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Abstract: Conventional ultrasonic welding uses linear vibrations, but welding using an elliptical
locus improves welding strength. Therefore, we developed a vibration source that generates an
elliptical locus using a single longitudinal vibration transducer. Although vibration sources with an
elliptical locus have been reported previously, they were designed using the equivalent transmission
line method. In this paper, we used the finite element method to elliptical vibration source design, and
we fabricated a vibration source and measured its characteristics. Bringing the resonance frequencies
of the longitudinal and torsional vibration closer together allowed vibration with an elliptical locus to
be obtained at a single frequency.
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1. INTRODUCTION

There have been many studies on ultrasonic welding of

metals [1–5]. Since ultrasonic welding does not use heat, it

can be used to join dissimilar metals with different melting

points. Conventional ultrasonic welding uses a linear

vibration displacement locus in only one direction on the

welded object. Consequently, the welding area is small,

the welding strength is low when the object is pulled in the

direction of vibration due to the directionality of the joint

trace, and the joining time is long due to the low vibration

energy. In addition, because the vibration displacement

is only in one direction, the rapid change in the stress

direction during the reciprocating vibration causes a

decrease in the welding strength [6].

To solve these problems, ultrasonic welding using two-

dimensional vibration displacements that form a planar

locus or an elliptical locus has been investigated [7–11].

This type of welding is superior to that using linear

vibration displacement because there is less directionality

in the vibration, so there is no directionality in the tensile

strength, and this method can result in the superior welding

strength.

Miura et al. investigated welding using a dumbbell

vibration source with longitudinal and torsional vibrators

that generate two-dimensional planar vibration displace-

ments [12–14].

In addition, Miura et al. developed a dumbbell

vibration source that used two longitudinal transducers

rather than a torsional transducer [15].

Tsujino et al. developed vibration sources that gen-

erated vibration displacements with circular or elliptical

trajectories [16–20]. Their results also demonstrated the

superiority of circular or elliptical vibration displacement

over linear vibration displacement. The equivalent trans-

mission line method was used in the design of these

vibration sources.

Muhammad et al. also investigated generating complex

vibration by diagonally slitting a step-horn transmission

rod [21]. They used a neural network and the finite element

method (FEM) to develop a vibration source.

A helical slit can be used to generate a planar vibration

at the tip of a transmission rod using a single longitudinal

transducer. Harkness et al. investigated the suppression of

electrical anti-resonance in torsional vibration using a

helical slit, although they did not examine elliptical

vibration displacement [22–24].

The helical slit generates longitudinal and torsional

vibrations simultaneously by using the contraction of

longitudinal and torsional vibrational resonances, and that

the two resonance frequencies are used to generate planar

vibrational displacements [25].

Therefore, we developed a vibration source that uses a

single longitudinal transducer to generate elliptical vibra-

tions at a single frequency, thereby increasing the versa-

tility of the design [26].

In this paper, we used the FEM to design a vibration
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source to generate an elliptical displacement locus at the

tip of a transmission rod with helical slits using a single

frequency.

2. ULTRASONIC COMPLEX
VIBRATION SOURCE

Figure 1 provides an overview of our ultrasonic

complex vibration source. The vibration source consisted

of a 39 kHz bolt-clamped Langevin transducer (HEC-

3039P4B, Honda Electronics), a flange-integrated expo-

nential horn (A2017; thick end face diameter, 30 mm; thin

end face diameter, 12 mm; amplitude amplification ratio,

3), and transmission rod (SUS303; diameter, 12 mm;

length, L) (Fig. 1(a)). The length in the direction of the

central axis was set to 0 mm at the left end of the

transducer. Figure 1(b) shows the cross section 4 mm from

the tip. The side of the transmission rod contained helical

slits with a semicircular cross-section, and the depth radius

was R, the number of rotations was one, and the number of

slits was two.

Because this vibration source is intended to be used for

welding, we focused on the vibration at the tip of the

transmission rod. We refer to the vibration in the direction

of the central axis of the tip as longitudinal vibration and

that in the circumferential direction as torsional vibration.

First, to understand the characteristics of the ultrasonic

longitudinal transducer, the admittance was measured by

using an impedance analyzer (ZGA5920, NF) with the

driving voltage of the ultrasonic longitudinal transducer

constant at 1.0 V (effective value). The resonance frequen-

cy of the longitudinal vibration was 39.5 kHz and the

admittance was 154 mS. Because the resonance frequency

of the resonator alone was 39.5 kHz, the resonance

frequency of the longitudinal vibration of the entire

vibration source using an exponential horn and a trans-

mission rod without a slit needed to be 39.5 kHz. A

simulation analysis calculated that transmission rod length

L needed to be about 60 mm.

3. DESIGN OF ULTRASONIC
VIBRATION SOURCE

To generate elliptical vibration displacement at the

tip of a transmission rod using a single frequency, it is

necessary to minimize the difference between the reso-

nance frequencies of longitudinal and torsional vibration.

We investigated how to bring the two resonance frequen-

cies closer together by varying the transmission rod length

and the helical slit depth. The two resonance frequencies

are f1 for the lower value and ff2 for the higher value.

Piezoelectric analysis was performed using COMSOL

Multiphysics, which is analysis software that uses the

FEM. The material constants of the metallic materials used

in the analysis are shown in Table 1. In addition, irons are

used for the coupling screws. The piezoelectric material is

PZT4, and the material constants are shown in Table 2.

3.1. Transmission Rod Length and Helical Slit Depth

The flange used to fix the ultrasonic complex vibration

source may affect the generation of torsional resonance;

thus, this section discusses the vibration source with the

flange removed from the vibration source shown in Fig. 1.

To generate elliptical vibration displacement, the

difference in resonance frequency between longitudinal

and torsional vibrations must be reduced. Therefore,

simulation analysis was conducted in which the trans-

mission rod length, L, and the helical slit depth, R, were

varied. The analysis was performed for L of 58–62 mm and

R of 3.0–4.0 mm.

Figure 2 shows the analysis results with L on the

horizontal axis and R on the vertical axis, and the

difference in the resonance frequencies of the vertical

and torsional vibrations as a contour plot. When L was

constant, the frequency difference was minimum when R

was 3.4 mm. The frequency difference did not change with

(a) Schematic of the entire ultrasonic complex vibration 
source.

(b) Cross-sectional view of transmission rod in the A-A' 
plane.
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Fig. 1 Schematic of the ultrasonic complex vibration
source.

Table 1 Material constants of metallic materials.

Material
name

Young’s
modulus [GPa]

Poisson’s
ratio

Density
[kg/m3]

A2017 73 0.33 2790
SUS303 197 0.3 7920

Iron 200 0.29 7870
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L significantly within the range examined, but did increase

somewhat with increasing length.

To generate elliptical vibration displacement at a single

frequency, the frequency difference between resonance

frequencies f1 and f2 must be small. Therefore, the range

where the frequency difference was small was slit depths of

3.3–3.6 mm and transmission rod lengths of 58–62 mm. In

addition, it is important to know the ratio of the vibration

displacement at resonance for the longitudinal and tor-

sional vibrations and the coupling of the vibration modes.

Therefore, the vibration displacement ratio was obtained

from the amplitude ratio of the displacement shown in

Eq. (1) at the resonance frequency of both vibrations at the

tip of the transmission rod.

Amplitude ratio

¼
Displacement amplitude of torsional vibration

Displacement amplitude of longitudinal vibration

�
�
�
�

�
�
�
�

ð1Þ
Figures 3(a) and 3(b) show the results for the displace-

ment amplitude ratios at f1 and f2, respectively, in the same

range and with the same axes as in Fig. 2. The displace-

ment amplitude ratios are shown as contour plots on the

same scale.

The displacement amplitude ratio at f1 and f2 should be

1.0–2.0 because a previous study showed that the vibration

displacement with an elliptical shape was obtained even

when the displacement amplitude ratio was about 1.6.

Thus, the amplitude ratios at f1 and f2 were 1.0–2.0 for a

slit depth of 3.4 mm and a transmission rod length of 60–

62 mm. The helical slit depth and the transmission rod

length were set to 3.4 and 61 mm, respectively, considering

the frequency difference and the amplitude ratio, as well as

the margin for dimensional error in the fabrication.

3.2. Vibration Distribution of an Ultrasonic Complex

Vibration Source

We examined the vibration displacement distribution of

the ultrasonic complex vibration source with the dimen-

sions determined by the results so far (Fig. 4). The

analytical model is shown in Fig. 1 without the fixing

flange. Figure 4(a) shows the results of the analysis of the

vibration displacement distribution at the resonance fre-

quency f1 (36.28 kHz). The horizontal axis is the position

of the ultrasonic complex vibration source in the direction

of the central axis and the vertical axis is the amplitude of

the vibration displacement normalized to the maximum

value of the vibration displacement amplitude. The

longitudinal, torsional, and flexural vibration displacement

amplitudes are shown by the blue, red, and green lines,

respectively. The longitudinal and flexural displacement

Table 2 Material constants of piezoelectric materials.

Moduli Unit

Density kg/m3 7,500
cE
11 GPa 139
cE
12 GPa 78
cE
13 GPa 74
cE
22 GPa 139
cE
23 GPa 74
cE
33 GPa 115
cE
44 GPa 26
cE
55 GPa 26
cE
66 GPa 31
e31 Cm�2 �5:2
e32 Cm�2 �5:2
e33 Cm�2 15.1
e24 Cm�2 12.7
e15 Cm�2 12.7

"S11="
a0 — 763

"S22="
a0 — 763

"S33="
a0 — 663
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Fig. 2 Calculated difference in resonance frequency
between the longitudinal and torsional vibrations.

(a) Displacement amplitude ratio at resonance frequency f1.

(b) Displacement amplitude ratio at resonance frequency f2.
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Fig. 3 Calculated displacement amplitude ratio. The
displacement amplitude ratio is the torsional vibration
displacement amplitude/longitudinal vibration dis-
placement amplitude.
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amplitudes indicate the vibration displacement amplitude

on the central axis of the vibration source. On the other

hand, the displacement amplitude of torsional vibration

was not on the central axis, so the vibration displacement

amplitudes at the side of the vibration source, located 6 mm

radially from the central axis, are shown. Some lines are

discontinuous because there are no results for the surface

cut away to form the helical slits and the void for the screw

hole. The amplitude distribution of the longitudinal

vibration was 1.5 wavelengths in total and that of the

torsional vibration was 2.5 wavelengths in total. The

longitudinal and torsional vibrations formed antinodes at

the tip of the transmission rod with an amplitude ratio of

1.3. The flexural vibration was smaller than the longitudi-

nal and torsional vibration.

Figure 4(b) shows the analysis results at f2 (36.43 kHz).

The distribution positions, the axes, and figure legends are

the same as in Fig. 4(a). The amplitude distribution of the

longitudinal vibration was 1.5 wavelengths in total and that

of the torsional vibration was 2.5 wavelengths in total, as in

Fig. 4(a). At the tip of the transmission rod, the longi-

tudinal and torsional vibrations formed antinodes, and the

amplitude ratio was 1.7. The flexural vibration was also

smaller than the longitudinal and torsional vibration. These

results showed that the elliptical vibration displacement

could be obtained at the tip of the transmission rod for both

resonance frequencies by considering the frequency differ-

ence and amplitude ratio.

3.3. Position of Fixing Flange

The flange for fixing the vibration source must have no

effect on the vibration displacement distribution, even if

the flange is fixed. The position of the flange, which had

little effect on the vibration displacement at the longitu-

dinal and torsional vibration resonance frequencies, was

investigated by simulation analysis using the analytical

model shown in Fig. 1. Because the resonance frequency of

the torsional vibration is easily affected by the fixed flange,

the analysis examined the locations where the presence or

absence of the flange did not affect the vibration displace-

ment. The position of the fixed flange was varied within the

range including the nodes of the longitudinal vibration

resonance and torsional vibration resonance distributed

through the exponential horn.

The longitudinal vibration node was 90 mm from the

edge of the resonator in the direction of the central axis

(Fig. 4(a)) and the torsional vibration node was 104 mm

from the edge of the resonator (Fig. 4(b)). In the analysis,

the diameter of the flange was set to 44 mm and its

thickness to 1 mm, and a fixed constraint was applied

within 6 mm from the circumference of the flange to

prevent the flange from vibrating.

Figure 5 shows the analysis results. The horizontal axis

is the position of the flange where the vibration source is

fixed and the vertical axis is the difference of the resonance

(a) Vibration displacement distribution at resonance
frequency f1.

(b) Vibration displacement distribution at resonance
frequency f2.
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frequency. The blue line is the frequency difference from

resonance frequency f1 without the flange shown in

Fig. 4(a), and the red line is the frequency difference from

resonance frequency f2 without the flange shown in

Fig. 4(b). The frequency difference at f2 decreased up to

a flange position of 104 mm, and then increased again. This

frequency difference reached a minimum of 13 Hz at

104 mm. In contrast, the frequency difference at f1 was

small in the range studied, but decreased as the flange

position approached the transmission rod. The frequency

difference was also small near the 104 mm position, at

about 40 Hz.

Based on these results, the flange was located 104 mm

from the edge of the resonator to minimize the effect on

resonance frequencies f1 and f2. The position of the flange

was close to the position of the torsional vibration nodes.

The displacement amplitude ratio at the tip of the trans-

mission rod at f1 was about 1.4, and at f2 it was about 1.5,

which were important values.

The vibration displacement distribution of the vibration

source when the position of the flange was 104 mm was

analyzed. Figure 6(a) shows the results for the vibration

displacement distribution at f1 (36.3 kHz). The axes and

parameters and the position of the vibration displacement

distribution are the same as in Fig. 4. The longitudinal

vibration was 1.5 wavelengths in total, and the torsional

vibration was 2.5 wavelengths in total, as in Fig. 4(a). The

longitudinal and torsional vibrations formed antinodes at

the tip of the transmission rod. In addition, the flexural

vibration was smaller than the longitudinal and torsional

vibration. Compared with the results in Fig. 4(a), the

flexural vibration was smaller, but the vibration distribution

of the longitudinal, torsional, and flexural vibrations was

the same.

Figure 6(b) shows the analysis results for the vibration

displacement distribution at f2 (36.4 kHz). The axes and

parameters and the position of the vibration displacement

distribution are the same as in Fig. 4(a). The longitudinal

vibration was 1.5 wavelengths in total, and the torsional

vibration was 2.5 wavelengths in total, as in Fig. 4(b). In

addition, the longitudinal and torsional vibrations formed

antinodes at the tip of the transmission rod. The flexural

vibration was smaller than the longitudinal and torsional

vibration. The vibration distribution of the longitudinal,

torsional, and flexural vibration was the same as in

Fig. 4(b).

These results suggest that a flange fixed close to the

torsional vibration node had little effect on the vibration

distribution and amplitude ratio, and that elliptical vibra-

tion displacement can be obtained at the tip of the

transmission rod for use in practical applications, such as

welding.

4. VIBRATION CHARACTERISTICS
OF ULTRASONIC COMPLEX

VIBRATION SOURCES

4.1. Frequency Response of the Vibration Source

An ultrasonic complex vibration source with the

dimensions obtained from the analysis results shown in

Sect. 3 was fabricated (Fig. 7). First, the frequency

characteristics of the vibration source were measured by

using an impedance analyzer (ZGA5920, NF) with a

constant driving voltage of 1.0 V (effective value) for the

vibration source. The frequency range was 36.0–37.5 kHz,

and the measurements were performed in 1 Hz increments

with the flange fixed.

Figure 8 shows the measurement results. The horizon-

tal axis is the frequency and vertical axis is the conductance

shown on a logarithmic scale. Two resonance frequencies

were obtained in the measured range. The first resonance

(a) Vibration displacement distribution at resonance
frequency f1.

(b) Vibration displacement distribution at resonance
frequency f2.
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had a frequency of 36.5 kHz, with a conductance of

0.45 mS, and the second had a frequency of 36.8 kHz with a

conductance of 27.2 mS.

4.2. Vibration Displacement Locus and Vibration

Distribution of the Vibration Source

The vibration displacement amplitude at the tip of the

transmission rod was measured to investigate the locus of

the vibration displacement obtained by the vibration

source. Two laser Doppler vibrometers were used to

measure the vibration displacement: one to measure the

longitudinal vibration displacement at the tip of the source,

and the other to measure the torsional vibration displace-

ment of the tip of the source at the lateral position (6 mm in

the radial direction). The measurements were performed at

the respective resonance frequencies with a constant input

current of 50 mA to the vibration source.

Figure 9 shows the amplitude of the longitudinal

displacement on the horizontal axis and the amplitude of

the torsional displacement on the vertical axis, and the

parameters are the two resonance frequencies. An elliptical

vibration displacement locus (red line) was obtained at a

frequency of 36.5 kHz, and the amplitude ratio of the

longitudinal to torsional vibration was 1.3. A linear locus

of vibration displacement (blue line) was obtained at a

frequency of 36.8 kHz with an amplitude ratio of 1.1. These

results indicated that the measured amplitude ratios of both

vibration displacements agreed with the analytical results.

Next, the displacement amplitudes of the longitudinal

and torsional vibrations of the transmission rod were

measured at both resonance frequencies where these

vibration displacements were obtained. The displacement

amplitude of the longitudinal vibration was measured using

an annular electromagnetic vibration detector, which

detects eddy currents in the plane perpendicular to the

magnetic flux and the direction of vibration displacement

by placing a coil close to transmission rod [27]. The output

voltage of the detector is proportional to the vibration

velocity. The displacement amplitude of the torsional

vibration was measured by irradiation a small groove on

the transmission rod with a laser Doppler vibrometer. The

measurement conditions were the same as in Fig. 8, with a

constant input current of 50 mA to the vibration source.

Figures 10(a) and 10(b) show the measured displace-

ment amplitudes of the longitudinal and torsional vibra-

tions of the transmission rod. The horizontal axes show the

position of the vibration source in the direction of the

central axis, and the vertical axes show the vibration

displacement amplitude, normalized by the maximum

value of each vibration displacement. The blue circles

and red triangles indicate the measured longitudinal and

torsional displacement amplitudes, respectively. The solid

blue and red lines show the calculated amplitudes of the

torsional and longitudinal vibration displacements, respec-

tively. The red dotted lines are the vibration displacements

of the torsional vibration that could not be measured due to

the slit that were obtained by a separate analysis. The

positions of the vibration sources for the longitudinal and

torsional vibration analysis results are the same as those

shown in Fig. 6.

Figure 10(a) shows the measured vibration displace-

ment distribution at a frequency of 36.5 kHz and the

calculated vibration displacement distribution at resonance

frequency f2. The measured longitudinal vibration distri-
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Fig. 7 Photograph of the fabricated ultrasonic complex
vibration source.
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bution had a node near 160 mm in the central axis

direction, and the entire distribution was a half-wavelength

vibration displacement distribution. However, the analyzed

longitudinal vibration distribution had a node at 168 mm

in the central axis direction, and the entire distribution was

a half-wavelength vibration displacement distribution.

Therefore, although there was a difference in the position

of the nodes in the measured and calculated longitudinal

vibration distributions, the vibration displacement distri-

bution of the entire transmission rod was half a wavelength

in measured and calculated cases, and was almost identical.

The measured torsional vibration distribution showed

vibration displacement antinodes at central axis positions

of 130, 165, and 190 mm, identical to the calculated values.

The positions of the measured and calculated torsional

vibration antinodes were similar, and the overall measured

and calculated vibration displacement distribution was

consistent at one wavelength.

Figure 10(b) shows the measured vibration distribution

at a frequency of 36.8 kHz and the calculated vibration

displacement distribution at f1. The measured longitudinal

vibration displacement distribution had a node at 160 mm

in the central axis direction, and the entire distribution was

a half-wavelength vibration displacement distribution,

identical to the calculated values. Therefore, the nodes of

measured and calculated longitudinal vibration distribu-

tions were similar, and the trend of the measured and

calculated vibration displacement distribution was the

same at half a wavelength.

The measured torsional vibration had vibration dis-

placement antinodes at 130, 165, and 190 mm in the central

axis direction, with the node near 140 mm, identical to the

calculated values, suggesting that the overall measured and

calculated vibration distribution was consistent at one

wavelength.

These results showed that the vibration source mea-

sured resonance frequency of 36.5 kHz and calculated

resonance frequency f2 were the same vibration mode, and

the vibration source measured resonance frequency of

36.8 kHz and calculated resonance frequency f1 obtained

by analysis were also the same vibration mode. The

resonance frequencies of the two vibration modes could be

brought closer together by obtaining the correct values for

the transmission rod length and the helical slit depth of the

vibration source, and that an elliptical vibration locus could

be obtained at the tip of the transmission rod.

5. CONCLUSION

We developed an ultrasonic complex vibration source

using a transmission rod with helical slits to obtain an

elliptical vibration displacement at a single frequency. The

design and vibration characteristics of the manufactured

ultrasonic complex vibration source were investigated. The

results were as follows.

(1) By setting the helical slit depth and the transmission

rod length to appropriate values, the frequency

difference between resonance frequencies f1 and f2
was reduced and the displacement of longitudinal and

torsional vibrations formed antinodes at the tip of the

transmission rod. The calculation results showed that

the frequency difference between resonance frequen-

cies f1 and f2 was reduced by setting appropriate

values for the transmission rod and transmission rod

length.

(2) The flange used to fix the vibration source must not

affect the vibration mode even if the flange is fixed.

Therefore, the flange position was examined to

prevent it interfering with the resonance generation.

Flanges could be fixed near the torsional vibration

nodes with minimal effects on f1 and f2.

(3) The ultrasonic complex vibration source had reso-

nance at frequencies of 36.5 and 36.8 kHz. An

elliptical vibration displacement locus was obtained

(a) Vibration displacement distribution at a frequency of 36.5
kHz.

(b) Vibration displacement distribution at a frequency of 36.8
kHz.
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at a driving frequency of 36.5 kHz, and a linear

vibration displacement locus was obtained at a driving

frequency of 36.8 kHz.

(4) The calculated distributions of the longitudinal and

torsional vibration displacements at each resonance

frequency agreed closely with the measured vibration

displacement distributions.

Based on results, the design method considering the

transmission rod length, the slit depth, and the flange

position using the FEM brought the resonance frequencies

of the two vibration modes closer together and the elliptical

vibration displacement was obtained at a single frequency.

Our method could be used for vibration sources with

frequencies other than those studied here.
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