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Abstract
A three-dimensional ultrasonic elliptical vibration transducer (3D-UEVT) based on a sandwiched piezoelectric actuator for 
micro-grooving was manufactured and assessed in this study. The 3D-UEVT generates an elliptical locus of a tool tip in 
three-dimensional space. The 3D-UEVT operates in resonance mode by coupling the first longitudinal-vibration mode and 
the two directions of the third bending-vibration mode. Modal simulation analysis was performed to determine the proper 
dimensions to ensure that the resonance frequencies between the longitudinal and two of the bending-vibration modes were 
similar. The swept-sine assessment indicated that the 3D-UEVT working resonance frequency was approximately 20.4 kHz. 
The 3D-UEVT generated an amplitude peak-to-peak of approximately 0.8 µm in two-bending directions and 0.3 to 0.5 µm 
in the longitudinal direction when the piezoelectric sandwiched actuator was driven at a peak-to-peak voltage of 150 V. 
The output amplitude of the 3D-UEVT increased as the driven input voltage increased. The performance of the proposed 
3D-UEVT was assessed by a micro-grooving test. An adequate micro-grooving result confirmed that the proposed 3D-UEVT 
produced an acceptable micro-groove pattern.

Keywords  PZT · Elliptical vibration · Piezoelectric · Ultrasonic transducer · Modal analysis

1  Introduction

There has been a gradual development of the elliptical vibra-
tion transducer since Moriwaki et al. introduced the ellipti-
cal vibration cutting (EVC) method [1, 2]. There has been 
a recent change, from non-resonance to resonance, in the 
design of the elliptical vibration transducer [3]. Further, the 
piezo actuator arrangement has been modified (parallel [4], 
perpendicular [5], or angled [6]) and a single actuator has 
been used [7]. The modified horn shape was implemented 
for the single actuator [8], and three piezo actuators were 

used to generate the elliptical trajectory in three-dimensional 
space [9]. In general, a piezo actuator is used as the main 
actuator in elliptical vibration transducers because it offers 
a quick response (no lag) [10], no friction, and adequate 
thermal resistance.

In recent developments, ultrasonic elliptical vibration 
transducers (UEVT) have been operated in a resonance con-
dition with the coupling of two different vibration modes 
with similar frequencies, such as a longitudinal–longitu-
dinal [3], longitudinal–bending [11], or bending–bending 
[12] vibration-coupling mode. In general, full- or half-shape 
piezoelectric ceramics are required to vibrate the transducer 
in the longitudinal (full-shape) or bending (half-shape) 
vibration mode [11, 12]. Piezoelectric ceramics are driven 
in normal polarization for the longitudinal-vibration mode. 
For the bending-vibration mode, reverse polarization of 
the half-shape of the piezoelectric ceramics is required to 
sequentially vibrate owing to the piezo-electrical effect in a 
different polarity (compression or contraction) [11]. Further, 
phase shift control is used to manipulate the shape of the 
elliptical trajectory.
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Moriwaki et al. [13] developed the first UEVT where 
the piezoelectric plates were located on the four surfaces 
of a square beam. The sinusoidal voltages with a proper 
phase shift vibrated the piezoelectric plates to excite the 
bending–bending vibration-coupling mode. The Moriwaki 
transducer could generate an elliptical amplitude of 4 µm 
at a working frequency of 20 kHz [13]. Beihang University 
developed a UEVT with a single excitation in the longitudi-
nal direction, where the bending-vibration mode was cou-
pled owing to the asymmetric design of the transducer [7]. 
The UEVT developed by Beihang University produced an 
elliptical amplitude of approximately 16 µm in the tangential 
direction and 2 µm in the normal direction with a work-
ing frequency of 22.5 kHz. The piezoelectric ceramics were 
perpendicularly arranged to generate an elliptical vibration 
at a high frequency of approximately 18 kHz, and the trans-
ducer could produce an elliptical trajectory of approximately 
2 µm in the major axis direction and 1 µm in the minor axis 
direction [14]. Taga Electric Co., Ltd. manufactures a com-
mercial UEVT (EL-50). The EL-50 can produce an ellipti-
cal vibration amplitude of approximately 4 µm at 39 kHz 
[15]. Guo et al. [3] proposed a UEVT that could generate 
an elliptical locus with major and minor axes of 8.79 and 
7.28 µm, respectively, at a working frequency of 28 kHz. 
The Guo UEVT design is based on the longitudinal–lon-
gitudinal vibration-coupling mode of two angled Langevin 
transducers at a 60° angle [3]. Zhou et al. [11] proposed a 
UEVT that used a longitudinal–bending vibration-coupling 
mode. In principle, the first longitudinal-vibration mode has 
a similar frequency to that of the third bending-vibration 
mode [11]. The Zhou transducer had a working frequency of 
approximately 20.1 kHz, and the device generated an ampli-
tude of approximately 10 µm and 8 µm in the radial and 
axial directions, respectively, at a high voltage of 450 V [11]. 
Yin et al. [8] developed a UEVT that uses a single driven 
piezoelectric actuator. An additional motion was added by 
adding an oblique beam in front of the horn [8]. The Yin 
transducer could generate vibration amplitudes of 10 and 
3 µm in the y- and x-directions, respectively, at 20.1 kHz [8]. 
Huang et al. [12] proposed a UEVT that uses the principle of 
the bending–bending vibration-coupling mode. The Huang 
transducer operates at approximately 19.3 kHz and generates 
an elliptical locus with amplitudes in the y- and z-directions 
of approximately 3.5 µm at 250 V.

Numerous ultrasonic transducers with different shape 
variations and arrangements create an elliptical motion; 
however, there are minimal existing transducers that pro-
duce three-dimensional (3D) motion of an elliptical locus 
in the ultrasonic condition (≥ 20 kHz). Kurosawa et al. 
[16] proposed an ultrasonic transducer that consisted of 
a 90° alignment between two Langevin transducers. The 
Kurosawa transducer generated elliptical motion of the tip 
of approximately 51.6 and 9.05 µm in the tangential and 

normal directions at a working frequency of 30.78 kHz [16]. 
Liu et al. [17] developed an ultrasonic transducer using the 
longitudinal–bending vibration-coupling mode. The longi-
tudinal- and bending-mode frequencies were investigated 
experimentally at 28.897 kHz. The symmetrical shape of 
the conical horn in the Liu transducer produced a longitu-
dinal–bending vibration-coupling mode that could synchro-
nously create a two-dimensional motion of the feet [17]. 
Full- and half-shaped piezoelectric ceramics are typically 
used to generate the longitudinal and bending-vibration 
modes, respectively [18]. Yan et al. [19] proposed an ultra-
sonic transducer that operates in a bending–bending vibra-
tion-coupling mode, where the two different groups of piezo-
electric ceramics are attached on the beam surface. Inspired 
by the Guo transducer, the Kurniawan transducer operates at 
24 kHz with a small vibration amplitude for surface textur-
ing applications [20, 21]. This study was inspired by Lotfi 
and Amini [22], who proposed a 3D-UEVT that operates at 
a frequency of 20 kHz.

According to Lin’s report [23], the generated surface 
roughness by the 3D-EVC method is less than that of the 
2D-EVC method. However, a contradictory result was 
obtained in the Sajjady report [24], where the generated 
surface roughness from the 3D-EVC method was greater 
than that of the 2D-EVC method. To study the generated 
surface roughness from the 3D-EVC method, in particular 
micro-grooving, a novel design of the 3D-UEVT is pro-
posed. The main objective of this study is to introduce a 
novel 3D-UEVT with a transducer capable of ultrasonically 
vibrating the tool tip in 3D-dimensional space in a resonance 
mode by adopting longitudinal–bending bending-vibration 
modes. The details of the UEVT design, design analysis, 
and dynamic performance of the design are presented in 
this study.

2 � Structure of the 3D‑UEVT

Figure 1a displays a cross-sectional view of the proposed 
3D-UEVT. Figure 1b is an isometric view of the proposed 
3D-UEVT including the polarization of the PZT ceramics 
for the longitudinal and bending modes. The 3D-UEVT con-
sists of a conical horn, conical back mass, reload bolt, steel 
plate, insulator, and PZT ceramics (full and a half), as indi-
cated in Fig. 1. The conical horn was made of a titanium alloy 
(Ti–6Al–4V). The conical back mass and preload bolt were 
made of stainless steel (AISI 304). The type of PZT ceramic 
used was SS44, and the steel plate was made of AISI4340. The 
insulator was made of polytetrafluoroethylene (PTFE). The 
material properties of the conical horn, back mass, and PZT 
ceramics are listed in Table 1. The conical shape of the horn 
was chosen to magnify the vibration amplitude and velocity. 
The preload bolt was used to tighten the conical horn, PZT 
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ceramics, and conical back mass, as indicated in Fig. 1a. The 
conical shape of the back mass was chosen to create a similar 
resonance frequency for the two directions of the third bending 
mode. The brass electrodes were utilized to supply the electri-
cal energy and were located between the two PZT ceramics, 
although the brass electrode was drawn as a circular plate, 
as depicted in Fig. 1. The PZT ceramics were manufactured 
by the SunnyTec Company. The anisotropic PZT properties: 
piezoelectric charge, compliant, and dielectric constants, are 
given by Eqs. (1)–(3), respectively.

(1)� =

⎡⎢⎢⎣

0.0 0.0 0.0

0.0 0.0 0.0

− 1.35 − 1.35 3.3

0.0 5 0.0

5 0.0 0.0

0.0 0.0 0.0

⎤⎥⎥⎦
× 10−10 M∕V

3 � Analysis Design

To generate a 3D elliptical trajectory, the resonance frequen-
cies between the first longitudinal mode and the two direc-
tions of the third bending mode must be similar.

Therefore, a conical shape for the horns and back mass 
was adopted. The conical shape provides an excellent simi-
larity between the longitudinal and two-direction bending 
modes. Two full set PZT ceramics were used to vibrate 
the longitudinal motion in the z-direction; the polarity is 
indicated in Fig. 1b. The longitudinal-vibration mode was 
excited by the PZT ceramics with no phase difference. The 
bending-vibration modes were excited by the half PZT 
ceramics with phase differences of 90° and 180° for the x- 
and y-axis bending-vibration modes, respectively, as indi-
cated in Fig. 1b.

An analytical model is difficult to develop. Thus, a sensi-
tivity analysis was adopted by adjusting one of the predicted 
dimensions and analyzing the output modal response. Fur-
thermore, it is difficult to determine the final dimensions 
of a 3D-UEVT and the coupled natural frequencies of the 
first longitudinal and two of third bending modes because 
of the complexity of the transducer shape design. In this 
study, the final dimensions of the 3D-UEVT structure were 
determined by a modal simulation using a finite element 
modeling (FEM) analysis in the SolidWorks Simulation soft-
ware. A fine standard triangular meshing grid was applied in 
this study, as shown in the mode shape results (Fig. 2). The 
meshing element size, total nodes, and total elements were 
approximately 2.015 mm, 96,553, and 66,150, respectively. 
A free boundary condition was used. The computing time 
was approximately 3 min 57 s. In the FEM analysis, the steel 
plate and tool insert placement were neglected. The steel 
plate was placed after the zero displacement location deter-
mined by the mode shape in blue (see Fig. 2), whereas the 
red color indicated the maximum displacement. The natural 
frequencies of the first longitudinal and two directions of the 
third bending-vibration mode were determined by adjusting 

(2)C
E =

⎡⎢⎢⎢⎢⎢⎢⎣

8 8.4 6.8

8.4 8 6.8

6.8 6.8 6.2

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0

3.3 0.0 0.0

0.0 2.8 0.0

0.0 0.0 2.8

⎤⎥⎥⎥⎥⎥⎥⎦

× 1010 N∕m2

(3)�
T =

⎡
⎢⎢⎣

8.1 0.0 0.0

0.0 8.1 0.0

0.0 0.0 13.7

⎤
⎥⎥⎦
× 10−9 F∕m

Fig. 1   Structure of proposed 3D-UEVT: a cross-sectional view and b 
isometric view [25]

Table 1   Material properties of the main components of 3D-UEVT

No. Materials Young’s modu-
lus (E) (Pa)

Mass density 
(ρ) (kg/m3)

Poisson’s 
ratio (ε)

1. PZT-SS44 8 × 1010 7700 0.32
2. AISI 304 1.9 × 1011 8000 0.29
3. Ti–6Al–4V 1.05 × 1011 4430 0.31
4. Brass 1 × 1011 8500 0.33
5. PTFE 0.5 × 109 2320 0.46
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the dimensions of the 3D-UEVT structure. First, the working 
frequency and dimensions of the length of the structure of 
the 3D-UEVT were defined and calculated. Then, based on 
the calculated dimensions of the structure, the dimensions of 
the 3D-UEVT structure were adjusted to determine the cou-
pled working frequencies. Figure 3 displays the dimensions 
of the 3D-UEVT structure. The longitudinal half-wavelength 
of the Langevin transducer was adopted to calculate the 
preliminary dimensions of the structure. The dimensions of 
the 3D-UEVT, such as L1, L2, L2–1, L2–2, L3, and L3–1, are 
defined by the following equations. 

(4)tan

(
16�f

c1
L1

)
× tan

(
16�f

c0
L0

)
=

�0 × c0 × A0

�1 × c1 × A1

Parameter c0 is the sound speed of the PZT ceramic, c1 is 
the sound speed of the horn, c2 is the sound speed of the back 
mass, and L0 is the total thickness of six PZT ceramics (30 mm) 
and seven brass electrodes (1.75 mm). Parameter f is the natu-
ral frequency and ρ0 is the mass density of the PZT ceramic. 
Parameter ρ1 is the mass density of the horn. Parameter ρ2 is 
the mass density of the back mass and A0 is the surface area of 
the PZT ceramic. Parameter A1 is the surface area of the horn. 
Equation (9) was used to determine the sound speed. The mass 
density (ρ) and Young’s modulus (E) are listed in Table 1. Equa-
tion (4) was used to determine the length of L1. The parameters 
L2–1 and L2–2 are the half-length of L2, and L3–1 is length L3 
minus the length of the head bolt (L3–2 = 9.7 mm). The PZT 
ceramic had a diameter of 35 mm and a thickness of 5 mm; 
thus, the diameter D2 was 35 mm. The diameter D1 was fixed 
at 10 mm. The angle θB for the back mass was zero for the pre-
liminary dimension structure of the 3D-UEVT. The resonance 
frequency was set to 25 kHz and the calculated structural param-
eters of the 3D-UEVT were obtained and are listed in Table 2.

Based on the FEM simulation result after adjusting the 
dimensions, the coupled working frequencies in the longi-
tudinal–bending–bending mode had similar frequencies. 
Table 3 lists the final dimensions of the 3D-UEVT after 
adjusting the dimensions using the FEM modal simulation. 
Based on the final dimension of the 3D-UEVT (Table 3), 
the resonance frequency of the first longitudinal-vibra-
tion mode in the z-direction was 24,311  Hz. The third 

(5)L2 =
1

4
� =

1

4

c1

f

(6)L2-1 = L2-2 =
L2

2

(7)L3 =
1

8
� =

1

8

c2

f

(8)L3-1 = L3 − L3-2

(9)c =

√
E

�
Fig. 2   Three vibrational mode shapes of the 3D-UEVT, a 1st longitu-
dinal (Z), b 3rd bending (X), and c 3rd Bending (Y) [25]

Fig. 3   Structure parameters of 3D-UEVT [25]

Table 2   Calculated structural 
parameters of 3D-UEVT in mm 
[25]

L0 = thickness of the PZT and brass electrodes (steel plate thickness was neglected)

L0 L1 L2 L2–1 L2–2 L3 L3–1 L3–2 D1 D2 θB

31.75 5.295 48.69 24.35 24.35 24.37 14.67 9.7 35 10 0°

Table 3   Final structural 
parameters of 3D-UEVT in mm

L0 = thickness of the PZT and brass electrodes (steel plate thickness was neglected)

L0 L1 L2 L2–1 L2–2 L3 L3–1 L3–2 D1 D2 θB

31.75 5.295 58 49.17 8.83 24.37 14.67 9.7 35 10 21.5°
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bending-vibration mode in the x-direction was 24,328 Hz, 
and the third bending-vibration mode in the y-direction was 
24,323 Hz. Figure 4 displays the nth mode shape versus the 
natural frequency when the coupled working frequencies 
(longitudinal–bending–bending) were found with the final 
dimensions listed in Table 3. For the free boundary condi-
tion in the modal analysis, the first to the sixth mode shape 
had a zero natural frequency. Then, the natural frequency 
gradually increased as the mode shape increased. Similar 
frequencies, indicated by the red mark in Fig. 4, for the first 
longitudinal (z-direction), third bending (x-direction), and 
third bending (y-direction) modes were found. There was 
no torsional mode shape vibration among these three mode 
shapes, as indicated in Fig. 4. A detail modal analysis result 
of the 3D-UEVT, changing the length parameters, was pre-
sented in the authors’ previous published paper [25].  

4 � Experimental Dynamic Characteristic

The swept-sine method was used to measure the frequency 
response function (FRF) of the 3D-UEVT for the longitudi-
nal, bending-x, and bending-y modes. Figure 5 displays the 
layout of the swept-sine method and the experimental setup 
during the swept-sine measurement, where the 3D-UEVT 
was fixed and installed in a 3-axis milling machine. DAQ 
NI 6251 was used as a function generator as well as a sig-
nal analyzer. A monitoring signal was also performed by 
measuring the generated sinusoidal signal (0 to 10 V) and 
the output signal from the sensor amplifier (0 to 5 V). The 
sinusoidal signals were generated continuously in the range 
100 Hz to 50 kHz and traveled through the piezo amplifier 
(0 to 100 V). An optical fiber sensor (Nanotex PM-15) was 
used to record the displacement during signal excitation. 

The optical fiber sensor had a sensitivity of 12.6 µm/V. 
The working distance and resolution were 77.6 µm and 
39.312 nm, respectively.

Figure 6 displays the results of the swept-sine measure-
ment, where the magnitudes of the longitudinal, bending-
x, and bending-y modes are plotted. The first longitudinal 
mode of the 3D-UEVT had a resonance frequency of approxi-
mately 20.4 kHz. The third bending-x and bending-y modes 
of the 3D-UEVT had resonance frequencies of approximately 
20.39 kHz and 20.4 kHz, respectively. These results indi-
cate that the natural frequencies of the longitudinal–bend-
ing–bending modes of the 3D-UEVT were equal. Figure 6 

Fig. 4   Natural frequency versus nth mode shape using final structural 
parameters (Table 3)

Fig. 5   Experimental setup of swept-sine measurement

Fig. 6   Frequency response function (FRF) of swept-sine measure-
ment of the 3D-UEVT
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also indicates that the bending-x and bending-y modes had 
similar resonance frequencies for the first bending and second 
bending modes. Table 4 lists the measurement results. When 
the resonance frequency values between the modal simu-
lation (Fig. 4) and swept-sine method were compared, the 
resonance frequency values differed. These differences were 
mainly caused by the differences between the material proper-
ties (electrodes properties), boundary condition (fixed or free), 
meshing model (small or large size), and ideal models [11]. 

An impact hammer test was also conducted to analyze the 
resonance frequency of the 3D-UEVT structure. The impact 
hammer test was performed using an HP 35665A digital sig-
nal analyzer, where the excitation signal was provided by a 
Kistler hammer (9724A model), and the response signal was 
captured by an accelerometer type 4374 (B & K Instruments). 
The 3D-UEVT was suspended freely with elastic yarn and 
it was assumed that there was no effect of external damping.

The impact test for the longitudinal (z-direction), bend-
ing-x (x-direction), and bending-y (y-direction) modes were 
performed. A frequency span from 0 to 25 kHz was used. 
The resonance frequencies were similar for the longitudi-
nal–bending–bending mode at 20.416 kHz. The average 
values of the resonance frequencies of the longitudinal, 
bending-x, and bending-y modes are listed in Table 5.

5 � Displacement Prediction 
and Measurement

Figure 7 displays the three degrees of freedom of the coni-
cal horn motion mechanism, where point P was located at 
the tip of the conical horn. The conical horn was assumed 
to be pushed vertically by the piezoelectric actuators at five 

different points: a, b, c, d, and O. Point O is the origin of the 
fixed frame of the Cartesian coordinate XYZ, and point O′ is 
the origin of the moving frame of the Cartesian coordinate 
xyz. The longitudinal piezoelectric actuator vertically pushed 
point O′, as described by a vector O⃗ . The bending piezoelectric 
actuators pushed points a, b, c, and d. Points a and b cor-
respond to the bending-x piezoelectric actuators, and points 
c and d correspond to the bending-y piezoelectric actuators. 
The one-dimensional sinusoidal motion of the piezo electric 
actuators for the longitudinal (zo), bending-x (za and zb), and 
bending-y (zc and zd) modes are described by Eq. (10). The 
zb and zd motion was negative or reversed direction because 
of the reversed polarity of the piezo electric actuator, and the 
piezo actuator was in the compression state.

Parameters A1, A2, and A3 are the amplitudes in the z-direc-
tion for the longitudinal and bending modes, respectively. 
Parameter fm corresponds to the ultrasonic frequency, and t is 
time. Parameter ɸ is the phase difference between the longitu-
dinal and bending modes, where ɸ1, ɸ2, and ɸ3 are in the range 
of 0–2π. Assuming A1, A2, and A3 are equal, the amplitude of 
the piezoelectric actuator is estimated by Eq. (11). Parameter 
N is the number of piezoelectric actuators and d33 is the dielec-
tric coefficient of the piezoelectric actuator (330 × 10−6 µm/V). 
Parameter Vp-p is the peak-to-peak voltage amplitude and mf is 
the multiplication factor due to the resonance state, determined 
by an amplitude measurement. In this case, mf = 1.33.

(10)

zo = A1 ⋅ cos
(
2�fm ⋅ t + �1

)
za = A2 ⋅ cos

(
2�fm ⋅ t + �2

)
zc = A3 ⋅ cos

(
2�fm ⋅ t + �3

)
zb = −za

zd = −zc

(11)A = N ⋅ d33 ⋅ Vp-p ⋅ mf

Table 4   Summary results of swept-sine measurement

Italic values indicate the coupled resonance frequencies

Mode Longitudinal 
(Z) ( kHz)

Bending (X) (kHz) Bending (Y) (kHz)

1st 20.400 8.924 9.593
2nd – 16.570 16.320
3rd – 20.390 20.400

Table 5   Summary results of impact hammer test of longitudinal 
(z-direction), bending-x, and bending-y modes

Italic values indicate the coupled resonance frequencies

Mode shape 1st (Hz) 2nd (Hz) 3rd (Hz)

Longitudinal mode 20,461.6 – –
Bending-x mode 6640 13,365.33 20,442.67
Bending-y mode 6853.33 13,712 20,486.67

Fig. 7   Three degrees of freedom of conical horn motion mechanism
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According to Fig. 7, the position of points a, b, c, d, and 
O in the fixed XYZ frame are described by Eq. (12).

Parameter r is the radius of the conical horn, as indicated 
in Fig. 7. Parameters za, zb, zc, and zd are associated with 
Eq. (10). The positions of the piezo tips a’, b’, c’, d’, and O′ 
in the moving xyz frame are described by Eq. (13).

The parameters θ1 and θ2 are the rotational angles along 
the y- and x-axis direction, respectively. The rotational 
angles θ1 and θ2 were determined by Eq. (14), respectively, 
due to the pushing mechanism of the piezoelectric actuator. 
The O′ point moved only in the z-direction about zo.

Fundamentally, the vector P⃗ is the main objective to 
determine the displacement trajectory of point P’. Based on 
the vector relationship in Fig. 7, P⃗ is determined by Eq. (15).

Vector O⃗ is the origin vector of the O′ point of the mov-
ing xyz frame with respect to the fixed XYZ frame. The 
vector �����⃗Pmv has a similar magnitude to vector ���⃗Po ; however, 
the orientation is based on the moving xyz frame. Vector 
���⃗Po is a non-moving vector, where the original position of 
point P is based on the fixed XYZ frame. The parameter 
TR is the homogenous transformation matrix that represents 
the position and orientation of the moving xyz frame with 
respect to the fixed XYZ frame. The vectors ���⃗Po , �����⃗Pmv , and O⃗ 
are determined by Eq. (16), respectively.

The homogeneous transformation matrix is based on the 
rotation and translation motion mechanisms. Thus, TR is a 

(12)

a =

⎡
⎢⎢⎣

−r

0

za

⎤
⎥⎥⎦
; b =

⎡
⎢⎢⎣

r

0

zb

⎤
⎥⎥⎦
; c =

⎡
⎢⎢⎣

0

−r

zc

⎤
⎥⎥⎦
; d =

⎡
⎢⎢⎣

0

r

zd

⎤
⎥⎥⎦
; O =

⎡
⎢⎢⎣

0

0

0

⎤
⎥⎥⎦

(13)

a
� =

⎡
⎢⎢⎣

−r ⋅ cos�1
0

za

⎤
⎥⎥⎦
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⎡
⎢⎢⎣

r ⋅ cos�1
0
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function of θ1, θ2, and zo, where the final term of TR is given 
by Eq. (17).

Figure 8 displays the 3D elliptical trajectory when the 
phase shift was varied for ɸ1 = 45°, 60°, and 90°; ɸ2 = 0°; 
and ɸ3 = 90°, 120°, and 180°, respectively. The excitation 
voltage was in the square waveform, where the peak-to-peak 
voltage was approximately 150 V. The vibration frequency 
of 20.4 kHz was given as the coupling frequency between the 
longitudinal mode and two-bending modes that were found in 
the swept-sine and impact test assessments. The 3D-UEVT 
could generate a peak-to-peak amplitude in the z-direction 
with an approximate range of 0.3–0.5 µm. The peak-to-
peak amplitude for the x- and y-bending was approximately 
0.8 µm. The different motion of the elliptical trajectory in 
the 3D Cartesian space was obtained by changing the phase 
shift of the driving voltage. The magnitude of the excitation 
voltage determines the magnitude of the vibration amplitude 
[11]. The predicted trajectory of the 3D elliptical motion fit 
adequately with the measurements. Achieving the exact same 
trajectory was not possible because of hysteresis [26] and the 
creep of the piezoelectric ceramic actuator.

Figure 9 displays the peak-to-peak displacement of the 
sinusoidal wave for the x, y, and z-directions when the 
excitation peak-to-peak voltages were varied from 100 to 
220 V. The blue, red, and green lines correspond to the x-, 
y-, and z-directions, respectively, as indicated in Fig. 9. Fig-
ure 9 illustrates that the peak-to-peak displacement for all 
three directions increased linearly when the excitation volt-
ages increased from 100 to 220 V. Figure 9 also indicates 
a similar trend for the peak-to-peak displacement of both 
the experiment and simulation. The maximum peak-to-peak 
amplitudes obtained experimentally were approximately 
1.421, 1.314, and 0.658 µm for the x-, y-, and z-directions, 
respectively, as displayed in Fig. 9a for the phase 1 ɸ1 = 45°, 
phase 2 ɸ2 = 0°, and phase 3 ɸ3 = 90° at a working frequency 
of 20.4 kHz. Figure 9b, c display the peak-to-peak displace-
ments with voltage variations and different phase shifts. It 
should be noted that there is a difference between simulation 
and experiment results in Figs. 8 and 9. The reason might be 
due to the rigid model assumption in our model. However, 
the developed transducer vibrates ultrasonically in such a 
way more flexible manner in the actual condition.
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6 � Temperature Measurement

The temperature variation of the proposed 3D-UEVT device 
was performed by locating four type-J thermocouples 

at different locations. The four thermocouples used were 
labeled T1, T2, T3, and T4, located at the conical titanium 
horn, y-bending half-PZT, longitudinal PZT, and conical 

(a) Vp-p = 150 V, fm = 20.4 kHz, ɸ1 = 45°, ɸ2 = 0°, and ɸ3 = 90°

(b) Vp-p = 150 V, fm = 20.4 kHz, ɸ1 = 60°, ɸ2 = 0°, and ɸ3 = 120°

(c) Vp-p = 150 V, fm = 20.4 kHz, ɸ1 = 90°, ɸ2 = 0°, and ɸ3 = 180°
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Fig. 8   3D elliptical trajectory of 3D-UEVT in x–y-z Cartesian space

Fig. 9   Displacement measurement with varying driven input voltages
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titanium back mass, respectively. A data acquisition Temp-
Scan type 1100 was used to capture the temperature data 
from the type-J thermocouple. A FLIR camera type T335 
was also used for the temperature measurement validation 
and comparison. An emissivity of 0.93 (equal to that of 
rough fused quartz) [27] was set as a heat radiation param-
eter constant in the FLIR camera.

Figure 10 displays the temperature rise of the proposed 
3D-UEVT driven by different excitation voltage inputs from 
120 to 200 V for 30 min. The heat generation of a piezoelec-
tric actuator is typically proportional to the applied electric 
field [27]. Figure 10 indicates that the temperature increased 
virtually exponentially as the time increased to 30 min and 
the temperature achieved a maximum peak.

The maximum temperature of the proposed 3D-UEVT 
device was observed at the location of T2, with similar 
results obtained from the FLIR camera. The maximum 
temperature of the proposed 3D-UEVT device was approxi-
mately 42 °C for 30 min at an excitation voltage of 200 V. 
However, the temperature increase to 42 °C is not signifi-
cant because the micro-groove process requires no more than 
approximately 10 min.

7 � Micro‑grooving Trial

A micro-grooving experiment on a f lat surface was 
conducted to evaluate the feasibility of the proposed 
3D-UEVT. Several micro-groove patterns were success-
fully manufactured on the flat surface of the Al-6061 using 
the proposed 3D-UEVT device. The micro-grooving pro-
cess was then performed with a nominal constant cutting 
speed of 1200 mm/min. The distance between the two 
micro-grooves was 300 µm, and the nominal depth of the 
cut was 10 µm. The vibration frequency, phase shifts, and 
input voltage were maintained constant at fm = 20.4 kHz, 
ɸ1 = 45°, ɸ2 = 0°, ɸ3 = 90°, and Vp-p = 150 V. Figure 11 
displays the micro-groove comparison results after without 
and with the 3D-UEVC method that was performed. In 
general, the ductile cutting regime could be obtained dur-
ing conventional grooving on a soft work material such as 
Al-6061. However, Fig. 11a shows micro defects when the 
conventional grooving was performed. The effect of the 
micro-brittle grains or micro-hard particles is considered 
as the reason [28]. Meanwhile, fewer micro defects were 
obtained when the 3D-UEVC was performed as shown in 
Fig. 11b. Surface roughness comparison between without 
and with the 3D-UEVC method is presented in the authors’ 
work [28]. In addition, the SEM results of Fig. 11b indi-
cate that the micro-groove pattern had a uniform rough-
ness morphology and no side-burrs were formed. The 
micro-groove roughness morphology is dependent on the 
machining parameters, the hardness of the workpiece, and 

cutting edge quality of the single crystal diamond (SCD) 
tool [20]. Figure 11c displays the micro-groove 3D pro-
file with an excellent micro-groove morphology using 
the 3D-UEVC method. The surface morphology of the 

Fig. 10   Temperature increase for different input voltages during oper-
ation within 30 min for fm = 20.4 kHz, ɸ1 = 45°, ɸ2 = 0°, and ɸ3 = 90°. 
a Vp-p = 120 V, b Vp-p = 150 V, c Vp-p = 180 V, and d Vp-p = 200 V
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micro-groove pattern had cusp vibration marks of approxi-
mately 980 nm on average [28], as indicated in Fig. 11d. 
Because of the effect of the elliptical motion in the 3D 
Cartesian space, the vibration marks had alignments of 
5.5° on average [28], as indicated in Fig. 11d.

A rhombohedral pattern in the form of a micro-pillar 
pattern was manufactured successfully using the proposed 
3D-UEVT. First, the micro-groove was manufactured at 
a 12 µm depth with a micro-groove distance of 300 µm. 
Then, the micro-groove was manufactured in a perpen-
dicular manner at an 11 µm depth with a similar micro-
groove distance of 300 µm. The rhombohedral pattern had 
an outstanding micro-pillar profile morphology without 
burrs on the edge, as indicated in Fig. 12 for both the SEM 
image and the 3D surface profile. A perfect edge without 
any damage indicates a less applied cutting load during 
the micro-grooving process using the proposed 3D-UEVT. 
Furthermore, the surface roughness of the micro-groove 
was extremely smooth with an arithmetical roughness 
value of approximately 140 nm as measured by a non-
contact 3D surface profiler Nano System.

8 � Conclusion

A novel 3D-UEVT device was proposed and assessed in 
this study. The 3D-UEVT device operates in the coupling 
resonant mode of the first longitudinal-vibration mode and 
the two directions of the third bending-vibration mode. The 
FEM of the modal analysis was used to determine the cou-
pling resonant frequency and final dimensions of the pro-
posed 3D-UEVT device. A node fixed point was found using 

the FEM where the steel plate was located to ensure that 
the node points of the two bending-vibration modes and the 
longitudinal-vibration mode were in close proximity. Based 
on experimental assessments, the working frequency of the 
3D-UEVT was approximately 20.4 kHz, and the 3D-UEVT 
could generate a peak-to-peak amplitude of 0.3 to 0.5 µm in 
the longitudinal direction and 0.8 µm in two-bending direc-
tions under an excitation peak-to-peak voltage of 150 V. A 
micro-groove assessment was performed to evaluate the 
feasibility of the developed 3D-UEVT device. An accept-
able micro-groove pattern morphology was obtained using 
the 3D-UEVC method with the proposed 3D-UEVT device. 
Furthermore, an excellent rhombohedral pattern was real-
ized by the proposed 3D-UEVT device. Thus, the proposed 
3D-UEVT device is suitable for micro-grooving. A fur-
ther investigation into the effects of varying the machining 
parameters will be reported in a future study.
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