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@  Ultrasound  transducer  with  improved  vibrational  modes. 

  The  transducer  of the  present invention  is  diced  into  sub- 
elements  which  have  a  height-to-width  ratio  which  deter- 
mines  the  modality  of  their  vibration.  The  subelements  are 
then  electrically  connected to  provide  a  transducer  having  the 
desired  electrical  configuration,  i.e.,  an  annular  array  trans- 
ducer.  Using  the  present  invention,  the  electro-acoustic 
characteristics  of  the  transducer  are  not  determinitive  of  the 
vibrational  characteristics  of the  individual  subelements. 



The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  u l t r a s o u n d  

t r a n s d u c e r s .   In  p a r t i c u l a r ,   i t   r e l a t e s   t o  

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

and  r e c e i v e   l o n g i t u d i n a l   w a v e s   f o r   use   in   m e d i c a l  

u l t r a s o u n d   i m a g i n g .  

In  u l t r a s o u n d   t r a n s d u c e r   t e c h n o l o g y ,   v a r i o u s  

modes  of  v i b r a t i o n   of  p i e z o e l e c t r i c   m a t e r i a l   a r e  

w e l l   known  w h i c h   a r e   u s e f u l   f o r   g e n e r a t i n g  

l o n g i t u d i n a l   w a v e s .   T h e s e   i n c l u d e   t he   " p l a t e "  

mode,   in  w h i c h   a  r e l a t i v e l y   f l a t   p l a t e   o f  

p i e z o e l e c t r i c   m a t e r i a l   v i b r a t e s   in  a  m a n n e r   s u c h  

t h a t   u l t r a s o u n d   w a v e s   a r e   t r a n s m i t t e d   in   a  

d i r e c t i o n   n o r m a l   to  t h e   s u r f a c e   of  t he   p l a t e   w h e n  

e l e c t r o d e s   c o n n e c t e d   to  t h e   u p p e r   and  l o w e r   p l a t e  

s u r f a c e s   a r e   e n e r g i z e d ,   and  t h e   " b a r "   mode ,   i n  

w h i c h   a  l o n g ,   t h i n   b a r   of  p i e z o e l e c t r i c   m a t e r i a l  

h a v i n g   e l e c t r o d e s   c o n n e c t e d   a t   e i t h e r   end  of  t h e  

bar   v i b r a t e s   to  g e n e r a t e   wave   t r a n s m i s s i o n s   a l o n g  

the   l o n g i t u d i n a l   a x i s   of  t h e   b a r .   T h e r e   i s   a l s o   a  

"beam"  mode  in   w h i c h   a  l o n g ,   t h i n   b a r   o f  

p i e z o e l e c t r i c   m a t e r i a l   h a v i n g   e l o n g a t e d   e l e c t r o d e s  

on  e i t h e r   s i d e   of  t h e   ba r   v i b r a t e s   to  g e n e r a t e   w a v e  

t r a n s m i s s i o n s   w h i c h   a r e   p e r p e n d i c u l a r   to  t h e  

l o n g i t u d i n a l   a x i s   of  t h e   b a r ,   s u c h   as  in  a  p h a s e d  

a r r a y   or  l i n e a r   a r r a y   t r a n s d u c e r .   A l s o ,   t h e r e   a r e  

" m i x e d "   modes   of  v i b r a t i o n ,   w h i c h   may  i n c l u d e  

" p l a t e "   mode ,   " b a r "   mode ,   or  "beam"  m o d e  

v i b r a t i o n s ,   t o g e t h e r   w i t h   l a t e r a l   v i b r a t i o n   m o d e s .  

T h e s e   l a t e r a l   modes   o c c u r   to  an  u n a c c e p t a b l e   l e v e l  

in  p i e z o e l e c t r i c   m a t e r i a l   in  w h i c h   t h e   r a t i o   of  t h e  

p i e z o e l e c t r i c   m a t e r i a l ' s   h e i g h t   to  i t s   w i d t h   ( H / W )  



i s   in   a  r a t i o   of  a p p r o x i m a t e l y   0 . 5   to  2  f o r  

t r a n s d u c e r s   w h i c h   u t i l i z e   t h e   h a l f   w a v e l e n g t h  

r e s o n a n c e   mode  or  in   a  r a t i o   of  a p p r o x i m a t e l y   0 . 2 5  

to  1  f o r   t r a n s d u c e r s   w h i c h   u t i l i z e   t h e   q u a r t e r  

w a v e l e n g t h   r e s o n a n c e   mode .   As  w i l l   be  u n d e r s t o o d  

by  t h o s e   s k i l l e d   in  t h e   a r t ,   t h e   l a t e r a l   m o d e s   o f  

v i b r a t i o n   o c c u r   in  any  p i e z o e l e c t r i c   m a t e r i a l   t o  

some  e x t e n t ,   d e p e n d i n g   u p o n   t h e   g e o m e t r y   of  e a c h  

e l e m e n t   w h i c h   c o m p r i s e s   t h e   t r a n s d u c e r   and  t h e  

p r o p e r t i e s   of  t h e   p a r t i c u l a r   p i e z o e l e c t r i c  

m a t e r i a l .   I t   i s   o n l y   a  s e v e r e   p r o b l e m   in  h a l f  

w a v e l e n g t h   t r a n s d u c e r s   when   H/W  i s   b e t w e e n   a b o u t  

0 . 5   and  2  and  in  q u a r t e r   w a v e l e n g t h   t r a n s d u c e r s  

when  H/W  i s   b e t w e e n   a b o u t   0 . 2 5   and  1 .  

The  p a r t i c u l a r   p r o b l e m   w h i c h   t h e   p r e s e n t  

i n v e n t i o n   is   p a r t i c u l a r l y   a d a p t e d   to   s o l v e   i s  

r e a d i l y   d e s c r i b e d   by  r e f e r r i n g   to   p i s t o n   t y p e  

a n n u l a r   t r a n s d u c e r s   of  t h e   t y p e   u s e d   in  a n n u l a r  

a r r a y s .   H e r e t o f o r e ,   a  v a r i e t y   of  p i s t o n   t y p e  

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

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

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

t h e   a n n u l a r   a r r a y s   a r e   t y p i c a l l y   much  n a r r o w e r   t h a n  

t h e   i n n e r   r i n g s   or  t h e   c e n t e r   p i s t o n .   T h i s   r e s u l t s  

f rom  t h e   d e s i r e   to  keep   t h e   a r e a s   of  t h e   v a r i o u s  

t r a n s d u c e r   e l e m e n t s   s u b s t a n t i a l l y   e q u a l   in   o r d e r   t o  

p r o v i d e   s u b s t a n t i a l l y   u n i f o r m   s i g n a l s   o v e r   t h e  

d e p t h   of  p e n e t r a t i o n   of  t h e   ' u l t r a s o u n d .   T h i s  

p h e n o m e n o n   is   w e l l   known  in   t h e   a r t ,   and  i t   i s  

common  in  a n n u l a r   a r r a y s   to   p r o v i d e   a n n u l a r  

e l e m e n t s   w h i c h   have   a r e a s   w h i c h   a r e   s u b s t a n t i a l l y  

e q u a l   to  e a c h   o t h e r   and  to   t h e   a r e a   of  t h e   c e n t r a l  

p i s t o n .  



The  p r o b l e m ,   w h i c h   r e s u l t s   f r o m   m a n u f a c t u r i n g  

a n n u l a r   a r r a y s   in  t h e   s t a n d a r d   m a n n e r ,   i s   t h a t   t h e  

r a t i o   of  t h e   h e i g h t   (o f   t h e   p i e z o e l e c t r i c   m a t e r i a l  

m e a s u r e d   f r o m   i t s   s u b s t r a t e )   to   t h e  w i d t h   of  t h e  

i n d i v i d u a l   e l e m e n t s   ( m e a s u r e d   r a d i a l l y )   g e t s   c l o s e  

to  1  in   t h e   o u t e r   r i n g s   of  t h e   a n n u l a r   a r r a y .  

U n f o r t u n a t e l y ,   as  n o t e d   a b o v e ,   when  t h e   r a t i o   of  a  

t r a n s d u c e r ' s   h e i g h t   t o  i t s   w i d t h   i s   in  t h e   r a n g e   o f  

a p p r o x i m a t e l y   0 . 5   to  a b o u t   2,  t h e   l a t e r a l   modes   o f  

v i b r a t i o n   o c c u r   a t   a  l e v e l   w h i c h   i s   u n a c c e p t a b l e   i n  

m e d i c a l   u l t r a s o u n d   p i s t o n   t r a n s d u c e r s .   V a r i o u s  

a t t e m p t s   h a v e   b e e n   made  h e r e t o f o r e   to  r e d u c e   t h e  

l a t e r a l   v i b r a t i o n   mode  of  t h e   o u t e r   t r a n s d u c e r  

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

d a m p e n i n g   m a t e r i a l   i n t o   t h e   a r e a s   b e t w e e n   a n d  

s u r r o u n d i n g   t h e   o u t e r   r i n g s .   O v e r a l l ,   t h e s e  

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

A c c o r d i n g l y ,   a  m e t h o d   f o r   p r o d u c i n g   a n  

a n n u l a r   a r r a y   t r a n s d u c e r   w h i c h   c an   b e  

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

h a v i n g   to   s u f f e r   t h e   p r o b l e m s   of  l a t e r a l   m o d e  

v i b r a t i o n s   in   t h e   o u t e r   r i n g s   w o u l d   be  d e s i r a b l e .  

In  g e n e r a l ,   i t   w o u l d   be  d e s i r a b l e   to  be  a b l e   t o  

s e l e c t   an  a r b i t r a r y   t r a n s d u c e r   t y p e ,   e . g .   a n  

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

a c c e p t   w h a t e v e r   s p u r i o u s   v i b r a t i o n a l   modes   m i g h t  

o c c u r ,   e . g .   l a t e r a l   modes   in   t h e   o u t e r   r i n g s .   I t  

wou ld   be  d e s i r a b l e   to  h a v e   t h e   same  v i b r a t i o n a l  

mode,  e . g .   p l a t e   or  ba r   mode ,   in   a l l   e l e m e n t s   of  a  

t r a n s d u c e r   w i t h   any  a r b i t r a r y   g e o m e t r y ,   e . g .   t h e  

c e n t r a l   p i s t o n   and  o u t e r   r i n g s   of  an  a n n u l a r   a r r a y .  



According  to  the  i n v e n t i o n ,   we  provide  an  improved 

u l t r a s o n i c   t r a n s d u c e r   compris ing  a  piece  of  p i e z o e l e c t r i c  

m a t e r i a l   which  has  been  subdiv ided   into  subelements   s m a l l e r  

than  the  e l e c t r o d e s   a t t a c h e d   to  said  subelements ,   whereby 

the  v i b r a t i o n a l   mode  of  the  subelements   is  determined  by  t h e i r  

phys i ca l   shape  and  d imensions ,   r a t h e r   than  by  the  shape  o r  

dimensions  of  the  e l e c t r o d e   g e o m e t r y .  



As  h e r e i n a f t e r   d e s c r i b e d   with  r e f e r e n c e   to  the  drawing,  t h e  

bar   v i b r a t i o n a l   mode  c a n   be  c o m b i n e d   w i t h   a n y  

t r a n s d u c e r   d e s i g n ,   b e c a u s e   t h e   p i e z o e l e c t r i c  

m a t e r i a l   i s   s a w e d   i n t o   a  l a r g e   n u m b e r   o f  

s u b e l e m e n t s   w h i c h   e a c h   v i b r a t e   in   t h e   b a r   mode  d u e  

to  t h e i r   p h y s i c a l   s h a p e   and  d i m e n s i o n s .   T h e s e  

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

any  d e s i r e d   e l e m e n t   g e o m e t r y .   A c c o r d i n g l y ,   i t   i s  

p o s s i b l e   to  d e s i g n   t r a n s d u c e r s   of  a r b i t r a r y  

c o n f i g u r a t i o n   w h i c h   h a v e   t h e   same  v i b r a t i o n a l   m o d e  

in  a l l   e l e m e n t s .  

In  t h e   D r a w i n g :  

F IG.   1  is   a  t o p   p l a n   v i e w   of  one  e m b o d i m e n t  

of  a  t r a n s d u c e r   u t i l i z i n g   t h e   p r e s e n t   i n v e n t i o n :   a n d  

F IG .   2  is   a  s i d e   v i e w   of  a  t r a n s d u c e r  

u t i l i z i n g   t h e   p r e s e n t   i n v e n t i o n :  

F IG.   3  i s   a  b o t t o m   p l a n   v i e w   of  t h e  

t r a n s d u c e r   of  FIG.   1  i l l u s t r a t i n g   t h e   e l e c t r o d e  

p a t t e r n   of  t h e   a n n u l a r   a r r a y :   a n d  

FIG.   4  is   a  s i d e   v i e w   of  a  t r a n s d u c e r  

u t i l i z i n g   a  s e c o n d   e m b o d i m e n t   of  t h e   p r e s e n t  

i n v e n t i o n .  

As  mentioned  above,  i t  

is   d e s i r e d   to  s u b s t a n t i a l l y   e l i m i n a t e   t h e   l a t e r a l  

mode  of  v i b r a t i o n   in  t h e   o u t e r   r i n g s   of  an  a n n u l a r  

a r r a y .   In  o r d e r   to  a c c o m p l i s h   t h a t   r e s u l t ,   a  

c i r c u l a r   p i e c e   of  p i e z o e l e c t r i c   m a t e r i a l   10,  s h o w n  

in  F IG .   1,  i s   s a w e d ,   by  a  s e m i c o n d u c t o r   d i c i n g   s a w .  

f o r   e x a m p l e ,   i n t o   a  n u m b e r   of  s u b e l e m e n t s   12.   I n  

t he   p r e f e r r e d   e m b o d i m e n t   of  t h e   i n v e n t i o n ,   t h e  



s u b e l e m e n t s   12  a r e   s u b s t a n t i a l l y   s q u a r e ,   h a v i n g   a n  

edge   l e n g t h .   W,  w h i c h   i s   s u b s t a n t i a l l y   s m a l l e r   t h a n  

the   h e i g h t .   H,  of  t h e   p i e z o e l e c t r i c   m a t e r i a l   1 0 .  

By  way  of  e x a m p l e ,   i f   t h e   PZT4  c o m p o s i t i o n   of  PZT 

( l e a d - z i r c o n a t e - t i t a n a t e )   p i e z o e l e c t r i c   m a t e r i a l   i s  

u s e d ,   H  may  be  a p p r o x i m a t e l y   20  m i l s   ( 0 . 5   mm),  a n d  

W  may  be  a p p r o x i m a t e l y   8  m i l s   ( 0 . 2   mm)  f o r   a  3  MHz 

m e d i c a l   u l t r a s o u n d   t r a n s d u c e r .   As  shown   in   FIG.   2 ,  

t he   saw  k e r f s   14  e x t e n d   f r o m   a  t o p   s u r f a c e   16  o f  

the   p i e z o e l e c t r i c   m a t e r i a l   10  s u b s t a n t i a l l y   down  t o  

the   b o t t o m   s u r f a c e   18.   H o w e v e r ,   in   t h e   p r e f e r r e d  

e m b o d i m e n t   of  t h e   i n v e n t i o n ,   t h e   saw  k e r f s   14  d o  

not   e x t e n d   c o m p l e t e l y   t h r o u g h   to  t h e   b o t t o m   s u r f a c e  

18  of  t h e   p i e z o e l e c t r i c   m a t e r i a l   10.   t h e r e b y  

m a i n t a i n i n g   t h e   s t r u c t u r a l   i n t e g r i t y   of  t h e  

p i e z o e l e c t r i c   m a t e r i a l   10  and  t h e   e l e c t r o d e  

p a t t e r n .   H o w e v e r ,   as  w i l l   be  e x p l a i n e d  

h e r e i n a f t e r ,   i t   i s   p o s s i b l e   to  h a v e   t h e   saw  k e r f s  

14  e x t e n d   t h r o u g h   t h e   b o t t o m   s u r f a c e   18  w i t h  

a p p r o p r i a t e   c h a n g e s   to  t h e   p r e f e r r e d   p r o c e s s  
d e s c r i b e d   b e l o w .  

A f t e r   t h e   saw  k e r f s   14  a r e   f o r m e d   t h r o u g h   t h e  

top   s u r f a c e   16,  t h e   s u b e l e m e n t s   12  of  t h e   t o p  
s u r f a c e   16  mus t   be  r e c o n n e c t e d   e l e c t r i c a l l y .   W h i l e  

t h e r e   a r e   a  n u m b e r   of  ways   in  w h i c h   t h i s   c an   b e  

d o n e ,   in  t he   p r e f e r r e d   m e t h o d   t h e   saw  k e r f s   14  a r e  
f i l l e d   w i t h   a  low  v i s c o s i t y ,   n o n - c o n d u c t i v e   e p o x y .  

Then ,   in   t he   p r e f e r r e d   e m b o d i m e n t ,   a  t r i - m e t a l  

s y s t e m   is   s p u t t e r e d   o n t o   t h e   s u r f a c e   of  t h e   e p o x y  
to  fo rm  t he   u p p e r   e l e c t r o d e   20  w h i c h   a l s o   f u n c t i o n s  

as  an  RF  s h i e l d   i f   e l e c t r i c a l l y   c o n n e c t e d   t o  

g r o u n d .   As  i s   w e l l   known  in   t he   a r t ,   a  t r i - m e t a l  

s y s t e m   p r o v i d e s   a  f i r s t   m e t a l   w h i c h   a d h e r e s   w e l l   t o  



t he   u n d e r l y i n g   m a t e r i a l ,   a  s e c o n d   m e t a l   w h i c h  

p r o v i d e s   c o u p l i n g   b e t w e e n   t h e   f i r s t   m e t a l   and   a  

t h i r d   m e t a l ,   and  a  t h i r d   m e t a l   w h i c h   i s   r e l a t i v e l y  

i m p e r v i o u s   to   o x i d a t i o n   and  w h i c h   can   be  s o l d e r e d  

to  e a s i l y .   In  t h e   p r e f e r r e d   e m b o d i m e n t   of  t h e  

i n v e n t i o n ,   t h e   f i r s t   m e t a l   i s   c h r o m e ,   t h e   s e c o n d  

m e t a l   i s   n i c k e l ,   and  t h e   t h i r d   m e t a l   is   c o p p e r .  

One  or  more   q u a r t e r   wave  a c o u s t i c   m a t c h i n g   l a y e r s  

22  o f ,   f o r   e x a m p l e ,   n o n - c o n d u c t i v e ,   f i l l e d   e p o x y   i s  

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

20  in  a  m a n n e r   and  f o r   r e a s o n s   w h i c h   a r e   w e l l   k n o w n  

in  t h e   a r t .  

E l e c t r o d e s   24  a r e   f o r m e d   on  t h e   b o t t o m  

s u r f a c e   18  in   any   d e s i r e d   c o n f i g u r a t i o n .   In  t h e  

p r e f e r r e d   e m b o d i m e n t   of  t h e   i n v e n t i o n ,   t h e  

e l e c t r o d e s   24  a r e   in  t he   f o r m   of  an  a n n u l a r   a r r a y  

p a t t e r n ,   as  s h o w n   in  F IG .   3.  In  t h e   p r e f e r r e d  

e m b o d i m e n t   of  t h e   i n v e n t i o n ,   a  l a y e r   of  c o n d u c t i v e  

m a t e r i a l ,   s u c h   as  c o p p e r ,   i s   a p p l i e d   to  t h e   b o t t o m  

of  t h e   p i e z o e l e c t r i c   m a t e r i a l   10.  T h e n ,   a  l a y e r   o f  

r e s i s t   m a t e r i a l   i s   p r i n t e d   in   t h e   f o rm  of  t h e  

p a t t e r n   of  t h e   b o t t o m   e l e c t r o d e s   on  t h e   c o n d u c t i v e  

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

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

down  to  t h e   p i e z o e l e c t r i c   m a t e r i a l   10.  An  a c o u s t i c  

b a c k i n g   l a y e r   26  i s   a p p l i e d   to  t h e   b o t t o m   e l e c t r o d e  

p a t t e r n   24,   t h e   p u r p o s e   of  w h i c h   i s   w e l l   known  i n  

the  a r t .   As  s h o u l d   be  o b v i o u s ,   t h e   m i n i m u m  

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

the  e l e c t r o d e   p a t t e r n   is   s e l e c t e d   to  i n s u r e   t h a t   n o  

two  e l e c t r o d e s   can   e n e r g i z e   t h e   same  s u b e l e m e n t  

12.  T h i s   can   be  a c c o m p l i s h e d   by  u s i n g   a n  

i n t e r e l e c t r o d e   s p a c i n g   w h i c h   i s   g r e a t e r   t h a n   W 



t i m e s   t h e   s q u a r e   r o o t   of  2  ( f o r   s q u a r e   s u b e l e m e n t s  

12  h a v i n g   an  e d g e   l e n g t h   W ) .  

R e f e r r i n g   now  to  FIG.   4.  an  a l t e r n a t i v e  

e m b o d i m e n t   28  of  t h e   p r e s e n t   i n v e n t i o n   i s   shown   i n  

c r o s s - s e c t i o n .   In  t h i s   p a r t i c u l a r   e m b o d i m e n t ,   t h e  

p i e z o e l e c t r i c   m a t e r i a l   30  is   d i c e d   i n t o   s u b e l e m e n t s  

32,  w i t h   t h e   saw  k e r f s   34  g o i n g  c o m p l e t e l y   t h r o u g h  

to  a  q u a r t e r   w a v e l e n g t h   m i s m a t c h i n g   l a y e r   36.  T h e  

p i e z o e l e c t r i c   m a t e r i a l   30  is   i t s e l f   a p p r o x i m a t e l y   a  

q u a r t e r   w a v e l e n g t h   t h i c k   r a t h e r   t h a n   o n e - h a l f  

w a v e l e n g t h   t h i c k .   A g a i n ,   one  or  more   q u a r t e r  

w a v e l e n g t h   t h i c k   m a t c h i n g   l a y e r s   38  a r e   a p p l i e d   t o  

an  e l e c t r o d e   39  on  t h e   f a c e   40  of  t h e   p i e z o e l e c t r i c  

m a t e r i a l   30.   The  p a r t i c u l a r   m a t e r i a l   u s e d   f o r   t h e  

m i s m a t c h i n g   l a y e r   36  i s   s e l e c t e d   to  h a v e   a n  

a c o u s t i c   i m p e d a n c e   of  ZL  w i t h   a  b a c k i n g   l a y e r   3 7  

(on  t h e   m i s m a t c h i n g   l a y e r   36.)  h a v i n g   an  a c o u s t i c  

i m p e d a n c e   of  ZB,  r e s u l t i n g   in   an  i n p u t   i m p e d a n c e  

i n t o   t h e   m i s m a t c h i n g   l a y e r   36,   as  s e e n   f r o m   t h e  

p i e z o e l e c t r i c   m a t e r i a l   30,  w h i c h   i s   ( Z L ) 2 / Z B  

n e a r   t h e   f r e q u e n c y   f o r   w h i c h   t h e   l a y e r   36  i s  

a p p r o x i m a t e l y   o n e - q u a r t e r   w a v e l e n g t h   t h i c k .   I f   t h e  

s u b e l e m e n t s   32  a r e   d i c e d   c o m p l e t e l y   t h r o u g h   t h e  

p i e z o e l e c t r i c   m a t e r i a l   30  to  t h e   m i s m a t c h i n g   l a y e r  

36,  t h e   m i s m a t c h i n g   l a y e r   36  i s   p r e f e r a b l y  
c o n d u c t i v e   so  t h a t   t he   r e a r   e l e c t r o d e   p a t t e r n   4 1  

may  be  f o r m e d   in  t h e   m i s m a t c h i n g   l a y e r   36.  I n  

c e r t a i n   i n s t a n c e s ,   as  w i l l   be  u n d e r s t o o d   by  t h o s e  

s k i l l e d   in   t h e   a r t ,   o p t i m i z a t i o n   of  a  p a r t i c u l a r  

t r a n s d u c e r   d e s i g n   may  r e q u i r e   t h e   m i s m a t c h i n g   l a y e r  

36  to  be  o t h e r   t h a n   o n e - q u a r t e r   w a v e l e n g t h   t h i c k .  

When  ZL  i s   c h o s e n   to  be  r e l a t i v e l y   l a r g e  
w i t h   r e s p e c t   to  ZB,  t h e   i m p e d a n c e   i n t o   t h e  



m i s m a t c h i n g   l a y e r   36  b e c o m e s   r e l a t i v e l y   l a r g e .  

A c c o r d i n g l y ,   s u b s t a n t i a l l y   a l l   of  t h e   a c o u s t i c  

e n e r g y   i s   t r a n s m i t t e d   t h r o u g h   t h e   f a c e   40  of  t h e  

p i e z o e l e c t r i c   m a t e r i a l   30,  r a t h e r   t h a n   i n t o   t h e  

m i s m a t c h i n g   l a y e r   36  and  t h e   p i e z o e l e c t r i c   m a t e r i a l  

v i b r a t e s   in   a  q u a r t e r   w a v e l e n g t h   r e s o n a n c e   mode  d u e  

to  t he   s i g n   c h a n g e   of  t he   r e f l e c t i o n   c o e f f i c i e n t   a t  

t h e   r e a r   b o u n d a r y   43 .   as  w i l l   be  o b v i o u s   to   t h o s e  

s k i l l e d   in  t h e   a r t .   An  a d v a n t a g e   of  m a n u f a c t u r i n g  

a  t r a n s d u c e r   10  in   a c c o r d a n c e   w i t h   t h i s   e m b o d i m e n t  

is   t h a t   t h e   i n d i v i d u a l   s u b e l e m e n t s   32  a r e   l e s s  

f r a g i l e   s i n c e   t h e   p i e z o e l e c t r i c   m a t e r i a l   30  i s  

t h i n n e r   f o r   a  g i v e n   f r e q u e n c y .  

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

p i e c e   of  p i e z o e l e c t r i c   m a t e r i a l   30  h a v i n g   a  

t h i c k n e s s   of  a b o u t   a  q u a r t e r   w a v e l e n g t h   r a t h e r   t h a n  

a  p i e c e   of  p i e z o e l e c t r i c   m a t e r i a l   30  h a v i n g   a  

t h i c k n e s s   of  a b o u t   o n e - h a l f   w a v e l e n g t h .   t h e  

h e i g h t - t o - w i d t h   r a t i o   (H/W)  r e q u i r e d   t o  

s u b s t a n t i a l l y   e l i m i n a t e   u n d e s i r e d   m i x e d   v i b r a t i o n a l  

modes  i s   g o v e r n e d   by  d i f f e r e n t   r u l e s   t h a n   f o r   a  

h a l f   w a v e l e n g t h   t h i c k   p i e c e   of  p i e z o e l e c t r i c  

m a t e r i a l   30.  A c c o r d i n g l y ,   t h e   m i x e d   mode  o f  

o p e r a t i o n   w i l l   n o t   be  e x p e r i e n c e d   in   t h i s  

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

r a t i o   i s   s u b s t a n t i a l l y   in  t h e   r a n g e   of  a b o u t   0 . 2 5  

to  1.  A c c o r d i n g l y ,   t h e   i n d i v i d u a l   s u b e l e m e n t s   32  

can  have   a  h e i g h t - t o - w i d t h   r a t i o   of  a p p r o x i m a t e l y  

1 . 2 5   w h i c h   makes   t h e m   s t r u c t u r a l l y   s t r o n g e r   t h a n   i n  

t he   e m b o d i m e n t   d e s c r i b e d   w i t h   r e s p e c t   to  FIG.   2 .  

W i t h   p a r t i c u l a r   r e f e r e n c e   to   F IG.   2,  t h e  

h e i g h t - t o - w i d t h   r a t i o   H/W.  i s   s e l e c t e d   to  b e  

s u b s t a n t i a l l y   g r e a t e r   t h a n   2.  In  p a r t i c u l a r ,   a  



r a t i o   of  2 . 5   h a s   b e e n   f o u n d   to   be  a c c e p t a b l e .  

W h i l e   t h e   p r e s e n t   i n v e n t i o n   is   p a r t i c u l a r l y  

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

c o u l d   a l s o   be  u s e d   in   l i n e a r   or  p h a s e d   a r r a y   t y p e  

d e v i c e s ,   in   w h i c h   c a s e   t h e   e l e c t r o d e   p a t t e r n   w h i c h  

is  a p p l i e d   a t   t h i s   s t e p   w o u l d   be  d i f f e r e n t .   F o r  

p u r p o s e s   of  d e s c r i b i n g   t h e   p r e s e n t   i n v e n t i o n ,   a n  

a n n u l a r   a r r a y   e l e c t r o d e   p a t t e r n   is   u s e d .   T h o s e  

s k i l l e d   in   t h e   a r t   w i l l   r e c o g n i z e   t h a t   i n  

a p p r o p r i a t e   s i t u a t i o n s   t h e   p r e s e n t   i n v e n t i o n   c a n   b e  

u t i l i z e d   in   o r d e r   to  p r o v i d e   a  l i n e a r   a r r a y   i n  

w h i c h   t h e   e l e m e n t s   o p e r a t e   in   a  " b a r   mode"  r a t h e r  

t h a n   in   t h e   c o n v e n t i o n a l   beam  mode.   P a r t i c u l a r  

a d v a n t a g e   c an   be  t a k e n   in   t h a t   ba r   mode  d e v i c e s  

e x p e r i e n c e   g r e a t e r   c o u p l i n g   b e t w e e n   e l e c t r i c a l  

e n e r g y   and  a c o u s t i c   e n e r g y   w h i c h   can  p r o v i d e  

a d v a n t a g e s   in   l i n e a r   a r r a y s   or  p h a s e d   a r r a y s .  

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

i n d i v i d u a l   a n n u l a r   e l e m e n t s   w h i c h   a r e   w e l l   m a t c h e d  

to  p r o v i d e   s u b s t a n t i a l l y   e q u a l   i n t e n s i t y   s i g n a l s   a t  

v a r i o u s   d e p t h s   and  w h i c h   h a v e   e x c e l l e n t   f r e q u e n c y  

m a t c h   b e t w e e n   e l e m e n t s   i s   c o n s t r u c t e d .   T h e  

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

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

u l t r a s o u n d   t r a n s d u c e r s   can   be  m a n u f a c t u r e d   in   a n y  
d e s i r a b l e   t r a n s d u c e r   g e o m e t r y ,   s u c h   as  t he   a n n u l a r  

a r r a y   d e s c r i b e d   h e r e i n ,   w i t h   a  u n i f o r m   v i b r a t i o n  

mode  f o r   a l l   t h e   e l e m e n t s   of  t h e   t r a n s d u c e r .  



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

c o m p r i s i n g   a  p i e c e   of  p i e z o e l e c t r i c   m a t e r i a l   w h i c h  

has   been   s u b d i v i d e d   i n t o   s u b e l e m e n t s   s m a l l e r   t h a n  

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

w h e r e b y   t h e   v i b r a t i o n a l   mode  of  t he   s u b e l e m e n t s   i s  

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

r a t h e r   t h a n   by  t h e   s h a p e   or  d i m e n s i o n s   of  t h e  

e l e c t r o d e   g e o m e t r y .  

2.  The  i m p r o v e d   u l t r a s o n i c   t r a n s d u c e r   o f  

C l a i m   1  w h e r e i n   t h e   t r a n s d u c e r   i s   an  a n n u l a r   a r r a y  

t r a n s d u c e r   and  s a i d   s u b e l e m e n t s   a r e   s e p a r a t e d   b y  

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

c o m p l e t e l y ,   t h r o u g h   s a i d   p i e z o e l e c t r i c   m a t e r i a l .  

3.  The  i m p r o v e d   u l t r a s o n i c   t r a n s d u c e r   o f  

C l a i m   2  w h e r e i n   s a i d   saw  k e r f s   a r e   f i l l e d   w i t h   a 

n o n - c o n d u c t i v e   m a t e r i a l ,   and  t h e   s u r f a c e   of  s a i d  

p i e z o e l e c t r i c   m a t e r i a l   and  s a i d   f i l l e r   m a t e r i a l   i s  

c o v e r e d   by  a  c o n d u c t i v e   e l e c t r o d e .  

4.  The  i m p r o v e d   u l t r a s o n i c   t r a n s d u c e r   o f  

C l a i m   3  w h e r e i n   s a i d   c o n d u c t i v e   e l e c t r o d e   i s  

c o m p r i s e d   of  a  t r i - m e t a l   s y s t e m   c o m p r i s i n g   a  f i r s t  

m e t a l   on  t h e   s u r f a c e   of  s a i d   p i e z o e l e c t r i c  

m a t e r i a l ,   a  s e c o n d   m e t a l   on  t h e   s u r f a c e   of  s a i d  

f i r s t   m e t a l ,   and  a  t h i r d   m e t a l   on  t h e   s u r f a c e   o f  

s a i d   s e c o n d   m e t a l .  



5.  The  i m p r o v e d   u l t r a s o n i c   t r a n s d u c e r   o f  

C l a i m   4  w h e r e i n   s a i d   f i r s t   m e t a l   i s   c h r o m e ,   s a i d  

s e c o n d   m e t a l   i s   n i c k e l ,   and  s a i d   t h i r d   m e t a l   i s  

c o p p e r .  

6.  The  i m p r o v e d   u l t r a s o n i c   t r a n s d u c e r   o f  

C l a i m   1  w h e r e i n   t h e   t r a n s d u c e r   i s   an  a n n u l a r   a r r a y  

t r a n s d u c e r   and  s a i d   s u b e l e m e n t s   a r e   s e p a r a t e d   b y  

saw  k e r f s   w h i c h   e x t e n d   c o m p l e t e l y   t h r o u g h   s a i d  

p i e z o e l e c t r i c   m a t e r i a l .  
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