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The present invention relates to a method of oscil-

lating an ultrasonic vibrator for use in ultrasonically 

cleaning (including deburring} workpieces immersed in a 

cleaning solution. 

. "":.··-

For ultrasonically cleaning workpieces immersed in 

a cleaning solution in a cleaning tank, _it has been cust_omary 

to apply a periodic voltage signal to an ultrasonic vibrator 

having a piezoelectric element, the periodic voltage signal 

having a frequency equal to the natural frequency-of the ul-

trasonic vibrator, to oscillate the ultrasonic vibrator at 

its natural frequency for thereby radiating an ultrasonic en-

ergy into the cleaning solution. The radiated ultrasonic en-

\......! ergy produces a cavitation in the cleaning solution, which . . 
generates shock waves to clean and d~burr the workpieces ...im­

mersed in the cleaning solution. 

It is generally known that the cavitation in the 

cleaning solution appears at a depth depending on the fre-_, . 

quency of th~ radiated ui-tra-sonic .energy, i.e., the natural 

frequency (resonant frequency) of the piezoelectric element 
. 

of the ultrasonic vibrator. More specifically, when t~e ul-
trasonic energy is radiated from the bottom of the cleaning 
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.-
tank toward the surface level of the cleaning solution in the 

cleaning tank, the cavitation is produced intensively· at a 

depth equal to a quarter wavelength, and also at depths posi-

tioned successively at half wavelength intervals from· that 

depth toward the bottom of the cleaning tank. 
' . . 

For uniformly cleaning and deburring the workpieces 

immersed in the cleaning solution, it is preferable to gener­

ate the cavitation ~nifoimly in the· cleaning solution without 

being dispersed in the cleaning solution. To generate th~ 

cavitation uniformly in the cleaning solution, it is desir-- ...... 
. -:..,, .. 

able to radi.ate the ultrasonic energy at a hig:tier frequency. 

It is also generally known that the higher the frequ.ency of 

the radiated ultrasonic energy,·the more the ultrasonic· en­

ergy is attenuated in the. cleaning ~olutiori, resulting in a 

lowered cavitation effe·ct. · For effective· cleaning or debur~ 

ring of the workpieces, therefore, it is preferable to radi-

ate the ultrasonic energy at a lower·frequency. Since the 

generation and effect of the cavitation vary depending on the 

frequency of the ultrasonic energy, the.frequency of tpe ul-
-· 

trasonic energy shou.ld be selected ~n view of the _purpose ... for 

which the workpieces are to be cleaned and the degree to 

which the workpieces are to be cleaned. For example, if a 

stronger cleaning :.capability is desirable,· then th~ ultra-

sonic energy should be ·applied ·at~ a·. lower frequency. If the 

workpieces to be cleaned are fragile, then the ultrasonic en­

ergy should" be applied at a higher freque.ncy in order to ·pre-· 

vent the workpieces from being damaged by the cavitation. 
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However, where an ultrasonic vibrator having a sin-

gle natural frequency is oscillated at the natural frequency, 

the above requirements cannot be satisfied under various con-

ditions. 

One solution has been to employ an ultrasonic vi-

brator having a plurality of piezoelectric. elements having 

respective different natural frequencies, and repeatedly ap­

ply a plurality of signals having frequencies equal to the 

natural frequencies to the respective piezoelectric elements 

for respective periods of time. Therefore, ultrasonic .e~er-- ..... 

gies are radiated at different frequencies from the single 

ultrasonic vibrator into the ultrasonic solution. 

When the ultrasonic energies are radiat_ed into the 

ultrasonic solution, cavitations are produced at relatively 

close depths, respectively, in the cleaning solution. As a 

result, the cavitations are distributed comparatively uni-

formly in the cleaning solution, and it is possible to obtain 

an effective cavitation effect primarily based on those ul-

~ trasonic energies wh~ch have lower frequencies. A suitable 
-· 

choice of periods of time for which the ultrasonic energi~~ 

having different frequencies are radiated is effective t'"o 

serve different purposes for which workpieces are to be 

cleaned. 

"' The ultrasonic ... vipratoi::: w.ith plural piezoelectric 

elements having respective different natural frequencies, 

however, is difficult and expensive to ma.nufacture. Another -. 
problem is that the cavitation distribution becomes unstable 

- 3 -

_; .. 



.. because the natural frequencies of the piezoelectric elements 

tend to vary due to the he~t produced thereby whe~ the ultra­

sonic vibrator is oscillated. Consequently, it has been dif-

f icult to clean and deburr the workpieces uniformly with the 

cavitations. 

-¥ ...I<> SUMMARY OF THE INVE~TION 

It is therefore an object of the present invention 

to provide a method of oscillating an ultrasonic vibrator 

which has a single natural frequency.to ~asily generate uni­

form cavitations in various positions j,n a cleaning solution. 
··.. . .• 

Another object of. the present invention is ter-·:·pro-: 

vide a method of osc_illating an ult_rason.ic vibrator to obtain 

a cavitation distribution suitable for the tyJ?e of workpieces 

to be cleaned and the purpose for which the ~orkpie~es are to~ 

be cleaned. 

As a result of various studies, the inventors have 

found out that when an U:ltrasonic vibrator having a single 

natural frequency is·oscillated with a drive signal having a 

frequency··e·qual to eit.her the natural frequency or· an inte­

gral multiple of the natural frequency, it is po$sible: to-· 
!'t ••·•• 

produce a cavitation sufficiently effectively in a cl~a~ing 
solution. More specifically, a plurality of drive signals 

having respective different frequencies each equal to an in-

tegr~l multiple of the natural frequency o-§ the ultrasonic 
...... _ _._ 

vibrator are applied, one at a time, to the ultrasonic vibra­

tor for a suitable period of time. At this time, the ultra-

sonic vibrator successively radiates ultrasonic energies hav-

- 4 -

.. :i ,., c • . 

___ ... 
.. 



-··--·· -------~-~~--------

'' 

< u s - ,4 - ~ 3 t { 2.!, 3 cL:~ &.a~ ~ 

rmulf-•fre.r"'-W.y u.ltra. M>Mc. 11~,.ct.l:<:.w • _ 

~a l-h¢r n ... n (.or\ ~ro H1·1'1! et.. (re yu. u-. 'J' pz•w,.J-or t,,, 
-~ro cU.<. ~ ~ f\Jo..r<'ou.& Jre f tA.L\\c.,,.'~ / · ~oc..k _<4c ct'~"'-h'o11 

(!M fdMJJ t:ttt ;ro·vt~J. 1h. q_ r~J..orn /<U.h 1011 to ont er 
"-''>fl ore reJ-AA ~ru f 'LflNv:i J.M. W'S ""'h ,· ~ rv.i on a; tf - aJ -­

tkt·r J ltfl d.~ Ill c>A hJ fr e_ r ( l e_s .«.t ~ ~ ~r /4 
. krNl'l.ow\w fttre.1 i'I\ crJ.u- ~o yiw-C!,.tt a: 'W(<h, 

blJ.N\.J.. o/ c.t.1.fra_krnA,'c. .. ~le.AA. ''ri/ f • f~ C<"t..,j • 

~ ,~.JM_ d"' £,.M.o..(c. ~ €,I( u.'f.d ~ 1.:S 

. .1' ~· e.J.. to lfu_ fr~J..v. W" tWh(cJi t'f M.fJ rt>'V<' J.e-6 

V \f.(_ ~e_ fMtM°I rVfflYlL'~ ~~r-d (~11\er ~ 
flv_ ftlMJM ~ ~q-tAJ-or. > 



"ing the respective different frequencies into the cleaning 

solution for thereby producing cavitations c.orresp.onding to 

the ultrasonic energiei having the respective different fre­

quencies, with the result that the cavitations are com~)ined 

into a uniform cavitation in the cleaning solution: It has 

been found out that when each of the frequencies of the drive 

signals applied to the ultrasonic vibrator is a multiple by 

an odd number of the natural frequency of the ultrasonic vi-

brator, a uniform cavitation can effectively be produced·in 

the cleaning solution. 
-

According to the present invention, there is·~ro-

vided a method of oscillating an ultrasonic vibrator having a 

single natural frequency for radiating.ultrasonic energy into . . . . . . . 

a cleaning solution, comprising the steps of (a) gene·rating a ·, 

plurality of oscillating signals having respectiv~ different 

frequencies which are integral multiples of the natural fre­

quency of the ultrasonic vibrator, (b) switching between and 

outputting the oscillating signals for respective periods of 

time thereby to genera·te a composite signal which is cpmposed 

of a time series of the oscillating signals, and (c) applying 

the composite signal as a drive signal to oscillate the .111-

trasonic vibrator. 

When the composite signal is applied to the ultra-

sonic vibrator, the ultrasonic vibrator radiates a time se-
·-- .... 

ries of ultrasonic energies having different frequencies for 

the respective periods of.time into the cleaning solution_, 

based on the frequencies of the oscillating signals contained 
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.·in the composite signal. The radiated ultrasonic energies 

cause cavitations to be produced in the cleaning solution~ 

which are combined into a uniform distribution of cavitations 

in the cleaning solution. 

The oscillating signals may be outputte~ 

consecutively for the respective periods of time, or one of the os­

cillating signals may be outputted, and then after elapse of 

a predetermined quiescent period, a next one of the oscillat-

ing signals may be outputted. At any rate, ultrasonic ener-

gies having frequencies corresponding to the frequencies of 
- ..... 

the oscillating signals are radiated from the ultrasonic··vi-

brator into the cleaning solution. 

Each of the respective periods of ~irne may prefer-

ably be cattEX>sed of an integral number of periods of tte respective oscillating 

signal to enable the ultrasonic vibrator to radiate ultra-

sonic energies having frequencies corresponding to the fre-

quencies of the oscillating signals smoothly into the clean-

ing solution for the respective periods of time. 

The respective periods of time may preferabiy be 

varied for the r:espective oscillating signals~to obta±il a­

cavitation distribution suitable for the purpose for ~h~ch 

workpieces immersed in the cleaning solution are to be 

cleaned or the type of the workpieces. 

Preferably, a rectangular-wave signal having the 

same frequency as the composite signal may be applied to the 

ultrasonic vibrator to oscillate the ult~asonic vibrator. -. 
When the ultrasonic vibrator is thus energized with the rect-
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··angular-wave signal, a driving energy is 'efficiently imparted 

to the ultrasonic vibrator, which is stably oscillated. A 

circuit arrangement for generating a rectarigular~wave signal 

to energize the ultrasonic vibrator can simply be constr~cted 

of a digital.circuit or the like. 

The frequencies of the oseillatin:g·signals may 

preferably be multiples by odd numbers o.f ·the natural fre-
. . 

quericy of the ultrasonic vibrator for prOCl.ucing a unifonn distri-

bution of cavitations it\ the cleaning solution. 

Generally,. when· a Signal having a frequency which 
~ ... -

is a.-n integral multiple of the natural frequency of the 1n­

trasonic vibrator is applied to the ultrasonic vibrator, the 

higher the frequency, the greater the current.whi~h flo~s 

into the ultrasonic vibrator~ ·Preferably, ther·efore, the 

step (c) may' compris·e th'e steps of amplifyin'g 'the. composite 

signal, controlling an amplification factor for the composite 

signal dependi~g on the ·fr~quericies of the o~clllating sig-

nals, and applying the a·mplified composite signal to· the ul-

i· 

trasonic vibrator to· oscillate the ultrasonic vibrator., and V 
.-

wherein the step of controlling an amplification facto~ f()r t ..... 

the composite signal comprises the step of reducing the .am­

plification factor as the frecruen:eies of the oscillating sig-

nals are higher. In this manner, an exce.ssive current is 

prevented from flowing into the ultrasonic"vibrato~ and an 

amplifier which supplies the signal thereto, so that.the ul­

trasonic vibrator is p·revented from be·ing damag.ed. 

When the oscillating signals are combined into the 
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.. composite signal, and the composite signal is amplified and 

applied to the ultrasonic vibrator, if the amplification fac-

tor for the oscillating signals remains constant, then since 

the frequency of the signal applied to the ultrasonic vibra-

tor is abruptly changed at the time the oscillating signals 

switch from one to another, the oscillation of the ultrasonic 

vibrator tends to be disturbed, producing noise. Therefore, 

it may be preferable to lower an amplification factor. for the 

composite signal when the oscillating signals switch from one 

to another, and thereafter progressively increase the ampli-

f ication factor to a predetermined level. Accordingly.~-:.·wnen 

the oscillating signals switch from one to another, the sig­

nal applied to the ultrasonic vibrator increases progres-

sively from a low level, with the result that the ultrasonic 

vibrator is oscillated smoothly at the ~requencies of the os-

cillating signals. 

In the step (a), a reference signal having a single 

frequency which is substantially an integral multiple of the 

natural frequency of the ultrasonic vibrator may be generated .. 
and frequency-divided to generate the oscillating sigrrals-. 

If the frequency of the reference signal remains cons~a~t, 

then when the natural frequency of the ultrasonic vibrator 

-varies due to the heat thereof, for example, the current 

flowing into the ultrasonic vibrator varies, tending to make 
. 

unstable the ultrasonic energies outputted from the ultra-

sonic vibrator. Therefore, it is preferable to adjust the -. 
frequency of the reference signal dependi~g on the level of a 
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-~urrent supplied to the ultrasonic vibrator in 6rder to 

equalize the frequency of the reference ·signal with the inte­

gral multiple of the.natural frequency of tne ultrasonic vi­

brator.. Thus, the frequencies of· the oscillating sign~ls 

contained in the composite signal applied to the ultrasonic 

vibrator are equalized with the integral multipies of the 

natural frequency of the ultrason"ic vibrator, so that the ul­

trasonic energies "outputted "from the ultrasonic vibrator are 

stabilized at the ·respective frequencies. of the ultrasoni-c 

vibrator. 

.. The above and other objects, features, and advan:. 

tages of the present ihverition wiil becom~ apparent from ~he 

following description when.taken in conjunctiO:n"with the ac­

companying drawings which illustrate preferred embodiments of :; 

the present invention by way of example. 

BRIEF DESCRIPTION OF THE DRAWINGS . 

FIG. 1 is· a block·diagra~ of an ult~asonic vibrat­

ing apparatus to which a· met.hod according to the present in-

vention is a~plied; 

FIGS. 2 (a) through 2 (d) are diagrams -illustrativ·e 

of the manner in which the ultrasonic vibrating appara~u~ op-

erates; 

FIGS. 3·(a} through 3 (c) are diagrams illustrative 

of the manner in which the ultrasonic vibrating apparatus op-
......... 

erates; 

FIGS. 4(a) and 4(b) are diagrams illustrative of 

the manner in which the.ultrasonic vibrating apparatus· oper-
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ates; 

FIG. S{a) is a plan view of an aluminum foil which 

was eroded when an ultrasonic vibrator of the ultrasonic vi-

brating apparatus shown in FIG. 1 is energized at a certain 

frequency; 

FIG. S{b} is a plan view of an aluminum foil which 

was eroded when the ultrasonic vibrator of the ultrasonic vi-

brating apparatus shown in FIG. 1 is energized at another 

certain frequency; and 

FIG. 6 is a diagram of another example of signals 

applied to the ultrasonic vibrator. - .. -

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

As shown in FIG. 1, an ultrasonic vibrating appara-

tus to which a method according to the present invention is 

applied includes an ultrasonic vibrator 1 having a single 

natural frequency, which is of 25 kHz in the embodiment shown 

in FIG. 1, and an ultrasonic oscillating circuit 2 for oscil-. 
lating the ultrasonic vibrator l. The ultrasonic vibrator 1 

is of the Langevin type, for example, having a single piezo-.. . 
electric element (not shown}. The ultrasonic v~brator_J is 

fixedly mounted on the bottom of a cleaning tank 3·with a·vi-
brating surface la held in contact with a cleaning solution 4 

contained in the cleaning tank 3. 

The ultrasonic oscillating circu:!,t 2, which consti­

tutes a central portion o"f. the ultrasonic vibrating appara­

tus, includes a reference signal oscillator 5 for generating 

a reference signal (rectangular-wave signal) having a high 
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frequency, e.g., of several hundreds kHz, a plurality of 

(three in the illustrated embodime~t) frequ~ncy dividers 6, 

7, 8 for frequency-dividing the refere~ce signal generated by 
. . 

the reference signal oscillator 5, a switching circuit ~ fo~ 

switching and outp~tting output signals from _the ~requency 

dividers 6, 7, 8 in a time-...series· fashion( an amplifier 10 

for amplifying an output signal f~om the switching circuit 9 

and applying the amplified signal to the ultrasonic vibrator 

1, an output control circuit 11 for adjusting the gain of the 

amplifier 10 depending on the frequency of the output signal 

from the switching circuit 9, and a frequency adjustin9~cir-.. ' . ·:· ... 

cuit 12 for effecting fine adjustment on the frequency·· of the 

signal generated by the reference signal oscillator 5 depend-
·~ . . 

ing on an output· current from the amplifier 10, i.e., the .1 

current supplied to the ultrasonic vibra~or 1. 
:: . ~ 

The frequency dividers 6, 7; 8 generate respective 

oscillating signals a, b, c (see FIGS. 2(a) - 2(d)} having 

different frequencies _f1 1 fi_, fJ, respe.ctively, from the ref­

erence signal generated by the reference signal oscillator 5, 
·:-.. • . . . 

each of the frequencies f1, f2, f3 being an integral mult1ple .-·· .. 
(including l times) of the natural frequency of the ulttas:::nic vibrator ~· For 

example, the frequency divider 6 frequen.cy-divides the refer­

ence sign~l generated by the reference signal oscillator 5 

into the oscillat~d ~e~tangular-wave sign~! a (see FIG. 2(a)) 
. ··-·- . . . 

which has the same frequency fi (f1 - 25 kHz) as th~ natural 

frequency of the ultrason.ic vibrator 1. · .The frequency d_;--. 
viders 7, 8 frequency-divide the reference signal generated 
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_by the reference signal oscillator 5 into the oscilladng 

rectangular-wave signals b, c (see FIGS. 2{b) and 2(c)) which 

have the respective frequencies f2, fJ {f2 = .. 75 kHz, fJ = 125 

kHz) that are three and five times, res.pectively, the na.tural 

frequency of the ultrasonic vibrator 1. The oscillating sig­

nals a, b, c generated by the respective frequency dividers 

6, 7, 8 are held in synchronism with each other. 

The switching circuit 9 repeatedly outputs the os-

cillating signals a, b, c generated by the respective fre~ 

quency dividers 6, 7, 8 successively over respective periods 

of time, thereby generating a composite signal d (see F.'I!J:~ -

2 (d)) for energizing the ultrasonic vibrator 1. ·More specif­

ically, the switching circuit 9 first outputs the oscillating 

signal a for a period of time t1 that is an integral multiple 

of the period of the oscillating signal a from an initial 

positive-going edge. Thereafter, the switching circuit 9 

outputs the oscillating signal b for a period of time tz that 

is an integral multiple of the period of the oscillating sig­

nal b, and then output~ the oscillating signal c for a period 

of time tJ that is an integral multiple of the _period gf ~pe 

oscillating signal c. The switching· circuit 9 suasequently 

repeatedly outputs the oscillating signals a, b, c succes-

sively, thus generating the composite signal d. Therefore, 

the composite signal d generated by the sw~tching circuit 9 
··- ..... 

is composed of a time series of oscillating signals a, b, c 
..... 

for respective periods of times ti, t2, tg within--each period -. 
(= t1 + t2 + tJ) thereof. Since the periods of times ti, tz, 
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tJ for which the oscillating signals a, b, c are outputted 

canprise an ,integral number of periods of the oscillating -signals a, b, c, re­

spectively, these oscillating signals ~, b, c have positive­

going edges occurring where· they switch from one to a.notQ.er. 

The periods of times t1, t2, tJ for whicb the os-

cillating signals a, b, c are outputted can be varied. 

Specifically, the switching circuit 9 has a plurality of 

variable resistors 13, 14, 15 (see FIG. 1) for establishing 

the periods of times t1, t2, tJ for the respective oscillating 

signals a, b, c. The periods of times t1, t2, t~ can be set 

to desired values by varying the resistances of 'the variable 

resistors 13, 14, 15 through respective control knobs (not 
.. -.. 

shown). It is possible to set the periods of ·times t 1, .t2 , t 3 

to "0". When the periods of times t1, t2, tJ are set to "0", 

the oscillating signals a, ,P, care not- outputted.from the 

switching circuit 9. 

In this embodiment, the periods of times t1, t2, tJ 

are set to relatively short periods of time, e.g., 1 second, 

0.5 second, and 0~25 second, respectively. 

Operation of the ultrasonic vibrating· apparatus·-· 
........ 

will be described below. 

The composite signal d outputted from the switching 

circuit 9 is amp.lified by the amplifier 10 and then applied· 

to the ultrasonic vibrator 1. Inasmuch ,15 the canposite signal 
·•···· .. 

d is composed of a time series of oscillating signals a, b; c 
. . . 

of different frequencies for respective pe~iods of times 

(also referred to as "output periods") t1, t2, tJ within each 
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·period thereof, as described above, the ultrasonic vibrator 1 

is oscillated successively at the frequencies of the oscil-

lating signals a, b, c, and such successive-oscillation at 

the frequencies of the oscillating signals a, b, c is re-

peated in the periods of the composite signal d. Because the 

frequencies of the oscillating signals a, b, c are integral 

multiples of the natural frequency of the ultrasonic vibrator 

l and the oscillating signals a, b, c are successively out-

putted as a time series for the respective output periods t1, 

ti, tJ ·composed of unit periods of the oscillating signals a, 

b, c, thus generating the periodic signal d, the ultrason·ic 

vibrator 1 can smoothly be oscillated at the successive fre-

quencies of the oscillating signals a, b, c. Accordingly, as 

shown in FIGS. 3(a) through 3(c), the ultrasonic vibrator 1 

repeatedly radiates ultrasonic energies e, f, g having dif-

ferent frequencies into the cleaning solution 4 at relatively 

short periods. 

FIGS. 3(a) through 3(c} illustrate the ultrasonic 

energies e, f, g, respectively, which correspond to ~h~ os­

cillating signals a, b, c whose frequencies fi,· f2, f3 -a.re- 25 
. . 

kHz, 75 kHz, and 125 kHz. The frequencies of the ultr~s9nic 

energies e, f, g are the same as the respective frequencies. 

of the oscillating signals a, b, c. The ultrasonic energies 

e, f, g have respective wavelengths A1, A2i'A3. Cavitations 
. -·- .. 

are intensively produced in the cleaning solution 4 at depths 
. 

indicated by the broken lines shown in FIGS. 3(a) through 

3 (c) which correspond to the wave.lengths A.11 Ai, AJ. 
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As the wavelengths A1, A2, A3 of the ultrasonic en­

ergies e, f, g, respectively, which corresp~nd to the oscil-

lating signals a, b, c differ from each other, the depths at 

·which the cavitations are produced by these ultrasonic-ener~ 

gies e, f, g also differ from each other. With the output 

.periods t1, t2, tJ being relatively short, the cavitations 

which ~orrespo1:1d to the ultrasonic energies e, f, g are re­

peatedly produced·at short intervals of time. Consequently, 

on the basis of a period of time that is sufficiently longer 

than the output periods t1, t2, tJ, the cavitations gen~rated 
- :;. .. 

in the cleaning solution 4 are distributed relatively uni:.:. . . . 

formly therein. Thus, when workpieces (not shown) are im-

mersed in the cleanirtg_soltition while the ulttasonic energies 

e, f, g a;_.·e being radiated therein, cavitat~ons act on vari- _.:, 

ous locations on the workpieces, effectively cleaning and de-

burring the workpieces. If an ultrasonic energy having a 

fixed frequency were radiated into the cleaning solution for 

a relatively long period of time, then air bubbles would be 

attached to the surfaces of the workpieces immersed in· the 

cleaning solution, tending to prevent the workpieces from-be-- ...... 
•. 

ing cleaned. According to the present invention, however, 

the ult~asonic frequency is periodically varied to prevent 

air bubbles from remaining attached to the surfaces of the 

workpieces. Therefore, the workpieces can-be cleaned highly ......... . . . 

effectively. 

In the above ultrasonic cleani~g apparatus, it ~s 

possible to vary the output periods t1, t2, tJ of the oscil-
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.lating signals a, b, c for radiating the ultrasonic energies 

e, f, g having different frequencies. · 

More specifically, the higher the .ultrasonic fre­

quency, the greater the cavitation .effect becomes. For·exam­

ple, when relatively fragile workpieces are to be cleaned, it 

is preferable to employ an ultrasonic energy having a higher 

frequency in order to prevent the workpieces from being dam­

aged. Therefore, to clean fragile workpieces with the ultra­

sonic cleaning apparatus, the output period ti of the oscil­

lating signal a having the lowest frequency is sufficiently 

Shortened Or reduced to 11 0" I and the Other UltraSOOiC ene"j; . ..: 

gies are radiated to clean the workpieces. while avoiding dam­

age to the workpieces. 

Conversely, when workpieces are to be cleaned for a 

greater cleaning effect, the output periods t1, t2 of the os­

cillating signals a, b having the lowest and second lowest 

frequencies are set to relatively long values. In this man­

ner, the workpieces can be cleaned effectively. 

In this embodiment, the oscillating signals a, b, c 

for energizing the ultrasonic vibrator l and hence the-com­

posite signal dare rectangular-wave.signals. Consequ~n~ly, 

the ultrasonic vibrator 1 can be oscillated by the oscillat­

ing signals a, b, c with a smooth response, so that the ul­

trasonic vibrator 1 can stably be oscillate.§l by the.oscillat­

ing signals a, b, c. Use of the rectangula.r-wave signals 

permits the ultrasonic vibrating apparatus to be compara­

tively simple in circuit arrangement. 
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.. 
The output control circuit 11 {see FIG. 1) adjusts 

the gain (amplification factor) of the ampl~fier 10 depending 

on the frequencies of the oscillating signals a, b, c succes-

sively outputted from the switching. circuit 9, as follows: 

Generally, the higher the frequency of the signal ~pplied to 

the ultrasonic vibrator 1, the larger the current flowing 

into the ultrasonic:vibrator 1 and the amplifier 10. If an 

excessive current flowed into the ultrasonic vibrator 1 and 

the amplifier 10, then they would be liable to be damaged'. 
. . . 

According to this embodiment, the output control circuit 11 
- ..... 

reduces the gain of the amplifier 10 to a lower level as~·the 

frequency of the oscillating signal fro~·the switching cir-

cuit 10 goes higher, for thereby preventing an exc::essiv~ cur­

rent from flowi~g into the. tiltr~soriic ~ibrator- 1 and the am­

plifier· 10 arid- hence prot~c_ting them from· damage .. 

When the oscillating signals a, b, . c supplied to 

the ampiifier 10 switch from one t~-another, the output con­

trol circuit 11 lowers the gain of the amplifier 10 to ap­

proximately "0", and thereafter gradually· increases t!'le ga·in 

of the amplifier 10 to. amplification fact.grs commensur~te·_.:_· 
. ~ ····. . . 

with the respective frequencies of t:he oscillating signals a, 

b, c·. Specifically, if the gain of the amplifier 10 were of 

a constant level corresponding to the freqUency of one of the 

oscillating signals a,· b, c from the time o's-cillati.ng signals 

a, b, c switch from.one to another, then since the frequency 

of the signal applied to the ultrasonic v·ibr'ato~ 1 would be 

abruptly varied, the oscillation of the ultrasonic vibrator 1 
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.would be abruptly disturbed, tending to cause noise. 

According to the present invention, the gain of the amplifier 

10 is reduced to "0" when the oscillating signals a, b, c 

switch from one to another, as described above. 

Consequently, right after the oscillating signals a, b, c 

switch from one to another, the level of the signal applied 

to the ultrasonic vibrator 1 gradually increases from a low 

level, permitting the ultrasonic vibrator 1 to start oscil-

lating smoothly at the frequencies of the oscillating signals 

a, b, c. 

In addition, the frequency adjusting circuit.- l2 -

(see FIG. 1) effects fine adjustment on the oscillating fre­

quency (frequency of the reference signal) of the reference 

signal oscillator 5 depending on the current supplied from 

the amplifier 10 to the ultrasonic vibrator 1. More specifi-

cally, when the ultrasonic vibrator 1 oscillates, the natural 

frequency thereof generally varies slightly due to the heat 

thereof. If the frequencies of the oscillating signals a, b, 

c were fixed at all ti~es, therefore, the current flowing .. 
into the ultrasonic vibrator 1 would be.-varied, causi~ the 

ultrasonic vibrator 1 to output unstable ultrasonic energies. 

According to this embodiment, the oscillating frequency of 

the reference signal oscillator 5 is finely adjusted by the 

frequency adjusting circuit 12 so as to maintain the current 

flowing into the ultrasonic vibrator 1 at an optimum level 
-for thereby equalizing the frequencies OD the oscillating 

signals a, b, c with integral multiples of the actual·natural 
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frequency of ~he ult~~sonic vibrator 1. In such a fine ad-

justment process, the oscillating frequency of the. reference 

signal oscillator 5 is varied across its rated frequency at 

suitable time intervals.until ari o~cilla~ing f~equency ls de­

tected at which the ~urrent ~upplied to the ultrasonic vibra­

tor 1 is of a predetermined· optimum level,· e.g., a maximum 

level. The frequency adju.stment may be made depending on the 

sound pressure of the ultrasonic energy that is radiated from 

the ultrasonic vibrator 1 into the cl~ani~g soiution. 

In the illustrated eEnbodiment, the oscillatihg sig­

nals a, b, c are successively switched and outputted· for~:·the 
. . 

respective output periods t1, t2, tJ by the s~itching circuit 

9. However, as shown irt FIG. 6, quiescent periods t4 may be 
. . 

inserted between the output ~eriods t1;· t2, tJ.O~ th~ oscil-

l~ting signals ~, b, c, and the oscillating signals a, b, c 

spaced by the quiescent periods t4 may' ·be amplifi.ed and out­

putted to the ultrasonic vibrator 1. At this time, the ul­

trasonic vibrator 1 radiates ultrasonic'ertergies having the 

frequencies of the oscillating signais a, 'b, c :intermi~tently 

for the respective ·output periods· t1, t2, tJ. ·In this -t:ase, 

cavitations are also produced at dif.ferent depths· corr~spond­

ing to the frequencies of the oscillating signais a, b, c in 

the cleaning solution 4. ''i'he cavitations_thus produced are 

thus distributed relatively uniformly in thl! cleaning solu-
........ 

tion 4. 

While the oscillating signals a,. b, c are periodi­

cally supplied in the named order to the u'itrasonic vibrator 
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-1 to oscillate the ultrasonic vibrator 1 in the illustrated 

embodiment, the oscillating signals a, b, c may be applied in 

any optional or random order to the ultrasonic vibrator 1. 

In the above ultrasonic cleaning apparatus, t"he 

frequencies of the oscillating signals a, b, c may basically 

be integral multiples of the natural frequency of the ultra-

sonic vibrator 1. More preferably, the frequencies of the 

oscillating signals a, b, c should be multiples by odd num-

bers of the natural frequency of the ultrasonic vibrator ~. 

The reasons for the odd multiples of the 

natural frequency of the ultrasonic vibrator 1 will be ·~:i"e·-· 

scribed below with reference to FIGS. 4(a) and 4(b). 

FIG. 4(a) illustrates the waveforms of the ultra-

sonic energies e, f that are produced in the cleaning solu-

tion 4 by the respective oscillating signals a, b when the 

frequencies of the oscillating signals a, b are 25 kHz (the 

natural frequency of the ultrasonic vibrator 1} and 50 kHz 

{twice the natural frequency of the ultrasonic vibrator 1) . 

The horizontal axis of .the graph shown in FIG. 4(a) r~~re­

sents the depth in the cleaning solution .4-, whereas th~ ve·r­

tical axis represents the amplitude of the ultraso"nic ~n~r­

gies e, r. It is assumed in FIG. 4(a} that the waveforms of 

the ultrasonic energies e, f have overlapping-crests at a 

depth Do. 

As can be seen from FIG. 4(a), where the frequency 

of the oscillating signal b is twice (a multiple by an even -. 
number of) the natural frequency of the ultrasonic vibrator 

- 20 -
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1, then crests of the waveform of the ultrasonic energy e and 

valleys of the waveform of the ultrasonic energy f overlap 

each other at depths 01, 02 1 for e.xample. Therefore, a: corn-

posite waveform x composed of a combination of the waveforms 

of the ultrasonic e_n~rgies e, f is asymmetrical wfth respect 

to the horizontal axis at the c;ent:er. of the arnplit~de. · This 

indicates that a distribution of cavitati9ns that are pro-

duced by the combination of .the ultrasonic energies e, f is 

apt to become non-unifoi:m. A. similar asymmetrical_. composit-e 

waveform will be produc::ed if the frequenpy of .the oscill.a.ting 
"!",.. .... 

signal c is 10.0 kHz, which is four times the natural fre;... 

quency of the ultrasonic vibrator 1. 

FIG. 4(b) illustrate~ the wavefo~m$ of ~he.ultra-

sonic energies e, f that are produced in the cleaning solu-

tion 4 by the respective oscillating s_ignals a, b when the 

frequencies of the oscillating signals a, b ~re 25 kHz (the 

natural frequency of the ultrasonic vibrator 1) and 75 kHz 

(three times the natural frequency. of the ultrasonic vibrator 

·_, 

\ ' I . . , 

.. ··v 

1) . The horizontal axis of ·the graph s_hown in FIG. 4_~1:» .rep- {'--' 

resents the depth in the cleaning solution 4, whereas th~·· 

vertical axis represents the amplitude 9f the ultrasonic en­

ergies e, f. It is assumed in fIG. 4(b) that the waveforms 

of the ultrasonic energies 

depth Do. 

e, f have overlapping crests at a _, 

As can be seen from FIG. 4(b), where the frequency 

of the oscillating signal b is three times (a multipl~ by an ·· 

odd number of) the natural frequency of the ultrasonic vibra-
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tor 1, then crests of the waveform of the ultrasonic energy e 

and crests of the ~~veform of the ultrasoniy energy f overlap 

each other. Therefore, a composite waveform y composed of a 

combination of the waveforms of the ultrasonic energies·e, f 

is symmetrical with respect to the hori~ontal axis at the 

center of the amplitude. This indicates that a dist~ibution 

of cavitations that are produced by the combination of the 

ultrasonic energies e, f is apt to become uniform. A similar 

symmetrical composite waveform will be produced if the fre-

quency of the oscillating signal c is 125 kHz, which i~ five 

times the natural frequency of the ultrasonic vibrator· 1·~­

In view of the above analysis with reference to 

FIGS. 4(a) and 4(b), the frequencies of the oscil~ating sig-

nals a, b, c should preferably be multiples by odd numbers of · .. 

the natural frequency of the ultrasonic vibrator l. 

While three oscillating. signals a, b, c having dif-

ferent frequencies are employed in the above embodiment, more 

oscillating signals having different frequencies may be em-

ployed .to radiate corresponding ultrasonic energies into the 
-· 

cleaning solution. 

Actual cavitation effects that occurred when sig-

nals having frequencies which are integral multiples of the 

natural frequency of the ultrasonic vibrator 1 were applied 

to the ultrasonic vibrator 1 will be descrlbed below with ... ~ . . 

reference to FIGS. S(a) and S(b). 

The inventors conducted an experiment in which.alu~ 

minum foils having a thickness of 7 µrn were vertically im-
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mersed in the cleaning solution 4, and rectangular-wave sig-

nals having· frequencies of 25 kHz and 50 kHz, which are equal 

to and twice the natural frequency of the ultrasonic vibrator 

1, were separately applied to the ultrasonic vibrator ~~ and 

observed erosions developed on the aluminum foils: .· In the 

experiment, the cleaning solution 4 was water and was deaerated until the 

solution 4 had a dissolved oxygen content of.S.O ppn, kept at a temperature 

I • 

· of 24 °C, and had a depth of 232 rnn. ~ eroded a::nlitims of the aluniniun fi:>ils -

are shown in FIGS. S(a). and S(b), respectively. 

In FIGS. S(a) and S(b), hatched-regions A show 

holes produced in the aluminum foils, and stippled regic»n:s -B ·· 

show eros i,ons that were. developed to a. certain extent in the 

aluminum foils. These eroded regions A, B indicate that cav-

itations are produced in the cleaning solution 4. at corre-

spending depths therein. 

As shown in FIG. S(a), when the ultrasonic vibrator 

1 was energized at the same fr!=!quency, (25 kfiz) as the natural 
'• 

frequency thereof, the eroded regions A, B appeared at depths 

that are spaced by substant,iallybalf a wavelength. The ob-

... 

·~ 

servation indicates· that cavitations are inten$ively produced· ~ 
at the depths that are spaced by ' substantially half a wave­

length. 

As shown in .FIG. S(b), when the ultrasonic vibrator 

1 was energized at a. frequency (50 kHz) wh.R:h is twice the 

natural frequency thereof, the eroded .regions A, B also ap-

peared at depths that are spa.ced by substantially half a 
. ·:.· ... 

wavelength, indicating t~at· cavitations are intensive!~ pro-
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duced at the depths that are spaced by substantially half a 

wavelength. The e~eent of the erosions is ~lightly smaller 

than the extent of the erosions that w~re developed when the 

ultrasonic vibrator·1 was energized at 25 kHz. However,-

since erosions that were strong enough to form hol-es in the 

aluminum foil are observed, it can be seen that cavitations 

with a sufficient cleaning effect were produced. when the ul­

trasonic vibrator l was energized at SO kHz. The wavelength 

of the ultrasonic energy generated when the ultrasonic vibra-

tor 1 was energized at SO kHz was half the wavelength Qf the 
. ~-·· 

ultrasonic energy generated when the ultrasonic vibrator 1 

was energized at 25 kHz. Accordingly, the interval between 

the depths at which intensive cavitations were produced when 

the ultrasonic vibrator 1 was energized at SO kHz is substan-~ 

tially half that when the ultrasonic vibrator 1 was energized 

at 25 kHz, indicating that the cavitations appeared at closer 

depths in the cleaning solution. 

Therefore, even when the ultrasonic vibrator 1 is 

energized at a frequency that is twice the natural frequency .. 
. . -· 

of the ultrasonic vibrator 1, it is possible to produce sµt-

f icient cavitations required to clean workpieces immersed in 

the cleaning solution, and also to produce cavitations at 

depths different from those when the ultrasonic vibrator 1 is 

energized at its natural ____ ~_requency .. 

It thus follows that, as described above with re-
. 

spect to the illustrated embodiment, when the ultrasonic ~i--·. 
brator 1 is energized by a composite signal having a time se-
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"ries of different frequencies that are integral multiples of 

the natural frequency of the ultrasonic vib~ator 1, cavita-
. . 

tions can be produced in a relatively uniform distribution in 

the cl~aning solution for"a large cleaning effect on th~ 

workpieces immersed in· ttie cleaning solution. 

Although certain. prefe~red:embodiments of the pre­

sent invention have bee.n shown and described in detail, it 

should be understood.that various changes and modifications 

may be made therein without departing f.ro.m the scope of the 

invention which is ~efined by the appended_~laims. 
-

·:-.... ~ .. 

-· 
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Claims 

1. 'A) A method of oscillating an ultrasonic 

vibratort'having a single natural freq~ency for radiating 

:::r:::::c0:~ergy into a cleaning solutio~)comp~ising 

{a} generating a plurality of oscillating signals 

having respective different frequencies which are 

integral multiples of the natural frequency of the 

ultrasonic vibrator; 

(b) switching between and outputting said 

oscillating signals for respective periods of time.: -
• "P,. ••• 

thereby to generate a composite signal which is composed 

of a time series of said oscillating signals; and 

(c) applying said composite signal as· a drive 

signal to oscillate the ultrasonic vibrator. 

2. A method according to claim 1, wherein said 

step (b} comprises the step o~ outputting said 

oscillating signals consecutively for said respective 

periods of time. --

3. A method according to claim l, wherein said 

step {b) comprises the steps of outputting one of said 

oscillating signals, and then after ~lapse of a 

predetermined quiesc·ent period, outputting a next one of 

said oscillating signals. 
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4. A method according to claim 2, wherein each of 

said respective periods of time is composed of an 

integral number of periods of the res~rective oscillating 

signal. 

5. A method according to anypreceding claim, 

wherein said step (b) comprises the step of varying said 

respective periods of time for the respective 

oscillating signals. 

6. A method according to any preceding claim, - ...... 
9?' .. ·•· 

wherein said step (c) comprises the step of applying a 

rectangular-wave signal having the same frequency as 

said composite signal to the ultrasonic _vibrator to 

oscillate the ultrasonic vibrator. 

7. A method according to any preceding claim, 

wherein said frequencies of the oscillating signals are 

odd multiples of the natural frequency of the ultrasonic 

vibrator. 
-· .. .,.• 

8. A method according to any preceding clafm, 

wherein said s~ep (c) ·comprises the steps of amplifying 

said composite signal, controlling ari amplifi.cation _, 

factor for said ~omposite-signal depending on the 

frequencies of said oscillating signals, and applying 

the amplified composite signal to the ultrasontc 

vibrator to oscillate the ultrasonic vibrator, and 
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wherein said step of controlling an amplification factor 

for said composite signal comprises the step of reducing 

the amplification factor as the frequencies ·of said 

oscillating signals are higher. 

9. A method according to any preceding claim, 

wherein said step (c)comprises the steps of amplifying 

said composite signal, lowering an amplification factor 

for said composite signal when the oscillating signals 

switch from one to another, and thereafter progressively 

increasing the amplification factor to a predeterm~~ed 
~.,. 

level. 

10. A method according to any preceding c·laim, 

wherein said step (a) comprises the steps of generating 

a reference signal having a single frequency which is 

substantially an integral multiple of the natural 

frequency of the ultrasonic vibrator, adjusting the 

frequency of said reference signal depending on the 

level of a current supplied to the ultrasonic vibr~tor 
-· 

in order to equalize the frequency of said reference 

signal with the integral multiple of the natural 

frequency of the ultrasonic.vibrator, and frequency-

dividing said reference signal whose frequen9y has been _, 
adjusted to produce ·said oscillating signals. 

-·:.. 
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