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6 Claims 

ABSTRACT OF THE DISCLOSURE 

A method of obtaining low frequency resonance of a 
piezoelectric crystal physically small in all dimensions. 
The crystal is excited by one or more frequencies, and at 
least one of those is determined according to either one 
or a family of secondary fundamental modes or reso— 
nances, found to occur in a crystal of this type. Excitation 
is at a frequency or frequencies at least one of which 
either corresponds to a secondary fundamental mode or 
modes, or alternatively, occurs in a family of such modes. 
In the latter event, the crystal resonates in a plurality of 
modes alternatively. The crystal may be either a natural 
(cg. quartz) or a manufactured polycrystalline material, 
such as a ceramic. 

CROSS REFERENCE TO RELATED APPLICATION 

The present application is a continuation-in-part of my 
copending application Ser. No. 467,319 ?led June 28, 
1965 now Patent No. 3,371,233’. 

BACKGROUND OF THE INVENTION 

Field of the invention 

This invention pertains in general to the art of ultra= 
sonics, in particular the art of applying an electrical ?eld 
across a transducer or piezoelectric crystal associated with 
a cleaning tank, to translate the electrical ?eld into wave 
energy transmitted through a cleaning liquid con?ned 
within the tank. The invention may thus be appropriately 
considered as relating to a system or method of resonate 
ing a piezoelectric device to obtain mechanical response 
thereof at one or more desired resonant frequencies. 

Description of the prior art 

_ In the ?eld of Ultrasonics, there are numerous applica= ' 
tions involving the application of electrical wave energy 
to a crystal to resonate the crystal. For example, in ultra 
sonic cleaning one or more transducers (crystals) may 
be attached directly to the tank in which the article to 
be cleaned is immersed. The e?iciency of the cleaning 
action depends largely on the range of frequencies in 
which the crystals are resonant, that is, the wider the 
band of frequencies, and the greater the number of the 
frequencies occurring in the said band, the more efficient 
the cleaning action. This is due to the fact that a typical 
article to be cleaned has parts, elements, or components 
differing widely in size and shape. In addition, said article 
will typically have openings, crevices, or cavities that are 
also widely variant in respect to con?guration or size. 
An element or crevice of the article to be cleaned is 

most effectively purged of foreign particles by wave en“ 
ergy occurring within a particular range of frequencies. 
As a rule of thumb, and at the risk of oversimplifying 
the description of the typical ultrasonic cleaning action, 
it may be said that loosening of foreign particles and cone 
taminates of small crevices or areas is brought about 
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range. Larger, more open areas, conversely, are cleaned 
with particular effectiveness by low frequency energy. 

Considering the wide variations in the sizes and shapes 
of areas to be cleaned, it is obvious that the greater the 
range of frequencies and the more frequencies that are 
applied within said range, the more effective will be the 
cleaning action. The problem, however, is that there is-a 

relationship of frequency to crystal dimension, such that at least one dimension of a crystal must increase proporij 

tionately to lowering of the frequency at which the crystal 
is to be resonant. ’ 

Such increases in the crystal dimensions are undesirable 
on two counts. First, the increase in a crystal dimension 
may result in the crystal taking up an excessive amount 
of space in the ultrasonic cleaning equipment, especially 
upon the tank surface. And, secondly, any increase of a 
crystal dimension is accompanied by a substantial in“ 
crease in the cost of the crystal. 

Efforts have heretofore been made to solve this prob“ 
lem, as for example as shown in Mettler Patent No. 
3,180,626 issued Apr. 27, 1965. That patent, however, 
provides only a partial solution to the problem, in that 
while teaching the vibration of thin crystals at low fre“ 
quencies, the patent obtains this result only while keep= 
ing the crystal large in some other dimension thereof, 
as for example the diameter, or (if the crystal is non-cir-= 
cular), the length thereof° 

SUMMARY 

To overcome the problems noted above, I use a crystal 
that is small in every dimension thereof, and excite it at 
one or more frequencies, at least one of which drives the 
crystal at a secondary ‘fundamental mode in which I have 
determined said crystals to be resonant, or alternatively, 
at a point intermediate a pair of secondary fundamental 
modes in which the crystal is found resonant. In either 
case, the selected secondary fundamental modes do not 
have the direct correspondence (heretofore thought es» 
sential) to one or more dimensions of the crystal. 
While the invention could be used to obtain ‘high fre 

quency vibrations within the cleaning tank, its main value 
lies in its capability of producing vibratory energy of a 
low frequency, as for example 25 to 35 kHz., despite the 
fact that the crystal used is not only thin, but also is very 
small in all other dimensions thereof. Economies are thus 
realized that heretofore have not been thought capable 
of being achieved, since the smaller crystals are far less 
.expensive than those at least one dimension of which is 
large. vIt is thus possible, in accordance with the invention, 
to utilize a small crystal in the application of one or more 
frequencies (which can be applied simultaneously) for 
energizing the mentioned secondary fundamental modes 
for obtaining high acoustical output at low frequencies. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURE 1 is a somewhat diagrammatic perspective 

view of an ultrasonic cleaning tank as seen from below, 
illustrating the invention; 
FIGURE 2 is a somewhat diagrammatic perspective 

view showing the application of the invention to a rose 
tangular crystal; and 
FIGURE 3 is a view similar to FIGURE 2 showing a 

prior art crystal that would be required to obtain a fre 
quency of a value approximately equivalent to that ob 
tained with the crystal shown in FIGURE 2. 

DESCRIPTION OF THE PREFERRED 
' EMBODIMENTS 

The invention may have general application in the ?eld 
of ultrasonics. Purely by way of example, I have shown 
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it applied to an ultrasonic cleaning tank 10 holding a 
cleaning liquid 12. Attached to the bottom of the tank 
is a transducer or crystal 14. The location at which the 
crystal is attached is not critical. The crystal (there could 
be more than one) could ‘be at the bottom or at the side 
of the tank. Also, it might merely be removably immersed 
in the tank, rather than af?xed thereto. 

At 16, I have diagrammatically illustrated an ultrasonic 
frequency ‘generator having leads 18, 20 connected to 
crystal 14. The generator circuitry need not be specially 
designed, and could typically be either a half-Wave or full 
wave generator, having an oscillating circuit and tank 
coil. The frequency or frequencies of the oscillating cir“ 
cuit would be determined by the capacitance of the 
transducer and the inductance of the tank coil. 

In FIGURE 1, crystal '14 is physically of small dimen 
sion both in thickness and diameter. Frequency F1 may be 
considered as a main frequency or mode, and has a cor 
respondence with the thickness dimension. There is also 
another main frequency F2, corresponding to the diam 
eter. 
As brought out in detail in my copending application 

Ser. No. 467,319, and also in the Mettler Patent No. 
3,180,626, the resonant frequency of the crystal is in in 
verse ratio to particular dimensions of the crystal. For 
example, as brought out in the Mettler ‘patent, mechanical 
vibrations on the order of 25 kHz. would require a 
crystal dimension of approximately 4 inches. For a res 
onant frequency of 90 kHz., however, a crystal dimension 
of about 1 inch would be required. Low frequency res 
onance' of the crystal is very desirable in devices of this 
type, it may be observed, in view of the particular aldapta= 
bility for vibrations on this order to remove large, soft 
particles. Yet, the problem facing the manufacturers of 
ultrasonic cleaning equipment can be readily appreciated, 
when it is recognized that the cost of a crystal increases 
greatly with an increase in its size, and when it is further 
recognized that the cost of the high frequency generator 
arises along with the cost of the crystal, in view of the 
fact that the greater is the crystal dimension correspond 
ing to the frequency applied, the greater must the elec~ 
trical potential of the generator circuit be. 

It has heretofore been considered that even in solutions 
to the problems such as have been offered in the above 
referred to patent, at least one dimension of the crystal 
must remain large. 

In accordance with the present invention, however, low 
resonant frequencies have been obtained in the crystal, 
using basically conventional generator circuits (that is, 
circuits in which the potential has not had to be in 
creased), in association with crystals all dimensions of. 
which are small. 
The invention makes use of what may be termed sec~ 

ondary fundamental vibratory modes or frequencies in the 
transducer, the existence of which has been in Goa 
pending application Ser. No. 467,319. The term “sec” 
ondary fundamental modes” ‘as used herein refers to 
resonances that do not have the direct correspondence 
with any crystal dimension equal to a half wave length. 
Any frequency, the wave length of which does have this 
particular relationship to one of the crystal dimensions, 
would be considered as a main frequency and heretofore 
it has been the common practice to apply such a fre 
quency to the crystal for the purpose of creating the de 
sired mechanical vibrations therein. lEven in the Mettler 
patent referred to, the applied frequency has the above“ 
speci?ed correspondence with one of the crystal dimen 
sions. 

In any event, the further observation is made that the 
secondary fundamental modes are not predictable in the 
manner in which the art commonly determines modes or 
frequencies of vibratory crystal action, that is, by knowing 
the velocity of propagation of the wave within the crystal. 
Rather, the secondary fundamental modes seem to be idea 
pendent upon the crystalline structure and other subtle 
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4 
parameters of the crystal, although by no means is it 
considered that this de?nitely and completely determines 
the value of the secondary modes. 

Since the secondary fundamental modes or resonances 
cannot be mathematically computed or predicted in ad 
vance by reference to dimensions of the crystal, it be“ 
comes important to determine how, given a crystal of 
a particular size, one can determine what secondary funda 
mental modes exist therein. As to this, it has been found 
that assuming that a particular crystal is attached to a 
tank (as for example, a crystal as in FIGURE 1, the 
thickness and diameter of which are both small), one can 
shock-excite the crystal in the manner described in my 
copending application Ser. No. 467,319, and by doing so 
with a microphone placed in the tank one can detect the 
existence and value of those resonances capalble of being 
de?ned as secondary to the main frequencies. 

Or, other means can be used to ascertain the number 
and value of the secondary modes. For examples, one may 
drive the crystal in ‘the ambient atmosphere, free of com 
nections to a tank or other component. One would then 
drive the crystal by means of an impedance bridge, sweep= 
ing through a frequency range of 20 to 100 kHz., for ex 
ample. An oscilloscope across the crystal output would 
provide a reading, in that when the crystal resonates in 
a secondary fundamental mode, there would be a larger, 
detectable resonance. 

Once these resonances are known, it becomes possible 
to apply a selected frequency or frequencies, using a con 
ventional half-wave or full-wave generator. This is se 
lected to provide excitation of the crystal in regular use 
either at one of the secondary modes, or alternatively, at 
a point between two of the secondary modes. 

Let it be assumed that a circular transducer or crystal 
has a diameter of one and one-half inches, and a thickness 
of .150 inch. The diameter corresponds to 53kHz., while 
the thickness corresponds to 530 kHz. 
A crystal of these dimensions includes, in addition to 

the main frequencies corresponding to the dimensions set 
forth above, a second family of resonances (secondary 
fundamental modes) at 70 and 94 kHz., approximately, 
respectively. The crystal includes, further, a. third family 
of resonances (also considered secondary fundamental 
:modes) on the order of 25 and 35 kHz. respectively. 

In such a case, one would drive the crystal at either 25 
or 35 kHz., thereby obtaining low frequency resonance 
despite the fact that both dimensions are too small to 
obtain resonance at the speci?ed low frequencies follow= 
ing practices heretofore employed in the art. 

Basically, accordingly, the present invention encom~= 
passes ?rst, the discovery that there are secondary funda~ 
mental vibratory ‘modes in crystals; second, that although 
unpredictable, these modes can be found by detection 
through the use of appropriate instrumentation while ap» 
plying to a crystal a frequency or frequencies that cor= 
respond in conventional fashion to a dimension of the 
crystal; and third, the application, in ‘subsequent normal 
working use of the crystal, of a frequency or frequencies 
corresponding to one or more secondary resonances found 
in the crystal. 

Referring to FIGURE 1, the application of the inven 
tion can now be readily perceived, when it is noted that 
the thickness dimension of crystal 14 corresponds to fre 
quency F1, while the diameter of the crystal corresponds 
to frequency F2. Yet, the crystal is driven at a different 
frequency F3. Frequency F3 will be a frequency that 
is out of correspondence with any known frequency of the 
crystal, and instead corresponds with a secondary fundan 
mental mode or resonance the existence of which 
in crystal 14, has been ascertained in the manner 
previously described herein. By driving the crystal 
at frequency F3 during regular use of the ultra= 
sonic cleaning tank, one obtains the desired low fre 
quence resonance despite the fact that both the thick-1 
ness and diameter of the crystal are so small as to not 



ordinarily be capable of producing said low frequency 
resonance. ' ' 

The invention has equal adaptability in the ‘driving of 
crystals that are‘other than circular in form. For example, 
in FIGURE 2, crystal 22 is rectangular, and has a thick= 
ness, width, and length all of which are small. By way of 
example, it can‘ be considered that the greatest dimension 
of crystal-22> does not exceed _1 16 inches. _ 

Thus, ordinarily frequencies‘, F7, F8, and F9 would 
correspond to the thickness, width, and length, respective 

the crystal and would all be high frequencies. 
A generator '24, connected by leads 26," 28 to the 

crystal, is, nevertheless, adapted to drive the crystal at a 
low‘frequ‘ency xF6 not capable of being obtained in a 
crystal of small dimensions if ordinary, conventional prac» 
tices are followed. The frequency F6 is determined in the 
manner described above with respect to the circular crys-= 
tal, that is, by sensing the existence of secondary funda= 
mental modes in the crystal while driving the same either 
by shock excitation or by steady state excitation at a 
frequency or frequencies known in advance as adapted to 
produce resonance of the crystal. 
FIGURE 3 provides a view similar to FIGURE 2, but 

showing the prior art, thereby to permit a comparsion 
between the prior art and the invention. In FIGURE 3, 
generator 30 is connected by leads 32, 34 to a rectangular 
crystal 36, having a thickness, width, and length corre 

, sponding to frequencies F4, F5, and F6. The length is 
considerable in FIGURE 3, and for example, might be on 
the order of about 4 inches in order to produce a low 
frequency, F6, of 25 kHz. 

In these circumstances, generator 30 is required to drive 
the crystal at a frequency F6 in order to obtain low fre= 
quency vibration of the crystal. Yet, the crystal of FIG 
URE 2 is small in all its dimensions, while the crystal of 
FIGURE 3, though quite thin and narrow, must have a 
large longitudinal dimension. 
The present invention, it should be noted‘ at this point, 

goes beyond the basic principles thereof previously illus 
trated and described herein. It has been determined that 
by adjusting the‘ driving frequency of generator 16 or 24 
at a point lyingif'xsomewhat between the highest and lowest 
of a family of the secondary fundamental modes found in 
the manner previously described, it becomes possible to 
vibrate the crystals in such fashion that its frequency out 
pdt “jumps” or'alternates between the se'veral'modes of 
the family. Thus, assuming the presence of secondary 
fundamental mddes of 25 and 35 kHz. in a crystal, it be 
comes desirable? to excite the crystal under normal work-: 
ing conditions at a frequency of 30 kHz. By so doing, the 
crystal resonates at times at 25 kHz., and at other times 
at 35 kHz. The division of time that the crystal vibrates 
at one or the other of these modes cannot be accurately 

_ predicted, and it is also not possible to prediet whether, 
in a single cleaning cycle, resonance of the crystal will 
odour more at‘bne of these modes than at the other. As 
indicated, there may be more than two modes in the 
family. I 

This, however, is no disadvantage, because though the 
'- operation of the equipment may be lacking in symmetry 

as regards driving the crystal at the speci?ed low frequen 
cies, the fact is that the oscillation between the speci?ed 
two secondary fundamental modes is in fact predictable, 

' and will occur with suf?cient regularity during a single 
1 cleaning cycle to assure dislodging of particles of a size 
‘ and consistency best acted upon by both of the secondary 
frequencies between which oscillation occurs. 
One advantage of this characteristic resides in the ob‘ 

taining of a plurality of frequencies within the cleaning 
tank. Such advantages have been discussed'in detail in co 
pending application Ser. No. 467,319‘ referred to above. 
This improves the cleaning action measurably. 

There is, further, an insensitivity of the cavitation with 
in the cleaning bath to any changes in temperature or 
depth of the liquid, or in the number of parts placed 
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6 
within the liquid for cleaning. I-Ieretofore, an essential 
element in all ultrasonic cleaning systems has been an 
automatic feedback control, which in other words can be 
de?ned as a means of sensing changes in the temperature 
or level of the cleaning liquid, and for adjusting the driv= 
ing frequency'according to the intelligence so obtained. 
By drivingzthe crystal at a frequency falling between 

previously detected secondary fundamental modes, criti= 
cality of temperature or liquid level can be dispensed 
with,,_ thus in turn eliminating the necessity of an auto“ 
matic‘ feedback or frequency control. 
A further discussion of this aspect of the invention may 

be appropriate. When one drives a crystal at a frequency 
corresponding to a particular physical dimension of the 
crystal, as in the Mettler patent or in any of the conven= 
tional‘prior art practices, the precise frequency at which 
the crystal is driven must correspond exactly to the res» 
onance of the crystal. In this connection, the crystal res“ 
onance is known to change with each change of the liquid 
level and/or the liquid temperature. Such changes not 
only occur during and as a direct result of the cleaning of 
articles, but also, upon any changing of the particular type 
of liquid solution used. 

Accordingly, in order to maintain the cleaning action 
at high efficiency, it becomes necessary to at all times 
drive the crystal at the precise resonant frequency corre= 
spending to a crystal dimension, and as noted this changes 
and is dependent upon conditions within the cleaning 
tank. Hence the use of the feedback circuit, which detects 
such changes and which automatically changes the res0= 
nant output of the electronic generator to keep it in 
correspondence at all times with the true resonance of 
the crystal. 

In practicing the present invention, such controls are not 
required, because by driving the crystal at a point between 
two secondary fundamental modes, the crystal resonance 
alternates between the two secondary fundamental modes, 
without requirement of outside controls either of an auto— 
matic or of a manual nature, and hence the crystal oper‘= 
ates at all times at high efficiency. 
As previously noted, further, complex, specially de= 

signed generator circuitry is not required, and a typical 
circuit usable in the manner described above can com" 
prise either a half wave or a full wave generator with an 
oscillating circuit and tank coil. The frequency of the 
oscillating circuit is determined by the capacitance of the 
transducer or crystal, and the inductance of the tank coil° 
Since the capacitance of the crystal is at a ?xed, always 
constant value, the frequency of the tank coil is adjusted 
so as to fall between two of the secondary fundamental 
modes previously sensed in the particular crystal. When 
this is done one has the advantage of a system that always 
operates at peald e?iciency, regardless of the type of solu= 
tion used, the depth thereof, the temperature of the solu 
tion, or any other extraneous conditions. And, very im 
portantly, such results are achieved in a thin crystal 
that would also be small in its lateral dimensions. 

It should be noted that in use, a plurality of frequen= 
cies could be applied to the crystal, whether the inven 
tion is applied by selecting a frequency coincident with 
a secondary fundamental mode, or alternatively, by sea 
lecting a frequency occurring between secondary funda= 
mental modes. 

For example, one might drive a crystal at a plurality of 
main frequencies corresponding with various dimensions 
of the crystal; at a frequency selected to coincide with 
one secondary mode; and at yet another frequency coin 
cident‘ with another secondary mode. 

Or, one might drive only at a number of frequencies 
all of which coincide with secondary fundamental modes. 
Then again, one might drive the crystal at one or more 

main frequencies; one or more frequencies coincident with 
(that is, occurring at) corresponding secondary modes; 
and one or more frequencies each of which lies between 
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two or more secondary modes to alternate resonance of 
the crystal therebetween. 
A large variety of combinations of frequencies, main 

and secondary, or secondary alone, is thus possible. And, 
in every instance, the frequencies can be applied either 
simultaneously or not, whichever is desired. It is mainly 
important, so far as the present invention is concerned, 
that the crystal be resonated, in the manner described, in 
at least one secondary fundamental mode. Any recitation 
in the appended claims, therefore, of a frequency at which 
the crystal is to be driven, will therefore be understood 
as not being to the exclusion of any additional frequen 
cies, whether they be main or secondary. 

I claim: 
1. In the generation of mechanical vibratory energy 

in a piezoelectric element, the method of obtaining res 
onance of said element in at least one frequency that is 
out of correspondence with the several dimensions of 
the element that includes the steps of: 

(a) determining the existence and value of at least one 
secondary fundamental vibratory mode in said ele 
ment; and 

(b) thereafter driving the element at a frequency se 
lected to resonate the same in said secondary funda 
mental mode. 

2. The method of claim 1 wherein the frequency cor 
responding to said secondary mode is lower than any 
frequency having correspondence with a physical dimen 
sion of the piezoelectric element. 

3. The method of claim 1, wherein the sensing step 
includes detection of a plurality of secondary modes, and 
wherein the subsequent driving of said element is at a 
frequency that lies between, and is effective to alternate 
resonance of the element between, the several secondary 
modes, 
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4. The method of claim 3, wherein said secondary 

modes are of frequencies lower than any frequency cor 
responding to a physical dimension oflthe element. 
5, In an ultrasonic cleaning apparatus including a tank 

and a cleaning liquid within the tank, the improvement 
comprising: '_ 

(a) a piezoelectric element arranged to resonate at 
one or'more vibratory modes effective to transmit 
wave energy through said liquid, and having a sec 
ondary, fundamental vibratory mode out of corre 
spondence with the several physical dimensions of 
said element; and 

(b) a generator mounted in driving relation to said 
element and adjusted to drive the same at at least 
one frequency effective to resonate the element in 
said secondary mode. ' 

6. In an ultrasonic cleaning apparatus, the improve 
ment of claim 5 wherein said element; includes a family 
of secondary fundamental modes, said generator being 
adjusted to a driving frequency lying between the highest 
and lowest modes of said family, ' 
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