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ABSTRACT

A b r i e f  hi s to ry  o f  e a r ly  app l ica t ions  o f  ul trasound 
is  given toge ther  with an overview o f  the diverse 
app l ica t ions  o f  ul t rasound today. Ultrasound is  
defined and i t s  p rope r t ie s  are compared with those 
o f  sound.

1. Background

In 1883 Galton1 designed a whis t le  for  the production of  sounds near  or  
above the upper l im i t s  o f  human hear ing.  However, the f i r s t  p rac t ica l  and 
for  many years the only app l ica t ion  of  ul t rasound was in sonar fo r  the de tect ion 
of  submarines. The device,  f i r s t  produced by Paul Langevin in 19172, used a 
quartz c rys ta l  v ib ra t ing  a t  50 kHz to produce an ul t rasound beam which was 
propagated in to  water and the r e f l e c te d  beam detected.  During World War II  the 
sarre p r inc ip le  was used fo r  an ul trasound de tec t ing  device.  The device was 
mounted on the s ides  o f  torpedoes and the sound from ships o r  submarines caused 
the torpedoes to  be d i rec ted  towards them. The f i r s t  i n d u s t r i a l  app l ica t ion  of 
ulrasound was an u l t r a s o n ic  flaw de tec t ion  system, l a t e r  known as an " inspec to-  
scope". This was developed between 1939 and 19453’4 . This system was used for  
loca t ing  flaws in mate ria ls  and fo r  measuring the thickness o f  mate ria ls  for  
which only one face was ava i lab le .

World War II was the c a t a l y s t  fo r  the rapid  development o f  pulse techniques 
in radar and sonar ,  and th i s  in turn led to the preference of  pulse techniques 
over continuous waves in the de tec t ion  of  materia l  de fec t s .  U lt rason ic  non­
des t ruc t ive  t e s t i n g  has s t e a d i ly  increased  in e f f i c i e n c y  and become more 
s o p h is t i ca ted .  Improved u l t r a so n ic  non-des truc t ive  t e s t i n g  techniques have 
influenced the app l ica t ions  o f  u l t r a so n ic s  to medicine.

One o f  the e a r ly  technological  advances aiding the development o f  ul trasound 
was the in t roduct ion  in 1945 of  f e r r o e l e c t r i c s  (m ate r ia l s  with a natu ra l  
p o l a r i z a t i o n ) ,  t h a t  could be obtained in ceramic form. Up to t h a t  time the 
p r inc ip le  t ransducer mate ria ls  were quartz  c r y s t a l s ,  ADP c r y s t a l s ,  and 
magnetos tr ic t ive  m a te r ia l s .
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2. What i s  Ultrasound?

Ult rasound i s  a form o f  mechanical energy having f requencies  above the normal 
hear ing range (> 20 kHz). As a form o f  a co u s t i c  r a d i a t i o n ,  u l t r asound  obeys the 
ba s ic  p r i n c i p l e s  o f  sound propagat ion.  In a d d i t i o n ,  u l t r a s o u n d ' s  high frequency 
(and thus  s h o r t  w ave le ng th ) , r e s u l t s  in  i t  conforming more c lo se ly  than sound 
to the b a s i c  p r i n c i p l e s  o f  l i g h t  propagat ion.

The d i f f e r e n c e s  between ul t r asound and sound terminology are due to  the 
fo l lowing major f a c t o r s .  Since ul t r asound  f requencies  do not  a c t  upon the e a r  
in  such a way as to  produce the sensa t ion  o f  sound, the re fe rence  level  o f  
minimum audib le  i n t e n s i t y  adopted in the d e f i n i t i o n  o f  sound pressure  level  (dB), 
has l i t t l e  meaning. The ul t rasound q u a n t i t y  used i n s t e a d  i s  u l t rasound i n t e n s i t y .  
As in sound, u l t rasound  i n t e n s i t y  i s  def ined as the  r a t e  o f  flow o f  u l t r asound  
energy through a u n i t  o f  a r e a ,  and i s  measured in  wa t ts  per  square cen t im etre .  
Airborne u l t r asound  i s  the  only form o f  u l t r asound  commonly measured in  terms o f  
d e c i b e l s .  Tin's i s  mainly due to  a irborne ul t r asound f requenc ies  being in the 
range o f  20-40 kHz, immediately above the upper sound f requenc ie s .  Although these  
f r equenc ies  are i n a u d i b l e ,  i t  has not  been confirmed t h a t  they have no e f f e c t  on 
the hear ing  mechanism. In add i t io n  some a i rborne  ul t r asound  a p p l i c a t io n s  generate  
audible  subharmonics . The major i ty  o f  a p p l i c a t io n s  o f  u l t r asound  a r e ,  however, 
based on i t s  propagat ion in l i q u id s  o r  s o l i d s .  This r e s u l t s  in a corresponding 
change in  b a s ic  constant s  such as the speed o f  sound with re sp ec t  to  sound and 
o th e r  a i rborn e  aco u s t i c  r a d i a t i o n .  F in a l ly ,  s ince  many a p p l i c a t io n s  o f  u l t rasound 
are based on the emission o f  a s ignal (such as a s h o r t  pulse)  and the recep t ion  
o f  i t s  echo,  f a c t o r s  such as beam width and pulse dura t ion are im por tant ,  as are 
the s p a t i a l  and temporal ,  peak and average, i n t e n s i t i e s  o f  the  u l t r asound  pu lse .
For more d e t a i l e d  informat ion on ul t r asound  terminology, the American I n s t i t u t e  
o f  Ul t rasound in  Medicine has produced an in t e r im  s t an d a rd ,  i s  s h o r t l y  to be 
pub l ished  in  t h e i r  magazine "R ef l ec t io n s " .

3. Medical Appl ica t ions

Ult rasound has a v a r i e ty  o f  medical a p p l i c a t i o n s ,  the most common being as 
an a id  to  heal ing  in therapy t r e a tm e n t s .  The most r a p id ly  expanding medical use 
i s  as a d i a g n o s t i c  t o o l ,  p a r t l y  due to the  commonly held  b e l i e f  t h a t  there  i s  
no r i s k  from u l t r asound .  I t  does appear to provide much l e s s  r i sk  than X- 
r a d i a t i o n  as a d i a g n o s t i c  t o o l .  In add i t io n  ul t r asound has s u r g i c a l ,  dental  and 
o th e r  a p p l i c a t i o n s .

3.1 Diagnosis

Ult rasound was in t roduced  to  d iag n o s t i c  medicine in the mid 1950s and ever  
s ince  has been growing a t  such a r a t e  t h a t  i t  has been s t a t e d 5 t h a t  “with 
expanding s e r v ice s  in  u l t r asound  d iagnos i s ,  the frequency o f  human exposure i s  
in c r e a s in g  with the  p o t e n t i a l  t h a t  e s s e n t i a l l y  the e n t i r e  popula t ion may be 
exposed."  The Bureau o f  Radiological  Health (U.S. Department o f  Heal th ,  Education 
and Welfare) e s t i m a tes  t h a t  by the e a r l y  1980s, every pregnant  woman wi l l  undergo 
a t  l e a s t  one ul t r asound  examination o f  the f e t u s .  C e r ta in ly  the sa le s  o f  
d i a g n o s t i c  u l t r asound  devices have been in c reas in g  rap id ly  over the l a s t  10 y e a r s ,  
and are p ro j e c t e d  to double between 1980 and 19836 . In a d d i t i o n ,  new techniques  
cont inue to be developed. U l t ra son ic  spec t roscopy ,  time delay spectrometry  and 
ho lographic  techniques  a l l  o f f e r  new p o te n t i a l  f o r  t h i s  a l ready expanding imaging 
modal i t y .



Most d iag n o s t i c  u l t rasound  equipment uses the pulse-echo measurement 
technique.  Hie t r a n s m i t t e r  i s  an e l e c t r o n i c  c i r c u i t  t h a t  produces a very s h o r t  
e l e c t r i c a l  pul se .  A c h a r a c t e r i s t i c  number o f  pulses  per second cause the 
p i e z o e l e c t r i c  c r y s t a l  to v ib ra te  a t  i t s  r esonan t  frequency and thus to genera te  
pulses  o f  u l t ra sound .  The re tu rn in g  echo i s  received  by the t r an sd u ce r  (u su a l ly  
the same p i e z o e l e c t r i c  c r y s t a l  as was used to  produce the t r a n s m i t t e d  u l t r asound  
p u l s e ) ,  the u l t r asound  wave energy causing a mechanical d i s t o r t i o n  in the c ry s t a l  
and generat ing  an e l e c t r i c a l  impulse or  s i g n a l .  This e l e c t r i c a l  s ignal  i s  
processed by anotiier e l e c t r o n i c  c i r c u i t ,  c a l l e d  the  r e c e i v e r ,  which a m p l i f i e s ,  
r e c t i f i e s  and demodulates the  e l e c t r i c a l  echo s i g n a l .  The r e s u l t a n t  s ignal  i s  
then displayed on the  A-mode d isplay  ( o s c i l l o s c o p e ) .

The A-rnode (ampli tude modula t ion) ,  i s  the o l d e s t  and s imples t  method of  
d is p laying pulse-echo info rmat ion.  The ho r iz on ta l  axis  on the d is p la y  rep re sen t s  
time o r  depth i n to  the p a t i e n t ,  the v e r t i c a l  axis  r e p re se n t s  the  logar i thm o f  the 
echo ampli tude.  A-mode d isp la ys  are used mainly fo r  echo-encephalography, s o f t -  
t i s s u e  biopsy and some ophthalmologic  examinat ions .

All o the r  pulse-echo di sp lays  are based on the B-Mode (Brightness  modula tion) .
In B-mode a small c r o s s - s e c t i o n  o f  the p a t i e n t  i s  d isp layed on the s c r ee n ,  the 
b r ig h t n e s s ,  or  shade o f  gray,  r ep re sen t ing  the ampli tude of  the echoes .  This i s  
modified in the M-mode (t ime-motion mode), by a cons tan t  v e lo c i ty  sweep o f  the 
d isplay  to enable  the motion o f  moving r e f l e c t o r s  in the body to be measured. In 
the B-scari an a r t i c u l a t e d  arm is  a t t a ched  to  the t r a n s d u ce r  enab l in g  p o s i t io n  
and angula t ion to  be c ons tan t ly  monitored.  As the  t r a n s d u ce r  scans the 
p a t i e n t ,  the B-mode and p o s i t io n  informat ion enable a 2-dimensional image to be 
generated.  This i s  the  most f r equen t ly  used d i sp lay  today.  However more 
s o p h i s t i c a t e d  d is p la ys  have been developed.  One o f  these  r e l i e s  heav i ly  on 
t e l e v i s i o n  and scan conver te r  technology to produce a Grey-Scale,  which, as the 
name i n d i c a t e s ,  gives images where the echo amplitude s t r e n g th s  are d i sp layed  in 
shades o f  grey.  Another i s  the Real-Time Display,  which d isplays  images (g e n e ra l ly  
grey-sca le )  a t  r a t e s  up to  30 frames a second. Real-Time d isp lays  are in va luab le  
in c a rd iac  and f e t a l  moni tor ing s t u d i e s .

In addi t ion  to pulse-echo techniques  th e re  are many a p p l i c a t i o n s  fo r  continuous-  
wave (cw) beams o f  sound in d iagnos i s .  For example cw techniques  are useful fo r  
measuring the change in  frequency o f  the echo from t h a t  o f  the t r a n s m i t t e d  beam.
By use o f  the Doppler s h i f t  p r i n c i p l e  the v e lo c i ty  o f  the  r e f l e c t o r s  may be 
a sc e r t a in e d .  Hie t r a n s d u c e r  fo r  Doppler s t u d i e s  i s  made up o f  two c r y s t a l s ,  a 
t r a n s m i t t e r  and a r e c e iv e r .  The echo received  is  modulated by leakage from the 
t r a n s m i t t i n g  c r y s t a l  in the t r an s d u ce r .  The beat  frequency o f  these  two s ig n a l s  
i s  the  Doppler frequency.  The Doppler (beat )  frequency is  de tec ted  (by f i l t e r s ) ,  
am pl i f i ed ,  and usua l l y  made in to  an audible  sound. The highe r  the v e lo c i ty  o f  the 
r e f l e c t o r ,  the h ig he r  the p i t ch  (f requency) o f  the audible  sound produced.

The s i g n i f i c a n c e ,  or  c l i n i c a l  u s e f u ln e s s ,  o f  d i a g n o s t i c  a p p l i c a t io n s  o f  u l t r a ­
sound has been summarized by Lyons7 as shown in Table 1. He iias graded the 
s ig n i f i c a n c e  o f  c l i n i c a l  usefulness  o f  d i a g n o s t i c  u l t r asound  procedures  as shown 
below:

Cl in ica l  S ig n i f ic ance

* Limited s ig n i f i c a n c e  
** Useful a n c i l l a r y  i n v e s t i g a t i o n  

*** Most e f f i c a c i o u s ,  non- invasive  examination 
**** Sole i n v e s t i g a t i v e  t o o l .
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Table 1. Diagnos tic  Ultrasound Examinations and t h e i r  C l in ica l  
S ign i f icance  with re spec t  to  Other Imaging Modal i t ies  
(adapted from Lyons7).

Body P a r t Organ Examination C l in ica l  S ign i f icance

Head Brain Midline dete rmination  
V en t r i c u la r  s ize  (newborn)

*
k k

Eyes Eyeball - ax ia l  length
-  fo re ign  body
- r e t i n a l  detachment
- mass e v a lu a t io n  

Orbit  -  p rop tos i s

k k

*
***
k k

*

Neck Thyroid Mass eva lua t ion  
Carot id  a r t e r y  
Potency eva lua t ion

**
*
k

Chest Heart P e r i c a r d i a l  e f fu s io n  
Valve i n v e s t i g a t i o n  
Wall eva lua t ion  (motion 

th ickness )
Chamber s i z e ,  function 
Tumour de tec t ion

k k k

k k k

k k k

k k k

***

Pleura l
space

Effus ion l o c a l i z a t i o n *

Breast Mass ev a lu a t io n *

Abdomen Liver ) 
Kidneys ) 
Pancreas)  
Spleen )

Evaluation s i z e ,  
parenchyma and 
a ss o c ia t ed  masses

***
***

***

B i l i a r y
Tract

Gallb ladder  s tone
d e tec t ion
Duct s ize

***

k k

Aorta Aneurysmal d i l a t i o n ***

Lymph
Nodes

Evaluat i  on k k

P e r i t o ­
neal
space

Ascites  and abscess 
d e t e c t ion

-k-k-k

Pelv is Uterus
(pregnant)

Evaluat ion  -  fe tus
-  p lacen ta
- amnio t i c  c av i ty

•k-kkic

k k k k

k k k k

Uterus 
(non-preg- 
nant) 

Fa l lopian  
Ovaries 
Bladder 
P r o s t a t e  ) 
Scrotum )

Mass s i z e  de te rmination

Mass eva lua t ion  
Mass eva lua t ion  
Tumour assessment

Tumour de tec t ion

k k

k k k

k k k

k

k

Extremi t i e s A r t e r i e s  
and veins

Potency eva lua t ion k
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3.2 Therapy

Ultrasound therapy lias been used for  over 40 years in physiotherapy.  I t  
usual ly involves the app l ica t ion of a hand-held ul trasound t ransducer  to the 
injured area of a p a t i e n t ,  and t r e a t i n g  using e i t h e r  a continuous o r  pulsed 
beam. The t ransducer  head is  general ly  moved over the area of in ju ry  to obtain 
as uniform a t reatment  d i s t r i b u t io n  as poss ib le .  Coupling the t ransducer  to  
the t reatment  area may be achieved by8:

( i )  t r e a t in g  within a waterbath,
( i i )  holding the t ransducer  in contact  with ttie skin using a coupling 

medium (f i lm o f  mineral o i l ,  glycer ine or  aqueous gel) to exclude 
the a i r ,  or

( i i i )  appl icat ion through a w a t e r - f i l l e d  rubber or  p l a s t i c  balloon containing 
water.

Hie choice of coupling media appears to be important since the energy t ransmit ted  
by coupling agents in common use appears to vary9 , although Warren e t  a l 10 claim 
th a t  the difference in t ransmiss iv i ty  is  only about ±10%.

Hie object ive of  ul trasound therapy appears to  be to s t imulate  the blood flow 
within the injured region, which i t  appears to do e f f e c t i v e l y 11, and to provide 
deep heating to muscles and other  t i s s u e s .  Summer and P a t r i c k 8 claim th a t  the 
ef f i cacy of u l t r a son ic  therapy i s  achieved by four s p e c i f i c  e f f e c t s :

( i )  Thermal - a temperature r i se  within the t i s s u e  which is  proportional  
to the input  power and exposure time. Ultrasound seems to have the 
advantage t h a t  i t  i s  absorbed more in muscle than f a t t y  t i s s u e .

( i i )  Micromassage - caused by the mechanical reac t ions o f  the ultrasound 
in t i s s u e ,  such as compressions and d i l a t i o n s .

( i i i )  Volume reduction - as the ult rasound wave passes through the t i s sue  i t  
produces instantaneous small reduct ions in volume which are independent 
of  frequency but proport ional  to the i n t e n s i t y .

(iv) Motion and amplitude - pressure waves se t  up s t r e s s  pa t te rns  in t i s s u e ,  
producing reciprocal movement o f  c e l l s .

Lehmann e t  a l 12’ 13 point out t h a t  the main therapeu t ic  value o f  ul t rasound 
is  re la ted  to i t s  s e l e c t i v i t y  o f  absorption - in s o f t  t i s s u e  th i s  absorpt ion is 
d i r e c t ly  re la ted  to the pro tein content  o f  the t i s s u e 14. Lehmann e t  al claim 
th a t  the benef i t  o f  ul trasound as a therapeu t ic  agent is  t h a t  i t  heats s e l e c t i v e ly  
the areas t h a t  one requires  to  be heated,  including such areas as su p e r f i c i a l  
bone, scar  t i s sue  within so f t  t i s s u e ,  tendons and tendon sheaths ,  e t c .  Further ,  
tha t  the ultrasound may acce le ra te  the dif fus ion  process across biologic  
membranes, implying an increased ra te  o f  heal ing.

Although the b io logical  mechanisms o f  ult rasound therapy have not  received 
systematic in v e s t ig a t io n ,  i t  seems l i k e ly  t h a t  i t s  value l i e s  in the unique heat ing 
d i s t r ib u t io n  i t  provides.  There also appears to be some evidence for  low- in tensi ty  
ultrasound induced non-thermal e f f e c t s  which may be important in c e r t a in  physio­
therapeu t ic  appl i ca t ions as the breakdown of  f ibrous adhesions at  the s i t e  of 
an operat ive i n c i s i o n 15’ 16.

I t  i s ,  however, very d i f f i c u l t  to assess the b ene f i t  o f  ultrasound therapy,  
as Roman17 found. 100 pa t ien t s  were t r e a t e d  or sham i r r a d i a t e d  for  lower back 
pain,  b u r s i t i s  of  the shoulder and myalgia. Sixty percent  o f  the pa t ien t s  
receiving ultrasound were categorized as good or  normal, but 72.1% of  the 
un ir rad ia ted  were in the same category.
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Therapy devices have recen tly been the subjec t  o f  extensive inves t iga t ions ,  
both in the United Sta tes and Canada18. A comnon conclusion o f  these surveys 
has been th a t  most ul trasound therapy devices were not  de l iver ing  the "dose" 
prescribed  for  the p a t i e n t s ,  e r ro rs  in measured/indicated acous t ic  output were 
found up to ±200%. This has led to federal regulat ions for  ul trasound therapy 
devices being proposed.

3.3 Surgery

Although ul trasound applica t ions in surgery are highly spec ia l ized ,  they 
cover a wide range o f  uses, including the following: the production o f  lesions 
in neurosurgery to a l t e r  the t i s sue  function a t  a s i t e  in the brain without  the 
d is rupt ion  of  in tervening t i s s u e 19, an u l t ra so n ic  d r i l l  for  cleaning blood 
ve s se l s20; the des truct ion and removal o f  blood c l o t s 21, g a l l s to n e s22 and 
kidney s tones23; a v ibrat ing scalpel  for  cu t t ing  biological  t i s sues ;  as an aid in 
bone welding24 and acupuncture25. A highly spec ia l ized  technique,  which has 
become routine in North America for  ocular  surgery is  the phaco-emul si fi cat ion 
and asp i ra t io n  technique for  the removal of  c a t a r a c t s 26. Basical ly  the u l t r a ­
sound i s  applied through a hollow t i tanium needle,  the ul trasound breaks up the 
c a t a r a c t  and the broken pieces are sucked up through the needle.

However, probably the most successful  surgical  appl ica t ion  of  ul trasound 
has been in v e s t ib u la r  surgery for  Meniere's disease.  This disease i s  due to  a 
disorder  of  the v es t ibu la r  end organ which r e su l t s  in at tacks o f  vert igo o f  
varying durat ion and se v e r i ty .  Treatment involves su rg ica l ly  exposing the l a t e r a l  
semic i rcu la r  canal and d i r e c t ly  applying 3 MHz ultrasound for  about 20 minutes.
Hie ul trasound probe t i p  is  placed in contact  with the bone over the canal while 
normal sa l ine  flows continuously to provide good coupling. Clinical r e su l t s  
ind ica te  th a t  vert igo is  abolished in 75%-85% of p a t i e n t s 27.

3.4 Dental

The u l t ra son ic  d r i l l  was developed in the ea r ly  1960s but never rea l ly  gained 
acceptance in den t i s t ry  due to the in troduc tion of  the high speed rotary d r i l l .  
However, a number of  o ther  applica t ions of  ultrasound in de n t i s t ry  have been 
s t e a d i ly  growing28. These include:  cleaning and calculus removal, gingivectomy, 
root  canal reaming, orthodontic f i l i n g ,  amalgam packing and gold foi l  manipulation. 
Conventional techniques for  these tasks are f a i r l y  s a t i s f a c t o r y ,  but there i s  no 
doubt t h a t  the s i l ence  and ease of  the u l t ra son ic  method re l ieves  the pa t ien t  o f  
the s t r e s s  associated  with dental t rea tment.  F ros t29, in 1977, estimated th a t  
there may be as many as 100,000 u l t ra son ic  uni ts  used in U.S. dental of f ices  for  
sca l ing  o f  tee th  and periodontal care.  However, the cost of  th i s  equipment and 
the general lack o f  knowledge and t r a in in g  concerning i t s  use, have been 
responsible for  the sc a rc i ty  o f  u l t ra son ic  dental instruments in most other  
par ts  o f  the world.

The cav i ta t ion  e f f e c t  o f  ul trasound is  used in den t i s t ry  for  i t s  cleaning 
power which goes to work on the gums and tee th  and t h e i r  many interproximal 
c rev ices .  Addit iona lly ,  u l t ra son ic  massage o f  gingival  t i s sue  a s s i s t s  penetrat ion  
of  a n t i s e p t ic s  and other  medicines.
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3.5 Other Medical Applications

These include ul trasound atomizers30 (ae roso ls ,  nebul ize rs) ,  where 
high in te n s i ty  ult rasound is  beamed through a l iqu id  towards an a i r  in te r face  
producing a fine dense fog, and gas bubble detec t ion31 using Doppler ultrasound 
techniques.

4. Domestic Applicat ions

There are an ever increasing nurrber of  consumer-oriented devices being 
manufactured using ul t rasound.  Examples o f  these are quartz c locks,  garage 
door openers, T.V. channel s e l e c t o r s ,  remote con t ro l s ,  burg lar  alarms, dog 
w his t les ,  bi rd  and rodent scarers  and t r a f f i c  control devices.  A recent  
application is  use of  ultrasound for  range-finding on Polaroid cameras. In 
general ,  these appl icat ions  employ low i n t e n s i t i e s  and frequencies a t  the lower 
end of  the ul trasound range (20-100 kHz). Ultrasound, for  these app l ica t ions ,  
is usually propagated in the a i r ,  so t h a t  the beam is  rapidly a t t enuated  over 
shor t  dis tances .

5. Indust r ia l  and Commercial Applications

Industr ia l  and commercial appl icat ions of  ult rasound have been reviewed in 
a number of reports  32 5 33 9 3k. Generally these appl icat ions can be divided into 
two ca tegor ies ,  high and low power, depending on the power or i n t e n s i t y  leve ls  
involved. Applicat ions employing higher  powers generally re ly  on compound 
vibration-induced phenomena occurring in the objec t  or  material i r r a d i a t e d .
These phenomena include: cavi ta t ion and microstreaming in l iq u id s ,  heat ing and 
fat iguing in s o l i d s ,  and the induct ion of surface i n s t a b i l i t y  a t  l i q u i d - l i q u i d  
and l iquid-  gas in t e r f a c e s .  Some o f  the more common appl icat ions  o f  hi g h 
power ultrasound are shown in Table 2. This tab le  also provides a 
descr ipt ion of the app l ica t ion  and the ul trasound frequency and power or  in t e n s i t y  
range used, where these parameters are known. One notes t h a t  the most p rac t i ca l  
frequency range for  these appl ica t ions is  20-60 kHz. Most in d u s t r i a l  ultrasound 
is produced using e l e c t r o s t r i c t i v e  or magnetostric t ive t r ansducers33, where the 
elements change t h e i r  physical dimensions in response to an applied e l e c t r i c  or 
magnetic f i e l d .

Probably the o ldes t  indus t r ia l  appl ica t ion  is  cleaning via cav i ta t ion  and 
microstreaming mechanisms. Most cleaning tanks operate a t  i n t e n s i t i e s  up to 
10 W/cm2, although 2 W/cm2 is  more conmonly used. Frequencies are usually 
between 20-50 kHz. Substant ia l  noise level s  are produced by th i s  app l ica t ion  
due to the v io len t ly  cav i ta t ing  l iq u id .

P l a s t i c  welding has become popular in the l a s t  10-15 years ,  wiiere ultrasound 
i s  used in the assembly o f  toys,  appl iances ,  thermoplastic  pa r t s .  High 
frequency (above 20 kHz) vibrat ions at  i n t e n s i t i e s  o f  g rea te r  than 20 W/cm2 
produce s u f f i c i e n t  heat  to melt the p l a s t i c s  a t  the required loca t ions .  The 
pr inc ip le  advantages of  t h i s  method are speed, c l e a n l in e s s ,  ease o f  automation, and 
welds can be accomplished in normally inaccessib le  places .  An in t e r e s t i n g  recent  
appl icat ion is  the u l t ra son ic  sewing machine. Here woven or non-woven f ib res  
can be "sewn" together  without  thread.
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Table 2. Low Power Applica t ions  o f  Ul trasound in Indus t ry .  
Adapted from Lynnworth (32).

Appli c a t ion P r in c ip le Frequency

FI owmetry Determining flow ra t e s  fo r  
gases ,  l i q u id s  and s o l id s  - 
Doppler technique

1 - 1 0  MHz

E l a s t i c  P ro p e r t i e s Relat ing  speed of  sound to  
modes o f  p o l e r i z a t i o n

25 - 150 kHz

Thermometry Response to  temperature 
dependence o f  sound speed or  
a t t e n u a t io n

Up to 30 MHz

Thi ckness Timing round t r i p  i n t e r v a l  
o f  beam

2 - 1 0  MHz

Densi ty ,  Poros i ty Resonant and non-resonant  
probe tr ansmiss ion

—

Grain s i z e  of  
metals

Ultrasound a t t e n u a t io n few MHz

Pressure Frequency o f  quartz  c r y s t a l  
r e so n a to r  changes with 
applied  p ressure

0 . 5 - 1  MHz

Gas leaks Detect ion o f  u l t r a s o n ic  
"noi se"

36 - 44 kHz

Le vel Attenuation  o f  u l t rasound  
beam - pulse-echo technique

around 100 kHz

Counti ng Beam in t e r r u p t io n s  counted 40 kHz

Flaw d e tec t io n Observe d i s c o n t i n u i t i e s  in 
r e f l e c t e d  beam

25 kHz to
25 MHz (mW powers)

Delay l i n e s Transform e l e c t r i c  s igna l  
i n to  u l t rasound  and back 
again a f t e r  u l t rasound  has 
t r a v e l l e d  a w e l l -d e f in e d  path.

-

Burgl a r  
Alarms

Ultrasound beamed in to  room 
and a c e r t a i n  level  o f  r e ­
f l e c t e d  beam is  monitored.  
I f  t h i s  leve l  changes (with 
i n t r u d e r )  alarm sounds

1 8 - 5 0  kHz 
(mW powers)

Pes t  Control Frequency and i n t e n s i t y  o f  
u l t rasound  bothersome to  pest s  
- inaud ib le  t o  humans

1 8 - 5 0  kHz 
(mW powers)

Sonar Doppler method determines 
v e lo c i ty  o f  o b je c t

5 - 5 0  kHz

Acousti c 
Mi croscope

Observe phase s h i f t  and a t ­
tenua t ion  o f  u l t rasound beam 
by the specimen.

Hundreds o f  MHz

-  13 -



Table 3.  I n d u s t r i a l  A p p l i c a t i o n s  o f  High Power Ul t ra so und .

A p p l i c a t i o n Des c r ip t i o n Frequency
kHz

Power o r  
I n t e n s i t y  Range

Cleaning and 
degreas ing

C a v i t a t e d  c le a n in g  
s o l u t i o n  sc rubs  p a r t s

18 -  100 Usual ly  below 
10 W/cm2 but  
up t o  100W power

So ld e r in g  and 
brai  s i  ng

Disp lacement  o f  ox ide  
f i l m  to acomplish 
bonding w i t h o u t  f l u x

Around 30 2 - 200 W/cm2

P l a s t i c  weld ing Welding s o f t  and 
r i g i d  p l a s t i c

20-G0 Usual ly  20 - 30 W/cm2 
bu t  power below 
1000W ou tp u t

Metal welding Welding s i m i l a r /  
d i s s i m i l a r  metal s

10-60 Up to  10,000 W/cm2

Machi ni ng Rotary machining,  
impact  g r in d in g  using 
a b r a s i v e  s l u r r y ,  
v i b r a t i o n  a s s i s t e d  
d r i l l i n g

Usual ly  20

E x t r a c t i o n E x t r a c t i n g  perfume, 
j u i c e s ,  chemica ls  from 
f l o w e r s ,  f r u i t s ,  
pi an ts

Around 20 About 500 W/cm2

Atomizat ion Fuel a to m iz a t io n  to 
improve combustion 
e f f i c i e n c y  and reduce 
p o l l u t i o n ;  a l s o  d i s p e r ­
s i o n  o f  molten me ta l s

20 -  30 000 Up t o  800W

Emulsi f i c a t i o n ,  
d i s p e r s i o n ,  and 
homogenizat ion

Mixing and homogenizing 
o f  l i q u i d s ,  s l u r r i e s ,  
creams ' '

De foaming and 
degassi  ng

Se p a ra t i o n  o f  foam and 
gas from l i q u i d ,  reduc ing  
gas and foam co n te n t

Foaming o f  
beverages

Disp lac ing  a i r  by foarn in 
b o t t l e s  o r  c o n t a i n e r s  
p r i o r  to  capping

E l e c t r o p l a t i  ng In c re a se s  p l a t i n g  r a t e s  
and produces d e n s e r ,  
more uniform d e p o s i t

Around 27 30W

Eros ion C a v i t a t i o n  e r o s i o n  
t e s t i n g ,  d e b a r r i n g ,  
s t r i  ppi ng

Dryi ng Drying h e a t  s e n s i t i v e  
powders,  f o o d - s t u f f ,  
pharmaceut i  c a l s

Cut t i  ng Cu t t in g  small  ho le s  in  
ce r a m ic s ,  g l a s s  and 
semi-conductors

Around 20 About 150W
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Metal welding was in troduced  commercially in  the l a t e  1950s in the semi­
conductor  i n d u s t ry  fo r  welding o r  microbonding min ia ture  conductors .  Hie 
process involves  r e l a t i v e l y  low tem pera tu res ,  u su a l ly  below the  melting p o in t  
o f  the metal .  The welding depends on u l t r a s o n i c  c lean in g .  The ul t rasound 
causes mutual abrasion  o f  the two surfaces  so t h a t  exposed p l a s t i c i z e d  or metal 
s u r faces  can be j o in e d  under p ressure  to  form a " s o l i d - s t a t e "  bond. For t h i s  
p rocess ,  very high power d e n s i t i e s  are needed a t  the welding t i p  - o f  the order  
o f  2000 W/cm2 a t  a frequency between 40-60 kHz.

Ultrasound s o ld e r in g ,  withou t  f lu x e s ,  has a l so  been c a r r i e d  out s ince the 
e a r l y  1950s. Cav i ta t io n  in molten so ld e r  erodes the  su r face  o f  metal oxides 
and exposes the clean metal to the s o ld e r  so t h a t  s imultaneous clean ing and 
t in n in g  o f  the metal can be e f f e c t e d .  The u l t r a s o n i c  i n t e n s i t i e s  used are up to 
100 W/cm2 a t  f r equenc ies  between 20-50 kHz.

Machining o f  metals  can be c a r r i e d  out  using an ab ras ive  s l u r r y  between the 
v ib r a t i n g  tool  and the workpiece.  Using a r o ta ry  machine and an ax ia l  u l t r a s o n i c  
v i b r a t i o n ,  one can machine using diamond impregnated core b i t s .

U l t r a so n ic  c a v i t a t i o n  provides  a more rap id  c u t t in g  ac t ion  fo r  water  
cooled core b i t s .  Typical ly  these devices ope ra te  a t  20 kHz.

In high power a p p l i c a t i o n s ,  the m a te r i a l s  being worked are phys ica l ly  changed. 
This i s  in  c o n t r a s t  to  low power a p p l i c a t i o n s  where the ul t r asound  i s  used to  
examine r a t h e r  than a l t e r  m a t e r i a l s .  In many cases ,  these  low power a p p l i c a t io n s  
involve fr equenc ies  in  the megahertz range as shown in Table 3.
App li ca t ions  not  shown in t h i s  t a b le  include  the de te rmina t ion o f  v i s c o s i ty  
t r a n s p o r t  p r o p e r t i e s ,  p o s i t io n  phase,  t h i c k n e s s ,  composi t ion,  an isot ropy  and 
t e x tu re  from s i z e ,  s t r e s s  and s t r a i n  e l a s t i c  p r o p e r t i e s ,  bubbles ,  p a r t i c l e  and 
leak d e t e c t i o n ,  n o n -d e s t ru c t iv e  t e s t i n g ,  a c o u s t i c  emis s ion ,  imaging and holography, 
and count ing via beam d i s r u p t io n .  Much o f  the equipment used in these a p p l i c a t io n s  
has i n t r u s i v e  u l t r a s o n i c  probes,  but n o n - in v a s iv e , e x t e r n a l l y  mounted t r ansduce rs  
are a lso  used involv ing  both pulsed and resonance techn iq ues .

6. Summary

Ultrasound devices  are now used in  many f i e l d s .  In r e c en t  y e a r s ,  with the 
g rea t  te chno log ica l  advances t h a t  have occur red ,  the re  has been s i g n i f i c a n t  growth 
in  the nurrtier and d i v e r s i t y  o f  u l t r asound  a p p l i c a t i o n s .  Figure 1 summarizes the 
v a r i e t y  o f  u l t rasound  devices  and a p p l i c a t io n s  in  use today ,  an impressive l i s t  
when cons ider ing  t h a t  the e a r l i e s t  recorded u l t rasound  source was invented l e s s  
than 100 year s  ago. Today the  f a s t e s t  growing ul t r asound ap p l i c a t io n  i s  t h a t  of  
d i a g n o s t i c  medicine, a l though u l t r asound  a p p l i c a t i o n s  cont inue to  inc rease  in 
numbers and usefu lness  in  many areas  o f  i n d u s t ry  and medicine.
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Figure 1.  U l t r a sound  A p p l i c a t i o n s  ( adap ted  from Reference 5 ) .
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