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Abstract: Ultrasonic elliptical vibration-assisted cutting (UEVC) has been successfully applied in
the precision and ultra-precision machining of hard and brittle materials due to its advantages of a
low cutting force and minimal tool wear. This study developed a novel double-excitation ultrasonic
elliptic vibration-assisted cutting (D-UEVC) device by coupling ultrasonic vibrations in orthogonal
dual paths. A two-degree-of-freedom vibration system of the D-UEVC was modeled, form which
the elliptical trajectory of the end under different phase angle φ values was derived. The initial
dimensions of the D-UEVC device were obtained through theoretical calculations. Subsequently, with
the aid of finite element analysis methods, structural dynamic analysis of the device was conducted
to obtain the elliptical vibration trajectory under different phase differences of the excitation source.
In order to verify the cutting trajectory and cutting performance of the D-UEVC device, a prototype
of the device was developed, and a series of vibration performance tests as well as the Inconel
718 cutting experiment were conducted. The experimental results illustrated that the D-UEVC device
can achieve the elliptical vibration trajectory at the tool tip with a resonant frequency of 36.5 KHz.
The adjustable elliptical vibration trajectories covered a range of ±4 µm in the axial and radial
directions. Compared with the surface roughness Ra = 0.36 µm under the conventional cutting, the
surface roughness of Inconel 718 under D-UEVC was Ra = 0.215 µm. Thus, the surface quality can be
significant improved by utilizing the D-UEVC device.

Keywords: double-excitation ultrasonic elliptical vibration; finite element analysis; vibration
performance testing; cutting experiments

1. Introduction

The ultrasonic elliptical vibration cutting method was first proposed by Shamoto [1].
This method applies ultrasonic elliptical vibration to the tool, resulting in periodic con-
tact and separation between the tool and workpiece during machining. Research has
shown that by virtue of its separation characteristics, UEVC can prevent continual con-
tact friction between the tool and the processed surface. As a result, UEVC is capable of
effectively reducing damage to the processed surface, facilitating the efficient penetration
of cutting fluids into the cutting zone and minimizing friction between the tool and the
processed surface [2]. Thus, UEVC can effectively reduce cutting forces [3–6] and cutting
heat [7,8], thereby improving the surface quality of workpieces [9–13] while significantly
extending the lifespan of the tool [12,14,15]. It is particularly suitable for precision and
ultra-precision machining of hardened steel [1,16], ceramics [17,18], silicon carbide [19,20],
tungsten carbide [21,22], and other hard and brittle materials.

At present, UEVC devices can be classified into single-excitation UEVC devices and
multi-excitation UEVC devices. The single-excitation UEVC device is structurally sim-
ple and easy to control; however, the operating frequency is singular, the synthesized
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elliptical trajectory is non-adjustable, and the amplitude is very small. In contrast, the
multi-excitation UEVC device can generate different shapes of elliptical trajectories in
different working conditions by adjusting the phase difference between excitations [23].
A resonant-mode two-dimensional motion generator (TMG) consisting of two sets of 60◦-
angled core-type ultrasonic transducers was proposed by Guo et al. [24]; a three-stage
motion component was added to the tool tip to achieve the required elliptical trajectory.
Kurniawan et al. [25] proposed the Ultrasonic Elliptical Motion Transducer (UEMT) com-
prising two Langevin transducers and set at a 90◦ angle. The symmetrical and asymmetrical
vibration modes with a resonance frequency of 24 KHz can be achieved by UEMT: particu-
larly, a vertical amplitude of 1.4 µm and a horizontal amplitude of 0.6 µm for the elliptical
trajectory can be realized under a 90-degree phase difference. An analytical method for
calculating the resonant frequency and mode for ultrasonic elliptical vibration devices was
proposed by Yang et al. [26]. Based on the analytical method, a gantry-frame structural
ultrasonic elliptical vibration tool was developed. This analytical method can not only
be used for the design of elliptical vibration cutting tools based on coupled resonance
vibration, but also has important significance for the dynamic analysis of vibration-assisted
cutting machine tools. Pi et al. [27,28] presented an orthogonal UEVC device based on
wave transmission technology. The device has a simple structure and high coupling effi-
ciency, and the elliptical trajectory deviation of the tool tip can be achieved by adjusting
the phase difference. Kang [29] designed an ultrasonic elliptical vibration cutting device
with multi-stage amplification comprising two longitudinal vibration transducers. The
device operates in a dual bending vibration mode by exciting the longitudinal vibration
transducers in the x and z directions of the bending amplitude horn. The tool synthesizes
ultrasonic elliptical vibration by adjusting the phase difference between the two excitations.

In pursuit of an elliptical vibration device that possesses a compact size and flexibly
adjustable elliptical trajectory shape, in this study, a novel double-excitation ultrasonic
elliptic vibration-assisted cutting (D-UEVC) device that couples ultrasonic vibrations in
orthogonal dual paths is proposed based on the mechanical vibration theory. It can ad-
just the elliptical trajectory at the tool tip by adjusting the excitation voltage and phase
difference between the two paths. Firstly, an equivalent two-degree-of-freedom vibration
system model is established, theoretically proving the feasibility of generating the ellip-
tical trajectory. Based on the model and Langevin equation, the initial dimensions of the
device are determined. The vibration characteristics of the D-UEVC device under different
parameters are analyzed using the finite element analysis method. Finally, a prototype
of the D-UEVC device is manufactured, and a series of vibration performance tests and
cutting performance experiments are conducted to validate the correctness of the theoretical
modeling and simulation results, laying a foundation for the subsequent development of
ultrasonic elliptical vibration cutting devices.

2. Design of D-UEVC Device
2.1. Mechanistic Analysis of Double Excitation Elliptical Vibrations

Due to the minimal mutual interference and the highest decoupling efficiency when
the angle between two sets of vibrating waves in two-dimensional space is 90◦ [30], the two
branches of the D-UEVC device considered in this study are arranged with a 90◦ angular
layout, as shown in Figure 1. The ultrasonic vibrating waves generated by four pieces of
PZT are delivered by an exponential amplitude horn. An elliptical trajectory occurs at the
end effector when the ultrasonic vibration of the two branches is transmitted to the end
effector [31].

Based on the considerations above, an equivalent two-degree-of-freedom vibration
system model is constructed, as depicted in Figure 2. In this model, points F1, F2 represent
the initial vibration positions in the fixed node plane; P1 and P2 are the output points at
the ends of the ultrasonic amplitude horns; and O is the vibration output point of the
end actuator. The equivalent stiffness k1 and equivalent damping c1 correspond to the
properties of the structural connecting column; k2 and c2 represent the equivalent stiffness
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and damping of the chamfered straight-beam flexible hinge. The equivalent stiffness kL
and damping cL represent the load stiffness and damping of the single branch in the X
and Y directions, respectively. The mass m is equal to the total mass of the end effector;
the mass M is composed of the mass M1 of the amplitude horn and the mass M2 of the
connecting block.
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In vibration analysis, the responses at P1 and P2 to the longitudinal vibrations F1(t)
and F2(t) can be expressed as follows:

X1(t) = A1 sin(ω t + φ + α)
Y1 (t) = A1 sin(ω t + α)

A
A1

=

√
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Therefore, the two equivalent vibration excitations in the X and Y directions at the
output end O of the end effector are as follows [32]:

FX(t) = k2[X2(t)− x] + c2

[ •
X1(t)−

•
x
]
− k2x + c2

•
x

FY(t) = k2[Y2(t)− y] + c2

[ •
Y1(t)−

•
y
] (2)

Assume that the load stiffness and damping of the single branch in the X and Y
directions are equal to each other. The steady-state response at the output end O of the end
effector is expressed as follows:

X(t) = A sin(ωt + φ + ∆λ − ∆φ1)
Y(t) = A sin(ωt + ∆λ − ∆φ1)

(3)

where ∆λ = α + arctan
(

c2ω
k2

)
∆φ1 = arctan

(
ω(2c2+cL)
kL−ω2m

)
.

According to the relationship between the workpiece coordinate system and the
physical coordinate system in Figure 2, the steady-state vibration response of the end
effector in the workpiece coordinate system can be written as follows:{

XA(t) =
√

2
2 (X(t) + Y(t))

YB(t) =
√

2
2 (X(t) + Y(t))

(4)

If we ignore the influence of the phase parameter and delay on the vibration response,
the ellipse equation in the workpiece coordinate system can be obtained as follows:(√

2(XA + YB)

2A
−

√
2(XA + YB)

2B
cos φ

)2

=

[
1 −

(√
2(XA + YB)

2

2B

)]
sin2 φ (5)

The analysis of the vibration response of the ultrasonic transducer reveals that the
phase difference becomes a critical parameter affecting the output elliptical vibration
trajectory of the end effector. When the phase difference is 0◦or 180◦, the vibration trajectory
approximates a straight line. For phase differences of 0◦–180◦, the vibration trajectory
forms an ellipse. Figure 3 illustrates the tool tip’s elliptical vibration trajectories formed by
different phase differences without considering phase delay errors.
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2.2. The Structure of the UEVC Device

Based on the theoretical analysis presented above, in this study, two sets of longitudinal
vibration transducers are arranged at a 90◦ angle to generate ultrasonic vibrations in the X
and Y directions. The longitudinal vibration transducer consists of main components such
as the end effector, exponential half-wavelength amplitude horn, PZT, rear cover plate, and
preloading bolts (Figure 4). The detailed characteristics of the material are listed in Table 1.
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Table 1. Material parameters of longitudinal vibration transducer.

Component Material Density (kg/m3) Young’s Modulus (GPa) Poisson’s Ratio

End effector,
Exponential horn 7075 2810 71.7 0.33

PZT Transducer PZT8 7600 66.0 0.32
End cap, Bolt S45C 7800 210 0.30

The working frequency is set at 36.5 kHz, and the dimensions of each component of
the longitudinal vibration transducer are determined by the following equations based on
the Rayleigh equation for the half-wavelength amplitude horn calculation [33]:

tan
(

16π f
c1

L2

)
× tan

(
16π f

c0
L3

)
= ρ0×c0×A0

ρ1×c1×A1
(6)

L0 + L1 =
1
4

λ =
1
4

c1

f
(7)

L4 =
1
8

λ =
1
8

c2

f
(8)

c =

√
E
ρ

(9)

where c0 represents the velocity of sound in PZT-8, c1 is the velocity of a wave in stainless
steel, c2 denotes the velocity of a wave in the amplitude horn, and f represents the natural
frequency. ρ0 is the density of PZT-8 ceramic, ρ1 is the density of the amplitude horn, A0
corresponds to the surface area of PZT-8 ceramic, and A1 represents the surface area of
the amplitude horn. Based on these equations, the dimensions of the D-UEVC device are
obtained, as shown in Table 2.

Table 2. Structure parameter of longitudinal vibration transducer.

Parameters L0 L1 L2 L3 L4

Length (mm) 20 20 6 20 12
Cross section (mm) 10 Φ10–Φ30 Φ20 Φ20 Φ8.5–Φ20
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3. Structural Dynamics Analysis of D-UEVC
3.1. Modal Analysis of D-UEVC

Modal analysis is an essential component of structural dynamics analysis, as it can
reveal the resonant frequencies and mode shapes of a structure, thereby providing necessary
theoretical support for an in-depth investigation of the dynamic characteristics of the D-
UEVC device and subsequent design. Firstly, the three-dimensional model of the device is
imported into ANSYS for analysis, with the material properties of each component detailed
in Table 1. The flange face is selected as the fixed constraint, and a tied contact method is
used for each contact surface. The mesh has a moderate quality, with an element size of
2 mm, a total of 12,444 elements, and 32,393 nodes, as depicted in Figure 5. The results of the
modal analysis, shown in Figure 6a,b, indicate that the device’s primary resonant frequency
is around 36,553 Hz, at which point the device exhibits axial reciprocating motion.
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3.2. Response Analysis of D-UEVC

To investigate the influence of different phase differences on the elliptical trajectory
output of the D-UEVC device, harmonic response analysis of the D-UEVC device was
carried out by finite element analysis. Four sets of excitation signals were established in the
two branches of the ultrasonic elliptical vibration system. Each set of signals comprises
two identical amplitude sinusoidal signals with varying phase differences, specifically set
at 45◦, 90◦, 135◦, and 180◦, at a frequency of 36,486 Hz. Vibrational displacement data in
the X and Y directions at the tip were computed and obtained at this frequency for the four
phase difference sets. Subsequently, the motion trajectory at the end of the actuator was
determined using MATLAB R2022a. The specific results are illustrated in Figure 7. When
the phase difference between the two signals is 0◦, the trajectory approximates a straight
line, and the actuator end executes linear reciprocating motion. As the phase difference
increases from 0◦ to 90◦, the elliptical shape transitions from flat to full. Furthermore, the
minor axis of the ellipse gradually enlarges, while the angle with the Z-axis decreases to
0◦. Simultaneously, as the shape of the ellipse evolves, the angle between its major axis
and the X-axis decreases progressively towards zero. When the phase difference of the
two sinusoidal excitations increases from 90◦ to 180◦, the ellipse gradually flattens, the
minor axis diminishes, and the angle with the positive Z-axis increases. Moreover, the
angle between the major axis of the ellipse and the positive X-axis also enlarges gradually.
Therefore, structural dynamic analysis demonstrates that the D-UEVC device can achieve
the desired elliptical trajectory by adjusting the phase difference of the excitation signals.
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4. Experimental Validation of D-UEVC Devices

Based on the theoretical and structural dynamic analysis, the prototype of the D-UEVC
device was successfully developed in this study, as shown in Figure 8, comprising two
one-dimensional vibration transducers arranged at a 90◦ angle. As the working frequency
and elliptical vibration trajectory are crucial parameters determining the processing perfor-
mance of the UEVC device, an in-depth investigation into the impedance and vibration
characteristics of the dual-excitation UEVC device was conducted with the aim of achieving
the desired elliptical vibration trajectory in practical applications.
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4.1. Impedance Characterization Experiment

The D-UEVC device presented in this paper was developed based on piezoelectric
transducers, which exhibit unique impedance characteristics at different frequencies. Con-
ducting an impedance characteristic test on the device is an effective method to obtain
the operating frequency of the device. The PV70A impedance analyzer was used for the
experimental test. The impedance analysis parameters were set as follows: the frequency
measurement ranges were 34–44 kHz and 31.6–43.6 kHz, respectively, and the calcula-
tion step was automatic step. The test results were directly obtained by connecting the
impedance analyzer to a computer, as depicted in Figure 9.
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The impedance characteristic test results, shown in Figure 10, indicate that both
branches of the D-UEVC device have a resonant frequency of 36.5 kHz, with a mechanical
quality factor Qm of 802, a dynamic resistance R1 of 48 Ω, and a free capacitance CT of
10nF. Additionally, the admittance circle forms a complete circle. These test results indicate
that the device exhibits favorable vibration characteristics.
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4.2. Vibration Trajectory Measurement

The schematic diagram of the elliptical trajectory testing system is shown in Figure 11a.
The excitation signals for both branches are generated by the NI PXI-6251, amplified by
the ultrasonic driver (TERK-PZD700A), and applied to the respective branches of the D-
UEVC device. Vibration testing is performed by placing two Doppler laser vibrometers
(OptoMET VECTOR) at the output end of the effector to measure the axial and radial
displacement changes. The testing data are collected and stored through the input interface
of the PXI-6251.

The experimental setup is illustrated in Figure 11b. The sinusoidal voltage amplitude
of both sets of ultrasonic drivers is 220 V, with a frequency of 36.5 kHz. In this study,
four sets of vibration trajectory tests were conducted under phase differences of 45◦, 90◦,
135◦, and 180◦, respectively. After processing the experimental data using MATLAB, the
results shown in Figure 12 were obtained. It can be observed that as the phase difference
increases, the major axis of the ellipse decreases, and the minor axis reaches its maximum
at a phase difference of 90◦. With further increase in the phase difference, the minor axis
decreases, and the elliptical shape gradually flattens, resulting in a reduction in area. At a
phase difference of 180◦, the elliptical shape degenerates into a straight line. The observed
trend aligns with the theoretical calculations. Therefore, it can be concluded that the
dual-excitation UEVC device arranged at 90◦ demonstrates good decoupling effects. By
adjusting the phase difference of the excitation signals in the two branches, various desired
elliptical trajectories can be generated at the tip of the device, facilitating the achievement of
specific machining effects by controlling the shape of the elliptical trajectory and its relative
angle with the workpiece surface.

Furthermore, under the condition of a 90◦ phase difference between the excitation
signals of the two sets of ultrasonic drivers and a frequency of 36.5 kHz, elliptical trajectories
were tested at different input voltages, as shown in Figure 13. It is observed that when
the phase difference is maintained at a constant value, the elliptical trajectory generated
at the end increases in size with the increase in voltage. Therefore, by adjusting the
phase difference and excitation voltage, different elliptical trajectories can be generated
at the output end, enabling precise control over the elliptical trajectory. The experimental
results demonstrate that the newly developed D-UEVC device can generate accurate and
adjustable elliptical trajectories. Compared to the simulation results, the experimental
error is approximately 0.3–0.4 µm, and the measured vibration of the tool tip matches the
simulation results, validating the rationality and feasibility of the D-UEVC device design.
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4.3. Cutting Experiment of Inconel 718

The cutting experiment was conducted to verify the performance of the D-UEVC in
machining. As the nickel-based superalloy Inconel 718 is a difficult-to-machine material,
traditional machining methods often result in severe tool wear and poor surface quality.
Hence, we selected a 30 mm diameter and 50 mm length rod of Inconel 718 as the experi-
mental material. The cutting system depicted in Figure 14 was utilized for the experiment,
with the D-UEVC device mounted on the UPT-250 ultra-precision machine tool. The phase
difference of the two branches of the device was fixed at 90◦, and an elliptical trajectory
with the Xw axis perpendicular to the cutting direction was employed for facing milling of
Inconel 718. The specific experimental parameters are detailed in Table 3.
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Table 3. Experimental parameters.

CC UEVC

Vibration conditions
Frequency - 36.5 KHz

Phase difference - 90◦

Cutting conditions
Cutting speed 1–5 m/min

Feed rate 8 µm/r
Cutting depth 3 µm

Cutting Tool (MCD) Nose radius 0.4 mm
Clearance angle 7◦

Figure 15a,b display magnified images of the two types of machined surface mor-
phology captured by VHX970F at a 1000-times magnification. The conventionally cut (CC)
surface exhibits irregular shapes and multiple defects. For UEVC, the two-dimensional
ultrasonic vibration leads to an elliptical locus cutting of the tool tip, resulting in a relatively
smooth machined surface with a regular wavy microstructure. In UEVC, a cutting period
can be divided into four stages [34]: contact, cutting, separation, and contact during the
vibration period. And then the tool is moved to the position where the next period of
cutting starts to begin the next period of cutting. Thus, UEVC leads to less cutting time and
promotes heat dissipation. The comparison clearly illustrates the significant alteration in
the machined surface morphology by the ultrasonic elliptical vibration cutting. Figure 15c,d
present the machined surface morphology measured using a white light interferometer.
Compared to CC, UEVC results in a more uniform furrow with the summarized measure-
ment results, as shown in Figure 16a, indicating that the average surface roughness (Ra)
of the UEVC machined surface is approximately 0.215, while the CC machined surface
roughness is about Ra = 0.36 µm, representing a reduction of approximately 40% in surface
roughness. Additionally, experiments were conducted to assess the impact of different
amplitudes (voltages) of the D-UEVC device on surface roughness. As shown in Figure 16b,
the roughness of the machined surface increases as the amplitude increases.
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Figure 16. The effect of the cutting parameters on surface roughness: (a) effect of cutting speed on the
surface roughness, (b) effect of amplitude on the surface roughness (speed: 5 m/min).

The experimental results demonstrate that the newly developed D-UEVC device
can effectively machine the difficult-to-machine material Inconel 718, producing excellent
machined surfaces and exhibiting a certain ability for variable trajectory machining.

5. Conclusions

In this study, we developed an innovative double-excitation ultrasonic elliptical
vibration-assisted machining device, which presents a novel approach to machining hard
and brittle materials. The device underwent vibration characteristic testing and cutting
experiments, leading to the following conclusions:

1. A D-UEVC device with two excitation sources arranged at 90◦ was designed through
theoretical calculations, yielding a resonant frequency of 36.5 KHz. Finite element
analysis validated the device’s ability to produce an adjustable elliptical locus at the
tool tip.

2. An experimental verification of the vibration characteristics of the D-UEVC device
was conducted, including tests on the elliptical trajectory at the tool tip under different
voltages and excitation phase differences. These experiments confirmed the theoretical
model and simulation analysis.

3. Cutting experiments were performed on Inconel 718 rods using both conventional
cutting (CC) and ultrasonic elliptical vibration cutting (UEVC) methods. The re-
sults showed that the surface roughness after CC processing was approximately
Ra = 0.36 µm, while the surface roughness after UEVC processing was Ra = 0.215 µm.
The utilization of the D-UEVC device led to a reduction of approximately 40% in the
surface roughness of Inconel 718.
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