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DEVICE FOR DISTRIBUTING VIBRATORY 
ENERGY 

This is a continuation~in-part- of U.S. Ser. No. 
777,573 ?led Nov. 21, 1968. 
This invention relates to devices for distributing 

vibratory energy of the type having longitudinal vibra 
tions, and more particularly to a device for distributing 
vibratory energy from one or more transducers or for 
combining energy from a plurality of transducers. 

7 SUMMARY OF THE INVENTION 

In accordance with the present invention a device for 
the distribution of vibratory energy comprises a pair of 
transmission elements joined together in perpendicular 
relationship, a transducer for producing longitudinal 
vibrations connected with the ?rst of the elements, said 
elements being so dimensioned and the transducer 
being so positioned that at a vibrational frequency at 
which the transducer is operable a displacement node 
of a standing wave is formed at the junction of the ele 
ments. At said vibrational frequency a displacement 
antinode is formed at the boundary or boundaries of 
the second element remote from the junction. 
As will be understood, a longitudinal standing wave 

has at least one displacement node and at least one dis 
placement antinode at a distance of one quarter 
wavelength therefrom, the wavelength for any particu 
lar frequency being dependent upon'the velocity of Ion 
gitudinal waves in the particular material. .With a 
device according to the invention, the distance of the 
transducer from the junction must be an odd number of 
quarter wavelengths, as also must the distance of the 
said boundary or boundaries from the junction. In the 
most compact arrangement, both of these distances are 
equal to one quarter of a wavelength. For simplicity of 
description, the possibility of end effects causing 
distances between certain nodes and antinodes to differ 
from an exact quarter wavelength will be ignored 
herein. Such effects are readily recognizable in practice 
and will be readily allowed for by those skilled in the art 
once the principles of the invention have been ap 
preciated. 
With a device according to the invention, the 

direction of propagation of the vibrational energy is 
turned through substantially 90° at the junction. The ef 
fect can be applied, not only to change the direction of 
propagation, but also to distribute the energy from a 
single transducer, or a number of transducers, to a 
number of positions (or even uniformly around the cir 
cular boundary of a ?ange-like element), or to combine 
the energy from a number of transducers and feed it to 
one or more positions. 

It is to be noted that the elements may be connected 
to intermediate portions of one another. In such a case, 
any element connected by an intermediate portion 
thereof should be formed so that the junction is at a dis 
placement node for longitudinal vibrations in the parts 
of the element separated thereby. 
The invention will be further understood from the 

following description in which reference is made to the 
accompanying drawings. It will be understood that this 
description is given for purposes of illustration only and 
is not intended to limit the scope of the invention. In 
the drawings: 

FIG. 1 is a cross sectional view of an electro-acousti 
cal transducer coupled to a transmission element, the 
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2 
arrangement being applicable to various devices in ac 
cordance with the present invention; 

FIG. 2 is an elevation view of a device according to 
the invention for distributing vibratory energy around 
the periphery of a circular ?ange provided as the 
second of the transmission elements; 

FIG. 3 is a plan view of the device of FIG. 2; 
FIGS. 4 and 5 show two further devices in perspec 

tive; 
FIG. 6 is an elevation of a device for combining the 

energy from a set of transducers; 
FIG. 7 is a plan view of the device of FIG. 6; 
FIGS. 8 and 9 are perspective views of two further 

devices for combining the energy from a set of transdu 
cers; . 

FIG. 10 is a perspective view showing the transmis 
sion elements of one form of the device according to 
the invention; 

FIG. 11 shows a correlation between the vibratory 
amplitudes, at an entrance end-face and an exit end 
face, of the device of FIG. 10; 

FIG. 12 is a perspective view of a device similar to 
the device of FIG. 2; 

FIG. 13 shows a correlation between two vibratory 
displacements at an entrance end-face and an exit end 
face of the device of FIG. 12; 

FIG. 14 is an elevation view of the elements of a 
device which is a modi?cation of that shown in FIG. 6; 

FIG. 15 is an end elevation view of the elements of 
FIG. 14 with transducers added thereto; 

FIG. 16 is a graph illustrating a correlation between 
two vibratory displacements at one entrance end-face 
and one exit end-face of the device shown in FIG. 14; 

FIG. 17 illustrates a test set-up for the device for 
FIG. 14; and 

FIG. 18 is a graph illustrating the correlation 
between input power and output vibration. 
Many kinds of electro-acoustical transducers, espe 

cially magnetostrictive and electro-strictive transdu 
cers, may be employed in the device of the present in 
vention. A preferred form of transducer has been 
developed and is shown in FIG. 1. It gives an adequate 
level of acoustical energy and is stable in operation. 

Referring now to FIG. 1, the transducer 1 consists of 
metallic supporting members 2 and 3 and a vibrator of 
the electro-stn'ctive type sandwiched between the two 
members. The parts are joined together by a threaded 
bolt 5 which passes through the vibrator and gives the 
transducer adequate stability and strength. A satisfac 
tory mounting of the transducer upon a transmission 
element 6 is obtainable by a double-ended bolt 7, as is 
shown in FIG. 1. 

It is necessary, in practice, to provide stable genera 
tion and transmission of vibratory energy with a 
minimum thermal loss and without mechanical disrup- ' 
tion of the constructional materials. At the same time, 
the transducer should be as small as possible for the 
power handled thereby. For these reasons, it is desira 
ble that an aluminium-base alloy having relatively low 
density, such as duralumin, is used in the construction 
of the supporting members 2 and 3, and that lead zir 
conate titanate is used as the electrostrictive type 
material in the vibrator, or transducer 4. A multilayer 
construction is recommended for the transducer 4. The 
transducer 4 shown in FIG. 1 is composed of four layers 
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of electrostrictive material. The transducer may be ac 
tivated by a power supply of appropriate frequency 
(not shown) fed in at the terminals 8 and 9. All of the 
devices to be described hereinafter may incorporate a 
transducer or transducers according to FIG. 1. The 
speci?cation of a convenient transducer is as follows: 

Electrostrictive vibrator or transducer 

Material: lead zirconate titanate 
Size: diameter 40 mm 

thickness 5 mm 
Arrangement: four layers 

total thickness 20 mm 
Supporting Members 
Material: duralumin 
Diameter: 40 mm 
Length: resonance length of 20 kHz, viz., 

about 50 mm 

Detailed structure of transducer assembly is shown in 
FIG. 1, and has a total overall length of 120 mm. 
The power input of this transducer may be up to 300 

watts. If the intended frequency of operation is dif 
ferent from 20 kHz the above-mentioned dimensions 
must, of course, be changed. The re-designing is readily 
achieved in accordance with known techniques. 
The ?rst displacement node of a longitudinal stand 

ing wave occurs at a distance of one-quarter 
v wavelength from the transducer and subsequent nodes 
occur at intervals of one-half wavelength. The energy 
can be removed efficiently from a boundary located at 
a distance of one-quarter wavelength from a node of a 
transmission element. , 

Referring now to FIG. 10, there is shown a cross 
shaped transmission body which may be regarded as 
two transmission elements joined at their centers. Each 
element is one-half wavelength long at the frequency to 
be employed. 
The dimensions of the above body are calculated 

from the well-known equation mentioned below, and 
the operation conditions are as given below: 

wavelength (A)=Velocity/Frequency (f) 
Operation Conditions 
resonant frequency: 51 kHz 
material: AISI- l 045 
A-—A' element: l8 mm X 12 mm —5l.5 mm 
8-8’ element: 18 mm X12 mm ><Sl.5 mm 
Input power: 20 watts 

When the driving face A’ of the body of FIG. 10 is 
?tted with a transducer (such as is shown in FIG. 1), it 
has been observed that under no load conditions the 
amplitudes of vibration of the A, A’, B and B'-faces are 
almost substantially equal. The results of a practical ex 
periment are shown in FIG. 11. The vibration from the 
transducer is transmitted to the output end-faces by 
means of resonance. The vibration amplitude at each of 
the output faces is substantially equal to the input am 
plitude, and the output energy at each of the output 
faces is about one third of the input vibrational energy. 
The input energy is diverged in three directions in the 
embodiment of FIG. 10. Thus, from this experiment, it 
is seen that the direction of propagation of the vibrato 
ry energy is readily shifted through 90° and also readily 
diverged (to faces A, B and B’) by a device of the 
present invention. 
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4 
The device'of FIG. 4 is a modification of that of FIG. 

10 and has a third transmission element perpendicular 
to the other two. Energy from the transducer 1 is dis 
tributed in four different directions at right angles to its 
original direction to pass along transmission elements 
located at a distance of one-quarter wavelength from 
the junction between the transducer 1 and transmission 
element 12. Vibratory energy is received at each of the 
end~faces 13, 14, 15 and 16 which are one-quarter 
wavelength from the center of the structure. If the 
above end-faces are correctly loaded, the vibratory 
energy from the one simple transducer may be utilized 
at each of them. The divergent structure is potentially 
useful in many ?elds of industry. 
The reverse of the above distribution effect is easily 

realized. FIG. 9 shows transducers l ?xed to end-faces 
corresponding to end'faces 13, l4, l5 and 16 of FIG. 4 
and the energy from these transducers is discharged 
from one end-face of the element 26, while the other 
end~face of the element 26 is ?tted with a re?ection 
plate 22 for the frequency concerned. The total vibra 
tory energy discharged from the end-face of element 26 
is about four times that generated by a single trans 
ducer. Such a convergence device may be utilized for 
industrial applications requiring large amounts of 
vibratory energy to be applied at a single position 

In FIG. 12, there is shown another form of diver 
gence structure consisting of a rod-shaped transmission 
element and a circular ?ange. This ?angeis located at a 
distance of one quarter wavelength from one end-face 
of the rod-shaped element and is at about right angles 
thereto. 
When a transducer, e.g., that of FIG. 1, is ?xed to 

face L’, the vibratory energy is discharged radially from 
the peripheral face R of the ?ange. The radius of said 
?ange may be calculated from the following equation. 

where, 
wmo : 27Tfmo 
'y = radius of ?ange 
am, = standard constant decided by the mode 
number, m 

E = Young’s moldulus 
p = speci?c gravity; and 
0'= Poisson ’s ratio 
Various examples calculated by the above-men 

tioned frequency equation are given in the follow table: 

Material p E 0' am, y,,,,,, 
g/cm“ dyne/ema (m=l )(f.,=20 KHZ) 

Duralumin 2.8 7X l0ll 0.33 2.07 88 
Steel 7.9 2.0Xl0‘z 0.28 2.04 86 
Brass 8 9 9.5><l0" 0.36 2.08 58 

Note: the above “steel" is a kind of AISl-l045 carbon steel 

The following data show typical dimensions and 
operating conditions for a structure as shown in FIG. 
12: - 

Resonant Frequency 49 KHz 
Material AlSl-l045 
L—-L' length 20 ¢><50l 5 mm 
Flange Thickness l l.5 mm 
Flange Diameter 68.! mm 
Input Power 20 watts 
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The vibratory energy from the transducer, which is 
?xed to face L or L’, is shifted through 90° at the junc 
tion of the rod and ?ange which is one-quarter 
wavelength long from the transducer, and is then radi 
ally diverged from face R. The correlation between the 
amplitude of vibration of the input face L or L’ and that 
of the output face R, as obtained experimentally, under 
no load conditions, is shown in FIG. 13. The vibration 
of output face R has less amplitude than that of input 
face L under these no load conditions. This is a charac 
teristic of this embodiment. 

Referring now to FIGS. 2 and 3, vibratory energy 
transmitted from a transducer 1 to a rod-shaped trans 
mission element 10 is radially diverged from a circular 
?ange l1 placed at a distance of one-quarter 
wavelength from the transducer. FIG. 5 shows an ex 
tension of the principle. The device of FIG. 5 has three 
?anges 18, 19 and 20 on a transmission rod 17. The 
?anges are spaced one-half wavelength apart and the 
distance between each end-face of the rod 17 and the 
neighboring ?ange is one-quarter wavelength. The 
power from the transducer 1 is diverged to the periphe 
ries of the three ?anges. 
A ?ange can be used for convergence instead of 

divergence of the vibratory energy. Thus if the ?ange of 
FIG. 12 is given a regular polygonal periphery and the 
transducer is ?xed to one ?at peripheral face of the 
?ange, the correlation between the vibration amplitude 
‘of the driven face and that of the discharge face is 
similar to that shown in FIG. 13. If transducers are 
placed on several ?at peripheral sides of the ?ange, the 
energy from the transducers converges to the ends-of 
the rod element. Under no load conditions in an ideal 
case without losses, energy which is about equal to the 
total energy from the transducers, is discharged at 90° 
to its original directions at the output face. . 
The device of FIGS. 6 and 7 has a ?ange of regular 

octagonal shape. A transducer is ?xed to every al 
ternate side of the ?ange shown in FIG. 7. The vibrato 
ry energy from the four transducers is converged into 
the ?ange and then is discharged from one end-face of 
transmission element 21 after a change of direction. 
The discharged energy is about four times that given by 
a single transducer and is about equal to the combined 
energy given by the four transducers. 
The end-face of said transmission rod 21 is ?tted 

with a re?ection plate 22 as is shown in FIG. 9. How 
ever, if the above re?ection plate is replaced with one 
more transducer, increased vibratory energy is ob 
tained at the output face. 
The device of FIG. 8 is a modi?cation of that of 

FIGS. 6 and 7. A circular ?ange 25 is positioned one 
half wavelength from the octagonal ?ange 24. The 
vibratory energy converged into the regular octagonal 
?ange 24 is turned through 90° along transmission rod 
23, and is then, after being shifted through 90° by circu 
lar ?ange 25, diverged radially. The dimensions of the 
?ange 25 are chosen as hereinbefore described. 

In FIG. 14, there is shown a structure suitable for ob 
taining a high output power for use in heavy industry. 
This transmission body is made up of a rod-shaped 
transmission element 33 having a resonant length at the 
operating frequency. Two supports 32 and 40 are 
located one-quarter wavelength from each end-face of 
the rod 33, and two ?anges, 30 and 31, of regular l2 
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6 
sides polygonal periphery are spaced one-half 
wavelength apart and one-half wavelength from the 
supporters 40 and 32, respectively. Twelve transducers 
are ?xed to each ?ange by holes such as the holes 34, 
35, 36, 37, 38 and 39. The dimensions and operating 
conditions are as follows: 

Resonant frequency 20 KHz 
Material : AISl-l045 
Length of rod m 504 mm 
Diameter of rod 60 mm 
Diameter of ?ange : I67 mm 
Thickness of ?ange: 40 mm 
Length of transducer 1 15 mm 
Input power ' 200 watts per transducer 

Each of supporters 32 and 40 is the form of a small 
circular ?ange. The dimensions of these ?anges are 
made as small as possible since they lie on the length of 
a transmission element. Typically they may be about 8 
mm in both width and height. It will be observed that 
they are positioned at displacement nodes in order to 
minimize disturbance of the operation of the device 
and that they are deliberately made non-resonant. 

In the device of FIG. 14, the correlation between the 
vibration amplitude at input face R and that of output 
face L, under no load conditions, is as shown in FIG. 
16, it is seen that the ratio of output vibration am 
plitude to input vibration amplitude is more than 3 to I. 
This ratio is of particular importance for the purpose of 
most ef?cient utilization of the vibration energy. The 
device of FIG. 14 facilitates synthesis of vibration ener 
gy by means of resonance vibration based upon the 
relation between the transducers and the transmission 
element. Both in input and output, the following equa 
tion applies: 

wherein: 
v: vibration energy 
f: frequency 
g: amplitude 
0: sound speed 
A: wave length 

f both in input and output is constant. Consequently, 
when the device shown in FIG. 14 is operated, the fol 
lowing equation applies: 

Wherein: 
v0 = output vibration energy; 
vl . . . V24 = input vibration energy for each trans 

ducer (i.e., 24 transducers); and 
E = loss. 

Accordingly, the output vibration amplitude grows 
together with output vibration energy, which inturn, 
grows together with input vibration energy. As men 
tioned above, the ratio of output vibration amplitude to 
input vibration amplitude is about 3 to 1. This has been 
veri?ed by actual no load tests, the results of which are 
shown in FIG. 16. 
With the device of FIG. 14, an output power of about 

4,800 watts can theoretically be obtained with an input 
power of about 200 watts per transducer. In actual 
practice, however, the full theoretical output of 4,800 
watts will not be obtained due to losses, etc. If the 
number of the ?anges is increased, an even greater out 
put can be obtained. 
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When the structure of FIG. 14 is increased to 6 
stages (72 transducers), output power of approximate 
ly 10,000 watts can theoretically be obtained, without 
taking into account losses, with only a comparatively 
small input-power of about 150 watts per transducer. 
With such high power devices some thermal loss is apt 
to occur. Accordingly, it is desirable to use a special 
steel such as BS En lll Nickel Chromium Steel in the 
construction of the device to minimize such losses. 
An actual no load test was carried out to show the 

relationship between input power and output vibration 
amplitude and the results are shown in FIG. 18. AS 
shown in FIG. 17, the device of FIG. 14 (shown 
generally by 30, 31, 33) was connected at its output 
face L to a long generally rod-shaped plug 41, which in 
turn was‘ connected to a drawing die 42 used in a pipe 
forming apparatus. The plug 41 is connected to face L 
via an intermediary element 43. The output vibration 
amplitude was measured as the input power to the 
transducers on flanges 30 and 31 was set at 80, 160, 
200 and 240 volts. The amplitudes were measured with 
a pickup 44 and the results thereof indicated by mV. 
FIG. 18 shows the output with input energy supplied to 
transducers on each ?ange 30 and 31. An actual no 
load ef?ciency of about 85 percent was obtained. The 
following equations are applicable to such a system: 

lR==(21-rfM*)/Q > l. 
wherein: 
M * = equivalent mass in the vibration system 
IR = mechanical resistance 
Q = sharpness of resonance in vibration system 
f = resonance frequency 

w = 1/2 v 2 2. 

wherein: 
w = output energy; 
v = vibration energy 

Efficiency=w/ W0 3. 
wherein: 

W, = input energy 
The devices of the present invention may, of course, 

utilize tubular transmission elements in place of the 
solid elements described above. 
The electro-strictive material, lead zirconate 

titanate, has been referred to as a transducer com 
ponent ‘in the foregoing description. Other materials 
which can be used, are, for example, magnetrostrictive 
or piezoelectric materials such as Ferrite, nickel, 
nickel-iron alloy, crystals, barium titanate and the like. 
The forms of the present invention hereinbefore 

described may be modified without departing from the 
spirit or essential attributes thereof. 
We claim: 
1. A device for transmitting virbratory energy com 

prising: 
at least one input transmission element and an output 

transmission element, said at least one input trans 
mission element being joined to said output trans 
mission element with said at least one input trans 
mission element substantially perpendicular to 
said output transmission element; 

at least two input vibration transducers producing 
longitudinal vibrations of the same frequency, said 
input vibration transducers being connected to at 
least one of said at least one input transmission ele 
ment; 
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8 
said transmission elements being dimensioned, and 

said transducers being positioned with respect to‘ 
said at least one input transmission element to 
which they are connected, such that, at a vibra 
tional frequency at which said transducers are 
operable a displacement node of a standing wave is 
formed at a junction of said transmission elements, 
and such that, said output transmission element 
has said frequency as a standing wave frequency 
for which there is a displacement node at said 
junction and a displacement antinode at an ex 
tremity of ' said output ‘transmission element 
remote from said junction. 

2. A device according to claim 1, wherein the 
distance of said transducers from said junction and the 
distance of said extremity from said junction are both 
one-quarter of the wavelength of the longitudinal vibra 
tions in said transmission elements. 

3. A device according to claim 1, wherein said trans 
mission elements are elongate in the direction of the 
vibrations and have a regular cross section, said atleast 
one input transmission element being connected to an 
intermediate position of said output transmission ele 
ment and said output transmission element being 
dimensioned to have displacement antinodes at each of 
its ends. 

4. A device according to claim 1, wherein said trans 
mission elements are elongate in the direction of the 
vibrations and have a regular cross section and said 
output transmission element is connected to an inter 
mediate position of said at least one input transmission 
element, thereby dividing said at least one input trans 
mission element into two parts, one on each side of the 

35 junction therebetween, at least one of said transducers 
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being connected to one of said two parts and the other 
of said two parts having a length such that it is resonant 
at the frequency of said longitudinal vibrations. 

5. A device according to claim 4, including at least 
first and second input transmission elements, said out 
put transmission element being connected to an inter 
mediate portion of said ?rst input transmission element 
to divide same into said two parts, said second input 
transmission element being connected to said first 
input transmission element and to said output transmis 
sion element in the vicinity of said junction 
therebetween, said second input transmission element 
being of such length that a displacement node is 
located at said junction and a displacement antinode is 
located at an extremity of said second input transmis 
sion element remote from said junction. 

6. A device according to claim 3 wherein said at least 
two transducers are connected with said input trans 
mission elements at the position of a displacement an 
tinode, said extremity of said output transmission ele 
ment being located at a displacement antinode and 
being free to receive vibrational energy from more than 
one of said transducers. 

7. A device according to claim 3, further comprising 
a re?ector, and wherein at least one of said transducers 
is connected to an input transmission element at a dis 
placement antinode, at least one transmission element 
is connected to said re?ector and has an extremity posi 
tioned at a displacement antinode and at least an out 
put transmission element has an extremity positioned at 
a displacement antinode and which is free to receive 
vibrational energy from at least two transducers. 
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8. A device according to claim 1, wherein said at 
least one input transmission element includes a regu 
larly polygonal ?ange, one of said at least two transdu 
cers being connected to respective peripheral faces of 
said ?ange, said ?ange being dimensioned such that the 
longitudinal vibrations from each transducer have a 
common displacement antinode at the center of said 
?ange, said output transmission element being con 
nected with said ?ange transmission element at said 
center. 

9. A device according to claim 8, wherein said output 
transmission element is a bar and further comprising a 
second ?ange connected at its center to said bar, said 
second ?ange being dimensioned such that a displace 
ment antinode is formed around its periphery. 

10. A device according to claim 9, wherein said 
second ?ange has a regularly polygonal shape, each 
peripheral face thereof being connected to a respective 
transducer, all of said transducers on said ?anges being 
operable at the same frequency. 

1 l. A device according to claim 9, wherein said bar 
shaped input transmission element extends beyond said 
?ange-shaped output transmission element and further 
comprising at least a second generally circular flange 
shaped output transmission element connected con 
centrically with said extended portion of said bar 
shaped input transmission element, said second ?ange 
shaped output transmission element being positioned at 
displacement antinodes of said bar-shaped input trans 
mission element. 

12. A device for transmitting vibratory energy com 
prising: 

at least one input transmission element and at least 
two output transmission faces on at least one out 
put transmission element, said at least one input 
transmission element being joined to said at least 
one output transmission element with said at least 
one input transmission element substantially per 
pendicular to said at least one output transmission 
element; 

at least one input vibration transducer producing 
longitudinal vibrations said input vibration trans 
ducers being connected to at least one of said at 
least one input transmission element; 

said transmission elements being dimensioned, and 
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10 
said transducers being positioned with respect to 
said at least one input transmission element to 
which they are connected, such that, at a vibra~ 
tional frequency at which said transducers are 
operable a displacement node of a standing wave is 
formed at a junction of said transmission elements, 
and such that, said at least one output transmission 
element has said frequency as a standing wave 
frequency for which there is a displacement node 
at said junction and a displacement antinode at an 
extremity of said output transmission element 
remote from said junction, the input vibrations 
from said at least one transducer being distributed 
to said output transmission faces. 

13. A device for transmitting vibratory energy com 
prising: 

at least one elongated, generally bar-shaped, input 
transmission element and a generally circular 
?ange-shaped output transmission element, said at 
least_one input transmission element being 'oined 
to sald ?ange-shaped output transmission e ement 
substantially centrally of said ?ange-shaped output 
transmission element with said at least one input 
transmission element substantially perpendicular 
to said ?ange-shaped output transmission element; 

at least one input vibration transducer producing 
longitudinal vibrations said at least one input 
vibration transducer being connected to at least 
one of said at least one input transmission element; 

said transmission elements being dimensioned, and 
said at least one transducer being positioned with 
respect to said at least one input transmission ele 
ment, such that, at a vibrational frequency at 
which said transducers are operable a displace 
ment node of a standing wave is formed at a junc 
tion of said transmission elements, and such that, 
said ?ange-shaped output transmission element 
has said frequency as a standing wave frequency 
for which there is a displacement node at said 
junction and a displacement antinode formed 
around the periphery of said ?ange-shaped output 
transmission element, energy from said at least one 
vibration transducer being distributed around said 
periphery. 

***** 
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