l o g y  and embryology". 
8 t h  Ed., C.B.Mosby Co.(1976). 
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Table 2. Bulk and LSAW v e l o c i t i e s ,  Vij(m/sec), and d e n s i t i e s ,  p (Kg/m3), 
i n  h y d r o x y a p a t i t e  and bov ine i n c i s o r .  

Q "11 '33 '44 '66 'lsaw p Ref .  

HAP 6574 7366 3534 3863 3350 3200 a 

Enamel 6297 6565 2804 3538 2747 2900 b 

Dent ine 4101 4210 1610 2153 1682 2200 b 

-x LSAW on the  basal  p lane  
a )  J. L. Katz and K.Ukrainci  k. J. Biomechanics,Vol.4.pp.221-227( 1971 ). 
b )  S. Lees and F.R. R o l l  i ns .  J r . ,  J .  Biomechanics,Vol. 5, pp. 557-566(  1972). 

a v a i l a b l e .  T a b l e  2 comprises re fe rence  va lues t o  
i n t e r p r e t  o u r  exper imenta l  r e s u l t s  desc r ibed  l a t e r ,  
v i z . ,  v e l o c i t i e s  f o r  b o v i n e  h a r d  t i s s u e s  and 
hyd roxyapa t i t e ,  which a r e  c a l c u l a t e d  f rom t h e  d a t a  
g i v e n  b y  L e e s  a n d  R o l l i n s  [ Z ]  and b y  K a t z  and 
U k r a i n c i k  [lo]. r e s p e c t i v e l y .  

F i g .  1 shows a t y p i c a l  o p t i c a l  micrograph o f  p a r t  
o f  a human i n c i s o r  i n  l o n g i t u d i n a l  s e c t i o n  e x h i b i t -  
i n g  t h e  s t r u c t u r e  o f  enamel and den t ine .  It can be 
seen t h a t  t h e  s t r i a e  o f  R e t z i u s  r u n  r a d i a l l y  f r o m  
t h e  d e n t i n o - e n a m e l  j u n c t i o n  t o  t h e  s u r f a c e  o f  t h e  
too th ,  and d e n t i n a l  t u b u l e s  s t a r t  f r o m  p u l p  and 
appear  1 i k e  a h i g h l y  s t r i a t e d  columnar s t r u c t u r e  
normal t o  t h e  j u n c t i o n .  M i c r o s c o p i c a l l y  t h e  s t r u c -  
t u r e  o f  enamel appears as enamel rods  approx ima te l y  
5 -7um i n  d iameter  s t r e t c h i n g  n e a r l y  n o r m a l l y  t o  
t h e  s u r f a c e  o f  t o o t h ,  and t r a n s v e r s e  s t r i a t i o n s ,  
p r o d u c e d  b y  p o o r  c a l c i f i c a t i o n  a s s o c i a t e d  w i t h  
d a i l y  biorhythm, c ross  t h e  enamel rods  a t  i n t e r v a l s  
o f  approx imate ly  3-5 pm. The s t r i a e  o f  R e t z i u s .  
c r o s s i n g  t h e  enamel rods  o b l i q u e l y ,  a r e  formed by 
p e r i o d  t r a n s v e r s e  s t r i a t i o n s  w i t h  i n t e r v a l s  o f  
s e v e r a l  t e n s  o f  microns. It can be seen a l s o  f rom 
t h e  f i g u r e  t h a t  t h e r e  i s  cons ide rab le  v a r i a t i o n  i n  
t h e  o r i e n t a t i o n  o f  e n a m e l  r o d s  a n d  d e n t i n a l  
t ubu les .  I n  a d d i t i o n  t o  such complex h i s t o l o g i c a l  
s t r u c t u r e ,  d e f e c t s  such  a s  c r a c k s  o c c u r r i n g  i n  
growth, a r e  o f t e n  observed. 

A d d i t i o n a l l y .  d e m i n e r a l i z a t i o n  i n  hyd roxyapa t i t es  
and d i s s o l u t i o n  o f  o r g a n i c  m a t e r i a l s  i n  h a r d  
t i s s u e s  r e s u l t s  i n  s t r u c t u r a l  d e s t r u c t i o n ,  so t h a t  
s i g n i f i c a n t  changes i n  t h e  v i s c o - e l a s t i c  p r o p e r t i e s  
a r e  expected t o  appear. 

3. Systems and Sample P r e p a r a t i o n  

3.1. Systems 

A r e f l e c t i o n - t y p e  PFB a c o u s t i c  m i c r o s c o p e  system, 
w h i c h  o p e r a t e s  i n  b o t h  amp l i t ude  and phase modes, 
was employed. The a m p l i t u d e  mode i s  u s e f u l  f o r  
m o r p h o l o g i c a l  obse rva t i on  o f  t h e  d e n t a l  l e s i o n  and 
i t s  progress.  I n t e r p r e t a t i o n  o f  c o n t r a s t  i n  t h e  
images o b t a i n e d  b y  t h i s  mode i s  made w i t h  l eaky  
wave p r o p a g a t i o n  [ 3 ] .  The p h a s e  mode i s  a l s o  
u s e f u l  f o r  topographic  e v a l u a t i o n  o f  s u r f a c e  s t a t u s  
o f  p o l i s h e d  s p e c i m e n s ,  a n d  t h e  u n e v e n n e s s  i s  
r e a d i l y  c a l c u l a t e d  f r o m  t h e  i n t e r f e r o g r a m  [Ill. 

Fig.  1 .  O p t i c a l  micrograph o f  p a r t  o f  human 
i n c i s o r  i n  l o n g i t u d i n a l  sec t i on .  

I ZflO FILM i ,-TRANSDUCER 

Fig.  2. Cross-sect ional  geometry o f  a c o u s t i c  
l ine-focus-beam lens  f o r  e x p l a i n i n g  t h e  
c o n s t r u c t i o n  mechanism o f  V(z)  curve. 

The o p e r a t i n g  f requency used here i s  400 MHz, u s i n g  
a P F B  s a p p h i r e  l e n s  o f  0.5 mm r a d i u s ,  and t h e  
s p a t i a l  r e s o l u t i o n  i s  approx imate ly  3 um. 

An LFB a c o u s t i c  m ic roscope  was employed t o  i nves -  
t i g a t e  q u a n t i t a t i v e l y  t h e  v i s c o - e l a s t i c  p r o p e r t i e s  
o f  d e n t a l  m a t e r i a l s .  The measurements a r e  made 
us ing  t h e  V(z) curve ana lys i s .  F ig .  2 i l l u s t r a t e s  
t h e  b a s i c  concept.  The system and t h e  measurement 
p r i n c i p l e  have been desc r ibed  i n  d e t a i l  [ 4 ] .  The 
LFB e x c i t e s  l e a k y  waves on t h e  boundary between t h e  
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specimen and wa te r  a t  t h e  c r i t i c a l  angle 

where V i s  t h e  v e l o c i t y  o f  l e a k y  waves. and V i s  
t h e  l o d g i t u d i n a l  v e l o c i t y  i n  water,  respectivwely. 
By a n a l y z i n g  measured V(z) curves, t h e  p r o p a g a t i o n  
c h a r a c t e r i s t i c s ,  namely,  t h e  v e l o c i t y  V and t h e  
normal ized a t t e n u a t i o n  f a c t o r  al, o f  l e a k y  waves 
c a n  b e  d e t e r m i n e d .  The comp lex  wave number i s  
d e f i n e d  as 

kl = (u/Vl)(l+jall . 
As desc r ibed  above, d e n t a l  h a r d  t i s s u e s  a r e  com- 
posed o f  m ine ra l ,  o rgan ic  m a t e r i a l s ,  and water  w i t h  
complex h i  s t o l  o g i c a l  and s t r u c  t u r a  1 t e x t u r e s .  
T h e r e f o r e ,  t h e  a t t e n u a t i o n  i n  t h i s  case should be 
d e f i n e d  as 

a1 = o w  + a a  + a S  , ( 3 )  

where a”, a , and a a re  t h e  normal ized a t t e n u a t i o n  
f a c t o r s  dug  t o  t h a  wa te r  l oad ing ,  absorpt ion,  and 
s c a t t e r i n g  losses,  r e s p e c t i v e l y .  a i s  independent 
o f  t h e  a c o u s t i c  f r e q u e n c y ,  w h i l z  aa and u s  a r e  
dependent on frequency. 

A new LFB a c o u s t i c  microscope system combined w i t h  
an o p t i c a l  microscope, f o r  f i n d i n g  p roper  p o s i t i o n s  
f o r  measurements o f  such  d e n t a l  m a t e r i a l s  w i t h  
complex t e x t u r e s ,  was d e v e l o p e d .  T h e  s y s t e m  
o p e r a t e s  i n  t h e  f r e q u e n c y  r a n g e  o f  100-275 MHz 
u s i n g  an LFB sapph i re  l e n s  o f  1.0 mrn rad ius ,  w i t h  a 
h a l f  a p e r t u r e  angle o f  60”. 

3.2. Sample p r e p a r a t i o n  

I n  a p p l y i n g  t h e  new technology of a c o u s t i c  micros-  
copy t o  t h e  s t u d y  o f  d e n t a l  h a r d  t i s s u e s ,  i t  i s  
i m p o r t a n t  t o  e s t a b l i s h  t h e  technique o f  p o l i s h i n g  
d e n t a l  t i s s u e s ,  w h i c h  a r e  c o m p o s i t e  m a t e r i a l s  
c o n s i s t i n g  o f  t h e  h a r d  and s o f t  components and 
i n c l u d i n g  c r a c k s  i n  t h e  enamel.  The f o l l o w i n g  
p r o c e d u r e  was d e v e l o p e d :  Each t o o t h  specimen i s  
embedded i n  a Pyrex-glass housing w i t h  an A r a l d i t e  
r e s i n  and s u p p o r t e d  w i t h  a d e n t a l  composi te r e s i n  
which i s  a c t u a l l y  used t o  r e p a i r  human t e e t h ,  a s  
shown i n  F i g .  3. The d e n t a l  c o m p o s i t e  r e s i n  i s  
ve ry  u s e f u l  f o r  o b t a i n i n g  a smooth s u r f a c e  w i t h  
s h a r p  edges, as i t  has a lmost  t h e  same hardness as 
d e n t a l  hard t i ssues .  

Composite r e s i n  

Pyrex-g1 ass / A r a l d i t e  

Fig. 3. Sample c o n f i g u r a t i o n  i n  
p o l i s h i n g  process. 

F o r  i m a g i n g  measurements o f  t h e  l es ions ,  a human 
i n c i s o r  w i t h  p r i m a r y  d e n t a l  c a r i e s  was c u t  i n  
t ransve rse  s e c t i o n  pe rpend icu la r  t o  t h e  t o o t h  axes, 
and f o r  q u a n t i t a t i v e  measurements,  sound human 
i n c i s o r s  w e r e  g r o u n d  i n  p a r a l l e l  t o  t h e  f r o n t  
su r face  o f  teeth.  A l l  processes f o r  p r o d u c i n g  t h e  
f l a t  s u r f a c e s  w e r e  c a r r i e d  o u t  wet ,  and t h e n  
preserved w i t h  s a l i n e  i n  a r e f r i g e r a t o r .  The t e e t h  
w e r e  k e p t  f r e s h ,  u n t i l  t h e  measurements were  
completed. 

4. Resul ts  and D iscuss ion  

4.1. A c o u s t i c a l  image o f  p r imary  d e n t a l  l e s i o n s  

F ig.  4 shows t h e  ampl i tude image (a )  and t h e  i n t e r -  
ferogram (b) a t  400 MHz f o r  p r i m a r y  c a r i e s  l e s i o n  
o f  human i n c i s o r .  As known from t h e  i n te r fe rog ram,  
t h e  unevenness i s  es t ima ted  t o  be l e s s  then 0.8 urn, 
because a f r i n g e  s h i f t  corresponds t o  t h e  change o f  
about 2 urn. Thus, t h e  su r face  f i n i s h  i s  cons idered 
t o  be adequate. The amp l i t ude  image was taken  a t  a 
defocus o f  15 urn. The c a r i e s  l e s i o n  i s  c o n t r a s t e d  
w e l l  as a d a r k  r e g i o n  i n  t h e  ampl i tude image. It 
i s  c l e a r  t h a t  t h e  s u b s u r f a c e  e n a m e l  r e g i o n  i n  
p r imary  c a r i e s  i s  s t r o n g l y  deminera l ized,  sof tened,  
and t h e  s t r u c t u r e  destroyed, a l t hough  t h e  e x t e r n a l  
s u r f a c e  o f  t h e  t o o t h  i s  c o m p a r a t i v e l y  i n t a c t .  
Consequent ly ,  i t  s h o u l d  be  i n t e r p r e t e d  t h a t  t h e  
c o n t r a s t  i n  t h e  image i s  m a i n l y  caused by decrease 
o f  a c o u s t i c  impedance and t h e  sound s c a t t e r i n g  due 
t o  d e m i n e r a l i z a t i o n .  

D- 

d e n t i n e  *\ 
200um 
U 

p r i  rnary 
c a r i e s  

( b )  
- enamel 

- d e n t i n e  

Fig. 4. Acous t i c  image o f  a p r i m a r y  d e n t a l  l e s i o n  
i n  human enamel observed a t  400 MHz. 
(a )  Ampl i tude image, (b )  I n t e r f e r o g r a m  
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4.2. Q u a n t i t a t i v e  measurements 

To i n v e s t i g a t e  t h e  fundamental  c h a r a c t e r i s t i c s  o f  
d e n t a l  m a t e r i a l s  on a m i c r o s c o p i c  s c a l e ,  measure-  
men ts  w e r e  made o n  a hyd roxyapa t i t e  ceramic (HAP: 
99%). h e a l t h y  human m a t e r i a l s  o f  enamel and den- 
t i n e ,  u s i n g  an LFB a c o u s t i c  microscope a t  225 MHz. 

A. Modes f o r  c h a r a c t e r i z a t i o n  

F i g .  5 shows t y p i c a l  V ( z )  c u r v e s  o f  HAP ceramic,  
human enamel and dent ine,  t o g e t h e r  w i t h  t h e  f i n a l  
r e s u l t s  o f  p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  l e a k y  
waves. Accord ing t o  t h e  p r o c e s s i n g  p r o c e d u r e  o f  
V ( z )  c u r v e s  [ 4 ] ,  i t  i s  easy t o  determine propaga- 
t i o n  c h a r a c t e r i s t i c s ,  v i z . ,  v e l o c i t y  a n d  
a t t e n u a t i o n ,  o f  l e a k y  waves wh ich  a r e  dominan t l y  
d e t e c t e d  and  r e c o r d e d  i n  t h e  V ( z )  c u r v e s .  TO 
i n t e r p r e t  measured r e s u l t s ,  we must f i r s t  know t h e  
k i n d  o f  l e a k y  modes p r e s e n t .  The modes, w h i c h  
c o n t r i b u t e  t o  t h e  V ( z )  curves, and t h e i r  propaga- 
t i o n  c h a r a c t e r i s t i c s ,  c a n  b e  u n d e r s t o o d  i n  
r e f e r e n c e  t o  t h e  d a t a  o f  Tables 1 and 2. From t h e  
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Fig.  5. T y p i c a l  V ( z )  curves measured 
f o r  d e n t a l  m a t e r i a l s .  

V ( z )  c u r v e s  o b t a i n e d  f o r  HAP c e r a m i c  and enamel 
specimens,  LSAW c h a r a c t e r i s t i c s  can be tn2asured t o  
be V = 3581 m/s and (Y = 2 . 2 8 ~ 1 0  f o r  H A 5  
cerd??;  and V 1  aw = 31531h7? and (Y 

f o r  enamel, r e s $ e c t i v e l y .  The LSbba;eloci ty f o r  
enamel i s  s l o w e r  t h a n  t h a t  f o r  HAP ceramic,  w h i l e  
t h e  a t t e n u a t i o n  i s  h i g h e r  t h a n  t h a t  f o r  H A P  
c e r a m i c .  T h i s  i s  m a i n l y  due t o  t h e  d i f f e r e n c e  i n  
HAP c o n t e n t .  On t h e  o t h e r  h a n d ,  i n  a c a s e  o f  
d e n t i n e ,  t h e  c a l c u l a t e d  c r i t i c a l  a n g l e  8 o f  
about 6 3 "  f o r  LSAW mode i s  l a r g e r  t h a n  th'es2h"alf 
a p e r t u r e  ang le  o f  53.4" i n  wa te r  o f  t h e  LFB acous- 
t i c  lens ,  so t h a t  an LSAW mode cannot be e x c i t e d  on 
t h e  b o u n d a r y  and i n f o r m a t i o n  o n  an LSSCW mode i s  
i n c l u d e d  i n  t h e  V(z) curve. The v e l o c i t y  Vlssc . i s  
d e t e r m i n e d  t o  be24198 m/s, and t h e  a t t e n u a r i o n  
cy i s  4 . 7 5 ~ 1 0  . Comparing t h e  v a l u e s  f o r  t h e  
h?t?i%wmaterials w i t h  t h e  d a t a  f o r  t h e  bov ine  d e n t a l  
m a t e r i a l s ,  g i v e n  i n  T a b l e  2, i t  can  b e  i m a g i n e d  
t h a t  t h e r e  a r e  c o n s i d e r a b l e  d i f f e r e n c e s  between 
them i n  e l a s t i c i t y  and d e n s i t y .  T h i s  a g r e e s  w i t h  
r e s u l t s  r e p o r t e d  p r e v i o u s l y  [ 1 2 ] .  From t h e s e  
exper iments,  i t  i s  b e l i e v e d  t h a t  enamel and d e n t i n e  
m a t e r i a l s  should be c h a r a c t e r i z e d  th rough  LSAW and 
LSSCW modes, r e s p e c t i v e l y ,  i n  a p p l y i n g  t h e  LFB 
a c o u s t i c  m i c r o s c o p e  t o  c h a r a c t e r i z a t i o n  o f  d e n t a l  
hard  t i s s u e s .  

= 2 .73~10-  

B. An iso t ropy  

Exper iments on a c o u s t i c  a n i s o t r o p i e s  were  c a r r i e d  
o u t  f o r  t h e  human enamel and d e n t i n e  specimens, 
desc r ibed  above, as a f u n c t i o n  o f  t h e  p r o p a g a t i o n  
d i r e c t i o n s .  F i g .  6 shows t y p i c a l  a n i s o t r o p i e s  
observed a t  225 MHz. V e l o c i t y  and a t t e n u a t i o n  v a r y  
r e m a r k a b l y  w i t h  t h e  d i r e c t i o n s .  F o r  t h e  enamel 
specimen, t h e  LSAW v e l o c i t i e s  range f rom about  3105 
m/s t o  a b o u t  3155 m/s and t h e  maximum i s  ob ta ined  
i n  t h e  d i r e c t i o n  ( 8 = 0 " )  p a r a l l e l  t o  t h e  t o o t h  
a x i s ,  w h i l e  t h e  maximum a t t e n u a t i o n  i s  ob ta ined  i n  
t h e  p e r p e n d i c u l a r  d i r e c t i o n  ( 0 =go" ) .  F o r  t h e  
d e n t i n e  s p e c i m e n ,  s i m i l a r  dependences o f  t h e  
v e l o c i t y  and a t t e n u a t i o n  f o r  t h e  LSSCW mode a r e  
obse rved ,  a l t h o u g h  t h e  va lues change cons ide rab ly  
i n  comparison w i t h  those  f o r  enamel.  I t  m i g h t  b e  
c o n s i d e r e d  t h a t  t h e s e  a n i s o t r o p i e s  a r e  r e l a t e d  t o  
t h e  f o l l o w i n g :  ( a )  s l i g h t  i n c l i n a t i o n  o f  t h e  c -  
a x i s ,  ( b )  s p a t i a l  v a r i a t i o n  o f  t h e  o r i e n t a t i o n  o f  
enamel pr isms and d e n t i n a l  tubules,  and ( c )  s t r u c -  
t u r a l  a n i s o t r o p i e s  o f  s t r i a e  o f  Retz ius.  t ransve rse  
s t r i a t i o n s ,  and c u r v e d  t r a j e c t o r y  o f  d e n t i n a l  
tubules.  

C. Inhomoqeneity 

The v e l o c i t y  v a r i a t i o n s  on two o t h e r  specimens o f  
enamel and  d e n t i n e  were  measured a t  225 MHz b y  
l i n e - s c a n n i n g  a l o n g  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  
t o o t h  ax i s .  The r e s u l t s  a r e  g i v e n  i n  F i g .  7. I n  
t h e  c a s e  o f  enamel ,  t h e  LSAW v e l o c i t i e s  a r o u n d  
t h e  i n c i s a l  p o r t i o n  a r e  much f a s t e r  t h a n  t h o s e  
a round  t h e  c e r v i c a l  p o r t i o n .  I n  t h e  case o f  den- 
t i n e ,  t h e  LSSCW v e l o c i t i e s  around t h e  i n c i s a l  p a r t  
i s  a b o u t  200 m/s s l o w e r  t h a n  those  f o r  t h e  o t h e r  
p a r t .  I n  t h e  c e n t r a l  p o r t i o n ,  t h e  v e l o c i t i e s  w e r e  
d i s t r i b u t e d  t h r o u g h o u t  t h e  r a n g e  o f  3850t50 m/s. 
These inhomogenei t ies i n  t h e  v e l o c i t i e s  m i g h t  a l s o  
b e  r e l a t e d  t o  t h e  s t r u c t u r a l  and c o m p o s i t i o n a l  
v a r i a t i o n s  i n  m a t e r i a l s  d e p e n d i n g  o n  t h e i r  
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p o s i t i o n s .  T h i s  argument may be suppor ted by  com- 
p a r i n g  t h e  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e  o p t i c a l  
micrographs showing t h e  s t r u c t u r a l  v a r i a t i o n s  c l o s e  
t o  t h e  sur face,  as g i v e n  i n  F ig .  8. Fo r  example, 
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Fig .  6. Propagat ion c h a r a c t e r i s t i c s  o f  l eaky  
waves i n  human enamel and den t ine .  

i n  a p a r t i c u l a r  r e g i o n  corresponding t o  t h e  s lower  
v e l o c i t i e s  i n  t h e  d e n t i n e  specimen, low c o n c e n t r a -  
t i o n  o f  m ine ra l  (HAP) read f rom t h e  p i c t u r e  r e s u l t s  
i n  t h e  decrease o f  t h e  LSSCW v e l o c i t y .  
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F ig .  7. V e l o c i t y  v a r i a t i o n s  i n  t h e  p a r a l l e l  
d i r e c t i o n  t o  t o o t h  a x i s  i n  human 
enamel and dent ine.  

(b )  i n  ical  

, 1 mm , 
Fig.  8. O p t i c a l  micrographs o f  s t r u c t u r a l  v a r i a t i o n s  i n  human i n c i s o r .  

(a )  Human enamel sample, (b )  Human d e n t i n e  sample. 
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F ig .  9. Frequency dependence o f  LSAW v e l o c i t y  
and a t t e n u a t i o n  i n  human enamel. 

D. Frequency dependence 

The f r e q u e n c y  dependence f o r  LSAW mode o n  human 
enamel was measured r a n g i n g  f r o m  100 t o  250  MHz. 
where waves propagated i n  t h e  d i r e c t i o n  p a r a l l e l  t o  
t h e  t o o t h  ax i s .  F i g .  9 shows t h e  r e s u l t s .  B o t h  
t h e  v e l o c i t y  and a t t e n u a t i o n  v a r y  s i g n i f i c a n t l y  
w i t h  t h e  a c o u s t i c  f r e q u e n c y .  As t h e  f r e q u e n c y  
increases,  t h e  v e l o c i t i e s  decrease and t h e  at tenua-  
t i o n s  increase. 

As d e s c r i b e d  p r e v i o u s l y ,  d e n t a l  t i s s u e s  a r e  com- 
posed o f  m ine ra l ,  o rgan ic  m a t e r i a l s  and w a t e r ,  and 
have c o m p l i c a t e d  h i s t o l o g i c a l  s t r u c t u r e s .  These 
f a c t o r s  i n f l u e n c e  t h e  propagat  i o n  c h a r a c t e r i s t i c s  
o f  l e a k y  waves and g i v e  r i s e  t o  t h e  d i s p e r s i o n .  
Therefore,  i t  should be noted t h a t  i t  i s  n e c e s s a r y  
t o  m e a s u r e  t h e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  
r e l a t e d  l eaky  waves as a f u n c t i o n  o f  f r e q u e n c y ,  i n  
o r d e r  t o  be  a b l e  t o  analyze comp le te l y  t h e  v i sco -  
e l a s t i c  p r o p e r t i e s  o f  d e n t a l  m a t e r i a l s .  

5. Concluding Remarks 

I n  t h i s  paper, a c o u s t i c  m i c r o s c o p y  has  been d i s -  
c u s s e d  i n  t h e  d e n t a l  r e s e a r c h  f i e l d s  a s  a new 
techno1 ogy t o  i n v e s t i g a t e  d i r e c  t l  y v i  sco -e l  as t i c 
p r o p e r t i e s  o f  den ta l  ma te r ia l s ,  such as enamel and 
dent ine.  The q u a n t i t a t i v e  a p p l i c a t i o n s  o f  an  LFB 
a c o u s t i c  m i c r o s c o p e ,  a s  w e l l  a s  t h e  i m a g i n g  ap- 
p l i c a t i o n s  o f  a P F B  a c o u s t i c  m i c r o s c o p e ,  h a v e  
s a t i s f a c t o r i l y  demonstrated t h e  p o s s i b i l i t i e s .  I n  
p a r t i c u l a r ,  t h e  LFB a c o u s t i c  m i c r o s c o p e  c a n  b e  
e x p e c t e d  t o  p l a y  an i m p o r t a n t  r o l e  as a powerfu l  
t o o l  t o  s o l v e  b a s i c  and p r a c t i c a l  p r o b l e m s  i n  a l l  
k i n d s  o f  d e n t a l  m a t e r i a l s ,  i n c l u d i n g  d e n t a l  ha rd  
t i s s u e s  o f  enamel and d e n t i n e ,  and d e n t a l  p o r -  
c e l a i n s ,  m e t a l s  and composi tes f o r  r e p a i r i n g  human 
t e e t h .  To d e v e l o p  t h e  me thod  f u r t h e r  i n  t h i s  
f i e l d ,  i t  i s  necessary t o  conduct  b a s i c  s t u d i e s  b y  
combining t h e  LFB a c o u s t i c  m i c r o s c o p e  method w i t h  
t h e  conven t iona l  b u l k  method, o r  t h e  c r i t i c a l  ang le  
r e f l e c t i o n  m e t h o d  [ 2 ] ,  a c c o r d i n g  t o  t h e  way  
presented i n  t h e  l i t e r a t u r e  [ 6 ] .  
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