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A Frequency-Variable Ultrasonic Vibrator with Conical Horn

for Ultrasonic Machining

*Moojoon Kim, *Kanglyeol Ha, and **Muhun Park

Abstract

A frequency-variable ultrasonic vibrator is designed, which is made of a multi-layered PZT vibrator with a conical horn.

Transmission line equations for the conical horn are derived and analyzed using the equivalent circuit method in order to

analyze the characteristics of the vibrator. The controllability of the driving characteristics by varying the electrical im-

pedance is conftrmed by the cxperimental results of the free admittance characteristics and the vibrational velocity

distribulions.

I. Introduction

The vibrating force of ultrasonic waves has been widely
utilized in machining fields such as welding ard culting
[1). It can also be used in the ulirasonic vibrators for surg-
ical operations{2-4|. These ultrasonic equipments generally
provide good processed stales, energy saving and easy auto-
mation|5|. However, resonant frequencies of the conven-
tional ultrasonic equipments cannot be controlled their
resonant (requency. In case of processing malerials of dif-
ferent characterisic impedances, different vlirasonic equip-
ments will be needed because the opltimum driving fre-
quency of ultrasonic vibralors is different for different
charactenistic impedance of the material to be processed[6].

It is known that the resonant frequencies of a thickness
mode piezoelectric vibrator with high clectromechanical
coupling vary notably according to the electrical im-
pedance connected te the electrical terminals[7]. This cf-
fect is utilized for the frequency control of multi-layered
ultrasonic transducers{8-9]. We derived recenlly a new
transmission-line model for a thickness mode piezoelectric
vibrator which includes an electrical impedance connected
to the electnical terminals. By use of the new transmis-
sion-line model, we analyzed the bolt-clamped type fre-
quency-controllable ultrasonic transducerf10-11].

A solid homn is used as an amplitude {ranslormer in
ultrasonic equipments for dynamic engincering applicat-
ions as mentioned above. For this purpose, the horn of

conical type i1s most commonly used[12]. The conical
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horn has been analyzed by several authors|13-15].

In this paper, a frequency-variable vitrasonic vibrator
is designed, which is made of multi-layered PZT vibrator
with a conical horn, Transmission-line equations for the
conical horn are derived and analyzed using (he equivalent
circuit in order to analyze the characteristics of the vi-
brator. The driving characteristics of the device are con-
firmed to be varied by the electric impedance by the ex-
perimenial results of the free admittance characteristics
and the vibrational velocity distributions.

II. Theory

2.1 A New Transmission -line Modet Equivalent Circuit

A new (ransmission-line model equivalent circuit was
investigated for the case where an electrical impedance Z,
is connected to the electrodes of the piczoelectric vibrator
as shown in Fig. |,

The electric charge @ due to the external stress is as
follows[18] ;

h
Qi= o (21— ) (1

where % is the piezoelectric h constant, and v,, vy are
the particle velocities on the two surfaces (x=0 and x =),
respectively.

A portion of the electric charge Q; moves across the
electrical impedance, and then the charge remaining in

the elcetrodes is as follows;
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where C, is the clamped capacitance of the piezoelectric



vibrator.

Thus, the mechanical force due to the electric charge

Qe is Fe=hQey. From this relation, a new transmission-

line oquation including the load condition in the electrodes

is obtained as follows;
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In these equations, p,, pr are the forces on the two surlaces
{(x=0 and xr=1/s), and the characteristic impedance and
wave number of the piezoeleclric vibrator are denoled by
z, and ¥, respectively. Defining ¥, = —zvr and Fg= —zv,,
Eqn. (3) may be rewrilten as
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Figure 1. Thickness mode piczoelecine vibralor and electrical im-
pedance cannecled to electrical terminals.
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Figure 2. New transmission-linc model equivalent circuit includ-
ing cleclrical impedance cffect.
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Figure 3. Horn for amplification of vibrational displacement am-
plitude.

From this cqualion, a new lransmission-line model equi-
valent circuit can be constructed as shown in Fig. 2.

In Fig. 1 and Eqn. (2), we can investigate the effect of
the electrical toad Z,. Tn the case of Z, =00, open electri-
cal terminals, the quantity z 15 naught in Eqn. (4). As a
special case, when the clectrical load is an impedance of
inductance L., the quantily ¢ in Eqn. {2} can be found as

follows

1

T -, L ©
The closer the value of L. is lo | {w?C,), the larger the
value of the impedance 2 in the equivalent circuit is. Thus,
the acouslic characteristics of the piezoelectric vibrator,
and thus the resonant {requency of the transducer can be
varied.

An ¢lastic horn used in ultrasonic devices is shown in
Fig. 3. In this paper, 10 analyze the horn using the cqui-
valent circuit method. a transmission-line model equivalent

circuit Tor the horn is derived as follows;
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In these equalions, & and ¢ are the wave number and the
elastic constant of the conical horn respectively, and S,
S2 are the cross sectional areas of the two ends of the
horn.

2.2 Calculation of Free Admittance

As an example of the electrical load effect mentioned
above, the (requency-controllablec ultrasonic vibrator,
which has a driving layer and two frequency control
layers, is supggested. As shown in Fig. 4, an ¢lectric source
is connected to the driving layer(B) and the electrical im-
pedance are connected to the frequency control layers(P).
These layers are sandwiched by a tail mass(A) and the
conical horn(C). The equivalent circuit of this ultrasonic
vibrator, based on the new transmission-line model, is
shown in Fig. 5. The matrix of the transmission-line

equations for the tail mass is given as follows;
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Figure 4. Schematic of frequency-variable ultrasonic vibrator.
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where /; is the length of the tail mass, and the character-
istlic impedance and the wave number of the tail mass are
denoted by z, and B, respectively.

Using this equivalent circuil, all terms in the funda-
mental equations of eleclroacoustic transducers(17] can be
obtained as follows;

Mechanical impedance :
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and 0, and @), are the elements of the inverse matrix
of Q.

The free impedance Z; can be oblained by substituting
all terms oblained above into the following equation.

AZ
2z, tz

as)

Zy=2Z4+Zs—

The free admiltance can also be obtained as the inverse
of the free impedance. From the free admittance, the fre-

quency characteristics can be found.
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Figure 5. Equivalent circuit of frequency-variable ultrasonic vibrator.

2.3 Calculation of Velocity Distributions

It is very convenienl to calculate the velocity distri-
butions or the force distributions in the vibrator using the
new transmission-line model equivalent circuit derived in
this study. Subslituting a resonance frequency f, oblained
from Egn. (15} inlo Egn. (14) and rewriting the equation
in term of functions of distance, the rclations between
forces and velocities at the two acoustic terminals are
obtained as follows;

P;(x)

vs(x)

_ Qu(x) le(x)
Qa(x) Oxnlx)

bo

vy

(16)

Applying the boundary condition p,=0, the forcc and
velocily distributions can be easily obtained as follows

2s(x)=Onlx) v, k)
ve{x) = Qnlx) v, (18)
{l. Theoretical and Experimental Results

3.1 Fabrication

Fig. 6 shows a photograph of the frequency-variable
ultrasonic vibrator. It has three pairs of Smms-thick piezo-
electric layers. The polarized direction in each piezoeleclric

layer is put 10 contact with each other head to head. Thus,

each pair acts like one 10mw7-thick piezoelectric layer.

Figure 6. Photograph of the frequency-variable ultrasonic vibr-

ator.

The piezoclectric layers are sandwiched by an aluminum
column and an aluminum horn, and clamped together
with a steel bolt. A surgical vibrator is fixed at the end of
the horn which amplifies the amplitude of the vibration.
As an electrical load connecled to the electrical terminals
of frequency control layers, a coil made of a wire wound
on a bakelite cylinder is used. The inductance of the coil
is varied by moving a corc through the cylinder.

3.2 Resulis of Free Admittance

The cxperimental results of the free admittance char-
acteristics are shown in Fig. 7 with the theoretical results.
The experimental resulls agree well with the theoretical
results. In this figure, the resonant frequency of the ultra-
sonic vibrator can be varied widely by the induclance
value L, of the coil connecled Lo the clectric terminals of
the frequency control piezoelectric layers. In the case of
L,=00, the admittance characteristics show three resonant
modes of 20kHz, 33kHz and 48kHz in the frequency
range shown. The resonant frequencies of 20kHz and
33kHz move 1o 24kHz and 37kHz, respectively, when the
value of inductance L. is 62mH. By changing the inducl-
ance value to 33mH, the resonant [requencies can be
changed to 30kHz and 44kHz. These results clearly show
the possibility of the frequency control of the ultrasonic

vibrator suggested in this study.

3.3 Measurement of Velocity Distributions

To measure lhe velocity distributions of the frequency-
variable ultrasonic vibrator, the non-contact measurement
melhod{1 8] can be used. The velocity distribulions, when
the ultrasonic vibrator is driven at the resonant frequ-
encics found from Fig. 7, are shown in Fig. 8.

In this figure, the experimental results are marked by
the symbol of M. The theorelical resubts are calculated
with Eqn. (ER) in which the value of v, is the velocity
value al x=0 in the cxperiment. These resulls reconfirm
the possibility of the control of he velocity distribution

by varying the induclance,
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Experimental results
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Figure 7. Free admitiance characteristics.

I¥. Conclusion

A [requency-variable ultrasonic vibrator for machining
is designed, winch is made of a multi-layered PZT vibr-
ator with a conical horn. Transmission-line equations for

the conkal hom are derived and analyzed using the equiva-

lent circuil method, in order to analyze the characieristics
of the vibrator. The experimental results agree well with
the theoretical resulls. 1t has be confirmed that the res-
onant frequency of the ultrasonic vibrator can be varied
widely by changing the clectrical impedance connecled to

the electrical lerminals of piezoelectric layers.
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Figure 8. Vibrational velocity distribution.
Acknowledgment

This work was supported by GRANT No. KQSEF %1-0922-

121- 1 from the Korea Science and Engineering Foundation.

The Jou

]

w

tnial of Lthe Acoustical Sociely of Korea, Vol. 16. No. 3E (1997)

References

A. Sugiyama et al, Ultrasonic Engineering, Corona Publish-
ing Co. Lid. 1993,

- Sadayuki Ueha, and Tsuneyoshi Sugimoto, "Study of Flex-

ible Ultrasonic Wave Guide Used,” Jpn. J. Med. Ultrasonics,
Vol. 16 No. 3, pp. 10-18, 1989.

Y. Tsuda, E. Mori and S. Ueha, "Expenmental Study of
Ultrasonic Surgical vibrator,” Jpn. J. Appl. Phy., Yol. 22,
Sappl. 22 3, pp. §05-107. 1982.

Takao Takemura. “Evaluation of Ultrasonic Surgical Aspir-
ator in the Field of Hepalic Surgery,” Tokoy Jikeikai Med;-
cal Journal Vol. 99, pp. 257-270, 1984,

. G. Nishimura and Y. Yokoyama, “Vibralion Machining,”

Jowrnal of Precision Instrument of Japan, Vol. 31, No. 5, PP
32-38, 1964,

. Medical Trinbune, Vol. 23, No. 17 (1990. 4. 23)

7. N. Chubachi and M. Kim, “Equivalent Circuit Based on

]

17,

Transmission-Line Model lor Thickness Mode Piezaelectric
Vibrators and its Application 0 Analysis of Mullilayer
Ultrasonic Transduces,” Technical Report of IECE, US92-49,
pp. 67-72, 1992

. Yoshikazu Koike, Nobuo Fujihara, Kentaro Makamura, and

Sadayuks Ucha, “Longitudinal-torsional hybrid transducer
with a longiludinal rcsonance luning electric port,” J.
Acoust. Soc. Jpn. (E) Vol. 16, No. 3, pp. 181-183, 1995,

. Minoru Kuribayashi, Sadayuki Ueha, Eiji Mori, “Prelimin-

ary Study of Ultrasonic Linear Motor.” Trans, {ECE,

US84-22, pp. 22-30, 1984,

. N. Chubachi and M. ). Kim, “Transmission Line Model
Equivalent Circuit for Piezoelectric Transducers Including
lhe Effect of Electrical Terminal Impedance,” Jpn. J. Appl.
Phys. Vol. 35, Parl I, No. 5B, pp. 3231-3235, 19%6.

. M. ). Kim and N. Chubachi,
Mullilayer Piezoeleciric Transducers by lhe Conlrol of

“Frequency Controllable

Flectrical Termina) Inpedance,” The Transaction of The In-
stitute of Electrical Engineers of Japan, Yol. 115-C, No. 7,
pp- 893-900, 1995.

. C. Sugi. “Analysis of Calenoidal Solid-Horn and its Design
Mecthod.” J. Acoust. Soc. Jpn., Vol. 18, No. 2, pp. 54-64,
1962.

“Solid Corn in Longiludinal Half-Wave

Resonance,” J. Acoust. Soc. Am., Vol. 32, No. 2, pp.

194-196, 1960.

. D. Ansminger,

. B, Eisner, "Design of Senic Amplitlude Transformers lor
High Magnification,” J. Acoust. Soc. Am., Vob. 35, No. 9,
pp. 1367-1377, 196}

. V. Ristic. Principles of Avousiic Devices, John Wiley & Sons,

pp. 46-49, 1983,

Y. Kikuchi, N. Chubachi, S. Yamamizu, “Analysis of
Ullrasonic Multi-layee Transducee for UHF and VHF
Range.” Trans. 1ECE, 55-A, No. 7, pp. 331-338, 1972,

M. 1 Kim, N. Chubachi, “Theoretical and Fxperimenlal



A Frequency-Variable Ultrasonic Vibrator with Conical Horn for Ultrasonic Machining 43

Characteristics  Analysis of Multi-frequency Composite
Langevin-Type Ultrasonic Transducer.” T. IEE Japan, Vol.
114-C, No. 1, pp. 42-50, (994,

18. Moojoon Kim, Hiroshi Kanai and Noriyosht Chubachi.
“Non-contact measurement of particle velocity distribution
of ultrasonic waves along an elastic bar using laser Doppler
velocimelry,” J. Acoust. Soc. Jpn. Vol. 15, No. 5, pp.
339-344, 1994,

AModgioon Kim

He received the B.S. and M.S. degrees in Applied Phys-
ics from Pukyong National University, Pusan, in 1985
and 1990, respectively. He got the Ph.D. degree in Elec-
tric Engincering {major in Ulirasonics) from Tohoku
University, Japan, in 1994. Since 1997, he has been an as-
sistant prolessor of the Department of Physics, Pukyong
National University. Major research area is ultrasonic
transducers. He got the paper presentation award, Japan,
from Institute of Electrical Engincers of Japan.

A Kanglyeol Ha

He received the B.S. and M.S. degrees in Fisheries
Physics from Pukyong National University, Pusan, in
1978 and 1982, respectively. He got the Ph.D. degree in
Electric Engineering (major in Ultrasonics} from Tohoku
Universily, Japan, in 1990. Since 1997, he has been an as-
sociate professor of the Department of Physics, Pukyong
National University. His major research area is ultrasonic
engineering, especially acoustic field analysis and measur-

ement.

A Muhun Park

He was born in Taegu, Korea, on January 15, 1966. He
received the B.E. degree in eletronics engineering from
Kyoung Pook university, Taegu, Korea, in 1990. He
received the M.E. and Ph.D. degree in eletrical engineer-
ing from Tohoku University, Sendal, Japan, in 1993 and
1996 respectively. He is currently a NSSP professor at the
college engineering, Chang Won National University. He
is a member of the Acoustical Society of Japan, and a
member of the Acoustical Society of Korea.



